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ABSTRACT 

Multidrug resistance protein-1 (mdrl) is a well 

characterized membreine protein, expressed in a variety of 

cell types. In ceuncer cells, an overexpression of mdrl has 

the function of conferring drug-resistance. The exact 

physiological function of mdrl constitutively expressed in 

normal cells still remains unclear. A goal of this work was 

to determine if there is an increase in expression of mdrl, 

above constitutive levels, on CD4+ and CD8+ T-lymphocytes, 

following cardiac transplantation. The expression of mdrl 

was correlated with episodes of acute cardiac rejection in 

order to determine if mdrl has the functional ability to 

confer immunosuppressive drug resistance. Drug resistant 

CD4+ and CD8+ T-lymphocytes could explain episodes of acute 

allograft rejection observed in a nximber of immunosuppressed 

patients. 

Immunochemical techniques measuring mdrl were performed 

on endomyoccurdial biopsy specimens and peripheral blood 

mononuclear cells (PBMCs) isolated from ceirdiac treinsplant 

patients. Functional mdrl assays and flow cytometry were 

perfontied on PBMCs isolated from cardiac transplant patients 

prior to transplantation and at longitudinal time points 

post-transplantation. The expression and function of mdrl 
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was correlated to the histological diagnosis of acute 

rejection. 

Immunochemical analysis of endomyocardial biopsy samples 

demonstrated that the expression of mdrl was localized on the 

plasma membrane of graft infiltrating mononuclear cells. 

Immunochemical analysis of PBMC samples showed a constitutive 

mdrl expression on normal volunteer PBMCs and a increased 

expression of mdrl on ceurdiac transplant PBMCs during 

episodes of acute rejection. Doxorvibicin cytotoxicity assays 

demonstrated an increased drug resisteince profile in 

transplant patients compared to normal individuals. An mdrl 

efflux assay demonstrated an increase efflux function in 

PBMCs during episodes of acute rejection. Flow cytometric 

analysis showed significant increases in the intensity of 

mdrl expression on CD8+ T-lymphocytes in transplant patients 

compared to normal individuals. Flow cytometry also 

confirmed a significant increase in both the number of CD4+ 

T-lymphocytes expressing mdrl and the intensity of mdrl on 

CD8+ T-lymphocytes for those patients that had em episode of 

acute rejection compared to those transplant patients with no 

episodes of acute rejection. Thus, this study demonstrates 

an overexpression of a functionally active multidrug 

resistant protein-1 during episodes of acute rejection. 
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CHAPTER 1 

INTRODUCTION 

Modern immunosuppressive drug therapy has permitted the 

widespread acceptcuice of cardiac transplantation as a common 

and successful procedure for the treatment of end-stage 

cardiac disease. The current immunosuppressive drug therapy 

is specifically designed to manipulate the recipients' immune 

response to allograft antigens thus preventing both cell-

mediated and/or antibody-mediated rejection. However, 

despite the advent of these immunosuppressive therapies, the 

incidence of cell-mediated acute cardiac rejection episodes 

is 70% during the first year post-transplantation with most 

of these patients having at least one episode during the 

initial three months.Graham et al. found after reviewing 

the rejection history of ccirdiac transplant patients who died 

of rejection or had evidence of rejection at autopsy, had 

either had an episode of acute rejection 3 weeks after 

transplantation or at least one episode of severe acute 

rejection within the first year post-transplantation.^ The 

early immunological events associated with cell-mediated 

acute rejection have also been suggested to be responsible 
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for both accelerated coronary arteriosclerosis^"® and 

antibody-mediated chronic rejection-Thus, many 

investigators believe that episodes of acute rejection are 

directly and indirectly responsible for the morbidity and 

mortality of cardiac allograft recipients. 

This introduction is divided into three sections. The 

first serves as a review of the pathways involved in acute 

cellulcir rejection and the specific teurgets of 

immunosuppressive drug therapy. In the second section, a 

number of mechanisms thought to be responsible for the 

current immunosuppressive drug therapy failures are 

discussed. The third and final section is focused on the 

expression and function of the multidrug resistance protein-

1, mdrl. Specific attention will focus on the constitutive 

expression of mdrl on T-lymphocytes emd the interaction 

between mdrl and the immunosuppressive drugs used in organ 

transplcintation. The studies described in this dissertation 

show that the expression and function of mdrl in cardiac 

transplant patients are correlated with episodes of acute 

cardiac rejection. These studies indicate a need for further 

studies to determine the specific mechanisms of 

immunosuppressive drug resistcince. Understanding these 

mecheinisms will aid in the development of immunosuppressive 

agents that prevent rejection while minimizing the 

deleterious effects associated with over iiranunosuppression. 
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Acute Rejection 

Acute rejection is primarily a cell-mediated process 

initiated by the recognition of donor antigens by the 

recipients' T-lymphocytes. Donor antigens are processed into 

antigenic peptide fragments and presented via the major 

histocompatibility complex (MHC) expressed on a recipient or 

donor antigen presenting cell (APC). These MHC-peptide 

complexes are recognized by T-cell receptors (TCR) on the 

recipient T-lymphocytes. Upon recognition, binding, and co-

stimulation by accessory molecules, these lymphocytes become 

activated and produce cytokines that signal the proliferation 

of both helper T-lymphocytes (CD4+) and cytolytic T-

lymphocytes (CD8+). The most notable cytokine produced 

during acute rejection is interleukin-2 (IL-2) which 

interacts with activated T-lymphocytes via a receptor through 

which it initiates the T-lymphocyte proliferative response. 

Figure 1 illustrates the recognition and effector phases in 

acute rejection. 

Acute cellular rejection is manifested by perivascular 

and endomyocardial infiltrates of mononuclear cells, 

specifically CD8+ T-lymphocytes. These cytolytic T-

lymphocytes recognize and bind to donor cuitigens presented on 

the donor's vascular endothelium and subsequently release 
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CD8+ 
Prdiferation 

CD8+ 

IL-2 

:D8+ 
APC 

CD8+ 

LYSIS 
(REJECTION) Antigen Presentation 

Donor Vascular Endothelium 

FiigMrg 1? Acute Rejection Process 

This illustration demonstrates the acute rejection process 
beginning with donor antigen presentation by antigen 
presenting cells (APC). Following the recognition of donor 
antigens, the CD4+ T-lymphocyte binds to the APC major 
histocompatability (MHC) class II antigen complex, becomes 
activated, and synthesizes and secretes IL-2. IL-2 binds to 
the IL-2 receptor on CD4+ cind CD8+ T-lymphocytes and induces 
the proliferation of these cells. IL-2 stimulated CD8-t- T-
lymphocytes become activated, bind to MHC class I cuitigen 
complexes located on the donor vascular endotheliiam, and 
release cytolytic enzymes that cause cell damage. 
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cytolytic enzymes that damage donor endothelial cells. The 

later phase of rejection extends to the interstitium eind 

causes myocyte necrosis. The diagnosis of ccirdiac allograft 

rejection is based on the histological evaluation of 

endomyocardial biopsy specimens. Grades of acute rejection, 

first described by Billingham' and now used by the 

International Society for Heart and Lung Transplantation, 

define the type of graft infiltration by lymphocytes and 

inflammatory immune cells cind the type of cellular injury 

produced by these cells. Tcible 1 lists the grades of acute 

rejection emd the definition for each grade. 

Immunosuppressive Drug Therapy 

Immunosuppressive drug therapy with three or four agents 

has become the predominant approach in most transplant 

centers.®"' Cyclosporin A (CsA), a DNA synthesis inhibitor, 

and glucocorticoids are the drugs of choice. Anti-lymphocyte 

globulin or anti-thymocyte globulin are also often used in 

the eeirly post-transplantation period.All of these drugs 

are used in combination to inhibit different pathways which 

lead to T-lymphocyte activation. Using these drugs in 

combination cein reduce the other complications associated 

with allograft transpleintation such as infections and 

systemic toxicities. Tc±>le 2 lists the immunosuppressive 
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Biopsy Grade Clinical Diagnosis Histological Diagnosis 

0 No Acute Rejection 

lA No Acute Rejection Focal Lymphoid Infiltrate 

IB No Acute Rejection Diffuse Lymphoid Infiltrate 

2 Suspicious for Acute 

Rejection 

Single Aggressive Lymphoid 

Infiltrate 

3A Moderate Acute 

Rejection 

Multifocal Aggressive 

Lymphoid Infiltrates 

3B Moderate-Severe Acute 

Rejection 

Diffuse Aggressive Lymphoid 

Infiltrates with Injury 

4 Severe Acute Rejection Diffuse Lymphocytic-

Neutrophilic Infiltrates with 

Hemorrhage and Necrosis 

Table It Endomyocardial Biopsy Grading System 

International Society for Hecirt Transplantation Standardized 
Endomyocardial Biopsy Grading Scale. Clinical diagnosis of 
acute rejection is based on the histological evidence found 
in the endomyocardial biopsy (EMB) sample. Biopsy grades are 
then given for each clinical diagnosis. All EMB samples are 
read blindly and at random by cin experienced pathologists. 
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Treatment Cyclosporin Azathioprine Prednisone Methylprednisolone RATG 

Preoperative 4 mg/kg 4 mg/kg 

Intraoperative 500 mg 

Postoperative 4 mg/kg 125 mg q 12 h 200mg 

Day 1 4 mg/kg 200 mg 200mg 

Day 2 5 mg/kg 200 mg 1.5 mg/kg 200mg 

After Day 2 Level tig/snl 

200-250 

% WBC > 

3,500 

Taper to 

0.5 mg/kg 

Acute 

rejection 

1 g/day for 3 

days 

Table 2t Pfotoeol For TBHlMn^ffMPPression 

Table 2 lists the immunosuppressive drugs given preoperative, 
intraoperatively, and postoperative. Cyclosporin levels are 
maintained between 200-250 ng/ml for the first month, then 
lowered to 100-150 ng/ml. Methylprednisolone is given 
intraoperatively and for the first 12 hours postoperative. 
Prednisone at a concentration of 1.5 mg/kg is administered 
starting the second day postoperative and gradually tapered 
to 0.5 mg/kg during the first month, 0.25 mg/kg by the end of 
the third month, and tapered to 0.125 mg/kg by the end of the 
first year post-transplantation. RATG is a rabbit anti-
thymocyte globulin. And, WBC is the white blood count. 
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drug therapy protocol used pre- and post-transplantation. 

The inimunosuppressant drug, cyclosporin A (CsA), is a cyclic 

peptide of 11 amino acids isolated from the fungus, 

Tolypoclodium inflatum. CsA is the principal drug used for 

immunosuppression in organ transplant patients. This drug 

affects primarily the antigen-activated T-lymphocyte response 

by blocking production of IL-2 by CD4+ lymphocytes. CsA 

binds to cytoplasmic immunophilins which are also termed 

cyclophilins. The common target of CsA-cyclophilin complexes 

is calcineurin, a Ca^^-activated phosphatase, that regulates 

the nuclear translocation of regulatory proteins. 

Specifically, the CsA-cyclophilin complex inhibits 

calcineurin-mediated dephosphorylation of cytoplasmic nuclear 

transcription factors for activated T-lymphocytes (NFATs). 

The phosphorylated form of these NFATs is unable to enter the 

nucleus and bind to the promoter site of cytokine genes such 

as the IL-2 gene. This mechanism of CsA ultimately reduces 

the incidence of acute allograft rejection and explains the 

success in allograft transplantation since its introduction 

in 1982. Figure 2 shows the chemical structure of CsA and 

the cellular pathway that CsA inhibits. Since high-dose CsA 

therapy can cause nephrotoxicities and hypertension^^, the 

addition of other immunosuppressive agents are needed to 

maintain immunosuppression while minimizing systemic 
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CYCLOSPORIN A 

IL-2 Enhancer / Promoter 

DAG+I 

CH2 CH3 
(CH3)2CH 

2CH(CH3)2 

0 
CH3 9. 

(CH3)2CHCH2 

0 ill CH3 

N—013 

CH2CH(CH3)2 

CH(CH3)2 

Figure 2; Structure and Proposed Mechanism of Cyclosporin A 

The molecular structure of cyclosporin A (CsA) is shown 
above. The molecular weight of CsA is 1230 grams. The 
proposed site of inhibition is also shown above. CN 
represents calcineurin, CaM represents calmodulin, P 
represents a phosphate, CYP represents cyclophilin, and NFAT 
represents the nucleau: factors for activated T-lymphocytes. 
CsA binds to CYP eind this complex inhibits the phosphatase 
actions of the CN/CaM complex thus preventing the 
dephosphorylation of NFATs. NFATs eire needed for the 
transcription of IL-2. 
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toxicities. Antibodies, such as anti-lymphocyte or anti-

thymocyte globulins, eire usually given post-transplantation 

to deplete the T-lymphocyte population while the CsA dose is 

gradually titrated to its desired serum level. 

Azathioprine or mycophenolic acid is added to the 

immunosuppressive regimen to inhibit DNA synthesis in 

proliferating cells. Azathioprine is a purine analog that 

substitutes for the purine nucleotide, gucuiine, in both RNA 

and DNA strands. This guanine analog has a thiol functional 

group that interrupts all RNA and DNA synthesis. 

Azathioprine also blocks a number of enzymes that are 

required for DNA synthesis while mycophenolic acid is more 

specific and blocks the activity of a single critical enzyme 

responsible for the de novo synthesis of purines 

Figure 3 shows the chemical structures for both azathioprine 

and mycophenolic acid as well as the pathways inhibited. 

High-dose glucocorticoids are used both intraoperatively 

and postoperatively. The glucocorticoid, prednisone, is given 

postoperatively and gradually tapered over one year. High 

doses of prednisone are also given during episodes of acute 

rejection. Glucocorticoids have effects on immunosuppression 

that are not completely understood. It has been documented 

that glucocorticoids induce lymphophenia^^ and decrease APC 
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CH 30 
N02 

PURINE METABOLISM 

CHS 
Hypoxanthine 
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HGPRT 
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Inosate (IMP) 
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Piaure 3 iStructures and Proposed Mechanisms for Azathioorlne 

and Mvcophenolic Acid 

The molecular structures for both azathioprine and 
mycophenolic acid are shown above. The molecular weight of 
azathioprine is 277.3 grains and the molecular weight of 
mycophenolic acid is 320.4 grams. The proposed mechanism for 
each of these agents in the purine metabolic pathway is 
diagrammed above. Azathioprine is a purine analog that is 
substituted for the purine nucleotide, guanine, in both RNA 
and DNA strands. This guanine analog has a thiol functional 
group that interrupts all RNA and DNA synthesis. 
Azathioprine also inhibits hypoxanthine-gueuiine 
phosphoribosyl trsuisf erase (HGPRT) which mediates the 
conversion of purines into their corresponding nucleotide 
monophosphates (IMP,GMP,AMP). Mycophenolic acid inhibits 
inosate dehydrogenase (IMPDH) and guanylate synthetase (GMPS) 
which mediate the conversion of Inosate (IMP) to Xanthylate 
and Xanthylate to Guanylate (GMP), respectively. 
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production of the lymphocyte-activating cytokine, 

interleukin-1 (IL-1).^' Probably the most important function 

of glucocorticoids in transplantation, especially during 

acute rejection, is their ability to decrease expression of 

the major histocompatibility complex (MHC).^® As mentioned 

earlier, MHC molecules have the ability to present processed 

donor antigens to the host's T-lymphocyte population. Figure 

4 illustrates the basic structure of a glucocorticoid and the 

proposed mechanisms of action. 

Despite the use of these immunosuppressive drugs which 

target specific pathways in the donor antigen-activated 

iiraaune response, the complexity of the immune system allows 

at least the majority of individuals to overcome 

immunosuppression. Individuals who demonstrate a reduced 

immunosuppressive drug efficacy have facilitated new 

investigations into both alternative biochemical pathways 

involved in immunological activation and the mechanisms of 

drug resistance in T-lymphocytes. 

Drug Resistance 

A continuous and persistent decrease in the efficacy of 

a drug, also referred to as drug resisteince, can occur by a 

niamber of possible mechanisms. A decreased drug 

permeability, an increased drug efflux, an altered drug 
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CH20H 
I 

CH3 

CD8+ 
GLUCOCORTICOID 

Prednisone 
R1 = Methylprednisolone 

IL-2 
0 

L-l R1=CH3 
APC 

CD4+ 

ANTIGEN PRESENTATION 

Ploure 4; Olucocorticoid Structure and Proposed Function 

The basis structure of a glucocorticoid is shown above. R1 
represents a methyl group in the glucocorticoid, 
Methylprednisolone. Methylprednisolone is metcUaolized to 
prednisone via the cleavage of this methyl group. The 
proposed sites of action are diagrammed above. 
Glucocorticoids have been proposed to inhibit MHC-antigen 
complex presentation, inhibit interleukin-1 (IL-1) and 
interleukin-2 {IL-2) secretion from antigen presenting cells 
(APC) and T-lymphoc^es, respectively. 
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activation, reduced drug binding sites, increased drug 

tolerance, auid increased cellulcir repair are a few of the 

mechanisms. 

Several drugs enter cells with the help of a cellular 

transport system. Thus, loss or inactivation of this 

transport system decreases intracellulcir acctamulation leading 

to decreased drug efficacy. A decrease in enzymes 

responsible for metabolic activation of a drug as well as an 

increase in enzymes that inactivate the drug can decrease 

intracellular drug efficacy. Changes in drug-target 

complexes can occur by amino acid substitutions leading to a 

decreased binding affinity, increased competition with 

constitutive target-like substrates, and decreased co-factors 

essential for the formation of drug-tcurget complexes. 

Decreased efficacy of a drug can occur by the development or 

activation of alternative pathways, thus bypassing the effect 

of the drug. Increased DNA repair can protect the cell from 

agents that intercalate or alkylate DNA strands thereby 

increasing resistance to these drugs. Increased drug 

extrusion via plasma membrane transport proteins can also 

decrease the intracellular acciimulation of drugs. An ATPase 

plasma membrane glycoprotein called P-glycoprotein or mdrl, 

has been shown to secrete a wide veiriety of Icurge hydrophobic 
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drugs. This drug efflux protein is one of the most intensely 

studied forms of multidrug resistance. 

