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ABSTRACT

Nucleoside analog Reverse Transcriptase Inhibitors (NRTI) are a class of antiretro-

virals used to prevent and treat HIV infection that possess a unique and complex phar-

macology. Drugs in this class require three successive intracellular phosphorylation

steps to the active nucleotide-TP form, which competes with endogenous nucleotides

for incorporation into growing viral DNA strands, and when incorporated, halts viral

propagation. Additionally, clinical doses of these drugs are associated with acute

and chronic toxicities, further complicating clinical management of these drugs. It is

expected that a comprehensive and unified understanding of NRTI cellular pharma-

cology will provide valuable information to the scientific community, and ultimately to

clinicians managing HIV and drug-associated toxicities. Data from an in vivo clinical

study of HIV-seronegative and seropositive individuals was used to develop a com-

plete cellular pharmacology model for two NRTI-ZDV and 3TC. This work focuses on

the analytical methodologies for quantitating plasma and intracellular NRTI concen-

trations, describing the pharmacology relevant to these drugs, and the mathematical

models used to comprehensively evaluate these data. Significant drug PK findings

include the decreased concentrations of intracellular-TP in HIV+ individuals, the ef-

fect of SNPs in ABCG2 and other genes on plasma/intracellular PK and PD, and

a linked mathematical model for the stimulation of intracellular-MP and subsequent

conversion to -DP and -TP from plasma concentrations. Modeled intracellular -MP

and -TP levels were evaluated for relationships with PD outcomes, such as viral load,

mitochondrial DNA counts, and other clinical markers of drug-associated toxicities.
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The power of these results is limited, due to the short term of the clinical study (12

days) and the population size and diversity (43 subjects: 20 HIV-, 23 HIV+). How-

ever, these results successfully explore the relationships between ZDV and 3TC PK,

PD, and PG, and provide a foundation for further evaluation and replication of these

associations in a larger and more diverse population over a longer study period, in an

effort to individualize and improve the clinical care of HIV.

The form and content of this abstract are approved. I recommend its publication.

Approved: Peter L. Anderson

iv



DEDICATION

This dissertation is dedicated to my parents, to whom I am forever indebted for

continually pushing me to question and learn and evaluate. I am also grateful to all

of those that have taught me, and instilled in me a passion for science. I am also

extremely grateful to my wife Caitlin, for her love and support through this process,

and the joy and blessing that she brings to my every moment. Finally, this work is

dedicated to my grandpa, who will always be loved and is greatly missed. His battle

with inclusion body myositis inspired my passion for clinical/translational medical

research, a passion which comes to full fruition in this work.

v



ACKNOWLEDGEMENTS

I wish to thank the NIH AIDS Research and Reference Reagent Program for the

antiretroviral drugs used for assays; the study personnel and nursing who assisted with

the clinical protocol; and the subjects who participated in the clinical studies. This

work was supported by grants from NIH; R01 AI64029 (PLA), TL1 RR025778 (JER)

and RR000051 (University of Colorado General Clinical Research Center Grant).

vi



TABLE OF CONTENTS

CHAPTER Page

1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 SCOPE OF THE WORK . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 LIMITATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 REVIEW OF THE LITERATURE . . . . . . . . . . . . . . . . . . . 6

2.1 ANTIRETROVIRAL HISTORY . . . . . . . . . . . . . . . . . . . . . 6

2.2 ANTIRETROVIRAL PHARMACOLOGY . . . . . . . . . . . . . . . 11

2.3 PHARMACOMETRICS AND MODELING TECHNIQUES . . . . . 17

3 CLINICAL EXPERIENCE . . . . . . . . . . . . . . . . . . . . . . . . 23

4 ANALYTICAL METHODS AND VALIDATION RESULTS . . . 32

4.1 PLASMA ZDV/3TC CONCENTRATIONS . . . . . . . . . . . . . . 33

4.1.1 ANALYTICAL METHOD . . . . . . . . . . . . . . . . . . . . 33

4.1.2 VALIDATION RESULTS . . . . . . . . . . . . . . . . . . . . 40

4.1.3 METHOD DISCUSSION . . . . . . . . . . . . . . . . . . . . . 50

4.2 INTRACELLULAR NA-PHOSPHATE CONCENTRATIONS . . . . 50

4.2.1 ANALYTICAL METHOD . . . . . . . . . . . . . . . . . . . . 50

4.2.2 VALIDATION RESULTS . . . . . . . . . . . . . . . . . . . . 56

4.2.3 METHOD DISCUSSION . . . . . . . . . . . . . . . . . . . . . 71

5 PK ANALYSIS OF ZDV/3TC . . . . . . . . . . . . . . . . . . . . . . 79

5.1 MODEL-INDEPENDENT ANALYSES . . . . . . . . . . . . . . . . . 82

5.1.1 ZDV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

vii



5.1.2 3TC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.2 DEMOGRAPHIC IMPACT ON PK . . . . . . . . . . . . . . . . . . 92

5.2.1 MODEL DEVELOPMENT . . . . . . . . . . . . . . . . . . . 92

5.2.2 MODEL ANALYSIS . . . . . . . . . . . . . . . . . . . . . . . 93

5.2.3 DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.3 PG IMPACT ON PK . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5.3.1 METHODS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.3.2 RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.3.3 DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