The lack of glucocorticoid sensitivity in certain T-

lymphocytes is still unexplainable but has been suggested, in 

resistant asthmatic patients, to be a result of abnormalities 

of intracellular glucocorticoid receptors.^' Steroid-resistant 

acute rejection episodes in lung allografts have been shown 

to correlate with the increased expression of drug resistance 

proteins on mononuclear cells.These proteins were the 

multidrug resistance protein-1 (mdrl) and the metal binding 

protein, metallothionein. This group suggested that mdrl may 

reduce the effects of CsA and exogenous steroids while 

metallothionein might interfere with the actions of 

azathioprine. 

Azathioprine resistance in T-lymphocytes has been 

suggested to be a result of alterations in the hypoxanthine-

guanine phosphoribosyl transferase (HGPRT) gene^'. This gene 

codes for the enzyme, hypoxanthine-gucinine phosphoribosyl 

transferase (HGPRT), which is an enzyme responsible for an 

alternative pathway of de novo purine biosynthesis. 

Lymphocytes usually lack this enzyme. Thus, unless a 

mutagenic event occurs which activates the HGPRT gene or an 

alternative pathway for de novo purine synthesis is induced, 

azathioprine and/or mycophenolic acid should be lymphocyte 

specific. However, Stanford et al. found azathioprine-
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resistant T-lymphocytes isolated from both kidney and liver 

allografts during episodes of acute rejection.^" 

T-lymphocytes that produce IL-2 in the presence of 

cyclosporin A have also been observed.An alternative 

signal transduction pathway leading to IL-2 treinscription has 

been suggested as a possible mechanism. Studies by June et 

al. demonstrated IL-2 gene expression and T-lymphocyte 

proliferation under CsA immunosuppression following 

stimulation of the glycoprotein CD28 and activation of 

protein kinase C by phorbol myristate acetate.The drug 

efflux protein, mdrl, implicated in steroid-resistant acute 

allograft rejection, has been shown to have a high affinity 

interaction with CsA.^*"^' This interaction was first 

elucidated by Goldberg et al. who demonstrated a reduced 

acciimulation of CsA in mdrl-positive cells.Although the 

specific interaction between mdrl expressed on T-lymphocytes 

and CsA has yet to be established, mdrl has been implicated 

in a number of drug therapy failures. 

Multidrug Resistance Protein-1 

Various drug therapy failures, especially in cancer 

chemotherapy, have been associated with the over-expression 

of mdrl.^'"^® Cancer cells selected in vitro for resistance to 

natural product cuiti-cancer drugs, such as the Vinca 
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alkaloids or anthracyc lines, show cross-resistance to a 

number of structurally unrelated compounds This 

"multidrug resistance" is mediated by the MDRl gene which 

encodes for the multidrug resistance protein-1, mdrl.^^"^^ 

This protein is a 170 kDa transmembrane glycoprotein termed 

multidrug resistance protein-1 (mdrl) based on the large drug 

cross-resistance observed in cancer cell lines. This protein 

is also referred as P-glycoprotein (P-gp) with the "P" 

steuiding for permeability based on the observed efflux 

function of this protein. This protein is a member of a 

superfamily of highly conserved ATP-binding cassette (ABC) 

transport proteins and shares sequence homology with many 

bacterial and eukaryotic transport proteins. It has been 

shown that mdrl has homology with the cystic fibrosis 

transmembrane regulator protein (CFTR), which appears to be a 

chloride channel.In addition, mdrl shows homology with 

the HAMl treuisport protein in macrophages and appecirs to play 

a role in antigen processing and presentation.The human 

MDRl gene encodes a protein of 1280 amino acids which 

consists of two highly homologous halves. This protein 

contains 12 transmembreme domains and two highly conserved 

hydrophilic domains each having an ATP binding site. Figure 

5 is cui illustration of the proposed structure of mdrl. The 

phenomenon of "multidrug resistance" is based on this 

protein's function as an energy-dependent efflux pump that 
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ADP ADP 

Figure 5; Illustration of the ProDoaed Structure of mdrl 

An illustration of mdrl's proposed structure is shown above, 
mdrl is a 1280 amino acid transport protein that spans the 
membrane 12 times and has two highly conserved ATP binding 
sites. A glucose chain in the extracellular space makes this 
protein a glycoprotein. 
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tremsports anti-cancer drugs out of the cell. This efflux 

mechanism results in a decreased anti-cancer drug 

accumulation within the cell leading to a decreased drug 

efficacy. 

Expression and function of mdrl has also been observed 

in many normal tissues, particularly secretory organs, 

suggesting a role for mdrl in the transport and excretion of 

natural toxins and thus functioning as a host defense 

mechanism.Although, the physiological function of mdrl 

in normal tissues is unclear; its localization to the apical 

surfaces of renal proximal tubule cells, bile and pancreatic 

ductule cells, and other secretory epithelial cells suggests 

a secretory function for mdrl. A high expression of mdrl in 

the cortical region of the adrenal gland has been 

demonstrated, suggesting that mdrl may function in the 

regulation of steroid transport. Table 3 lists the normal 

humein tissues that express mdrl and some of mdrl's proposed 

functions. It has only been in the past few years that the 

MDRl gene and its protein product, mdrl, has been 

characterized in normal cells of the peripheral blood and 

bone marrow. 

Mononuclear Cell mdrl Expression 

The initial evidence of mdrl expression on mononuclear 

cells came from the study by Neyfakh et al. who showed that 
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ORGAN / TISSUE PROPOSED FUNCTION(S) 

Adrenal Gland- Cortical Cells Steroid Treinsport 

Liver-Hepatocytes/Biliary Duct Xenobiotic and Bilinabin 

Excretion 

Kidney-Proximal Tubulstr Cells Xenobiotic/Drug Excretion 

Blood Brain Barrier Bcirrier to Toxic Substances 

Reproductive Organs-Placenta Barrier to Toxic Substances 

Testis Barrier to Toxic Substeuices 

in Mormal Tissues and Proposed Functions 

Table 3 lists the organs/tissues were the expression of the 
MDRl gene and its protein product, mdrl, have been found. 
The purposed function(s) for each organ/tissue is also 
listed. 
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some subtypes of normal mouse and human lymphocytes rapidly 

effluxed the fluorescence dye, rhodamine 123, cind that such 

efflux could be blocked by known chemical inhibitors of 

mdrl.^° Using rhodamine 123 and mdrl-specific monoclonal 

antibodies, Chaudhary and Roninson demonstrated that bone 

marrow cells, specifically CD34+ pluripotent stem cells, have 

high levels of mdrl expression and fluorescent dye efflux. 

Using molecular techniques, Drach et al. found the expression 

of MDRl mRNA in individual subsets of peripheral blood 

mononuclear cells suggesting that mdrl expression in 

hematopoietic cells is regulated by the MDRl gene.^^ These 

discoveries lead MacDonald et al. to demonstrate that there 

was individual differences in mdrl expression between 

specific hematopoietic subsets as well as differences at 

vcirious stages of maturation. This evidence suggests a 

possible role for mdrl in the differentiation, proliferation, 

or protection of hematopoietic cells. 

Several investigators have demonstrated that the highest 

proportion of mdrl-positive cells are in natural killer cells 

(CDS6+) and cytolytic T-lymphocytes (CD8+). i\mong helper T-

lymphocytes (CD4+), mdrl expression constituted a little less 

than one half of this subsets' population.Bommhardt et 

al. defined a new subtype of CD4+ T-lymphocytes that are 

mdrl-positive and, based on antigenic determinants, fall 
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between the classical "naive" and "activated/memory" CD4+ 

subtypes.This subtype produces substantial levels of IL-2 

and gamma interferon (INF-7 ) and has been suggested by these 

investigators to represent a functionally primed or 

preactivated subtype. Expression of mdrl was also found on 

B-lymphocytes (CD19+) but most investigators agree that this 

expression is considerably less thein the mdrl expression 

found on CD4+ T-lymphocytes. Minimum expression has been 

observed on both monocytes {CD14+) and granulocytes 

(CD15+) 

The stage of maturation is also an important determinant 

of mdrl expression on hemopoietic cells. MacDonald et al. 

demonstrated that mdrl expression and activity are down-

regulated when stem cells enter the thymus but this mdrl 

expression becomes re-expressed during the later stages of T-

lymphocyte maturation. Neyfakh et al. confirmed this 

observation that mdrl activity is predominantly reserved for 

mature T-lymphocytes suggesting that mdrl efflux function may 

be necesscury for some immunological function performed by 

these mature T-lymphocytes.Neyfakh et al. hypothesized 

that mdrl may be responsible for efflux of the cytolytic 

agent, perforin, from the membreine of cytolytic lymphocytes 

and this mdrl expression may also protect these cells from 

their own cytolytic activities. Markham et al. also 
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proposed that CD56+ and CD8+ cells mediate target cell lysis 

via the exocytosis of perforin. Markham et al. suggested 

that mdrl may play a role in cell-mediated cytotoxicity based 

on the fact that mdrl sheires a greater than 80% sequence 

homology with a cytolysin transporter in Escherichia coli 

(hlyB).^"* Finally, Gupta et al. found that the efflux 

function of mdrl was inhibited via an anti-mdrl antibody and 

this inhibition decreased the cytolytic T-lymphocyte effector 

function.®" This group also found that activated T-

lymphocytes have a greater MDRl mRNA eind membrane mdrl 

expression compared to quiescent T-lymphocytes. 

This evidence suggests that mature CD4+ and CD8+ T-

lymphocytes have a functional mdrl expression that is up-

regulated at the transcriptional level particularly following 

activation. As mentioned, several investigators have 

hypothesized that mdrl may be involved in lymphocyte function 

via the trafficing of cytolysins and/or cytokines, thus 

suggesting a possible role for mdrl in the immunological 

process of acute rejection. 

mdrl and Acute Allograft Rejection 

Based on the evidence that hemopoietic cells 

constitutively express mdrl and immunosuppressed transplant 

patients experience episodes of acute rejection, 

investigators began to hypothesize about a possible 
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relationship. Kemnitz et al. demonstrated the presence of 

the multidrug resistcuit phenotype, mdrl, in mononuclear 

cells isolated from the peripheral blood of 32 out of 49 

cardiac treuisplant patients receiving triple-drug 

immunosuppressive therapy. In the 32 mdrl-positive 

transplant patients, 16 patients had an overexpression of 

mdrl. This increased mdrl expression was observed during 

episodes of acute rejection.^ As mentioned previously, Yousem 

et al. demonstrated that steroid-resistant acute rejection 

was associated with increased percentages of mdrl-positive 

mononuclear cells isolated from lung allograft transbronchial 

biopsy specimens.^® Gotzl et al. found that expression of 

MDRl mRNA was detectable in the mononuclear cells of patients 

with renal transplants and hypothesized that this expression 

may reduce the immunosuppressive efficacy of cyclosporins 

through enhanced effliox of cyclosporins.®^ Finally, Zanker et 

al. found that the expression of mdrl in peripheral blood 

mononuclear cells could be detected in 7 out of 8 

cyclosporin A-treated patients rejecting their renal 

allografts.®^ 

Although, these investigators found a correlation 

between mdrl positive mononucleeu: cells and a particular 

episode of acute rejection, the specific mononuclear cell 

subtypes were not determined. These investigators also 

suggested the possible interaction of cyclosporin A with mdrl 
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but to date this possible interaction, specifically in T-

lymphocytes, has not been investigated. 

Immunosuppressive Agents and mdrl 

Many investigators have demonstrated a high affinity 

interaction between CsA and the drug binding site of mdrl.*^" 

49,64-65 While it is known that CsA binds to mdrl, the 

literature reports conflicting evidence in regard to the 

events that transpire after binding. Some investigators have 

found that CsA binds to mdrl and competitively inhibits mdrl-

mediated drug transport, thus modulating the phenomenon of 

multidrug resistance.**"^® Other investigators have found that 

CsA binds to mdrl and is subsequently transported out of 

cells expressing this protein, thereby decreasing its 

intracellular accumulation.*'"*® Goldberg et al. found that 

CsA was actively effluxed from a mdrl-positive Chinese 

hamster cell line (CH^Cg), thus reducing CsA accumulation by 

more thcin 50%. This reduction was overcome by verapamil, a 

known inhibitor of mdrl activity, thus implicating a mdrl-

mediated transport.*® 

Although, there are observed discrepancies between CsA 

intracellular acciamulation and the mechanisms of mdrl 

modulation, documented results suggest that CsA serves as a 
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mdrl substrate that antagonizes the mdrl-mediated efflux of 

anti-cancer agents through either a direct competitive 

inhibition or an indirect inhibition of enzymes vital for 

cell survival. Goldberg et al. suggests that the 

discrepancies between CsA accumulation and CsA modulation in 

mdrl-positive cells may be cell-type specific.*® Regardless 

of these factors, the interaction between CsA and mdrl does 

exist and this interaction has the potential to decrease 

intracellular CsA accumulation thus decreasing its efficacy. 

Steroids have also been shown to have an interaction 

with mdrl. Chieli et al. demonstrated in rat 

hepatocytes that the glucocorticoid, dexamethasone, induced 

an increase in MDRl mRNA and protein expression.®® Although 

there was an increased mdrl expression, there was no increase 

in efflux of the mdrl substrate, rhodamine 123. Other 

steroid-like compounds have also been shown to have affinity 

for mdrl; these include corticosterone, Cortisol, aldosterone 

and estradiol.Since mdrl is highly expressed in the 

cortical region of the adrenal gland, the evidence suggests 

that mdrl, at least in normal tissues, may function to 

transport steroids The specific interaction between 

glucocorticoids and mdrl on T-lymphocyte has yet to be 

determined. 
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Hypothesis of Dissertation 

The use of immunosuppressive drug therapy, specifically 

CsA, has made allograft organ tremsplantation a successful 

treatment for end-stage organ failure. Despite the use of 

these immunosuppressive agents there has been observed 

differences among transplant recipients in regards to the 

frequency of acute allograft rejection. The analyses of 

differences between these immunosuppressed transplant 

recipients will increase our understanding of the immune 

system. Recent work in the transplant field has focused on 

both the development of new immunosuppressants as well as the 

mechanisms behind immunosuppressive drug therapy failures. 

Studies have shown the increased expression of a multidrug 

resistance protein, mdrl, on mononuclear cells isolated from 

heart, lung, and kidney transplant patients during episodes 

of acute allograft rejection.^'^®'®^"®^ 

Given these recent investigations, as well as studies 

demonstrating that mdrl has been identified on the T-

lymphocyte subsets that mediate the acute rejection process, 

we hypothesize that it is these T-lymphocyte subsets that 

express mdrl in cardiac transplant patients. We also 

hypothesize that these same T-lymphocyte subsets have a 

functional mdrl-mediated efflux activity that correlates with 

episodes of acute cardiac rejection during immunosuppressive 



40 

drug therapy. Based on the current literature eind our 

understanding of both acute allograft rejection and multidrug 

resistcince; it is the hypothesis of this dissertation that 

ceirdiac transplant patients that have a significant increase 

in expression of mdrl on T-lymphocytes are more likely to 

experience an episode of acute rejection compared to 

transplant patients that do not experience a significant mdrl 

increase. 

Given the pharmacological evidence that certain agents 

may affect both the expression and function of mdrl, we will 

characterize mdrl on CD4+ and CD8+ T-lymphocytes prior to 

transplantation and at critical dosing periods post

transplantation. The specific aims of this dissertation are; 

(1) to determine if there is an increase in post-transplant 

mdrl expression in both cardiac allograft specimens cind 

peripheral blood mononuclear cell samples isolated from 

cardiac transplant patients, (2) to determine the mdrl 

expression on specific T-lymphocyte subsets isolated from 

ccirdiac transplant patients, (3) to determine if the mdrl 

expression on mononuclear cells isolated from cardiac 

transplant patients is functional, and (4) to correlate this 

mdrl expression and function with episodes of acute 

rejection. In addition to the einalysis of mdrl expression 

and function on mononuclesu: cells isolated from cardiac 

transplant patients, we also describe the development of a 

mdrl-positive transformed T-cell model. This model served as 
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a positive control in the methodologies used in this 

dissertation and will be a useful model for future studies of 

T-lymphocyte-mediated acute rejection. 

Overall, the work presented in this dissertation is 

designed to confirm the preliminary work by other 

investigators which correlated the expression of mdrl on 

mononuclear cells with episodes of acute allograft rejection. 

In addition, this study analyzes the functional efflux 

characteristics of mdrl during episodes of acute cardiac 

rejection and defines this mdrl expression on specific 

mononuclear cell sub-types. Results from this study may aid 

in the design of new immunosuppressive drug therapies that 

will reduce the incidence of T-lymphocyte-mediated acute 

allograft rejection. Reducing the incidence of acute 

rejection will prolong the life of the allograft and improve 

the quality of life for these transplcint patients. 

Determining the level of mdrl expression on T-lymphocyte 

subtypes prior to transplantation, as well as the increase in 

mdrl expression post-transplantation, may serve as a 

diagnostic tool in determining which patients will be more 

likely to experience episodes of acute rejection. 
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CHAPTER 2 

MATERIALS AND METHODS 

Reagents 

Unless specifically indicated all reagents were 

purchased from Sigma, St. Louis, MO. All reagents used were 

analytical grade or of the highest grade available. 

Cell Culture 

Two cell lines were used in this study. A doxorubicin 

selected derivative of the ARH-77 multiple myeloma cell line, 

namely the ARH-77 D60 line, which was provided by Dr. William 

T. Bellamy. And, a doxorubicin selected derivative of the 

human acute T-cell leukemia cell line, Jurkat. The 

doxorubicin selected Jurkat cell line was named Jurkat D15 

and this selection process will be described in detail later 

in this section. The parent Jurkat cell line was provided by 

the laboratory of Dr. Dan Hartmann. All cells were 

maintained in RPMI 1640 media which was supplemented with 10% 

fetal calf serxom, with 1% cuitibiotic/antimycotic solution, 

pyruvic acid, 2-mercaptoethanol, and L-glutamine. Cell 

cultures were incubated in a 37° C incubator, with saturated 
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humidity and an atmosphere of 95% air and 5% COj. Cell lines 

were split every 7 days. 

Whole blood was collected by venipuncture from normal 

controls, following informed consent of healthy volunteers. 