6 PK-PG-PD PLASMA-CELLULAR METABOLITE MODEL . . . 137

6.1 PLASMA-CELLULAR METABOLITE LINKED MODEL . . . . . . 138

6.1.1 PK MODELING METHODS . . . . . . . . . . . . . . . . . . 139

6.1.2 PK MODELING RESULTS . . . . . . . . . . . . . . . . . . . 143

6.2 PD ANALYSIS OF ZDV/3TC . . . . . . . . . . . . . . . . . . . . . . 166

6.2.1 PK-PD AND PG-PD METHODS . . . . . . . . . . . . . . . . 167

6.2.2 PK-PD AND PG-PD RESULTS . . . . . . . . . . . . . . . . . 168

6.3 DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

7 CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

APPENDIX

A METHOD DEVELOPMENT AND VALIDATION REPORTS . . 208

A.1 PLASMA GEMFIBROZIL CONCENTRATIONS . . . . . . . . . . . 209

A.2 INTRACELLULAR D4T-TP CONCENTRATIONS . . . . . . . . . . 218

B TABLES OF INDIVIDUAL PK RESULTS . . . . . . . . . . . . . . 230

B.1 ZDV Plasma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231

B.2 ZDV-MP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 234

B.3 ZDV-DP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237

viii



B.4 ZDV-TP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240

B.5 3TC Plasma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243

B.6 3TC-MP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246

B.7 3TC-DP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248

B.8 3TC-TP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250

C FINAL ADAPT CODE . . . . . . . . . . . . . . . . . . . . . . . . . . . 252

C.1 ZDV LINKED MODEL . . . . . . . . . . . . . . . . . . . . . . . . . 253

C.2 3TC LINKED MODEL . . . . . . . . . . . . . . . . . . . . . . . . . . 261

ix



LIST OF TABLES

TABLE Page

4.1 ZDV/3TC Plasma Interassay Statistics . . . . . . . . . . . . . . . . . . 45

4.2 ZDV/3TC Plasma Incurred Sample Reanalysis . . . . . . . . . . . . . . 49

4.3 TFV Centric MS/MS SRM conditions . . . . . . . . . . . . . . . . . . 55

4.4 ZDV Centric MS/MS SRM conditions . . . . . . . . . . . . . . . . . . 55

4.5 IC Matrix Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.6 IC Calibrators Accuracy/Precision-TFV Centric . . . . . . . . . . . . . 59

4.7 IC Calibrators Accuracy/Precision-ZDV Centric . . . . . . . . . . . . . 60

4.8 IC QC Accuracy/Precision-TFV Centric . . . . . . . . . . . . . . . . . 62

4.9 IC QC Accuracy/Precision-ZDV Centric . . . . . . . . . . . . . . . . . 63

4.10 IC Alternative Matrices-TFV Centric . . . . . . . . . . . . . . . . . . . 64

4.11 IC Alternative Matrices-ZDV Centric . . . . . . . . . . . . . . . . . . . 65

4.12 IC Cell Number Experiment-TFV Centric . . . . . . . . . . . . . . . . 67

4.13 IC Cell Number Experiment-ZDV Centric . . . . . . . . . . . . . . . . 68

4.14 IC Stability-TFV Centric . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.15 IC Stability-ZDV Centric . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.1 Demographic Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.2 Population Mean ZDV PK Parameters . . . . . . . . . . . . . . . . . . 84

5.3 Population Mean 3TC PK Parameters . . . . . . . . . . . . . . . . . . 89

5.4 Final Model Covariate Results . . . . . . . . . . . . . . . . . . . . . . . 104

5.5 Final Model Drug Accumulation . . . . . . . . . . . . . . . . . . . . . . 104

x



5.6 Evaluated SNPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.7 ZDV Heat Map . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5.8 3TC Heat Map . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

6.1 Linked Model Boundary Function Stability . . . . . . . . . . . . . . . . 144

6.2 Plasma Base Model Parameters . . . . . . . . . . . . . . . . . . . . . . 146

6.3 ZDV Plasma Model Parameter-Covariate Relationships . . . . . . . . . 147

6.4 3TC Plasma Model Parameter-Covariate Relationships . . . . . . . . . 148

6.5 Final Plasma Model Parameter Estimates . . . . . . . . . . . . . . . . 149

6.6 Linked Base Model Parameters . . . . . . . . . . . . . . . . . . . . . . 150

6.7 ZDV Linked Model Parameter-Covariate Relationships . . . . . . . . . 151

6.8 3TC Linked Model Parameter-Covariate Relationships . . . . . . . . . 152

6.9 Model Predicted Drug Concentrations . . . . . . . . . . . . . . . . . . 152

6.10 Final ZDV Plasma Model Correlation Matrix . . . . . . . . . . . . . . 155

6.11 Final 3TC Plasma Model Correlation Matrix . . . . . . . . . . . . . . . 155

6.12 Final ZDV Linked Model Correlation Matrix . . . . . . . . . . . . . . . 156

6.13 Final 3TC Linked Model Correlation Matrix . . . . . . . . . . . . . . . 156

A.1 IC QC Accuracy/Precision-d4T Centric . . . . . . . . . . . . . . . . . . 227

A.2 IC Matrix Effects-d4T Centric . . . . . . . . . . . . . . . . . . . . . . . 228

A.3 IC Stability Experiments-d4T Centric . . . . . . . . . . . . . . . . . . . 228

B.1 ZDV Plasma Exposure . . . . . . . . . . . . . . . . . . . . . . . . . . . 231

B.2 ZDV Plasma Linear PK . . . . . . . . . . . . . . . . . . . . . . . . . . 232

B.3 ZDV Plasma Accumulation Factor PK . . . . . . . . . . . . . . . . . . 233

B.4 ZDV-MP Exposure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 234

B.5 Mean HIV- ZDV-MP PK Parameters . . . . . . . . . . . . . . . . . . . 235

B.6 Mean HIV+ ZDV-MP PK Parameters . . . . . . . . . . . . . . . . . . 236

B.7 ZDV-DP Exposure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237

B.8 Mean HIV- ZDV-DP PK Parameters . . . . . . . . . . . . . . . . . . . 238

xi



B.9 Mean HIV+ ZDV-DP PK Parameters . . . . . . . . . . . . . . . . . . 239

B.10 ZDV-TP Exposure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240

B.11 Mean HIV- ZDV-TP PK Parameters . . . . . . . . . . . . . . . . . . . 241

B.12 Mean HIV+ ZDV-TP PK Parameters . . . . . . . . . . . . . . . . . . . 242

B.13 3TC Plasma Exposure . . . . . . . . . . . . . . . . . . . . . . . . . . . 243