Whole blood from transplant patients was collected pre-

transplantation from blood gas sampling ports on the 

cardiopulmonary bypass circuit following initiation of 

cardiopulmonary bypass and just prior to transplantation of 

the donor heart. Whole blood was collected post

transplantation at regularly scheduled biopsies by a right 

internal jugular vein approach with a 7 French catheter. All 

blood samples were collected in or transferred to sodium 

heparin vacutainers and were inverted several times and 

placed on ice. The blood was allowed to wcirm to room 

temperature and then layered on an equal volume of 

Histopaque-1077 solution. The blood/ histopaque gradient was 

centrifuged at room temperature in a TJ-6 centrifuge 

(Beckman, Palo Alto,CA.) at 400 X g for 30 minutes. The 

mononuclear cells, located in the buffy white layer, were 

aspirated, transferred to a clesm centrifuge tube, and rinsed 

in 4° C phosphate buffered saline (PBS). Following 

centrifugation, the supernatant was aspirated, and the 

resulting mononuclear cell pellet was resuspended in cell 

media. Half of the resuspended mononuclear cells were 

aliquoted into cryopreservation vials, placed on ice for one 
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hour after which 10% dimethyl sulfoxide (DMSO) was added, and 

subsequently frozen at -70 ° C. The second aliquot was used 

immediately in an mdrl functional assay that will be 

described in detail below. The protocol for tissue and blood 

collection and analysis used in this study was approved by 

the Humsm Subjects Committee at the University of Arizona. 

Human Subjects Committee Approval notification HSC A96.37 and 

the Subject's Consent Form are attached in Appendix 1 and 2. 

Biopsy Specimens 

Endomyocardial biopsy specimens from the right 

ventricular endomyocardium were collected using a bioptome. 

These biopsy procedures were performed by cardiothoracic 

surgeons. The bioptome was advanced through an internal 

jugular vein catheter under fluoroscopic guideince. Five 

samples were collected. Four biopsy specimens were placed in 

10% buffered formalin for histological evaluation and the 

remaining sample was suspended in 1% heparinized sterile 

saline and placed on ice. Following biopsy procedures, the 

endomyocardial biopsy specimen that was placed in heparinized 

saline was embedded in OCT compound (Miles Laboratories, 

Naperville, IL.), snap-frozen in liquid nitrogen, and stored 

at -70® C. 
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Subj ects 

With Hiiman Subjects Committee approval cind transplant 

patient consent that was obtained prior to treinsplantation, 

two groups of 10 cardiac trcmsplant patients were studied. 

Cardiac treinsplant patients were selected without 

restrictions in regard to pre-existing disease, gender, race, 

age and socioeconomic status. Immunohistochemical techniques 

were performed on endomyocardial biopsy specimens obtained 

from 10 transplant patients and collected at regularly 

scheduled biopsy dates post-transplantation. 

Immunof luorochemical techniques euid functional assays were 

performed on mononuclear blood samples obtained from another 

10 treuisplant patients, collected prior to transplantation 

and at regularly scheduled biopsies post-transplantation. 

All transplant patients were treated with routine triple-drug 

immunosuppressive therapy; including cyclosporin A, an anti

metabolite, azathioprine or mycophenolic acid, and 

prednisone. Rabbit anti-thymocyte globulin (RATG) was 

administered once a day for the first three days post

transplantation. Endomyocardial biopsy specimens and 

peripheral blood samples (except for the pre-treinsplant blood 

sample) were harvested, beginning 7 to 10 days post-

transplcuitation, bi-weekly during the first month, weekly for 

the second month, alternate weeks during the third month, 

once at six months euid once at twelve months. Patients 

experiencing significant rejection episodes were controlled 
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with high dose methylprednisolone. The data obtained in this 

study will be compared to biopsy results from the four biopsy 

specimens collected for histological evaluation. These 

specimens that were formal in-fixed at the time of biopsy were 

subsequently peuraffin embedded and stained with H & E and 

trichrome. Endomyocardial biopsy specimens were blindly 

assessed, by the Pathology Department at the University of 

Arizona, for rejection according to the International Society 

for Heart and Lung Transplantation criteria described by 

Billingham.' 

Biopsy Immunohistochemistry 

Cryostat sections of OCT embedded endomyocardial biopsy 

samples were sliced 7 microns thick and fixed in acetone for 

1 minute. Endogenous peroxidase activity was sequestered 

using 0.1% hydrogen peroxide. The samples were rinsed with 

PBS and non-specific protein binding was blocked with 1% 

normal goat serum. Following three washes with PBS, 

specimens were then treated with 50 ug/ml of anti-hxaman mdrl 

monoclonal antibody, MRK-16, (Kamiya Biomedical Company, 

Thousand Oaks, CA.) for 1 hour in a humidified chamber at 

room temperature. Table 4 lists the cuiti-mdrl monoclonal 

antibodies used in all of the iiranunochemical procedures 

performed in this dissertation. Specimens were then washed 

in PBS three times and then treated with a biotinylated 
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Antibody Company Source Isotype Specificity Cone. Fixation 

MRK-16 Kamiya Mouse IgG2a Cell surface mdrl 

epitope 
50 ug/ml 

8u:etone 

C219 Signet House IgG2a internal cellular 

mdrl epitope 
10 ug/ml 

acetone 

C494 Signet Mouse IgG2a internal cellular 

mdrl epitope 
10 ug/ml 

3.7% 

Formaldehyde 

Table 4; Anti-mdrl Monoclonal Antibodies 

Table 4 lists the anti-mdrl monoclonal emtibodies used in 
immunocheiaical experiments. The manufacturer, source, 
isotype, specificity, concentrations, and fixation techniques 
used in each immunochemical experiment cire also listed. The 
monoclonal antibody, MRK-16, was used in the immunochemical 
detection of mdrl on endomyocardial biopsy samples. The 
monoclonal antibody, C-219, was used in the immunochemical 
detection of mdrl on mononuclecir cells and transformed cell 
lines. The monoclonal antibody, C494, was used in the flow 
cytometrical detection of mdrl on mononuclear cells. All 
anti-mdrl monoclonal antibodies are specific for the human 
mdrl isoform. 
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secondary auitibody (DAKO Corp. ,Carpinteria, CA) for 45 

minutes. Following this inciabation, the specimens were 

washed and treated with sm avidin-biotin peroxidase complex 

for 25 minutes. Antibody binding was visualized with the 

peroxidase substrate chromogen, DAB (3,3'-Diamino-benzadine 

tetrahydrochloride). DAB-treated sections were counterstained 

with Gill's hematoxyllin. Hematoxyllin staining will define 

the monuclear cells infiltrating the biopsy specimen. For 

negative control slides, PBS was substituted for the primary 

antibody. Immunohistochemically stained human kidney 

specimens were used as a positive control. The kidney has 

been shown to have a large constitutive expression of mdrl on 

proximal tubule cells.No isotype control studies were 

performed in these experiments. 

Immunocytochemistry 

Normal volunteer mononuclear cells, ARH-77 D60 cells, 

and mononuclear cells isolated from one transplant patient 

experiencing different grades of acute rejection were 

collected and analyzed. Mononuclear cell suspensions and the 

cell line ARH-77 D60 were suspended in RPMI at 1 x 10^ 

cells/ml. Two drops of each samples cind one drop of 2% 

Bovine seriam albumin (BSA) were dispensed into the cytospin 

vials via a Pasteur pipette. Two drops of each cell 

suspension (1x10® cells/mis) were centrifuged to yield a 
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similcir cellular density, thus maintaining approximately the 

same number of cells per measured quadrant. This technique 

does not account for differences in plasma membrane surface 

area for the different cell types studied. This suspension 

was mounted on slides using centrifugation at 500 x g for 5 

minutes. Slides were fixed in acetone, air-dried, and 

stained with 10 ug/ml of mdrl-specific monoclonal antibody, 

C219 (Signet Laboratories Inc.,Dedham, Maine). Table 4 lists 

the anti-mdrl monoclonal cmtibody used in these experiments. 

Specimens were then washed in PBS three times eind then 

treated with a 1:500 dilution of biotinylated secondary 

antibody (DAKO Corp. ,Ccirpinteria,CA) for 45 minutes. 

Following this incubation, the specimens were washed and 

treated with an avidin-biotin peroxidase complex for 25 

minutes. Antibody binding was visualized with DAB and 

counterstained with Gill's hematoxyllin. For negative 

control slides, PBS was substituted for the primary antibody. 

The mdrl-positive ARH-77 human multiple myeloma cell line was 

used as positive control. The immunohistochemical staining 

was analyzed and quantified in a manner similar to the biopsy 

specimens. 

Evaluation of Immunochemical Staining 

As a means of quantitating the amount of mdrl in 

endomyocardial biopsy samples, the ARH-77 D60 cell line, and 

mononuclear cells isolated from normal volunteers and a 
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cardiac transplant patient, the average optical density of 

three remdomly chosen fields were measured using a computer-

microscope image analysis system. This system consists of a 

Zeiss (Germany) microscope with the microscopic image 

collected by a Sanyo (Model VDC 3875) CCD video camera. This 

camera was attached to the microscope and the cellular images 

were sent to an image processing board contained within a 

Macintosh Ilci computer. Digitized images were displayed 

directly on a RGB monitor using a computer image analysis 

softwcire program (IMAGE,Wayne Rasband,NIH, Version 1.40). The 

optical density was measured by using the sum total of the 

number of pixels in each fields' image. The images were 

analyzed using the 60X objective. 

Duplicate slides for each biopsy specimen were prepared. 

One slide was incubated with either the anti-human mdrl 

monoclonal antibody, MRK-16, or the anti-human mdrl 

monoclonal antibody, C219. The other slide substituted these 

monoclonal antibodies with PBS. Both slides were treated 

with a biotinylated secondary antibody, avidin-peroxidase, 

and DAB. Immunostaining was measured using a color density 

gradient that quantified the number of pixels on the computer 

screen. Pixel measurements for positive antibody staining 

cind negative background staining were recorded and the 

specific mdrl staining in pixels was calculated by 

subtraction. The expression of mdrl per sample was defined 

as the specific mdrl staining (in pixels) which was 
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calculated by subtracting positive mdrl staining (pixels) 

from negative staining (pixels). Grogein et al. used a 

similar method to semiquantitate anti-mdrl monoclonal 

antibody staining using a computer-aided densitometer, 

reporting single-cell intensity of staining in mean optical 

densities. 

These data were expressed as mean + SEM (pixels). 

Statistical cinalysis of variance was performed using a 

unpaired Student T-test with equal or unequal varicinces. An 

F-test was performed to determine if the populations analyzed 

had equal or unequal variances. Probability was defined by a 

95% confidence interval. 

T-cell Model Development 

Development of a T-lymphocyte derived cell line that had 

a mdrl -positive phenotype was selected by employing a method 

68 described by Dalton. Briefly, this method used increasing 

concentrations of doxorubicin to select for the mdrl 

phenotype on the htaman T-cell leukemic cell line, Jurkat. 

Doxorubicin is an anti-cancer drug that has been established 

as a substrate for mdrl.®'"'^ Fifty percent of cells that 

survive the initial doxorubicin dosing (LD50) were cultured 

for subsequent increasing doses of doxorubicin. Table 5 

lists this doxorubicin selection dosing procedure. The 

resulting mdrl-positive Jurkat cell line, Jurkat D15, was 
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Doxorubicin Concentration (H) Dosing Period (Months) 

1 X 10'® M MONTH 1 

1 X 10'® M MONTH 2 

2 . 6 X 10'® M MONTH 3 

5.2 X 10'® M MONTH 4 

5.2 X 10"® M MONTH 5 

7 . 9 X 10"® M MONTH 6 

1 X 10"' M MONTH 7 

1.5 X 10"' M MONTH 8 

Table 5: Doxorubicin Selection Procedure 

The Jurkat leukemic T-cell line was dosed with increasing 
concentrations of doxorubicin for eight months to select for 
the mdrl-positive T-cell line, Jurkat D15. 



53 

developed not only to test appropriate experimental 

procedures but also to serve as a positive control for the 

various experiments in this reseeirch project. The expression 

of mdrl on this doxorubicin-selected Jurkat cell line was 

confirmed using functional assays, flow cytometry, and 

Northern blot cinalysis. 

Northern Blot Analysis 

The MDRl gene expression was analyzed from RNA isolated 

from Jurkat selected cuid sensitive cell lines and the 

mdrl-positive cell line 8226 Dox40 and the peirent sensitive 

cell line 8226. The 8226 selected and sensitive cell line 

was donated by Dr. William Bellamy and the selection of this 

cell line was developed by Dr. William Dalton. The total RNA 

was isolated using a method developed by Riordan, et al.^^ 

Briefly, the cells were lysed using a guanidiniiom 

isothiocynate solution. The lysate was layered onto a 5.9 M 

CsCl solution and centrifuged at 100,000 x g for 2.5 hours. 

The supernatant was aspirated and discarded. The pellet was 

resuspended in diethylpyrocarbonate (DEPC)-treated water and 

a 1/10 voliame of 3M sodium acetate. Two volumes of ice-cold 

100% ethanol was added to precipitate the RNA. This sample 

was stored overnight at -80 °C. The following day the sample 

was microcentrifuged for 30 minutes at 14,000 rpms, the 

supernatant aspirated, the pellet was rinsed with 70% ethanol 
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and resuspended in DEPC-treated water. An aliquot of this 

RNA solution was qucuitified by measuring the optical density 

at 260 and 280 nm. Ten micrograms of total cellular RNA was 

size separated on a 1% agrose gel using glyoxal denaturation. 

This gel was stained with ethidium bromide allowing 

visualization of the 18S and 28S ribosomal RNA bands to check 

for RNA integrity. Following this size sepeiration, the RNA 

was transferred to a nylon membrane (S & S, Nytran) by 

capillary transfer. The blot was prehybridized for 1 hour at 

45° C in prehybridization solution (50% formamide, 0.06 M 

Na2HP04, 1.0 M NaCl, 1% SDS, 10% dextran S04, 5x Denheirdt's 

solution, DEPC-treated water). The blot was then hybridized 

with a P^^ mdrl-specific probe, pHDRSalpha (ATCC). This probe 

was added directly to the prehybridization buffer solution 

and the blot was hybridized at 45° C for 18 hours. After 

hybridization, the blot was washed twice in 0.2 x SSC/1.0% 

SDS at 68° C for 20 minutes and twice in 0.1 x SSC/ 0.1% SDS 

at 68° C for 20 minutes. The membreme was exposed overnight 

to Kodak XAR-film at -70° C using an intensifying cassette. 

The film was developed and the RNA bcinds were analyzed by 

visual inspection. 

Dozorubicin CYi:otoxicit7 Assays 

The cytotoxic response of freshly isolated peripheral 

blood mononuclear cells and the Jurkat and ARH-77 cell lines 



55 

to doxorubicin was evaluated. Doxoriibicin, cui anti-cancer 

drug, has been demonstrated to be a valid measure of the 

mdrl-mediated drug efflux mechanism.®'"'^ Cell viability in 

the presence or eibsence of doxorubicin (DOX) was determined 

using the MTT-microcultured tetrazolium colorimetric assay of 

Mosmann with a few modifications.®' 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 the optical density (OD) at 540 nm. 

In this assay, 100 ul of each cell suspension (1 x 10^ 

cells/ml) was placed in a 96 microtiter plate well, various 

concentrations of DOX was added, and the plate was placed in 

a tissue culture incubator for vcurious time periods. Fifty 

microliters of 2 mg/ml MTT solution was added to each 

microtiter plate well and incubated for 4 additional hours. 

The plates were centrifuged, the supernatant aspirated, and 

150 ul of DMSO added to the pelleted cells containing the 

formazan product. Plates were rotated in the dark for 30 

minutes on a microtiter plate rotator (Lab-line Melrose Park, 

IL.) and read on an automated microtiter plate 

spectrophotometer (Bio-Rad). The OD readings from 3 or more 

microtiter plate wells were averaged. The ratio of the meein 

OD at each DOX concentration divided by the meem OD of cells 
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without drug treatment, multiplied by 100, provided the 

results in terms of percentage of cell vicibility to 

doxorubicin exposure. The percent viability of cells was 

calculated at each concentration of doxorubicin. 

Using the mdrl-positive cell line ARH-77 D60, the parent 

Jurkat cell line, and the doxorubicin selected Jurkat cell 

line (Jurkat D15), the optimal time for doxor\abicin 

incubation was determined. Cells were then incubated in 

doxorubicin concentrations ranging from 1 x 10"^ M to 1 x 10"^° 

M for 24, 48, and 72 hours and the percent viability at each 

concentration was calculated. These doxorubicin cytotoxicity 

assays were also performed at 1 month, 5 months, and 8 months 

following the initiation of the Jurkat doxorubicin selection 

process. Fresh peripheral blood mononuclecir cells (PBMC) 

isolated from normal control volunteers and cardiac 

transplant patients were also analyzed for their doxorubicin 

cytotoxicity. The percent viability of the reference cell 

lines and PBMC samples was also analyzed in the presence or 

absence of agents that have been shown to interact with mdrl. 

Cell viability was calculated for cellular suspension 

incubated in increasing concentrations of doxorubicin in the 

presence or absence of a 10 uM concentration of verapamil or 

a 1 X 10"® M concentration of cyclosporin A (CsA). 

The standard error of the mean (SEM) was calculated for 

each percent viability measurement. The LDSO concentration 
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of doxonabicin at which 50 % of cells experience cell death 

was determined from each dose-response cxirve. Statistical 

analysis of varicuice was performed using a unpaired Student 

T-test and probability defined by a 95% confidence interval. 

An F-test was performed to detearmine if the populations 

analyzed had equal or unequal variances. 

Rhodamine 123 Efflux Assays 

Freshly isolated peripheral blood mononuclear cells and 

the Jurkat and ARH-77 cell lines were counted using Trypan 

Blue and a hemacytometer. Cells were adjusted to 1 xlO^ 

cells/ml. One milliliter of each sample was incubated for 30 

minutes at 37° C in an equal volume of the fluorescent mdrl 

substrate, rhodamine 123 (R-123). Rhodamine 123 was 

initially considered a potential anti-cancer agent but has 

since been found to be a fluorescent substrate that is 

actively effluxed by mdrl-positive cellsSamples were 

then washed twice in cold PBS and resuspended in R-123 free 

cold cell culture media. A 100 ul of each sample was 

pipetted into 3 wells of a 96 Fluoricon-GF microtiter plate 

(IDEXX Corp.) and the fluorescence optical density (OD) was 

measured in a fluorescent concentration analyzer (Baxter). 