B.14 3TC Plasma Linear PK . . . . . . . . . . . . . . . . . . . . . . . . . . 244

B.15 3TC Plasma Accumulation Factor PK . . . . . . . . . . . . . . . . . . 245

B.16 3TC-MP Exposure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246

B.17 3TC-MP Exposure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246

B.18 Mean 3TC-MP PK Parameters . . . . . . . . . . . . . . . . . . . . . . 247

B.19 3TC-DP Exposure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248

B.20 Mean 3TC-DP PK Parameters . . . . . . . . . . . . . . . . . . . . . . 249

B.21 3TC-TP Exposure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250

B.22 Mean 3TC-TP PK Parameters . . . . . . . . . . . . . . . . . . . . . . 251

xii



LIST OF FIGURES

FIGURE Page

2.1 ZDV Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 3TC Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 FDA Approved Antiretrovirals . . . . . . . . . . . . . . . . . . . . . . . 11

4.1 Blank Plasma Sample Chromatogram . . . . . . . . . . . . . . . . . . . 42

4.2 LLOQ Plasma Sample Chromatogram . . . . . . . . . . . . . . . . . . 43

4.3 Clinical Plasma Sample Chromatogram . . . . . . . . . . . . . . . . . . 44

4.4 ZDV UV vs. MS/MS Regression . . . . . . . . . . . . . . . . . . . . . 48

4.5 3TC UV vs. MS/MS Regression . . . . . . . . . . . . . . . . . . . . . . 48

4.6 TFV Centric LLOQ Chromatograms . . . . . . . . . . . . . . . . . . . 61

4.7 ZDV Centric LLOQ Chromatograms . . . . . . . . . . . . . . . . . . . 61

4.8 TFV Centric Blank Chromatograms . . . . . . . . . . . . . . . . . . . 66

4.9 ZDV Centric Blank Chromatograms . . . . . . . . . . . . . . . . . . . 67

4.10 TFV Centric Clinical Sample Chromatograms . . . . . . . . . . . . . . 72

4.11 ZDV Centric Clinical Sample Chromatograms . . . . . . . . . . . . . . 72

5.1 ZDV-TP Boxplots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.2 3TC-TP Boxplots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.3 ZDV Plasma Boxplots . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.4 3TC Plasma Boxplots . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.5 ZDV-TP Covariate Effects . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.6 3TC-TP Covariate Effects . . . . . . . . . . . . . . . . . . . . . . . . . 99

xiii



5.7 ZDV Plasma Covariate Effects . . . . . . . . . . . . . . . . . . . . . . . 100

5.8 Boxplots of ZDV Plasma Levels by HIV-serostatus . . . . . . . . . . . 101

5.9 Influence of Ritonavir on ZDV Plasma Levels . . . . . . . . . . . . . . 102

5.10 3TC Plasma Covariate Effects . . . . . . . . . . . . . . . . . . . . . . . 103

5.11 ZDV Disposition Pathway . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.12 3TC Disposition Pathway . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.13 ZDV-MP vs. rs41451944 . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.14 ZDV-DP vs. rs41451944 . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.15 ZDV-TP vs. rs41451944 . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.16 3TC-MP vs. rs41451944 . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.17 3TC-DP vs. rs41451944 . . . . . . . . . . . . . . . . . . . . . . . . . . 118

5.18 3TC-TP vs. rs41451944 . . . . . . . . . . . . . . . . . . . . . . . . . . 118

5.19 ZDV-MP vs. rs36111742 . . . . . . . . . . . . . . . . . . . . . . . . . . 120

5.20 ZDV-DP vs. rs36111742 . . . . . . . . . . . . . . . . . . . . . . . . . . 120

5.21 ZDV-TP vs. rs36111742 . . . . . . . . . . . . . . . . . . . . . . . . . . 121

5.22 3TC-MP vs. rs36111742 . . . . . . . . . . . . . . . . . . . . . . . . . . 121

5.23 ZDV-DP vs. rs1131195 . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

5.24 ZDV-TP vs. rs1131195 . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

5.25 ZDV Plasma vs. rs7439366 . . . . . . . . . . . . . . . . . . . . . . . . . 127

6.1 Plasma-Cellular Metabolite Linked Model . . . . . . . . . . . . . . . . 141

6.2 Boundary Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

6.3 Correlation between ZDV-MP and Cellular Activation State . . . . . . 153

6.4 ZDV Plasma Model Visual Diagnostics . . . . . . . . . . . . . . . . . . 157

6.5 ZDV Linked Model -MP Visual Diagnostics . . . . . . . . . . . . . . . 158

6.6 ZDV Linked Model -DP Visual Diagnostics . . . . . . . . . . . . . . . . 159

6.7 ZDV Linked Model -TP Visual Diagnostics . . . . . . . . . . . . . . . . 160

6.8 3TC Plasma Model Visual Diagnostics . . . . . . . . . . . . . . . . . . 161

xiv



6.9 3TC Linked Model -MP Visual Diagnostics . . . . . . . . . . . . . . . . 162

6.10 3TC Linked Model -DP Visual Diagnostics . . . . . . . . . . . . . . . . 163

6.11 3TC Linked Model -TP Visual Diagnostics . . . . . . . . . . . . . . . . 164

6.12 Correlation between Adipose mtDNA and ZDV-TP Concentrations . . 170

6.13 Correlation between Viral Load and ZDV-TP Concentrations . . . . . . 171

6.14 Correlation between Adipose mtDNA and ABCG2 rs41451944 . . . . . 172

6.15 Rate of Decline in Viral Load versus Standardized Concentrations . . . 180

A.1 d4T-TP Assay LLOQ Chromatogram . . . . . . . . . . . . . . . . . . . 229

A.2 d4T-TP Assay Blank Chromatogram . . . . . . . . . . . . . . . . . . . 229

A.3 d4T-TP Assay Clinical Sample Chromatogram . . . . . . . . . . . . . . 229

xv



LIST OF ABBREVIATIONS

3TC: Lamivudine

A: Adenosine

ARV: Antiretroviral

ATV/r: Atazanavir/ritonavir

BLQ: Below Limit of Quantitation

C: Cytidine

d4T: Stavudine

dA: 2’-deoxyadenosine

dC: 2’-deoxycytidine

dG: 2’-deoxyguanosine

-DP: Diphosphate

EFV: Efavirenz

ESI: Electrospray Ionization

FTC: Emtricitabine

G: Guanosine

GFZ: Gemfibrozil

gZDV: ZDV-5’glucuronide

HAART: Highly Active Antiretroviral Therapy

HCV: Hepatitis C Virus

HSRM: Highly Selective Reaction Monitoring

LLOQ: Lower Limit of Quantitation

LPV/r: Lopinavir/ritonavir

mtDNA: mitochondrial DNA

NRTI: Nucleoside Reverse Transcriptase Inhibitor(s)

-MP: Monophosphate

PBMC: Peripheral Blood Mononuclear Cell(s)

PD: Pharmacodynamics

PG: Pharmacogenetics

xvi



PI: Protease Inhibitor

PK: Pharmacokinetics

QC: Quality Control

RBC: Red Blood Cell(s)

RTV: Ritonavir

SIM: Single Ion Monitoring

SNPs: Single Nucleotide Polymorphisms SRM: Selective Reaction Monitoring

T: Thymidine

TK: Thymidine Kinase

TDF: Tenofovir Disoproxil Fumarate

TFV: Tenofovir

-TP: Triphosphate

U: Uridine

ULOQ: Upper Limit of Quantitation

ZDV: Zidovudine

xvii



CHAPTER 1

INTRODUCTION

1.1 SCOPE OF THE WORK

The clinical pharmacology axiom that increased drug exposure leads to increased

drug response is a double-edged sword. While increased drug exposure leads to in-

creased drug efficacy, it also leads to increased risks for drug-induced toxicity. This

introduces the concept of a therapeutic window, bracketed by the minimum drug

exposure necessary to generate the desired drug effect and the exposure indicated

with a certain probability to cause undesirable side effects. Clinicians must continu-

ously monitor patients on drugs with a narrow therapeutic window, that is, a drug

in which the exposure responsible for efficacy is near that which likely causes toxi-

cities. An example class of drugs thought to have a narrow therapeutic window is

the nucleos(t)ide analog reverse transcriptase inhibitor (NRTI) drug class, used to

treat human immunodeficiency virus-1 (HIV) infection. While these drugs can halt

the progression of HIV infection, they are also the underlying cause of serious ad-

verse effects. The combination of beneficial and toxic effects from these drugs compel

research to characterize this therapeutic window.

In addition to being a drug class with a narrow therapeutic window, NRTI exhibit

unique pharmacology. As will be discussed in greater detail, NRTI are administered

orally and circulate systemically as inactive parent drug. For activity, the drug re-

quires transport into peripheral blood mononuclear cells (PBMC), in addition to other

1



tissue types, followed by three sequential phosphorylation steps to the tri-phosphate

(TP) anabolite. The resulting phosphorylated anabolites are ion-trapped inside of

cells, confering a distinct pharmacological profile to these drugs, a profile which is

not yet completely understood.

The active NRTI-TP competes with natural nucleotides for incorporation into

growing HIV-DNA chains, and once incorporated, terminates chain elongation due

to the absence of the 3’-hydroxyl on the deoxyribose ring of the drug required for the

sugar-phosphate linkage between individual nucleic acids. As HIV-DNA synthesis

is vital to the viral replication cycle, NRTI caused inhibition of this step halts viral

propagation. NRTI-TP is hypothesized to inhibit mitochondrial DNA (mtDNA) repli-

cation in a similar manner, with decreased mtDNA underlying several drug-associated

adverse side effects. The understanding of NRTI pharmacology is therefore crucial

to the clinician contrasting the risks and rewards of these drugs in antiretroviral

treatments.

The critical need for a deeper understanding of the clinical pharmacology of these

drugs forms the basis of this work. In the context of this work, pharmacology can

be thought of in three parts: pharmacokinetics (PK), pharmacodynamics (PD), and

pharmacogenetics (PG). The first describes how the body affects the drug, the second

how the drug affects the body, and the final how differences between individuals af-

fects drug response, both for PK and PD. While prior research has been done in each

of these areas, there is no existing cohesive, complete, and unifying work which seeks

to describe each aspect of cellular NRTI pharmacology. The present work is directed

towards filling that void by generating a comprehensive and detailed characterization

of the three facets of NRTI pharmacology. To achieve this goal, two overarching tech-

niques will be used – bioanalytical chemistry and pharmacokinetic/pharmacodynamic

modeling. A complete description of clinical NRTI pharmacology will benefit clini-

cians and aid their decision-making in treating HIV-seropositive (HIV+) individuals.
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1.2 LIMITATIONS

The greatest limitation of this work is the population size from which results are

determined. Twenty HIV-seronegative (HIV-) and 23 HIV+ individuals participated

in this study, with only 16 seronegative and 21 seropositive individuals completing

all 12 days of visits shared by the two groups. Furthermore, these groups were also

to be split by sex of the subjects, as sex-based differences in the pharmacology of

these drugs was a primary hypothesis of the initial study. Study design intended

the division of the sexes between the two serostatus groups to be equal, however,

this equality was not reached in the HIV+ group of study subjects. Furthermore,

between the subgroups divided by HIV-serostatus and sex were individuals of different

race (African-American or not) and different pharmacogenetic (PG) characteristics.

The limited population size, and limited diversity within that population, limit the

statistical power on which results are based. Thus, conclusions from this study must

be replicated in a larger and more diverse population.

In addition to limiting the study’s power to detect differences in PK due to the

analyzed covariates, the minimal inter-subject diversity in several of the studied single

nucleotide polymorphisms (SNPs) prohibited a full analysis of the impact of these

SNPs. Specifically, for several SNPs which occur with low allele frequency, the number

of variant allele carrying subjects prevented the ability to test if the SNP impacted

PK in an additive or recessive manner. Instead, the low number of variant carriers

forced the use of a dominant model to test the impact of these SNPs.