This OD reading was defined as time point zero (t = 0). The 

remaining cell suspension (700 ul) for each sample was placed 

in the incubator at 37° C for 30, 60, and 90 minutes (t = 30, 
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60, 90 min.) at which time the samples were washed twice in 

cold PBS and resuspended in R-123 free cold cell culture 

media. One hundred microliters of each incubated sample was 

pipetted into 3 wells of 96 microtiter plate cuid the 

fluorescence OD was measured in the fluorescent concentration 

analyzer. The percent R-123 retention was calculated using 

the following equation: 

% R-123 Retention = (OD at (t= 30, 60, and 90 minutes) 

OD at (t=0)) X 100 

The data was calculated for the pre-transplant sample 

collection and samples collected at several time points 

during the first six months post-transplantation. These 

results were compared to biopsy results taken at 

corresponding post-transplantation time points. The % R-123 

retention for PBMC samples isolated from cardiac transplant 

patients will be compared to the % R-123 retention for PBMC 

samples isolated from normal volunteers. Percentage of 

rhodamine 123 retention was expressed as the mean + standard 

deviation. Statistical analysis of variance was performed 

using an unpaired Student T-test with equal or unequal 

variances. An F-test was performed to determine if the 

populations analyzed had equal or unequal variances. 

Probability was defined by a 95% confidence interval. 
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Flow Cytometry 

Frozen mononuclear cells isolated from normal volunteers 

and cardiac transplant patients were thawed with increasing 

volumes of cell culture media, centrifuged, euid resuspended. 

Cells were fixed eind permeabilized in a solution of 3.7% 

formaldehyde for 10 minutes. Fresh Jurkat and ARH-77 cell 

lines, sensitive and doxorubicin treated, were centrifuged, 

resuspended, and fixed in a solution of 3.7% formaldehyde for 

10 minutes. These fixed suspensions were centrifuged, rinsed 

with PBS, centrifuged, resuspended in PBS containing 2% 

Bovine serxim albumin (BSA), and placed in micro-centrifuge 

tubes. Each sample was aliquoted into 3 microcentrifuge 

vials. Two vials were incubated overnight in a humidified 

chamber at 4° C with a intracellular anti-human mdrl 

monoclonal mouse antibody, C494, (Signet 

Laboratories,Dedham,MA.). Table 4 lists the einti-mdrl 

monoclonal antibody used in these experiments. Following 

inciabation, the lymphocyte-primary antibody suspension was 

microfuged (Beckmcin Microfuge Model E), aspirated, and 

resuspended in PBS. One microcentrifuge tube for each sample 

was incubated overnight in a humidified chamber in the dark 

at 4°C with PBS. The 2 vials that were incubated with C494 

were subsequently incubated with a FITC-conjugated anti-mouse 

secondary antibody for 3 hours in the dark at 4°C. During 

this incubation period, the third vial was incubated in a 
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FITC conjugated IgG2a antibody for 3 hours in the dark at 4°C. 

Following this incubation, microcentrifuge vials for each 

sample were microfuged, aspirated, resuspended in PBS, and 

subsequently incubated with either an anti-human CDS"^ or CD4"^ 

monoclonal mouse antibody conjugated with R-phycoerthrin 

(RPE), (DAKO Corp.,Carpinteria, CA). These antibody 

suspensions were incubated for 4 hours in a humidified 

chamber in the dark at 4°C. After this incubation, the 

suspension was microfuged, aspirated, and resuspended in 1% 

formaldehyde solution and stored in the dark at 4°C until 

analyzed by flow cytometry. Analysis was performed on a 

FACSCAN (Becton-Dickenson) flow cytometer equipped with a 

15mW argon laser, with excitation at 488 nm and RPE 

fluorescence measured at 585 nm. 

Peripheral blood mononuclear cells from 6 normal 

volunteers were analyzed using the methods described above 

and all samples were analyzed for background staining using 

the same antibody isotypes. Expression of the isotype IgGl 

was used as a control for the T-lymphocyte antibodies and the 

isotype IgG2a was used as a control for the C494 monoclonal 

antibody. These isotype controls were used to restrict 

analysis to, or "gate" mdrl-positive T-lymphocytes. 

Lymphocytes were gated by an experienced cytometrist using 

these isotype controls. Although, antibody isotypes were 

conjugated differently to fluorescence molecules compeired to 

the test antibodies, they did serve as useful measures for 
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background fluorescence staining. The intensity of mdrl 

expression was determined by the fluorescence expression of 

the FITC-conjugated secondary antibody bound to the mAb C494. 

This intensity of fluorescence emission was detected, 

quantified, and expressed as the mean fluorescence intensity 

(MFI). The mecun fluorescence intensity is calculated by 

summing the intensity of signals emitted from all the cells 

in a sample and dividing this by the total number of cells in 

each sample. 

Percentage of gated T-lymphocyte subsets and the mean 

fluorescence intensity (MFI) was expressed as the mean + 

standard deviation. Statistical cuialysis of variance was 

performed using an unpaired Student T-test with equal or 

unequal variances. An F-test was performed to determine if 

the populations analyzed had equal or unequal variances. 

Probability was defined by a 95% confidence interval. 
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CHAPTER 3 

RESULTS 

Endomyocardial Biopsy Immunohistochemistry 

Endomyocardial biopsy samples from 10 ccirdiac transplant 

patients were analyzed for the presence of mdrl by 

immunohistochemical techniques. Endomyocardial biopsy 

samples were collected 7 to 10 days post-transplantation at 

regularly scheduled biopsy dates. In all, 134 slides were 

analyzed. Sixty-seven samples were incubated with the anti-

humein mdrl-specific mAb, MRK-16. These samples represented 

positive mdrl staining. The other 67 samples were incubated 

with PBS in place of the mAb MRK-16 and these samples 

represented the background or non-specific staining. 

Specific mdrl staining was defined as the difference between 

positive mdrl staining cuid background staining. 

Immunohistochemically stained human kidney specimens were 

used as a positive control. The kidney has been shown to 

have a large constitutive expression of mdrl on proximal 

32 36 tubule cells. ~ No isotype control studies were performed 

in these experiments. 
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Figure 6 shows the mean specific mdrl staining, semi-

quantitated and expressed in computer screen pixels, for each 

biopsy sample collected from each of the ten cardiac 

transplcuit patients studied. Following collection of biopsy 

samples cuid the determination of mean specific mdrl staining 

for each sample, the biopsy grades of acute rejection for 

each sample were analyzed. Figure 7 shows the mean specific 

mdrl staining for biopsy samples grouped according to their 

corresponding grade of acute rejection. There was a 

significant increase in specific mdrl staining at the biopsy 

grade of 3A and/or 3B defining moderate to severe acute 

rejection compared to the biopsy grade of 0 defining no 

rejection (p = 0.0001). The mean specific mdrl staining for 

rejection grades 3A and 3B was 5075 ± 1552 pixels and at 

rejection grade 0, the mean specific mdrl staining was 

measured at 669 ± 186 pixels. 
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Figure 6t Endomyocardial Bioosv Immunohist:ocheinist.rv 

An mdrl-specific monoclonal antibody, MRK-16, was used to 
characterize the presence of mdrl in each endomyocardial 
biopsy sample. Specific mdrl staining (positive staining-
background staining) was expressed in computer screen pixels 
measured by a color density gradient produced by a computer 
image software program. Sixty-seven biopsy samples from 10 
cardiac transplcint patients were collected at regularly 
scheduled biopsy dates starting 7 to 10 days post
transplantation . 
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Figure 7; Mean Specific mdrl Staining VS. Grades of Reiecfcion 

Biopsy grades of acute rejection, determined independently by 
the Pathology Department at the University of Arizona, were 
matched to the corresponding immunohistochemistry biopsy 
sample data. All specific mdrl staining results were grouped 
according to their biopsy rejection grade and the mean ± SEM 
expressed in pixels for each group was calculated. Grades of 
rejection are described in the Methods section. There were no 
patients who experienced a grade 4 episode of acute 
rejection, which is defined as severe acute rejection with 
hemorrhage and necrosis. The number (n) of biopsy samples 
for each grade of acute rejection is labeled above. A 
Student T-test was used to determine significance (* p < 
0.05) between transplant patients who experienced sm episode 
of acute rejection (3A/3B) compared to treinsplant patients 
experiencing no rejection (0). 
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Inununocytochemistry 

Using inimunocytochemical techniques, circulating 

peripheral mononuclear cells were analyzed to determine if 

both a constitutive mdrl expression as well as a change in 

mdrl expression could be detected. The mdrl-positive cell 

line, ARH-77 D60, PBMC samples isolated from 2 normal 

volunteers, and PBMC samples isolated from one cardiac 

transplcint patient were einalyzed for the presence of mdrl by 

immunocytochemical techniques using the emti-human mdrl 

monoclonal antibody, C219. Specific mdrl staining was semi-

quantitated in a similar manner to the endomyoceirdial biopsy 

samples. Two drops of each cell suspension (1x10® cells/mis) 

were centrifuged to yield a similar cellular density, thus 

maintaining approximately the same number of cells per 

measured quadrant. This technique does not account for 

differences in plasma membrane surface area for the different 

cell types studied. Figure 8 shows the specific mdrl 

staining in the mdrl-positive cell line, ARH-77 D60, and the 

average mdrl staining in normal PBMC samples. The mean 

specific mdrl staining ± SEM was 4211 ± 238 pixels for the 

ARH-77 D60 cells and 1064 ± 285 pixels for normal control 

PBMC samples. Figure 9 shows a longitudinal change in 

specific mdrl staining on mononuclear cells isolated from one 

cardiac transplant patient. In addition to a change in mdrl 

staining, this figure also shows a significant increase in 
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Figure 8; Reference Cell Tmm"""^Y^octiemistrv 

Two drops of cellular suspensions (1x10® cells/ml) were 
centrifuged, fixed, and incubated with the mdrl-specific 
monoclonal antibody, C219. The specific mdrl staining 
(positive mdrl staining- background staining) is expressed in 
computer screen pixels and semi-quantified in a manner 
similar to endomyocardial biopsy samples. Specific mdrl 
staining of the mdrl-positive multiple myeloma cell line, 
ARH-77 D60, and peripheral blood mononucleeur cells isolated 
from 2 normal volunteers were analyzed. Data from three 
fields of the centrifuged cellular pellet sure expressed as 
the mean specific mdrl staining in pixels. The standard 
error bcirs represent the SEM in pixels. 
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Figure 9; Transplant PBMC Tnnnunocvtochemisfcrv 

Peripheral blood mononuclear cells (PBMC) isolated from one 
ccurdiac treinsplant patient were collected at regularly 
scheduled biopsy dates starting 7 to 10 days post
transplantation. Two drops of PBMC suspensions (1 xlO^ 
cells/ml) were centrifuged, fixed, and incubated with the 
mdrl-specific monoclonal antibody, C219. The specific mdrl 
staining (positive mdrl staining- background staining) is 
expressed in computer screen pixels and semi-quantified in a 
manner similar to endomyocardial biopsy samples. Three 
fields of the centrifuged cellular pellet were analyzed and 
measured using a computerized image software program. 
Specific mdrl staining was averaged and plotted versus 
sequential biopsy collection dates and the corresponding 
biopsy grades of acute rejection. Grades of rejection were 
previously described. Standeurd error bars represent the SEM 
in pixels. A Student T-test was used to determine 
significance (* p < 0.05) between transplant patients who 
experienced an episode of acute rejection (3A/3B) compared to 
transplant patients experiencing no rejection (0). 
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mdrl staining with increasing grades of acute rejection (p = 

0.0018). Mean specific mdrl staining ± SEM for a rejection 

grade of 3A was 8065 ± 434 pixels compared to the non-

rejection grade 0 which was 2359 ± 893 pixels. 

Table 6 lists the results from the immunochemical 

analysis of mdrl expression in EMB specimens, a mdrl-positive 

cell line, and PBMC samples isolated from normal volunteers 

cind one cardiac trsinsplant patient. Data were expressed in 

computer screen pixels. Although, these data are not 

compeirable due to the different mdrl monoclonal antibodies 

used cind the variability in cell number per analysis, the 

results indicate that the expression of mdrl is localized on 

peripheral blood mononuclear cells and this expression can be 

measured in both the rejecting allograft and the peripheral 

blood stream. More importantly, these data indicate an 

increase in the expression of mdrl on mononuclear cells 

during acute ceirdiac rejection. These data also confirm the 

natural constitutive expression of mdrl in peripheral blood 

mononuclear cells isolated from normal volunteers. Thus, a 

measurcible level of mdrl in normal PBMC samples can be used 

as a reliable and convenient external standard to analyze the 

overexpression of mdrl in PBMC samples isolated from ceirdiac 

transplcuit patients. 
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Grades of 

Acute 

Rejection 

Endomyocardial Biopsies 

Specific mdrl Staining 

Mean ± SEM (pixels) 

Transplant PBMC 

Specific mdrl Staining 

Mean ± SEM (pixels) 

Reference Cells 

Mean ± SEM (pixels) 

0 6 6 9  ±  1 8 6  2 3 5 9  ±  8 9 3  N o r m a l  P B M C  

( 1 0 6 4  ±  2 8 5 )  1  A / 1  B  1  3 6 2  ±  3 3 8  3 3 9 6  ±  5 9 3  

1 3 4 1  ±  4 5 5  

N o r m a l  P B M C  

( 1 0 6 4  ±  2 8 5 )  

2  2 5 6 9  ±  1 2 8 4  5 2 1  1  ±  7 0 1  A R H - 7 7  D 6 0  

( 4 2 1  1  ±  2 3 8 )  3 A / 3 B  5 0 7 5  ±  1 5 5 2  8 0 6 5  ±  4 3 4  

A R H - 7 7  D 6 0  

( 4 2 1  1  ±  2 3 8 )  

XflbXg m<^rl lmmMn9gh?mistrv an^ Biopsy Grades 
Specific mdrl staining of endomyocardial biopsy samples and 
transplant PBMC samples were grouped according to their 
histological diagnosis of acute cardiac rejection. The 
presence or absence of acute rejection was classified 
according to biopsy grades of acute rejection. The reference 
cells analyzed were the mdrl-positive cell line, ARH-77 D60, 
and PBMC cells isolated from 2 normal volunteers. Tissue 
samples were einalyzed using the mAb MRK-16 while cell 
suspensions were immunostained with the mAb C219. Rejection 
grades, the mean specific mdrl staining, euid the SEM are 
listed. 
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Using light microscopy, specific mdrl staining was 

determined to be localized on the plasma membrane of 

hematoxylin countered-stained mononuclear cells. Figure lOA 

shows a photograph of the localization of mdrl staining on 

the plasma membrane of mononuclear cells infiltrating a 

endomyocardial biopsy specimen. Figure lOB shows a 

photograph of mdrl staining localized on the plasma membrane 

of peripheral blood mononuclear cells isolated from a cardiac 

transplant patient. 

CD4-t- and CD8+ mdrl Expression by Flow Cytome-bry 

Using flow cytometry the expression of mdrl was analyzed 

on the peripheral blood mononuclear cell subtypes that have 

been shown to mediate the process of acute cellular 

rejection. Thus, the goal was to analyze the expression of 

mdrl on CD4+ and CD8+ T-lymphocytes. The mdrl-specif ic 

monoclonal antibody, C494, incubated with a FITC conjugated 

secondary antibody was used to confirm mdrl expression. CD4-

specific and CD8-specific monoclonal antibodies conjugated to 

RPE were co-incubated with the mAb C494. Background staining 

and the nature of antibody-antigen interactions were analyzed 

using antibodies with equal concentrations and the same 

structural isotype as C494, CD4+, and CD8+ monoclonal 

antibodies. Lymphocytes were gated by em experienced 

cytometrist using these isotype controls. 
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Figure lO; Phofcos of Tmmtinftchemistrv 
Figure lOA shows a light microscopy photograph of a 
immunohistochemically stained biopsy specimen. Photograph lOA 
demonstrates the presence of mdrl on endomyocardial biopsy 
specimens using the monoclonal mdrl-specific antibody, MRK-
16, a biotinylated secondary polyclonal antibody, avidin-
peroxidase, and the chromogen DAB. Figure lOB shows a light 
microscopy photograph of inimunohistochemically stained 
peripheral blood mononuclear cells. The monoclonal mdrl-
specific antibody, C219, a biotinylated secondary polyclonal 
antibody, avidin-peroxidase, and the chromogen DAB were used 
in this immunostaining. Photograph lOB demonstrates the 
presence of mdrl staining on a PBMC sample isolated from a 
cardiac transplemt patient. 



73 

Normal percentages for the total lymphocytes isolated 

from the peripheral blood of normal volunteers range from 

20%-30%. Givan et al. demonstrated that immunosuppressed 

trcinsplant patient have a decreased nxamber of lymphocytes.^® 

Table 7 demonstrates the decreased number of total 

lymphocytes due to post-transplant immunosuppression. Table 

7 lists the percentage of total lymphocytes isolated from 

cardiac transplant recipients prior to cardiac 

transplantation and on the day of endomyocardial biopsy 

collection. 