A second limit to the following results is the duration of the study. Results are

generated from 12 days of zidovudine (ZDV)/lamivudine (3TC) dosing as part of an

intensive observational pharmacokinetic (PK) study, shared by the HIV- and HIV+

groups. Though this duration was sufficient for plasma and phosphate levels of these

two drugs to accumulate to steady state, it is not sufficient to determine the long-term
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pharmacodynamic (PD) outcome and utility of these drugs. Therefore, relationships

between PK and PD measures such as decreases in viral load, or adverse effects

developed from long-term drug use, may not be fully captured by this study.

An extension of this limitation is the extent of the PD data collected for this study.

Many of the adverse events experienced by HIV+ individuals on these regimens are

manifested clinically after long-term chronic dosing (such as mitochondrial toxicities

[43]), which, due to the abbreviated (12 day) nature of the study protocol, could not

be evaluated. Additionally, the PD outcomes are not sampled at diverse enough time

points for model-based analyses. This is exemplified by CD4+ cell counts, which were

only determined for HIV infected subjects at study entrance, and mitochondrial DNA

(mtDNA) counts, which were observed only before (day 0) and after (day 12) study.

Although population PK techniques are designed to handle sparse data, the usual

expectation is that the many subjects studied can provide additional information

about the individual. This expectation breaks down when each individual studied

is sampled for the outcome at the same time, as is the case for many of the PD

outcomes studied here. However, this limitation does not fully inhibit the study’s

ability to understand some of the links that exist between PK and PD, though it

does require that further studies be designed to better address the findings (both

positive and negative) observed in this work.

A final limitation to the work was the additional ARV used in addition to ZDV/3TC

for HIV+ individuals, which poses multiple issues. The first issue is that HIV-

seronegative volunteers only received doses of ZDV/3TC, and not a third (or fourth,

in the case of ritonavir-boosted protease inhibitor (PI) therapies) drug. The presence

of additional drugs in the system of HIV+ individual has the potential of confounding

differences between the two groups. The second issue is that not all HIV+ volunteers

were on the same HAART regimen outside of the ZDV/3TC doses. To be specific, 9

subjects were on the non-nucleoside reverse transcriptase inhibitor (NNRTI) efavirenz
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(EFV), 7 subjects were on the boosted PI combination of atazanavir/ritonavir (ATV/r),

while the final 7 were on the combination of lopinavir/ritonavir (LPV/r). The dif-

ferences between the additional drugs may confound results determined from within

the HIV+ group. When possible, the potential impact of these differences has been

tested.
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CHAPTER 2

REVIEW OF THE LITERATURE

2.1 ANTIRETROVIRAL HISTORY

In the more than 30 years since the initial report of five young homosexual men

presenting with Pneumocystis carinii pneumonia and other unusual infections in 1981

[155], human immunodeficiency virus (HIV) has spread into a disease which currently

infects nearly 34 million individuals worldwide [197]. Efforts to extend the life of

infected individuals have resulted in great advances, changing a diagnosis of HIV

from death sentence into a chronic condition. More recently, research has shown the

potential of NRTI regimens to prevent the transmission of HIV to HIV-seronegative

individuals [2, 67]. This section focuses on reviewing literature pertinent to the

history and evolution of both HIV and antiretroviral (ARV) therapy.

The first great advancement came some 4 years after the first case report, with

the description by Mitsuya et al. of a pharmaceutical agent which was shown to

block viral replication. Mitsuya’s group took the first big step in treating the new

infection, by determining the antiviral properties of the thymidine analog 3’-azido-3’-

deoxythmidine (ZDV), which had been previously disregarded as a chemotherapeutic

agent for being too toxic (figure 2.1). The authors showed that ZDV, after phos-

phorylation to a tri-phosphate (TP) anabolite, could completely inhibit viral reverse

transcriptase at concentrations as low as 0.5 µM in vitro [122]. Additionally, ZDV

was shown to have protective activity in vitro against viral protein expression and
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cytopathic effects of the virus, providing cautious optimism towards its use as an

anti-HIV agent [122]. Finally, the research suggested a mechanism of action for the

drug, as the addition of thymidine, the endogenous nucleoside, reversed the protective

effects provided by ZDV, indicating that ZDV was acting as a competitive antagonist

of the endogenous thymidine [122].

Figure 2.1: ZDV Structure

Structure of parent ZDV (A), and the location of phosphate addition to the parent
molecule (B).

A year later, the same authors provided further proof of the mechanism of action

of ZDV in treating HIV infection. Furman et al. were able to demonstrate that ZDV

was phosphorylated by the host thymidine kinase pathway, with the mono-phosphate

(MP) produced by thymidine kinase (TK) and the di-phosphate (DP) generated via

thymidylate kinase (dTMPK) [62]. Furthermore, phosphorylation of either compound

(ZDV or T) was inhibited by the presence of the other [62]. As might be expected, the

enzyme kinetics of ZDV were observed to be slower than those of thymidine, with a

relative Vmax of 60% for the production of the MP and 0.3% for the DP [62]. Finally,

and most critically, the presence of ZDV reduced intracellular deoxythymidine-TP

(dTTP) levels, while ZDV-TP was shown to bind to and inhibit HIV reverse tran-

scriptase [62]. These two results demonstrate that ZDV inhibits viral replication
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both indirectly (through competitive inhibition of endogenous thymidine) and di-

rectly (through binding to and inhibiting HIV reverse transcriptase, and terminating

viral chain elongation).

The combination of promising in vitro findings and urgent treatment need quickly

propelled ZDV into clinical trial use. The National Cancer Institute’s (NCI) phase

I clinical trial began enrollment in July 1985, and demonstrated clinical, immuno-

logical, and virological marker improvements over 6 weeks of study [200]. This was

quickly followed by a phase II randomized, placebo-controlled study of ZDV in Febru-

ary 1986. Only 7 months later, the phase II trial was halted, as a review of the data

demonstrated overwhelming efficacy and a startlingly high survival rate (1 death in

145 treated vs. 19 in 137 placebo) [57]. Furthermore, clinical evidence from this study

showed that ZDV decreased the rate of opportunistic infections in HIV+ indivduals,

increased the survival of individuals with opportunistic infections, and sustained in-

creases in CD4+ cells, all promising signs in combating the disease [57]. By October,

ZDV was available to patients, and by March 1987 a New Drug Application (NDA)

was approved for the use of ZDV to treat HIV [27]. The approval of ZDV was a

significant step in battle against HIV, however, it was not the perfect solution.

Within the same phase II study which demonstrated such a great improvement

in survival rates [57], significant toxicities were documented [141]. The most serious

of these, bone marrow suppression was observed in 65 of 145 subjects in the ZDV

arm [141]. Adverse reactions such as nausea, myalgia, insomnia, and severe headache

were observed more frequently in ZDV recipients than placebo [141]. Hematologic

toxic effects were also prevalent in the active arm [141]. However, the clinical benefits

overwhelmed observed toxicities, especially due to the urgent need for treatment, and

so clinical use of ZDV continued and evaluation of the clinical pharmacology began.
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As many researchers sought to understand the clinical pharmacology of ZDV, oth-

ers continued pushing towards finding new antiviral drugs which could also treat HIV.

Preliminary work demonstrated that other dideoxynucleotide-triphosphates (ddNTP)

demonstrated potential antiretroviral activity, through a mechanism of action similar

to ZDV [16]. One such ddNTP that demonstrated good potential was lamivudine

(3TC), a deoxycytidine analog (figure 2.2). In vitro results showed with great success

that 3TC was able to selectively and potently inhibit the replication of both subtypes

of HIV in peripheral blood lymphocytes [37]. Translation to in vivo phase I/II clinical

studies was not as successful as the in vitro study, though the work still demonstrated

transient anti-HIV activity during 3TC monotherapy, leading the authors to conclude

that the drug might be well suited for combination therapy [131]. Subsequent work by

Eron et al. demonstrated that therapy combining 3TC with ZDV was not only well

tolerated, but resulted in better immunological and virological response than did the

adminstration of either drug alone [53]. This, and other clinical trial results, spurred

the rapid approval (∼ 4.5 months after NDA submission [27]) of 3TC, a mere 3 years

after its activity against HIV was published [37,152].

Figure 2.2: 3TC Structure

Structure of parent 3TC.
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The development of new drugs opened the door to monumental studies in the

successful treatment of HIV, many of which were completed and published by AIDS

Clinical Trials Group (ACTG) study teams. A first report from in vitro work showed

that the use of 3TC in combination with ZDV showed greater decreases in serum

HIV concentrations than did ZDV monotherapy [109]. Next, data demonstrated the

increased benefit of combining ZDV with another NRTI to slow the progression to

AIDS or death versus ZDV alone in vivo [70]. Another study group soon found that

the combination of both ZDV and 3TC, along with indinavir, a protease inhibitor

drug, significantly slowed patient progression to AIDS or death than did treatment

with ZDV/3TC alone [71]. These findings set the stage for the current standard of

care, which is the combination of two NRTI drugs plus another drug that is not from

the NRTI class (i.e. a non-nucleoside reverse transcriptase inhibitor (nNRTI), a pro-

tease inhibitor (PI), or the integrase inhibitor raltegravir). This change revolutionized

the diagnosis of HIV from a death sentence into the treatable chronic condition that

exists today. Though the success of these innovations has greatly improved patient

care, an absolute cure is of yet unattained, due to the presence of viral reservoirs

inaccessible to therapeutics [56].

Much of the research since the change of the standard of care to highly active

antiretroviral therapy (HAART) has been focused on one of two topics. First, and

the primary focus of this work, research has focused on better understanding the

pharmacology of these drugs, which will be discussed to a greater extent shortly. A

second primary research topic has been developing new drugs (integrase inhibitors,

such as raltegravir, and entry inhibitors, such as maraviroc; a complete list of ap-

proved antiretrovirals are shown in figure 2.3) to improve treatment (such as in [63]),

or applying old drugs to new uses, such as pre- and post-exposure prophylaxis. As

mentioned at the outset of this section, good success has been shown with preventing

HIV transmission, success which has been greatly aided by an understanding of the
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clinical pharmacology of the drugs [67]. Both aims of current research are grounded

in an understanding antiretroviral pharmacology, and most specifically, the unique

pharmacology of NRTI drugs.

Figure 2.3: FDA Approved Antiretrovirals

Antiretrovirals, separated by class, approved by the FDA for use against HIV.

2.2 ANTIRETROVIRAL PHARMACOLOGY

Even as clinical usage of ZDV to treat HIV became widespread, an optimal ther-

apeutic dose and inter-patient variation still needed to be explored [199]. Initial

dosing was based on in vitro results, which suggested concentrations of 0.5 µM were

necessary to inhibit reverse transcriptase [122]. Furthermore, initial in vivo plasma

PK analyses demonstrated a very short half-life of slightly more than 1 hr for the
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drug [201]. To attain these concentrations given the short plasma half-life, early clin-

ical trials utilized frequent (q4hr) and high (up to 5 mg/kg [200] or 250 mg [57]) doses.

Indeed, Yarchoan et al. was able to show that a 5 mg/kg dose every 4 hours suc-

cessfully maintained effective ZDV levels over the entire dosing interval [200]. Faced

with less sophisticated research techniques and only an elementary understanding of

the importance of the drug’s tri-phosphate form, investigators at the time could not

have imagined that this dose was several-fold more than necessary to achieve antiviral

efficacy.