Peripheral blood mononuclear cells isolated from 6 

normal volunteers were analyzed to determine the constitutive 

mdrl expression on CD4+ and CD8+ T-lymphocytes. Figures 11 

and 12 show flow cytometry plots for PBMC samples isolated 

from normal volunteers and co-incubated with either the CD4+ 

or CD8+ mAb and the mAb C494. Table 8 shows the gated 

percent of CD4+ or CD8+ T-lymphocytes, the gated percent of 

CD4+ and CD8+ T-lymphocytes expressing mdrl, and the 

intensity of mdrl expression on each lymphocyte subtype for 

PBMC samples isolated from 6 normal control volunteers. The 

intensity of mdrl expression was determined by the 

fluorescence expression of the FITC-conjugated secondary 

cuitibody bound to the mAb C494. This intensity of 

fluorescence emission was detected, quantified, and expressed 

as the mean fluorescence intensity (MFI). 
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Patients 

Samples 

1 2 3 4 5 6 7 8 9 

Pre-transplant 20 18 26 13 6 32 22 12 14 

Biopsy 1 1 2 8 3 3 1 3 4 1 

Biopsy 2 5 3 4 4 1 5 8 1 3 

Biopsy 3 8 6 6 6 5 8 7 2 6 

Biopsy 4 10 12 10 8 4 11 2 I 3 

Biopsy 5 6 1 12 3 14 13 7 1 11 

Biopsy 6 11 15 18 12 11 10 10 4 6 

Biopsy 7 8 3 18 11 8 11 8 9 10 

Biopsy 8 12 10 17 6 9 11 2 6 -

Biopsy 9 9 24 21 14 - 10 6 4 -

Biopsy 10 - 6 25 16 - 19 11 4 -

Table 7i Transplant LvmphocYte Percenfcaoes 

Table 7 lists the percentages of total lymphocytes isolated 
from the peripheral blood of cardiac transplant patients on 
the day of transplantation and just prior to scheduled 
endomyoccirdial biopsy procedures. Lymphocyte percentages were 
determined by the Clinical Lciboratory at the University 
Medical Center Hospital. 
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Figure lit Flow Cytometry of Normal CP4+ T-lvmphocvtes 

Peripheral blood mononuclear cells isolated from 6 normal 
volunteers were analyzed to determine the constitutive mdrl 
expression on CD4+ T-lymphocytes. This figure shows the 
analysis of a PBMC sample isolated from a normal volunteer 
using the RPE conjugated CD4+ monoclonal antibody (mAb) co-
incubated with the mdrl-specific mAb, C494, and a FITC 
conjugated secondary antibody. The contour plot on the right 
divides this analysis into quadrants based on cellular 
staining characteristics. The upper left quadrant (UL) 
represents cells stained with the RPE—CD4 mAb; the upper 
right (UR) quadrant represents cells stained with both the 
RPE-CD4 mAb and the C494 mAb/FITC-Ab complex; the lower right 
(LR) represents cells stained only with the C494 mAb/FITC-Ab; 
and the lower left (LL) quadrant represents cells stained 
with neither antibody. 
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Figure 12; Flow Cytometry of Normal CD8+ T-1Ymphocvtes 

Peripheral blood mononuclear cells isolated from 6 normal 
volunteers were analyzed to determine the constitutive mdrl 
expression on CD8+ T-lymphocytes. Figure 12 shows the flow 
cytometry plot for a PBMC sample isolated from a normal 
volunteer analyzed using the RPE conjugated CD8+ monoclonal 
antibody (mAb) co-incubated with the mdrl-specific mAb, C494, 
cuid a FITC conjugated secondary antibody. The contour plot 
on the right divides the analysis into quadrants based on 
cellular staining characteristics. 
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Subjects %CD4 %CD4/ 

indrl+ 

CD4 FITC %CD8 %CD8/ 

mdrl 

CD8 FITC 

1 17.3 13.2 282.7 41.4 37.6 962.7 

2 23.6 16.0 373.0 31.8 30.8 735.8 

3 30.2 30.2 291.7 18.0 17.0 695.6 

4 30.4 29.4 191.4 18.3 18.3 553.2 

5 28.7 25.0 249.0 21.1 21.0 748.2 

6 23.7 23.7 301.6 23.9 23.9 589.0 

Average 25.7 22.9 281.6 25.8 24.8 714.1 

Stcindard 

Deviation 

5.1 7.0 60.0 9.2 8.0 145 

Table 8; Data for Normal CD4-»- and CD8+ mdrl Expression 

Flow cytometry data shows the percent of gated CD4+ or CD8+ 
T - lymphocytes, the percent of gated CD4+ and CD8+ T-
lymphocytes expressing mdrl, and the fluorescence intensity 
of mdrl expression on each T-lymphocyte subtype isolated from 
6 normal volunteers. Lymphocyte subtypes were analyzed using 
CD4-specific and CD8-specific monoclonal antibodies 
conjugated to RPE. Each T-lymphocyte specific antibody was 
co-incubated with the mdrl-specific monoclonal antibody, 
C494, and the FITC conjugated secondary antibody. Data were 
expressed as the % of gated cells per sample population. The 
intensity of mdrl expression was determined by the 
fluorescence expression of the FITC-conjugated secondary 
cuitibody bound to the mdrl-specific mAb, C494, and this was 
quantified as the mecin fluorescence intensity (MFI). The 
mean ± standard deviation was calculated and listed above. 
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As mentioned above, the total percentage of lymphocytes 

isolated from the peripheral blood of normal volunteers is 

approximately 20%-30%. For normal individuals, approximately 

50% of this population is composed of CD4+ T-lymphocytes 

while approximately 28% of this population is CD8+ T-

lymphocytes. Results from 6 normal volunteers demonstrated 

that percentage of CD4+ T-lymphocytes was 26 ± 5% and 26 ± 9% 

for the percentage of gated CD8+ T-lymphocytes. Thus, the 

total percent of all CD4+ cind CD8+ T-lymphocytes analyzed in 

this experiment appears to be lower than normal percentages. 

This may be attributed to the isolation process and/or the 

freeze-thaw procedure. 

The mean percentage ± the stcmdard deviation of gated 

cells expressing both the CD4+ and mdrl epitopes was 23 ± 7% 

with a mdrl-specific MFI of 282 ± 60. The mean percentage ± 

the stcindcird deviation of gated cells expressing the CD8+ and 

mdrl epitopes was 25 ± 8% with a mdrl-specific MFI of 714 ± 

145. Quadrant statistics from these plots show approximately 

11% of CD4+ T-lymphocytes have no mdrl staining and 

approximately 4% of gated CD8+ T-lymphocytes have no mdrl 

staining. The 11% of CD4+ T-lymphocytes stained with no mdrl 

is not unusual based on studies that have shown that only 

CD4+ T-lymphocytes that follow the cytolytic pathway (Tg^) 

have mdrl expression. 
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Figure 13 shows the flow cytometry analysis of CD4+ and 

CD8+ T-lymphocytes expressing mdrl for PBMC samples isolated 

from one cardiac transplant patient during an episode of 

acute rejection. Table 9 lists the mean percent of total 

lymphocytes, the mean percent of gated of CD4+ and CD8+ T-

lymphocytes, and the mean percentage of gated CD4+ and CD8+ 

T-lymphocytes expressing mdrl for PBMC samples isolated from 

9 cardiac transplant patients. Eight normal control PBMC 

samples, 9 pre-transplant PBMC samples, and 60 post-

transplant PBMC samples were analyzed for their mdrl 

expression on CD4+ and CD8+ T-lymphocytes. There were 3 

transplant patients that experienced an episode of acute 

rejection with grades 3A or 3B, 3 transplant patients that 

experienced a suspicion of acute rejection with a biopsy 

grade of 2, and there were 3 patients that experienced no 

rejection with biopsy grades of 0, lA, and IB. There were no 

patients with a grade 4 histological diagnosis which is 

defined as severe acute rejection with hemorrhage and 

necrosis. There was a significant increase in the % of CD4+ 

T-lymphocytes expressing mdrl at the biopsy rejection grade 

of 3A/3B compared to the non-rejection grades of 0 and lA/lB 

(p = 0.00012 and p = 0.0053, respectively). The % of CD4+ T-

lymphocytes expressing mdrl at the rejection grade of 3A/3B 

was also significantly greater than the % of CD4+ T-

lymphocytes expressing mdrl isolated from normal volunteers 
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Figure 13: Transplant CD4+ and CD8+ mdrl Expression 

Flow cytometry analysis of CD4+ and CD8+ T-lymphocytes 
expressing mdrl were isolated from one cardiac transplant 
patient during an episode of acute rejection. Figures 13A 
and 13B show the dot plots of PBMC samples isolated from one 
cardiac transplant patient during a diagnosed episode of 
acute rejection. Figure 13A shows a PBMC sample analyzed 
using the RPE conjugated CD4+ monoclonal antibody co-
incubated with the mdrl-specif ic mAb, C494, and a FITC 
conjugated secondary antibody. Figure 13B shows the same 
patient sample analyzed using a RPE conjugated CD8+ specific 
mAb and the mdrl immunostaining. 
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Sample 

Categories 

% LO %CD4 %CD4/ mdrl+ %CD8 %CD8/ mdrl+ 

Controls 20-30* 25.7 ± 5.1 22.9 ± 7.0 25.8 ± 9.2 24.8 ± 8.0 

Pre-Tx 18.1 ± 1.3 22.5 ± 4.6 17.9 ± 4.6 27.4 ± 2.4 27.0 ± 6.0 

Biopsy 

Grade 0 5.7 ± 1.7 19.7 ± 2-2 18.9 ± 11.6 18.5 ± 1.9 17.8 ± 12 

Biopsy 

Grade 

lA/lB 

9.9 ± 2.0 18.6 ± 1.9 18.0 ± 11.4 13.8 ± 2.0 12.9 ± 7.4 

Biopsy 

Grade 2 9.5 ± 2.2 14.5 ± 3.6 14.3 ± 9.2 8.4 ± 3.4 8.2 ± 4.6 

Biopsy 

Grade 

3A/3B 

14.0 ± 1.0 31.9 ± 4.3 36.3 ± 1.1 22.9 ± 3.2 22.9 ± 1.5 

Table 9; Transplant %CD4+ and %CD8+ mdrl Expression 

Flow cytometry data shows the percent of total lymphocytes 
(LO), the percent of gated CD4+ or CD8+ T-lymphocytes, and 
the percent of gated CD4+ or CD8+ T-lymphocytes expressing 
mdrl. PBMC samples were isolated from 6 normal volunteers 
and 9 cardiac transplant patients. Nine pre-transplant PBMC 
samples, 8 normal control PBMC samples, and 60 post-
transplant PBMC samples were analyzed for their mdrl 
expression on the T-lymphocyte sub-types, CD4+ eind CD8+. Data 
cure expressed as the mean ± standard deviation for each 
analysis and post-transplant samples were categorized into 
their corresponding post-transplantation biopsy grades of 
acute rejection. Lymphocyte percentages were determined by 
the Clinical Laboratory at the University Medical Center 
Hospital. * represents the standardized total percentage of 
lymphocytes isolated from the peripheral blood of normal 
volunteers. 
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and recipients prior to treinsplantation (p = 0.0012 and p = 

0.042, respectively). Figure 14 shows the % of CD4+ and CD8+ 

T-lymphocytes expressing mdrl for normal control PBMC 

samples, pre-transplant PBMC samples, and PBMC samples 

grouped according to their corresponding biopsy grade of 

acute rejection. During episodes of acute rejection, the 

mean % ± the stcindard deviation of gated T-lymphocytes 

expressing CD4+ and mdrl was 36 ± 1%. The mean percentage ± 

the standard deviation for mdrl-positive CD4+ T-lymphocytes 

during the non-rejection grades of 0 and lA/lB was 19 ± 12% 

and 18 ± 11, respectively. 
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Figure 14;CD4+ and CD8+ mdrl Exoresaion VS. Biopsy Categories 

The percent of gated CD4+ and CD8+ T-lymphocytes expressing 
mdrl for normal control PBMC samples, pre-transplant PBMC 
samples, and post-transplant PBMC samples categorized 
according to their corresponding post-transplant biopsy grade 
of acute rejection are plotted. These data are expressed as 
the mean percentage ± standard deviation of gated CD4+ and 
CD8+ T-lymphocytes expressing mdrl. A Student T-test was used 
to determine significance (* p < 0.05) for transplant 
patients who experienced an episode of acute rejection 
(3A/3B) compared to normal volunteers (control), samples 
collected prior to transplantation (Pre-Tx), and patients 
experiencing no rejection (0, lA, and IB), n represents the 
number of samples per category. 
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Tcible 10 shows the mdrl-specific mean fluorescence 

intensity (MFI) for CD4+ and CD8+ T-lymphocytes isolated from 

9 ccirdiac transplant patients prior to transpleintation and at 

regulcirly scheduled biopsy dates. Data from 6 normal 

volunteers are also shown. Post-transplant PBMC samples were 

grouped according to their corresponding biopsy grade of 

acute rejection. There was a significant increase in the 

mdrl-specific MFI on CD4+ T-lymphocytes isolated from these 

patients experiencing episodes of acute rejection compared to 

the MFI levels in PBMC samples isolated from cardiac 

transplant patients prior to transplantation cmd PBMC samples 

collected from normal volunteers (p = 0.01 and p = 0.042, 

respectively). The mean mdrl-specific MFI ± standard 

deviation for PBMC samples isolated from transplant patients 

experiencing an episode of acute rejection with a grade of 

3A/3B was 793 ± 176. Normal control PBMC samples had a MFI 

of 298 ± 41, while pre-transplant PBMC samples had a MFI of 

406 ± 96. There was also a significant increase in mdrl-

specific MFI on CD8+ T-lymphocytes isolated from the PBMC 

samples of transplant patients experiencing acute rejection 

compared to normal volunteer (p = 0.015), pre-transplant (p = 

0.006), and non-rejection MFI levels for grades of 0 and 

lA/lB ( p = 0.00001 and p = 0.032). The mean ± standard 

deviation MFI for the 3A/3B grouped transplant patients was 

1228 ± 125 compared to 714 ± 145, 767 ± 226, and 715 ± 287 
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Sample Categories Sample 

Humber 

CD4+ mdrl MFI CD8+ mdrl MFI 

Controls 8 298 ± 41 714 ± 145 

Pre-Tx 9 406 t 96 767 ± 226 

Biopsy Grade 0 33 

618 ± 284 715 ± 287 

Biopsy Grade lA/lB 20 

578 ± 201 869 ± 262 

Biopsy Grade 2 4 

443 ± 168 908 ± 384 

Biopsy Grade 3A/3B 3 

788 ± 255 1228 ± 125 

Table 10.' Transplant CD4+ and CD8+ mdrl Intensity 

Flow cytometry data shows the mdrl-specific mean fluorescence 
intensity (MFI) on CD4+ or CD8+ T-lymphocytes for PBMC 
samples isolated from 6 normal volunteers and 9 cardiac 
transplant patients. Nine pre-transpleint PBMC samples ( Pre-
Tx), 8 normal control PBMC samples, eind 60 post-transplant 
PBMC samples were analyzed for their mdrl expression on the 
T-lymphocyte sub-types, CD4+ and CD8+. The intensity of mdrl 
expression was determined by the mean fluorescence intensity 
(MFI) of the FITC-conjugated secondary antibody bound to the 
mdrl-specific mAb, C494. Data are expressed as the mean ± 
standeurd deviation for each analysis and post-transplant 
samples were categorized into their corresponding biopsy 
grades of acute rejection. 
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for normal volunteer, pre-transplemt, and the non-rejection 

(grade of 0) PBMC samples, respectively. The mean ± standard 

deviation MFI for the non-rejection grade of lA/lB was 869 ± 

262 MFI. Mean fluorescence intensity (MFI) values are 

plotted in Figure 15. 

In summary, there was cin significant increase in the 

number of CD4+ T-lymphocytes expressing mdrl for PBMC samples 

isolated from transplant patients experiencing episodes of 

acute rejection compared to PBMC samples corresponding to a 

non-rejection grade of 0, lA, and IB. The number of CD4+ T-

lymphocytes expressing mdrl during acute rejection episodes 

was not significantly greater than normal volunteer 

lymphocytes due to the fact that transplant patients typical 

have a decreased number of lymphocytes as a result of 

immunosuppressive drug therapy.^® Regardless of T-lymphocyte 

numbers, there was also a significant increase in the mdrl-

specific mean fluorescence intensity (MFI) on these T-

lymphocyte subtypes observed in transplant patients 

experiencing episodes of acute rejection compared to pre-

transplant and normal volunteer MFI levels. 
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Figure 15; CD4+ and CD84- mdrl Intensity VS. Biooav Categories 

The mdrl-specific mean fluorescence intensity (MFI) on CD4+ 
and CD8+ T-lymphocytes for 8 normal control PBMC samples, 9 
pre-transplcint PBMC samples, and 60 post-transplant PBMC 
samples categorized according to their corresponding post
transplantation biopsy grade of acute rejection are plotted. 
The intensity of mdrl expression was determined by the mean 
fluorescence intensity (MFI) of the FITC-conjugated secondary 
antibody bound to the mdrl-specific mAb, C494. Data are 
expressed as the mean ± steindcurd deviation for each analysis. 
A Student T-test was used to determine significance (* p < 
0.05) for transplant patients who experienced an episode of 
acute rejection (3A/3B) compared to normal volunteers 
(Controls), samples collected prior to transplantation (Pre-
Tx), and transplant patients experiencing no rejection (0). n 
represents the number of samples per category. 



88 

Klimecki et al. demonstrated a significantly lower mdrl 

expression on granulocytes, monocytes, and B-lymphocytes 

compared to T-lymphocytes and natural killers cells isolated 

from the PBMC samples of normal volunteers.^® Based on these 

observations the percentage of cells expressing mdrl, other 

than CD4+ and CD8+ T-lymphocytes, was calculated for PBMC 

samples isolated from cardiac transplant patients. Averaging 

the % of gated cells expressing mdrl only and subtracting 

this average from the percent of gated CD4+ and CD8+ T-

lymphocytes expressing mdrl, the percent difference for cells 

expressing mdrl can be determined for each PBMC sample. 

Figure 16 shows the percent of gated non-CD4+ and non-CD8+ 

cells expressing mdrl versus post-transplant PBMC samples 

grouped according to their corresponding biopsy grade for 

acute rejection. There was a significant decrease in the 

percentage of non-CD4+ and non-CD8+ cells expressing mdrl 

during episodes of acute rejection (3A/3B) compared to 

percentage of mdrl-positive cells during no rejection with 

grades of 0 and lA/lB. (p = 0.0003 and p = 0.037, 

respectively) There was also a significant difference 

between non-CD4+ and non-CD8+ cells expressing mdrl during 

suspicion of rejection ( Grade 2) compared to episodes of 

acute rejection. The mean percentage of remaining non-CD4+ 

and non-CD8+ cells expressing mdrl ± the standard error of 

the mecui (SEM) for the non-rejection biopsy grades of 0 and 
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lA/lB was 33 ± 5% and 10 ± 4%, respectively, 12 ± 5% for a 

suspicion of rejection with a biopsy grade of 2, and 1 ± 1% 

for the rejection grades of 3A/3B. These data suggest that 

the predominant cell types expressing mdrl in the peripheral 

blood during acute rejection eire the CD4+ and CD8+ 

T-lymphocyte subtypes. 
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Figure 16: Mon-CD4+ and Hon-CD8->- Cells Expressing mdrl 

Averaging the percent of gated cells expressing mdrl amd 
subtracting the percent of gated CD4+ and CD8+ T-lymphocytes 
expressing mdrl, the percent of remaining cells positive for 
mdrl Ccin be determined for each PBMC sample. CD4-specific or 
CD8-specific RPE conjugated monoclonal antibodies were co-
incubated with the mdrl-specific monoclonal antibody, C494, 
and the FITC conjugated secondary antibody. These data were 
categorized according to the corresponding post
transplantation biopsy grades of acute rejection. Data are 
expressed as the meeui percent ± stemdard error of the mean 
(SEM) of gated non-CD4+ and non-CD8+ cells positive for mdrl 
expression. A Student T-test was used to determine 
significance (* p < 0.05) between transplant patients who 
experienced an episode of acute rejection (3A/3B) compared to 
transplant patients experiencing no rejection (0,1A, and IB) 
and suspicion of rejection (2). The nvimber (n) of PBMC 
samples euialyzed for each rejection grade is labeled. 
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mdrl-positive T-Cell Model Analysis 

An mdrl-positive T-cell line was developed as an aid to 

study the functional effects of increased mdrl expression on 

T-lymphocytes. The Jurkat human T-cell leukemic line was 

chosen based on its ability to synthesize eind secrete IL-2. 