One of the first steps towards understanding intracellular concentrations in vivo

was made in 1991 by Stretcher et al. Specifically, Stretcher utilized radioimmunoas-

say (RIA) to determine total ZDV-phosphate concentrations in 13 HIV+ individu-

als [172]. Two critical findings emerged from this work: one, that intracellular levels

did not correlate to plasma concentrations, and two, that intracellular levels did not

decay over the dosing interval, suggesting that the intracellular half-life was longer

than the 1 hour plasma half-life. Furthermore, a classic study by Barry et al. showed

that total phosphate area-under-the-curves (AUCs) were greater in HIV+ subjects

than uninfected individuals (5.91 vs. 0.66 pmol/106 cells, p=0.0003) [18]. The dif-

ference was driven by changes in ZDV-MP concentrations, which were significantly

different at each sample time point, while ZDV-TP concentrations were similar in

both groups [18]. Despite these differences in intracellular MP levels, plasma concen-

trations were similar between the two groups [18]. A subsequent study by Stretcher

et al. demonstrated that ZDV-phosphates decreased from week 4 to week 24 of the

study, while plasma levels remained relatively the same (and in fact, slightly in-

creased) during this same time period [171]. These studies combined suggested that

ZDV phosphate PK was distinct and independent from the PK observed from plasma,

spurring the need to better understand intracellular PK.
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Though the intracellular transport and subsequent anabolism of parent ZDV are

vital to drug activity, this route of distribution and metabolism comprises only a

small portion of the total distribution and metabolism of the drug. In fact, a large

portion of the parent drug (approximately 75%) was excreted into the urine as a

5’-O-glucuronide metabolite [24]. Later work by Kornhauser et al. then demon-

strated that the co-administration of ZDV with probenecid, a known inhibitor of

glucuronidation, resulted in a significant increase (∼57%) in ZDV plasma AUC [105],

offering further proof of the importance of glucuronidation to ZDV metabolism. Fi-

nally, work showed that ZDV glucuronidation may be induced by ritonavir (RTV),

a protease inhibitor (PI) drug often used to boost levels of other PIs in HAART

regimens [34, 60]. In addition to the marked effect of glucuronidation, ZDV is also

distributed into cerebrospinal fluid (CSF), with levels reaching approximately 60% of

those found in plasma, though these studies have shown a wide range of variability

on this number [29, 103, 199, 200, 202]. The extensive distribution and metabolism of

ZDV outside of the intracellular route underlies the minimal in vivo phosphate levels

relative to the administered oral dose.

The increased knowledge of drug phosphate PK led research towards optimizing

doses, such that efficacy could remain high while minimizing drug-associated adverse

events. As described previously, initial studies with ZDV utilized high doses, of up

to 1500 mg daily, based on plasma PK knowledge. However, a study by Collier

and colleagues on the potential of “low-dose” ZDV for treatment showed that such

high doses might not be necessary for efficacy. Instead, the study found that a 300

mg daily dose of ZDV exhibited beneficial antiviral effects similar to higher doses,

while reducing the incidence of toxicities [38]. Another foray into dose optimization

concluded that ZDV dosage should be individualized, as concentration (in plasma)

was better related to pharmacologic activity than was dosage [118]. Another study

then showed that a dose increase in individual patients did not necessarily result in
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increased ZDV phosphates (though the population dose-response curve was linear and

increasing) [171].

This concept was expanded upon by Kakuda et al., who utilized a concentration

controlled approach for a regimen consisting of ZDV, 3TC, and indinavir. Their work

showed that adjusting individual doses to maintain a target concentration could be

applied successfully, with reduced ZDV inter-patient variability, increased indinavir

concentration, and without any changes in adverse events [58,93]. Work with in silico

simulations then showed that a reduction of dose from 300 to 200 mg twice daily could

maintain ZDV-TP levels associated with antiviral efficacy, while reducing levels of

ZDV-MP [80]. Combined, these findings provide evidence that dose individualization

(typically in the form of a dose reduction) can be utilized with similar efficacy and

improved safety. Though differing dose regimens were not examined, the findings

contained within this work can potentially provide a pharmacological basis for the

potential future success of individualized dose optimization.

Though ZDV phosphate research had a head start by virtue of its earlier discovery

and approval for use, research into the intracellular pharmacology of 3TC did not

lag far behind. Key work in the field was accomplished by Kewn and colleagues,

which demonstrated many notable results. First, 3TC phosphate levels increased

approximately 4 to 6-fold in PHA-stimulated cells, a far cry from the up to 200-fold

increases in ZDV-TP observed in PHA-stimulated cells [64, 65, 96]. Additionally, the

work demonstrated that influx and phosphorylation of 3TC to the 3TC-TP form was

likely saturable, and that the -DP moiety represented the predominant intracellular

anabolite [96]. Subsequent work confirmed the finding that the production of 3TC-

TP was saturable, as intracellular PK was found to be not significantly different

in subjects dosed at 300 mg vs 150 mg twice daily, though this result was highly

influenced by the wide inter-individual variability in the studied parameters [125].

The increased clinical usage of 3TC led to an increased understanding of not only the
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intracellular phosphorylation, but also the potential differences in 3TC PK among

the patient populations, leading to more careful study of inter-individual differences

for both drugs.

The final source of information necessary to individualize doses and optimize pa-

tient care comes from studying how differences between individuals affects drug PK

(both plasma and phosphates) and PD (efficacy and toxicity). Several studies have

shown the impact of either environmental, co-morbidity, demographic, and/or PG

factors on drug PK. An early but important example demonstrated that peak ZDV

plasma concentrations decreased and the terminal half-life increased when the drug

was administered after a meal, due to differences in absorption between the fed and

fasted state [147]. The results of this study led the authors to conclude that ZDV

should be dosed in a fasting state, in contrast to the typical fed state used to re-

duce gastrointestinal toxicities. A similar concern was the use of 3TC in patients

suffering from renal insufficiency, as the drug is largely excreted renally [75]. Indeed,

subjects with decreasing renal function demonstrated increased peak concentrations,

with clearance linearly correlated to creatinine clearance [75]. This was subsequently

supported by a population PK analysis, which demonstrated that 3TC plasma clear-

ance was significantly influenced by creatinine clearance [126]. Combined, these stud-

ies suggested that clinicians should use reduced doses of 3TC in renally impaired

patients.