Thus, the efficacy of the immunosuppressant CsA, an inhibitor 

of IL-2 synthesis, could be analyzed in a mdrl-positive T-

cell line following donor antigen stimulation. This cell 

line was extremely useful in developing the various 

methodologies used to study the function of mdrl in 

mononuclear cells isolated from cardiac transplant patients. 

This cell line was developed by an eight month 

doxombicin selection process- A doxorubicin cytotoxicity 

assay was used to measure the mdrl-mediated doxorubicin 

resistance in the doxorubicin selected Jurkat cell line, 

Jurkat D15, the mdrl-positive multiple myeloma cell line, 

ARH-77 D60, and the Jurkat doxorubicin-sensitive cell line. 

A functional mdrl assay measuring the efflux of an mdrl 

fluorescence substrate was developed and Jurkat D15, ARH-77 

D60, and Jurkat sensitive cells were analyzed. Both the 

doxorubicin cytotoxicity assay eind this efflux assay were 

also applied to PBMC samples, and all of these data are 

presented below. 

Flow cytometric analysis was performed to compcure mdrl 

staining on the plasma membrane of mdrl-positive eind mdrl-

negative cell lines. The expression of mdrl was analyzed in 
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the mdrl-positive multiple myeloma cell line, ARH-77 D60, the 

mdrl-positive doxorubicin selected leukemic T-cell line, 

Jurkat D15, and the Jurkat parent cell line. Background 

staining was auialyzed using the C494 isotype control 

antibody, IgG2a, euid this iiranunostaining was subtracted from 

positive mdrl staining. Figure 17 shows the flow cytometry 

plots for the Jurkat parent cell line and the doxorubicin 

selected Jurkat cell line, Jurkat D15. Table 11 shows the 

results of flow cytometry performed on these cell lines. The 

mdrl-positive ARH-77 D60 cell line had 81.5% of cells gated 

expressing mdrl at a mdrl-specific meein fluorescence 

intensity (MFI) of 2222. The Jurkat D15 cell line had 86% of 

cells gated expressing mdrl at a mdrl-specific (MFI) of 2700. 

The Jurkat parent cell line, Jurkat sensitive, had a mdrl-

specific MFI of 536. The Icirgest mdrl-specific MFI for a 

cardiac transpleint patient was 2164 which was similar to the 

mdrl levels on these mdrl-positive cell lines. The expression 

of mdrl on PBMC samples may be considerably larger 

considering a smaller population of T-lymphocytes were gated 

compared to the number of cells gated in these cell lines. 

mdrl Selection by Immunosuppressant Exposure 

Flow cytometric analysis was also performed on the 

Jurkat parent cell line exposed to increasing concentrations 

of CsA, azathioprine, and methylprednisolone. And, after 3 

months of incubating the Jurkat parent cell line in 
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FiQure 17; Flow Cytometry mdrl Bxpression in Reference Cells 

Using the mdrl-specific antibody, C494, the parent leukemic 
T-cell line, Jurkat, and the doxorubicin selected Jurkat cell 
line, Jurkat D15, were analyzed by flow cytometry. The left 
plots represent the ungated cell population while the right 
plots represent contour plots set using the isotype control 
antibody, IgG2a-FITC. Figure 17A shows the flow cytometry of 
the parent Jurkat cell line, Jurkat sensitive. Figure 17B 
shows the flow cytometry of the Jurkat D15 cell line. 
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Cell Lines 

% of Gated Cells 

Expressing mdrl 

mdrl-specific mean 

fluorescence 

intensity (MFZ) 

Jurkat Sensitive 85.1 % 536.3 

Jurkat D15 85.9 % 2700.2 

ARH-77 D60 81.5 % 2221.9 

Jurkat Cocktail 69.6 % 3780.9 

Table 11; Flow Cvtomc'trY Data; Cell Line mdrl Expression 

Flow cytometry data from the analysis of mdrl expression on 
reference cell lines are shown. The mdrl-specific monoclonal 
antibody, C494, bound to a secondary FITC conjugated antibody 
was used to measure the percentage of cells expressing mdrl 
as well as the mdrl-specific mean fluorescence intensity 
(MET) on these gated cells. Cells were not gated but the 
background staining was determined using the isotype control 
antibody, IgG2a. The Jurkat sensitive cells represent the 
parent Jurkat cell line. The Jurkat D15 and the ARH-77 D60 
cell lines represent selected mdrl-positive cell lines. The 
Jurkat cocktail cells represent the Jurkat cell line 
incubated for 3 months in increasing concentrations of CsA, 
azathioprine, and methylprednisolone. 
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increasing concentrations of CsA, azathioprine, and 

methy Iprednisolone, this cell line had 70% of cells gated 

expressing mdrl at a mdrl-specific mean fluorescence 

intensity (MFI) of 3781. This cell line had a reduced number 

of cells expressing mdrl but the mdrl-specific MFI on these 

cells was substantially greater than cells incubated with 

doxorubicin for eight months. Again, the Jurkat D15 cell 

line had 86% of cells gated expressing mdrl at a mdrl-

specific (MFI) of 2700. The therapeutic concentrations for 

CsA, azathioprine, and methylprednisolone are 1 x 10~® M, 

3 mg/kg, and 20 mg, respectively. The initial concentrations 

for the selection of mdrl in the Jurkat parent cell line was 

1 X 10"^° M for CsA, Img/kg for azathioprine, and 5 milligrams 

for methylprednisolone. After 3 months of incubation at 

below therapeutic concentrations the parent Jurkat cell had a 

substantial expression of mdrl. 

Northern Blot Analysis 

Following the development of a functional mdrl-positive 

Jurkat cell line, a Northern blot analysis was performed to 

confirm the expression of mdrl at the mRNA level. Northern 

blot analysis of the RNA isolated from sensitive and 

doxorubicin selected Jurkat cells, as well as the RNA from 

the reference cell lines, 8226 Sensitive and 8226 Dox40, was 

performed. The autoradiograph from the blot probed with the 
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P32 mdrl-specific probe, pHDRSalpha, is shown in Figure 18A. 

The ethidium bromide staining of the gel prior to blot 

transfer is also shown in Figure 18B. Staining of this gel 

shows intact 18S and 28S ribosomal bands indicating no 

degradation of the RNA during the isolation process. The 

nitrocellulose membrane blot (Figure 18A) shows a positive 

band of hybridization for the Jurkat D15 cell line. This 

hybridization was similar to the hybridized band for the 

mdrl-positive reference cell line, 8226 Dox40. No beind of 

hybridization was seen for the total RNA isolated from the 

Jurkat sensitive and 8226 sensitive cell lines. The band of 

hybridization for the Jurkat D15 total RNA appears to have 

migrated farther. This migration may be due to difference in 

RNA loading or differences in the gel electrophoretic 

patterns per lane. None the less, a positive band of 

hybridization between the mdrl-specific probe and the Jurkat 

D15 RNA was observed. 
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Figure 181 Moriiharn Blot Analysis of Reference Cells 

Total RNA was isolated from sensitive euid doxorubicin 
selected Jurkat cell line, as well as the total RNA from the 
reference cell lines , 8226 Sensitive and 8226 Dox40. RNA 
was size sepeurated on an agrose gel, blotted, and probed with 
the P32 mdrl-specific probe, pHDRSalpha. Figtire ISA shows 
the autoradiograph of the probed membrcine. Figure 18B shows 
the agarose gel stained with ethidium bromide prior to 
nitrocellulose membreme transfer. 
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Doxorubicin Viability Analysis 

A doxorubicin cytotoxicity assay was used to determine 

if the mdrl expression on peripheral blood mononucleeur cells 

isolated from cardiac transplant patients provided drug 

resistance. Reference cell lines and mononucleeir cells, 

isolated from cardiac trsuisplant patients and normal 

volunteers, were analyzed for their vieibility in the presence 

of increasing concentrations of doxorubicin. Doxojrubicin has 

been identified as a substrate for mdrl that is actively 

ef fluxed from mdrl-positive cells. Increasing cell 

viability with increasing doxombicin dosages has been 

identified, in many cell lines, as a mdrl-mediated mechanism. 

Vieibility was measured in optical density (OD) units and 

presented in terms of percent of cell viability to 

doxorvibicin exposure. 

During the doxorubicin selection process, the Jurkat 

cell line was analyzed for the optimal time for doxorubicin 

incubation as well as identification of sub-lethal 

doxorubicin concentrations. The optimal lethal dose (LD50) 

or concentration of doxorubicin at which 50% of the cells 

experience cell death was 6.0 xlO"® M after 72 hours of 

doxorubicin incubation. From this data, the doxorubicin 

concentration chosen for the stepwise doxorubicin selection 

process was 1 xlO~® M and the optimal doxorubicin incubation 

time was determined to be 72 hours. During an eight month 
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selection process the Jurkat cell line exposed to increasing 

concentrations of doxonibicin had em LDSO increase of more 

thein a 1000 fold. The LDSO doxorubicin concentration 

increased significantly from a doxorubicin concentration 7.0 

X 10~® M to 1.5 X 10~® M (p = 0.0002). This doxorubicin-

resistant Jurkat cell line was labeled Jurkat D15. Figure 19 

shows the doxorubicin cytoxicity, expressed as the percent 

viability, for the Jurkat D15 cell line, the mdrl-positive 

multiple myeloma cell line, ARH-77 D60, and the Jurkat 

Sensitive cell line. The LDSO doxorubicin concentration was 

8.0 X 10~® M for the Jurkat D15 cells, 1.3 xlO"^ M for the 

ARH-77 D60 cell line, and 6.0 x 10~® M for the Jurkat 

Sensitive cell line. To confirm that this doxorvibicin 

resistance was a mdrl-mediated event and not just another 

resistance mechanism that developed after 8 months of 

doxoriibicin selection, verapamil, a known inhibitor of mdrl 

efflux was added at a 10 uM concentration. Figure 20 shows 

that the doxorubicin resistcuice observed in the Jurkat D15 

cell line was reduced following incubation with verapamil. 

The LDSO doxorubicin concentration decreased from 1.3 xlO"^ M 

to 8.S xlO~® M, in the presence of 10 uM verapamil. A 

decrease in LDSO doxorubicin concentrations, with the 

addition of verapamil, further supports a mdrl-mediated 
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Figure 19; Doxorubicin Cytotoxicity in Reference Cells 

The doxorxabicin selected Jurkat cell line, Jurkat D15, the 
mdrl-positive multiple myeloma cell line, ARH-77 D60, and the 
Jurkat Sensitive cell line were incubated in increasing 
concentrations of doxorubicin for 72 hours. The lethal dose 
(LD50) or concentration of doxorubicin at which 50% of the 
cells experience cell death was determined for each reference 
cell line. 
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Figure 20; Doxorubicin Cytotoxicity Modulation of Cell Line 

Doxorubicin cytotoxicity was analyzed in the doxorubicin 
selected Jurkat cell line, Jurkat 015, in the presence or 
absence of the mdrl inhibitor, verapamil. A 10 uM 
concentration of verapamil was added to increasing 
concentrations of doxorubicin during a 72 hour incubation of 
10,000 Jurkat D15 cells per microtiter plate well. MTT 
colorimetric OD readings from three or more wells were 
averaged and the percent viability calculated. The lethal 
dose (LD50) or concentration of doxorubicin at which 50% of 
the cells experience cell death was determined for each 
experimental condition. 
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resistance mechanism in the selected Jurkat cell line, Jurkat 

D15. 

Doxorubicin cytotoxicity was also measured in peripheral 

blood mononucleeir cells (PBMC) isolated from 15 ccirdiac 

transplcint patients and 6 normal volunteers. The results 

were from five separate experiments with the same 

experimental conditions. Figure 21 shows a significant 

doxorubicin resistance for cardiac transplant patients 

compared to normal volunteers (p = 0.0031). The LD50 

doxorxabicin concentration for transplant patients was 1.2 x 

10"^ M compeared to the LD50 of 3.0 x 10~® M for normal control 

volunteers. Due to the described interaction of mdrl with 

cyclosporin A , sui experiment with the addition 

of 1 X 10"® M CsA to increasing concentrations of doxorubicin 

was also analyzed. Figure 22 shows the percent viability 

versus increasing concentrations of doxorubicin for 

transplcint patients and normal control volunteers in the 

presence or absence of 1 x 10~® M CsA. The LD50 doxorubicin 

concentration for PBMC samples isolated from ceirdiac 

transplant patients was significantly reduced from 1.1 x 10'^ 

M to 1 X 10"^ M with the addition of CsA (p = 0.0025). These 

data support the observations that the efflux of anti-cancer 

drugs is inhibited with the addition of CsA. This 
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Figure 21; PBMC Sample Doxorubicin Cytotoxicity 

Doxorubicin cytotoxicity was measured in peripheral blood 
mononuclear cells isolated from 15 cardiac transplant 
patients and 6 normal volunteers. Ten thousand peripheral 
blood mononuclear cells per microtiter plate well were 
incubated in increasing concentrations of doxorubicin for 72 
hours. Using the OD readings obtained from a MTT 
colorimetric assay, the percent viability for each 
doxorubicin concentration was calculated. LDSO doxorubicin 
concentrations were determined from the graph. Data was 
collected cuid averaged from five sepcirate experiments with 
the same experimental conditions. 
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Figure 22; Modulation of Transplant Doxorubicin Cytotoxicity 

Mcxiulation of doxorubicin cytotoxicity, using verapamil and 
CsA, was measured in peripheral blood mononuclecir cell (PBMC) 
samples isolated from cardiac transplemt patients. Figure 22 
analyzes the doxorubicin cytotoxicity in PBMC samples 
isolated 15 cardiac transplant patients with no chemical 
modulation, 4 cardiac transplant patients with the addition 
of a 10 uM concentration of verapamil, and 5 ceurdiac 
transplant patients with the addition of a 1 xlO"® M 
concentration of CsA. Doxorubicin cytotoxicity, expressed as 
the percent vieQaility, was also analyzed in PBMC samples 
isolated from six normal volunteers. The percent viability 
for each experimental condition was calculated using the OD 
readings from a MTT colorimetric assay. The mean percent 
vieibility was plotted and the LD50 for each sample category 
was determined from the graph. 
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interaction has been suggested to be due to a competitive 

interaction between cuiti-cancer drugs eind CsA at mdrl binding 

sitesFigure 22 also shows the percent viability of 

treinsplant PBMC samples in increasing concentrations of 

doxorubicin supplemented with the mdrl inhibitor, verapamil. 

The LD50 doxorubicin concentration significantly decreased 

from 1.1 X 10"^ M to 1.8 x 10"^ M with the addition of 10 uM 

verapamil (p = 0.005). The peripheral blood mononuclear 

cells isolated from these 15 cardiac transplant patients were 

collected at random time points such that the data shown in 

Figures 21 and 22 would indicate an overall drug resistance 

profile in transplant patients compared to normal control 

volunteers. The doxorubicin resistance observed in these 

cardiac transplant patients would appear to be a mdrl-

mediated mechcuiism based on the modulation of this resistance 

by the mdrl inhibitor, verapamil. 
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Rhodamine 123 Reten'bion and Efflux Analysis 

Along with the doxorubicin cytotoxicity assays, an mdrl 

efflux assay was also used to determine the function of mdrl 

in both reference cell lines and PBMC samples isolated from 

normal volunteers and cardiac transplant patients. Decreased 

retention of the mdrl fluorescence substrate, rhodamine 123, 

in cells expressing the mdrl phenotype is attributed to an 

increased efflux mediated by mdrl.Rhodamine 123 (R-

123) retention following a 60 minute inciabation period in R-

123 containing media and the retention at various incubation 

time points post R-123 loading were used to determine the % 

retention of R-123 in reference cell lines. Figure 23 shows 

the % R-123 retention following a 60 minute incubation period 

for the mdrl-positive lymphoma cell line, ARH-77 D60, the 

doxorubicin selected Jurkat cell line, Jurkat D15, and the 

sensitive Jurkat cell line. The ARH-77 D60 and Jurkat D15 

cells showed a significant decrease in the % R-123 retention 

at 60 minutes compcired to the Jurkat sensitive cells (p = 

0.009 and p = 0.004, respectively). The mean % R-123 

retention ± the standard deviation following a 60 minute 

incubation period, post R-123 loading, was 51 ± 2% for the 

ARH-77 D60 cell line, 53 ± 3% for the Jurkat D15 cell line, 

cind 78 ± 10% for the Jurkat sensitive cell line. Figure 23 

also shows the % R-123 retention for these reference cell 
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Figure 231 Reference Cell Line % R-123 Reiiention 

The % R-123 retention for reference cell lines was determined 
in the presence or absence of the mdrl inhibitor, verapamil. 
A 10 uM concentration of verapamil was added to cells 
incubated in a R-123 free media for 60 minutes. All data are 
expressed as the mean % R-123 retention ± the standard 
deviation. A Student T-test was used to determine 
significance (* p < 0.05) of R-123 retention for the mdrl-
positive cell lines, ARH-77 D60 eind Jurkat 15, compared to 
the Jurkat psirent cell line. A Student T-test was also used 
to determine significance (** p < 0.05) of R-123 retention 
for the mdrl-positive cell lines incubated with the mdrl 
inhibitor, verapamil, compared to these cell lines incubated 
in the absence of verapamil. 
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lines determined in the presence of the mdrl inhibitor, 

verapamil. A 10 uM concentration of verapamil was added to 

cells incubated in a R-123 free media for 60 minutes. There 

was a significant increase in the % R-123 retention, 

following a 60 minute incubation period with verapamil, in 

the mdrl-positive cell lines, ARH-77 D60 cind Jurkat D15, 

compared to these cell lines incubated in the cibsence of 

verapamil (p = 0.0015 and p = 0.0001, respectively). The % 

R-123 retention increased in ARH-77 D60 cells from 51 ± 2% to 

78 ± 6% with the addition of verapamil. The % R-123 

retention increased in Jurkat D15 cells from 53 ± 3% to 76 ± 

1% following a 60 minute incubation period with the addition 

of verapamil. Thus, figure 23 demonstrates that there was a 

decreased retention of R-123 in the ARH-77 D60 eind Jurkat D15 

cell lines and this decrease in retention can be modulated 

with verapamil. Again, this modulation in R-123 retention 

suggests that these cell lines have a mdrl-mediated R-123 

efflux. 

The mdrl-mediated efflux resulting in a decreased 

retention of R-123 was analyzed in peripheral blood 

mononuclear cells isolated from 6 normal volunteers and 9 

ccurdiac transplcuit patients. PBMC samples isolated from 

cardiac transplant patients were collected pre-

transplantation eind at regularly scheduled biopsy dates 

starting 7 to 10 days post-transplantation. The % R-123 
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retention was calculated for 110 PBMC samples isolated from 9 

cctrdiac trcuisplant patients cuid 8 PBMC scunples isolated from 

6 normal volunteers. One hundred and one PBMC samples had a 

corresponding diagnosis of acute rejection determined by the 

cuialyses of endomyocardial biopsies. 

Table 12 shows the % R-123 retention (% R) cuid the 

corresponding acute rejection biopsy grade (BG) for each PBMC 

sample collected post-transpleuitation for 9 cardiac 

transplcuit patients. Figure 24 shows the % R-123 retention 

versus biopsy grades of acute rejection. Again, the % R-123 

retention for post-transplantation PBMC samples were grouped 

according to their corresponding biopsy grades of acute 

rejection. There was a significant decrease in the % R-123 

retention in PBMC samples isolated during episodes of acute 

rejection with the biopsy grades of 3A/3B compared to the 

non-rejection biopsy grades of 0 and lA/lB (p = 0.00003). 

The was also a significant difference between the % R-123 at 

rejection grade of 2 compared to the rejection grades of 

3A/3B (p = 0.037). The meein % R-123 retention ± the standard 

deviation for biopsy grades 2 and 3A/3B was 67 ± 13% and 49 

± 4%, respectively. And the mean % R-123 retention ± the 

standard deviation for biopsy grades 0 and lA/lB was 86 ± 10% 

and 81 ± 11%, respectively. 

These data presented in Teible 12 and Figure 24 

demonstrate a decreased % retention of the mdrl siabstrate. 
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Table 12; Transplant % R-123 Retention and Biopsy Grades 

The % rhodamine 123 (R--123) retention (% R) and the 
corresponding acute rejection biopsy grade (BG) for each PBMC 
sample collected at regularly scheduled biopsy dates, post
transplantation, for 9 cardiac transplant patients (TX PT). 
The % R for pre-transplant PBMC samples (PT) was also 
calculated for these 9 transplant patients. There were no 
patients with grade 4 which is defined as severe acute 
rejection with hemorrhage and necrosis. 
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Figure 24t % Rhodamine 123 Retention VS. Biopsy Grades 
The % R-123 retention versus biopsy grades of acute rejection 
is graphed eibove for 101 PBMC samples isolated, post
transplantation, from 9 cardiac trsinsplant patients. Again, 
the biopsy grades 2 and 3A/3b are defined by suspicion of 
acute rejection and moderate to severe acute rejection, 
respectively. Biopsy grades 0 and lA/lB are defined as non-
rejection episodes. Data are expressed as the mean ± 
standard deviation % R-123 retention. A Student T—test was 
used to determine significance (* p < 0.05) of R-123 
retention for the patients who experienced episodes of acute 
rejection (3A/3B) compared to patients who experienced both a 
suspicion of rejection (2) eind a non-rejection episode such 
as grade 0. 
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rhodamine 123, during episodes of acute rejection. Thus, 

transplant patients that experienced an episode of acute 

rejection had a significant decrease in the % R-123 retention 

during an episode of acute rejection compared to cardiac 

transplant patients that had a non-rejection biopsy grade. 

Thus, these data along with the flow cytometry data 

suggest that patients that experience an acute rejection 

episode have eui increased expression of the mdrl phenotype 

leading to eui increased mdrl- mediated efflux. And, the data 

from flow cytometry experiments suggests that the efflux 

function observed in these rhodamine 123 retention studies is 

a result of predominately mdrl-positive CD4+ and CD8+ T-

lymphocytes. 

In siimmary, cardiac transplant patients have on average 

an increased expression of a functional active multidrug 

resistance protein-1 (mdrl) on their T-lymphocytes compared 

to normal volunteers. This increased functional expression 

directly correlates with episodes of acute rejection. 

Immunochemical experiments confirm that the epression of mdrl 

cem be analyzed directly from the peripheral blood of cardiac 

transplant patients. 
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CHAPTER 4 

DISCUSSION 

Several investigators have found that a number of 

transplant patients who experience an episode of acute 

rejection have a greater mononuclear cell expression of mdrl 

during these rejection episodes compared to those patients 

who did not experience acute allograft rejection. 

Without analyzing pre-transpleuit mdrl levels, levels of mdrl 

before and after episodes of acute rejection, and the 

functional activity of mdrl, these investigators were only 

able to suggest a possible correlation between mdrl and acute 

rejection. The goals of this study were; to confirm the 

overexpression of mdrl on mononuclear cells following 

trcuisplantation, to determine if this overexpression is 

greater than pre-transplant mdrl levels cuid increases with 

episodes of acute rejection, to determine the specific 

mononuclear cell sub-types expressing mdrl, and to determine 

if this expression is functional. 

Results demonstrated that cardiac transplant patients 

have on average a two fold increase in mdrl expression on 

their mononuclear cells compared to normal volunteers. 

During episodes of acute rejection the intensity of mdrl 
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expression on the mononuclear cell subtype, CD8+ T-

lymphocyte, is increased two fold compared to normal 

volunteer and pre-transplcuit mdrl levels. There is also a 

significant increase in the number of CD4+ T-lymphocytes that 

express mdrl during episodes of acute rejection compared to 

the number of CD4+ T-lymphocytes expressing mdrl in pre-

transplant and non-rejection samples. This increase in mdrl 

expression directly correlates with episodes of acute 

rejection. Mononuclear cell mdrl expression was also found 

to have both an increased drug resistance profile and 

increased functional efflux activity that also correlates 

directly with episodes of acute rejection. Flow cytometry 

data demonstrated that only CD4+ and CD8+ T-lymphocytes 

express mdrl during episodes of acute rejection suggesting 

that the observed increase in efflux during acute rejection 

is mediated by these subtypes. The development of a mdrl-

positive T-cell line incubated in increasing concentrations 

of immunosuppressive agents also suggest the possibility of 

selection for the mdrl phenotype following immunosuppressive 

drug therapy. 

Endomyocardial Biopsy Immunohis^ochemistry 

The initial approach of this study was to analyze the 

expression of mdrl on mononuclear cells isolated from both 

cardiac allograft biopsy samples and the peripheral blood. 

The goal was to determine which population of mononuclear 
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cells could adequately define an overexpression of mdrl 

during episodes of acute cardiac rejection. Based on studies 

that have shown that a significant body of reactive 

mononuclear cells exist in the allograft during episodes of 

acute rejection^®', endomyocardial biopsy samples were 

analyzed for their mdrl expression using immunohistological 

techniques. Exploratory studies of the relative sensitivity 

cuid specificity of mdrl immunochemistry has been showed to be 

at least as sensitive and specific as a RNAase protection 

assay, and more sensitive them a standard Western blot.'^ 

Immunochemical detection of mdrl in sequential 

endomyocardial biopsy specimens demonstrated a significant 

mdrl expression during episodes of acute rejection compared 

to biopsy specimens analyzed during non-rejection periods. A 

computer image software program was used to semi-quantify 

mdrl staining, this technique did not account for either the 

cell type or cell number analyzed. Light microscopy of these 

endomyocardial biopsy specimens demonstrated that mdrl 

immunostaining, using the monoclonal antibody MRK-16, was 

localized on the plasma membreine of graft infiltrating 

mononuclear cells. In agreement with our results, Yousem et 

al. also demonstrated the localization of mdrl immunostaining 

was on the plasma membrane of mononuclear cells infiltrating 

lung allografts.^® It could be suggested that the mdrl 

expression observed in these biopsy samples may reside on 
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other cell types. But, to date no expression of mdrl using 

the monoclonal antibody, MRK-16, has been found on either 

ceirdiac myocytes or cardiac endothelium. The expression 

of mdrl measured in sequentially isolated endomyocardial 

biopsy specimens increased directly with increasing grades of 

acute rejection. Based on the definitions for increasing 

grades of acute rejection, this increased expression with 

increasing grades of rejection was most likely related to the 

increase in the number of mdrl-positive mononuclear cells 

infiltrating the graft. 

Mononuclear Cell Immunocy-bochemistry 

Based on the determination that mdrl expression was 

present on mononuclear cells infiltrating the graft, 

peripheral blood mononuclear cells were analyzed. The goals 

of these experiments were to; (1) determine if the 

mononuclear cells isolated from the peripheral blood of 

ccirdiac treinsplant patients could be representative of the 

mononuclear cells infiltrating the donor allograft, and (2) 

determine if immunochemical techniques could be sensitive 

enough to measure both mdrl levels on mononuclear cells 

isolated from normal volunteers and detect changes in mdrl 

expression in sequential samples. 

Semi-quantitative analysis of immunostaining for mdrl 

on peripheral mononuclear cells demonstrated both a 
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detectable constitutive expression of mdrl and a significant 

increase in mdrl expression during episodes of acute 

rejection. Immunochemical detection of mdrl on normal 

mononuclear cells were also demonstrated by Damiani et al. 

who demonstrated a detectable expression of mdrl on normal 

peripheral blood mononucleeir cells.'® The observation of eui 

increase expression of mdrl on the peripheral blood 

mononuclear cells isolated from cardiac transplant patients 

during episodes of acute rejection is supported by Kemnitz et 

al.^ This group analyzed the peripheral blood from 49 cardiac 

transplant patients isolated at random time points post

transplantation. Our studies analyzed sequential blood 

samples and we were able to identify a significant increase 

in mdrl expression during a 3 to 7 day period. RNA analysis 

by Zanker et al. confirm the increased mdrl expression during 

episodes of acute rejection.®^ This group demonstrated that 

the expression of the multidrug resistance gene, MDRl, was 

increased in 7 of 8 patients rejecting their allograft. 

Consequently, analysis of sequentially isolated 

peripheral blood mononuclear cells can be representative of 

the mononuclear cells infiltrating the donor allograft during 

episodes of acute rejection and these cells can be used to 

measure the cheuiges in mdrl expression post-transplantation. 

Post-transplant mdrl expression can also be compared to the 

constitutive mdrl expression on normal PBMC samples. More 
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importantly, this population of mononuclear cells Cein be used 

to determine the specific mononuclear cell subtypes 

expressing mdrl and the function of this mdrl expression. 

Flow Cytometry 

Immunochemical detection of mdrl on the mononuclear 

cells that mediate the acute rejection process, specifically 

CD4+ and CD8+ T-lymphocytes, was analyzed using flow 

cytometry. Using antibodies specific for the CD4+, CD8+, cind 

mdrl epitopes, flow cytometry not only offers a method to 

analyze the number of these T-lymphocyte subtypes that 

express mdrl but it also offers the ability to determine the 

intensity of mdrl expression on each of these sub-types. 

Witkowski and Miller suggested the need to analyze the 

intensity of mdrl expression on the plasma membrane of cells 

as well as the total number of cells expressing mdrl.'' Based 

on the facts that acute rejection is an extremely dynamic 

immunological processes and aggressive iiranunosuppressive 

therapy is used to inhibit these processes, it becomes 

crucial to have the ability to measure both the number of 

mdrl positive T-lymphocytes as well as the intensity of mdrl 

on these T-lymphocyte sub-types. Using flow cytometry, the 

mdrl expression on CD4+ and CD8+ T-lymphocytes isolated from 

normal volunteers has been analyzed by several 

investigatorsBut, to date this expression has not been 
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investigated in ccirdiac transplant patients. This study is 

also unique based on the analysis of mdrl expression on CD4+ 

cuid CD8+ T-lymphocytes isolated prior to transplantation and 

at sequential time points post-transpleintation. Our study was 

eible to not only demonstrate a change in niamber of CD4+ cind 

CD8+ cells expressing mdrl following treinsplantation but we 

were also able demonstrate the change in mdrl intensity on 

each of the specific T-lymphocyte sub-types. 

The detection of mdrl expression on T-lymphocyte sub

types can be limited by type of isolation procedure used, 

liquid nitrogen cyropreservation, the type of fixation 

80 81. techniques used, and the specificity of antibodies used. 

The other limiting factor that becomes important in the 

treuisplant population is the fact that lower percentages of 

CD4+ and CD8+ T-lymphocytes in cardiac transplant patients 

has been shown and determined to be a result of the 

immunosuppressive drug therapy.'® Our results confirm the 

decrease in the percentages of CD4+ and CD8+ T-lymphocytes 

following transplantation. Using unstimulated cryopreserved 

normal mononuclear cells we were eible to gate approximately 

26% of CD4+ T-lymphocytes and approximately 22% of CD8+ T-

lymphocytes. Although, the total % of CD4+ cells was lower 

than expected, the number of CD8+ cells that were gated is in 

agreement with Prince et al. who showed that the percentage 

of CD8+ T-lymphocytes following cryopreservation was 20.4 -
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28.3%.®^ Prince et al. demonstrated that total percent of 

gated CD4+ cells was 35-55 % following cryopreservation.®^ 

More importantly, the differential expression of mdrl on 

normal CD4+ and CD8+ T-lymphocytes was in agreement with 

other studies.®^ Gupta et al. demonstrated that unstimulated 

normal mononuclear cells that were isolated by Ficoll-hypaque 

density centrifugation yielded 15-30% CD4+ T-lymphocytes 

expressing mdrl and 20-55% CD8+ T-lymphocytes expressing 

mdrl.®^ Thus, the gated percent of mdrl-positive CD4+ and 

CD8+ cells isolated from normal volunteers is consistent with 

• 80 82 other investigators and may be used as an external 

standard in analyzing the changes in mdrl expression in these 

T-lymphocyte subtypes following cardiac transplantation. 

Results demonstrated that although the number of CD4+ 

cind CD8+ T-lymphocytes expressing mdrl in cardiac transplant 

patients is substantially lower than normal volunteers 

(except during acute rejection) the intensity of mdrl 

expression on these T-lymphocyte subtypes is significantly 

increased. During episodes of acute rejection the percentage 

of CD4+ T-lymphocytes expressing mdrl significantly increased 

compared to normal mdrl levels and intensity of mdrl 

expression on CD8+ T-lymphocytes approximately doubled during 

episodes of acute rejection. Our data also demonstrate that 

during episodes of acute rejection the isolated mononuclear 



121 

cell population that is expressing mdrl is predominantly CD4+ 

and CD8+ T-lymphocytes-

Ooxorubicin Cytotozicity Assays 

Doxorubicin cytotoxicity assays were used to investigate 

the resistance of mononuclear cells isolated from cardiac 

transplant patients and normal volunteers. In order to 

determine that this resistance was an mdrl-mediated 

mechanism, various inhibitors of mdrl activity were 

investigated. The sensitivity of this assay was investigated 

in a mdrl-positive multiple myeloma cell line (ARH-77 D60), 

the doxorubicin selected Jurkat leukemic cell line (Jurkat 

D15), and their mdrl-negative parent cell lines. The 

doxorubicin resisteince of these mdrl-positive cell lines were 

similar to the doxorubicin resistance of other mdrl-positive 

cell lines observed by niamerous investigators. 

Dalton et al. demonstrated a 100-fold increase in doxorubicin 

resistance in the doxorubicin selected cell line 8226 Dox40 

compared to the doxorubicin sensitive parent cell line, 

8226.®' The doxorubicin-selected Jurkat cell line, Jurkat 

D15, had a greater than 100-fold increase in doxorubicin 

resistance and this resistance could be abolished by the 

addition of the mdrl inhibitor, verapamil. Hyafil et al. 

demonstrated that doxorubicin resistance could be reduced by 
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as much as a 100-fold in 3 mdrl-positive cell lines with the 

addition of verapamil. 

Mononuclear cells isolated from cardiac transplant 

patients demonstrated a doxorubicin resistance that was 1000-

fold greater than normal mononuclear cells. This resistance 

was reduced by approximately a 100-fold with the addition of 

verapamil and approximately 10-fold with the addition of 

cyclosporin A. Although, most investigators have shown that 

CsA is as effective as verapamil in modulating doxorubicin 

resistance, our studies indicate a more competitive 

interaction between doxorribicin and CsA. There is a 

possibility that this interaction may be both concentration 

dependent and cell type specific. This was supported by 

Twentyman et al. who demonstrated that the binding of 

radiolabeled CsA to mdrl could be inhibited by excess cold 

CsA, verapamil, and the mdrl substrate, vinblastine.®^ And, 

Goldberg et al found that intracellular concentration of 

radiolabeled CsA was reduced by 50 % or more in the mdrl-

positive cell line CHRC5.^® This reduction was shown to be 

decreased by verapamil. Thus, the possibility exists that 

the increased expression of mdrl on T-lymphocytes in cardiac 

transplant patients may interact with CsA causing a decreased 

intracellular accumulation and decreased therapeutic 

efficacy. This hypothesis is supported by Dietal et al. who 

demonstrated that the doxorubicin selected mdrl-positive 
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leukemic cell line, F4-6RADR, could develop a greater 

functional expression of mdrl following a stepwise increase 

in CsA concentrations.®^ This could be reversed by verapamil 

suggesting different pharmacological mechanisms between CsA 

and verapamil. This increased expression of mdrl with a 

stepwise increase in CsA concentrations suggested the 

possibility that CsA may induce this expression. 

Induction of mdrl has also been demonstrated in 

T-lymphocytes isolated from rheumatoid arthritis patients 

following treatment with the glucocorticoid, prednisolone.®' 

The flow cytometry data from the selection of the mdrl-

positive Jurkat T-cell line supports the idea that CsA and/or 

methylprednisolone may induce mdrl expression in T-

lymphocytes. Our study found a substantial increase in mdrl 

expression in this leukemic Jurkat T-cell line following a 3 

month incubation with CsA, azathioprine, and 

methylprednisolone. Of interest, is the fact that the 

frequency of acute rejection is the greatest during the 

initial 3 months post-transpleintation which corresponds to a 

high dose glucocorticoid therapy. Thus, there is a 

possibility that the immunosuppressive drug therapy used in 

cardiac transplantation may induce the expression of mdrl. 

An increase in mdrl expression on T-lymphocytes may result in 

an interaction between mdrl and CsA that reduces CsA 
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intracellular concentration leading to the synthesis and 

secretion of IL-2. 

Rhodamine Efflux Assays 

A functional assay to measured mdrl-mediated efflux 

activity was developed to support the fact that the 

mononuclear cells isolated from cardiac transplant patients 

demonstrated a increased drug resistcince. A rhodamine 123 

efflux assay was used to determine the mdrl-mediated efflux 

in mononuclear cells isolated from normal volunteers and 

cardiac transplant patients. Several investigators have 

demonstrated that between 50-70% of normal peripheral blood 

lymphocytes efflux the fluorescence mdrl substrate, rhodamine 

123 (R-123).ChaudhcLry et al. demonstrated that 95% of 

CD56+ cells, 80-90% of CD8+ T - lymphocytes, and 40-50% of CD4+ 

T-lymphocytes efflux R-123 and that this efflux correlated 

directly to the amount of mdrl expression observed by flow 

cytometry.Although, most of these studies have analyzed R-

123 efflux after 3-4 hours. Coon et al. demonstrated that the 

percentage of cells effluxing R-123 after 1 hour was 17% for 

CD4+ cells, 47% for CD8+ cells and 10% for B-lymphocytes 

The mdrl-positive ccincer cell lines, ARH-77 D60 and 

Jurkat D15, demonstrated a 50% R-123 efflux after 60 minutes 

compared to a 20% efflux in the sensitive Jurkat parent cell 

line. This efflux was blocked by the mdrl inhibitor. 
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verapamil. Slovak et al. demonstrated a similar 50% efflux of 

the fluorescent anti-ceuicer drug, doxorubicin, in a 

doxorvibicin selected colon adenoccircinoma mdrl-positive cell 

line after a one hour incubation period.®^ This efflux was 

reversed to the parent cell line values after a 45 minute 

incubation with verapamil. 

Based on the results of Bommhardt et al. who 

demonstrated that the R-123 half-life in T-lymphocytes was 30 

minutes for CD8+ cells and 90 minutes for CD4+ cells, a one 

hour time point was chosen to study R-123 efflux in cardiac 

transplant mononuclesir cells.Our study not only confirms a 

measurable R-123 efflux from normal volunteers but also 

demonstrated a significant increase in R-123 efflux after one 

hour from the mononuclear cells isolated from cardiac 

tramsplant patients during episodes of acute rejection. The 

maximiim efflux from PBMC samples isolated from cardiac 

transplant patients during episodes of acute rejection was 

52% which correlated well with the one hour R-123 efflux from 

the Jurkat D15 cell line. The flow cytometry data 

demonstrated that only CD4+ and CD8+ T-lymphocytes express 

mdrl during episodes of acute rejection suggesting that the 

observed increase in efflux during acute rejection is 

mediated by these sub-types. 



126 

Speculation 

The function of mdrl in normal CD4+ T-lymphocytes has 

been suggested to play an important role in the 

differentiation of CD4+ subsets. Bommhardt et al. 

demonstrated that CD4+ cells could be divided into three 

major subsets based on mdrl-mediated R-123 efflux, surface 

markers, and the type of cytokines secreted.One subset, 

the "naive" CD4+ cells lacking activated surface markers, can 

be divided into a positive R-123 efflux group secreting Icurge 

amount of IL-2 and IFN-y and a negative R-123 efflux group 

secreting smaller amounts of IL-2 only after stimulation. 

The other subset is a group of "activated/memory" CD4+ cells 

that ef fluxed R-123, have activated surface markers, and 

secrete IFN-y, IL-4, emd IL-10 in addition to very small 

qucintities of IL-2. Does this argiiment suggest that 

transplant patients who do not experience episodes of acute 

rejection have a Icirger percentage of "activated/memory" CD4+ 

T-lymphocytes, thus producing smaller quantities of IL-2 and 

differentiating into CD4+ cells that follov/ the non-cytolytic 

(Tgj) pathway? And, do transplant patients that experience 

episodes of acute rejection have a larger percentage of the 

"naive" subset, thus producing larger amounts of IL-2, 

differentiating into the cytolytic (Tgi) pathway, eind 

upregulating mdrl expression? If the activation of CD4+ T-

lymphocytes causes the upregulation of mdrl, then activation 
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and proliferation of CD8+ T-lymphocytes may also have a 

upregulation of mdrl. This would explain the Icurge increases 

in mdrl intensity on CD8+ T-lymphocytes during em episode of 

acute rejection. Analyzing the specific CD4+ T-lymphocyte 

subsets of ceirdiac transplant patients may be a useful 

diagnostic tool to predict which patients may experience an 

increase frequency in episodes of acute rejection. 

The large increase in mdrl expression on CD8+ T-

lymphocytes during acute rejection suggests that mdrl on CD8+ 

T-lymphocytes may play a role in their effector function, 

perhaps by transporting cytotoxic molecules from these cells 

to the target donor endothelium. Gupta et al. found that the 

monoclonal antibody, MRK-16, can inhibit T-lymphocyte-

mediated cytotoxicity and mdrl-mediated R-123 efflux in a 

concentration-dependent manner.This group believes that 

the cytotoxic molecules such as perforin and grcinzymes may be 

substrates for mdrl and function in the cytolytic T-

lymphocyte response. Markham et al. emd Neyfeikh et al. both 

agree with hypothesis and further suggest that the cytolysin, 

perforin, is tremsporized out of CD8+ cells in a manner 

similar to the homologous cytolysin transporter in 

Escherichia coli, hlyB.^°'^* Other investigators postulate 

that the physiological role of mdrl in hematopoietic cells 

may be to protect these long-lived cells from toxic agents, 

secrete peptide hormones and/or cytokines, and facilitate the 
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differentiation of primitive hematopoietic progenitor 

CO g rt 70 
cells. ' ' Do these argiaments suggest that the increased 

expression of mdrl on CD8+ T-lymphocytes during episodes of 

acute rejection play a role in the release of cytolytic 

molecules or do these arguments suggest that the upregulation 

of mdrl is a means of cellular differentiation in response to 

stressful stimulation? 

Summary 

These studies have demonstrated the increased expression 

and function of mdrl in the peripheral blood mononuclear 

cells isolated from cardiac transplcuit patients during 

episodes of acute rejection. More specifically, this study 

demonstrated that cardiac transplant patients have an 

increased mdrl expression on the specific mononuclear sub

types, CD4+ and CD8+ T-lymphocytes. These T-lymphocytes have 

been shown to mediate the acute rejection process suggesting 

a correlation between an increased mdrl functional expression 

on these T-lymphocytes subtypes cind episodes of acute cardiac 

rejection. Whether or not this increase in mdrl expression 

is a result of iiranunosuppressive drug selection/induction, or 

a result of T-lymphocyte activation and proliferation, these 

results do suggest that the role of mdrl in these T-

lymphocytes deserve further investigation. The leukemic 

mdrl-positive T-cell line, Jurkat D15, that was developed in 
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parallel with these other studies, offers a model where the 

interactions between mdrl eind CsA can be investigated. 

Analysis of IL-2 synthesis and secretion in the presence of 

CsA following emtigenic stimulation can determine a decrease 

in CsA efficacy and the possibility of an mdrl-mediated 

iiranunosuppressive drug resistance. Binding characteristics, 

as well as efflux mechanisms can be analyzed using this mdrl-

positive T-cell model and a radiolabeled cyclosporin analog. 

Multidrug resistance is not the only mechanism leading 

to cm increase frequency of acute allograft rejection. 

Factors such as graft ischemia, recipient cind donor age, time 

of cardiopulmonary bypass, cytomegalovirus (CMV) infection, 

and HLA antigen incompatibility have all been suggested as 

possible factors that increase the frequency of acute 

rejection. The question is, could any of these factors cause 

an increase in mdrl expression? High dose glucocorticoids 

may induce an increase in the expression of mdrl as well as 

increase the incidence of CMV infection. Both of these 

factors have been suggested to increase the frequency of 

acute rejection. Or does CMV infection lead to acute 

rejection which ultimately leads to an increase in mdrl 

expression? Graft ischemia, Ccurdiopulmonary bypass, age, and 

HLA incompatibilities all have the potential to initiate an 

immune response which can lead to activation and 

proliferation of T-lymphocytes. So do any of these factors 

have the ability to up-regulate the expression of mdrl or 
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does the activation cind proliferation of T-lymphocytes up-

regulate mdrl? Regardless of these possible scenarios, the 

increased mdrl expression observed in cardiac transplant 

patients cuid the differential mdrl expression observed 

between patients that reject their allograft and those that 

do not suggest the need to investigate the role of mdrl in 

the immunosuppressed transplant patient. 
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APPENDIX A: Human Subjeclis Approval 
THE UNivERsnY cf 

ARIZONA. 5^2 E. MAORFJ IF 
uoon. Anzonj a; 

;Z0) 626-ONI HE.^LT^I SC£.'JC£S CL-NTIX 
11 April IS96 

Douglas Larson, Ph.D. 
Department: of Surgery 
Section of Cardiothoracic Surgery 
PO BOX 2-i5071 

RE: HSC A9 6.3 7 DETERMINATION OF THE ROLE OF THE blULTIDRUG 
RESISTANCE PROTEIN, ndrl, IN CARDIAC ALLOGRAFT REJECTION 

Dear Dr. Larson: 

We received your revised consent fora for the above cited research 
proposal. The procedures to be followed in this study pose no more 
than mininal risk to participating subjects. Regulations issued by 
the U.S. Department of Health and Huaan Services [45 CFR Part 
46.110(b)] authorize approval of this type project through the 
expedited review procedures, with the condition(s) that subjects' 
anonymity be maintained. Although full Committee review is not 
required, a brief summary of the project procedures is submitted to 
the Committee for their endorsement and/or comment, if any, after 
administrative approval is granted. This project: is approved 
effective 11 April 1S96 for a period of one year. 

The Kuman Subjects Committee (Institutional Review Board) of the 
University of Arizona has a current assurance of compliance, number 
M-123 3, which is on file with the Department of Health and Human 
Services and covers this activity. 

Approval is granted with the understanding that no further changes 
or additions will be made either to the procedures fcllowed or to 
the consent form(s) used (copies of which we have on file) w^ithout 
the knowledge and approval of the Human Subjects Committee and your 
College or Departmental Review Committee. Any research related 
physical or psychological harm to any subject must also be reported 
to each committee. 

A university policy requires that all signed subject consent forms 
be kept in a permanent file in an area designated for that purpose 
by the Department Head or comparable authority. This will assure 
their accessibility in the event that university officials require 
the information and the principal investigator is unavailable for 
some reason. 

Sincerely yours. 

William F Denny, M.D. 
Chairman 
Human Subjects Committee 

WFD:rs 
cc: Departmental/College Review Committee 
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APPENDIX B: Patient Consent Form 

SUBJECT'S CONSENT FORM 
DETERMINING THE ROLE OF THE MULTIDRUG RESISTANCE PROTEIN, 

mdrl, IN CARDIAC ALLOGRAFT TRANSPLANTATION 

I AM BEING ASKED TO READ THE FOLLOWING MATERIAL TO ENSURE THAT I AM INFOIMED OF THE 
NATURE OF THIS RESEARCH STUDY AND OF HOW I WILL PARTICIPATE IN IT, IF I CCWSENT TO I» 
SO. SIC3JING THIS FORM WILL INDICATE THAT I HAVE BEEN SO INFORMED AND THAT I GIVE MY 
CONSENT. FEDERAL REGULATICNS REQUIRE WRITTEN INFORMED CONSENT PRIOR TO PARTICIPATICN 
IN THIS RESEARCH STUDY SO THAT I CAN KNOW THE NATURE AND RISKS OF MY PARTICIPATION AND 
CAN DECIDE TO PARTIdPATE OR NOT PARTICIPATE IN A FREE AND INFORMED MANNER. 

PURPOSE 
I am being invited to participate voluntarily in the above titled research project. 
The purpose of this project is to determine some patients have episodes of acute 
rejection. The investigators would UJce to determine if a protein (multidrug 
resistant protein 1) is responsible for reducing the efficiency of the 
immunosuppressive drug therapy. If this protein is found to be significwt in 
transplant patients e3q»riencing episodes of acute rejection, a variety of drugs can 
be used to block this protein, thereby preventing etcute rejection. 

^TTTIRTfl 
I have been invited to participate because I have had heeurt allograft transplantation 
surgery. A total of 15 patients vd.ll be enrolled in this study. 

STANDARD TRPATMENT 

If I decide not to participate in this study, I will undergo endcmyocatrd.laT biopsies 
in the standard method for adults at UMC. 

PROOBDORE 

If I iigree to participate in this study, I will be emked to consent to the following: 
during the standard biopsy procedure, blood that is normally discarded following 
clearance of the venous catheter will be retrieved and aned-yzed (approximately one 
tablespoon). Five biopsy specimens will be collected by the UMC cardiothoracic 
surgeon. Four specimens will be fixed in formaldehyde and sent to the UMC Pathology 
Department for standard testing. One biopsy specimen will be collected and analyzed 
for the expression of mdrl by immunohistochemical techniques. The study will end 
eifter the second of scheduled biopsies. 

RISKS 

I understand that endoayocardial biopsies are standard for UMC. There will be little 
or no risks in the tissue and blood collection since the venous catheter will already 
be in place. 

BENEFITS 

I understand that there is no immediate benefit to me. However, the possdLble benefit 
of finding the cause for ac^xte rejection ceui lead to preventive therapy which can 
increase the effectiveness of the drug therapy and possibly decreeise the overall 
amount of drugs taken. 
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APPENDIX B: Patient Consent Form-Continued 

ggHrgamfliiiTy 
My participation in this study, and the information resulting from participating, will 
be kept confidential. Information that can identify me by name will be availfible only 
to the principal investigator, the study {^ysicians, the research assistant, and if 
necessary, my physician. 

PARTTCIPATTON COSTS AND SUBJECT CCMPESSATICW 

There is no cost to me for my participation nor will I be ccn^jenaated. I will not be 
charged for emy research procedures or teat performed for study purposes. 

Laeam 
I understand that side effects or harm are possible in any research program despite 
the use of high stemdards of ceure and could occiur through no fault of mine or the 
investigator involved. Known side effects have been described in this consent form. 
However, unforseeable harm also may occur and require care. I understand that money 
for research-related side effects or harm, or for wages or time lost, is not 
aviLilable. I do not give up any of my legal rights by signing this form. Nrcessary 
emergency medical care will be provided without cost. I can obtain fvirther 
information from Douglas Larson, Ph.D. (Principeil Investigator) or Jack G. Copelcind, 
H.D. (Advising Physician) at 626-6339. If I have any questions concerning my rights 
as a research subject, I may call the Human Subjects Committee office at 626-6721. 

BEFORE GIVING MY CCNSENT BY SIQUNG THIS FORM, THE METHCaJS, INCONVENIENCES, RISKS AND 
BENEFITS HAVE BEEN EXPLAINED TO ME AND MY QUESTIOIS HAVE BEEN ANSWERED. I UNDERSTAND 
THAT I MAY ASK QUESTIONS AT ANY TIME WITHOUT CAUSING BAD FEELINGS OR AFFECTING MY 
MEDICAL CARE. MY PARTICIPATICN IN THIS PROJECT MAY BE ENDED BY THE INVESTIGATOR OR BY 
THE SPCNS(» FCR REASONS THAT WOULD BE EXPLAINED. NEW INFORMATION DEVELOPED DURING THE 
COURSE OF THIS STUDY WHICH MAY AFFECT MY WILLINOJESS TO CC»TINUE IN THIS RESEARCH 
PROJECT WILL BE GIVEN TO ME AS SOOJ AS IT BECOMES AVAILABLE. I UNDERSTAND THAT THIS 
CONSENT FC»M WILL BE FTT.KD IN AN AREA DESIOIATED BY THE HUMAN SUBJECTS COMMITTEE WITH 
ACCESS RESTRICTED TO THE PRINCIPAL INVESTIGATOR, DOUGLAS LARSON, PH.D., OR JACK G. 
COPELAND, M.D., OR AN AUTHORIZED REPRESENTATIVE OF THE SURGERY DEPAROMENT. I 
UNDERSTAND THAT I DO NOT GIVE UP ANY OF MY LEGAL RIGHTS BY SIGNING THIS FORM. A COPY 
OF THIS SIOIED CONSENT FORM WILL BE GIVEN TO ME. 

SUBJECT'S SIOIATURE DATE 

INVESTIGATOR'S AFFIDAVIT 

I have carefully explained to the subject the nature of the «dx>ve project. I hereby 
certify that to the best of my knowledge, the person vrtio ia signing this consent form 
understands clearly the nature, demands, benefits and risks involved in his/her 
participation. A medicsil problem or language or educational bcurrier heis not precluded 
this understanding. 

INVESTIGATOR'S SIGNATURE DATE 
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APPENDIX C: List o£ Abbrevia-bions 

Ab antibody 

ABC ATP binding Cassette 

APC antigen presenting cell 

ATP adenosine triphosphate 

ATPase adenosine triphosphate hydroxylase 

CD cluster differential 

CD4+ helper T-lymphocytes 

CD8+ cytotoxic T-lymphocytes 

CD14+ monocytes 

CD15+ granulocytes 

CD19+ B-lymphocytes 

CN calcineurin 

CaM calmodulin 

CYP cyclophilin 

CH^Cg mdl-positive Chinese hamster cell line 

CsCl cesium chloride 

DNA deoxyribonucleic acid 

CFTR cystic fibrosis transmembrane regulator 

CsA cyclosporin A 

DAB 3,3'-Diamino-benzadine tetrahydrochloride 

DOX doxorubicin 

EMB endomyocardial biopsy 

HGPRT hypoxanthine guanine phosphoribosyltransferase 



135 

APPENDIX C: List of Abbreviations- Continued 

IL-1 interleukin-1 

IL-2 interleukin-2 

IFN-y gamma interferon 

FITC fluorescein isothiocynate 

g gravity 

kD kilodalton 

LDSO 50% of lethal dose 

mdrl multidrug resisteuice protein-1 

MDRl multidrug resistance gene #1 

MHC major histocompatability complex 

mAb monoclonal antibody 

M Molarity 

ng nanogram 

NK natural killer lymphocytes 

NFAT nuclear factor of activated T cells 

P-gp P-glycoprotein 

R-123 rhodamine 123 

RATG rabbit anti-thymocyte globulin 

RNA ribonucleic acid 

RPE R-phycoerythrin 

TCR T-cell receptor 
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