In addition to PK differences due to co-morbidities and meal consumption, early

studies also pointed to distinct PK in women vs. men [4, 5, 14, 128, 171], which may

underly the significant difference in toxicity rates between men and women [127,194].

Furthermore, differences in relative disease state have been shown to have an impact

on intracellular levels [4, 18, 59, 144, 148, 182, 193], the summary of which suggests

the potential for clonal anergy (an exhaustion of kinase activity) and downregulation

of these kinases in infected subjects [12, 13, 83]. Studies have also shown the role
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of numerous polymorphic proteins in the transport and phosphorylation of NRTI

drugs [3,17,90,92,121,135,153]. Polymorphisms in the genes encoding these proteins

have the potential to cause distinct pharmacology profiles between the subjects with

the wild-type and variant alleles [3,8,40,97,113,120,128,138,189,190]. Furthermore,

these differences in PK have been shown to impact PD outcomes for patients on

antiviral regimens [5, 156]. The impact of inter-individual variation is studied in

depth in this work.

The above topics of research were greatly aided by technological improvements,

most importantly the advent of detection platforms of increasing sensitivity in mea-

suring phosphate levels. This came to a head with work with tandem mass spectrom-

etry to determine concentrations of intracellular anabolite concentration from in vivo

subject samples [22,61,99,100,142,145]. As detection platform technology improved

greatly, so too did the extraction and chromatographic separation techniques used to

prepare samples for analysis. As an example, Becher and colleagues utilized tandem

mass spectrometry with differing columns and differing internal standards in effort to

optimize determination of all nucleotides (drug and endogenous) simultaneously [22].

The improved ability to extract, separate, and determine intracellular levels led to a

direct assay approach, in which all three intracellular anabolites (-MP, -DP, and -TP)

were quantitated simultaneously, through the use of ion pairing chromatography [132].

This was contrast to the typical need for an indirect method, which fractionates and

dephosphorylates the intracellular nucleotides prior to analysis [99,100]. The benefits

and weaknesses of these approaches will be discussed later in this work.

In summary, the antiretroviral pharmacology field has made great advances from

the early days of the HIV epidemic. However, there are still several areas which lack

clarity. Several of these issues will be focused on in the current work. First, the need

for a standardized approach to measuring levels of the active intracellular anabolite

is a crucial area of need, as this science lays the foundation of data from which the
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other issues are addressed. Second, an understanding of how plasma concentrations

drive the accumulation of intracellular moieties is critical, as this relationship is of

great import to understanding dose amounts which provide efficacy but yet avoid

drug-associated toxicity. Finally, it is necessary to understand how inter-individual

differences within the patient population alter the observed drug PK (and, it follows,

PD) so as to better understand how to personalize dosage regimens to maintain

concentrations that lie within the therapeutic window.

The simple collection of these data is insufficient without a method for identify-

ing trends and associations. Concurrent with the growth of knowledge surrounding

antiretroviral PK and PD came the growth of a new branch of research, namely phar-

macometrics. Pharmacometrics provides the basis for much of the data analysis in

this work, and is concerned with building models that can be used to help explain

physiological processes within a statistical framework. As the mathematics behind

this branch of research are complex and generically applicable to any drug class, and

as the techniques have evolved relatively recently, a survey of the literature specific

to pharmacometrics is a necessary addition to this work.

2.3 PHARMACOMETRICS AND MODELING TECHNIQUES

At the foundation of pharmacometrics is the study of pharmacokinetics, which

dates back to 1847, with a study relating the dose and arterial concentrations of

an anesthetic to the depth of narcosis [28]. Many renowned scientists have left their

mark on this field, contributing data and models still commonly referred to, including

Michaelis and Menten (on enzyme kinetics [119]), Widmark (on equations describing a

one compartment drug [196]), and Teorell (on physiologically based PK models [177]).

However, the great majority of modern techniques used for PK analyses stemmed from

work completed since the 1960’s, by the likes of Wagner, Rowland, Tozer, Sheiner,
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and Beal. The additions of these preeminent pharmacokineticists form the platform

from which the analyses in this work are built.

Of great benefit to the modern repertoire of PK analytic tools was the development

of non-linear mixed effects (NLME) modeling techniques, manifested in a software

package called NONMEM R©. Developed by Sheiner and Beal in the late 1970’s, NON-

MEM provided researchers a tool which could be utilized to simultaneously determine

fixed (e.g. PK parameters) and random (e.g. within and between subject variabil-

ity) effects on drug PK within a population [162]. The software package provided a

middle ground between population PK analyses which determined population esti-

mates by fitting all data, while ignoring inter-individual variability (the so called näıve

pooled approach) and the computationally intensive two-stage approach in which PK

parameters (fixed effects) were determined first, and then averaged over the entire

population to determine variablity (random effects) [158]. The software bridged the

gap between losing information (the näıve pooled approach) and improved informa-

tion at the expense of time (computational brute force in the two-stage approach),

into a package which, in relatively short order could generate estimates of population

and individual PK parameters and variability.

In addition to the increased power (time savings and information depth) of this

method, the NLME method also afforded investigators the ability to utilize sparse

data in PK analyses [159]. In contrast to typical approaches of the time, which

resulted in inferior estimates in situations where sufficient data for non-compartmental

PK calculations or for model definition was not collected, NONMEM was not aided by

the presence of well populated vs. sparse data within an individual [73,159]. Instead,

the larger determinant of model success was the number of individuals studied, even

if only one data point was observed for each subject [159]. To be more specific, model

bias decreased and precision increased when population size increased regardless of

the amount of data for individuals in that population [159]. In summary, NLME
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and NONMEM allowed investigators to plan and utilize studies with less intensive

sampling schedules in larger study populations to answer questions about PK and

inter-individual differences.

The effect of NONMEM on the pharmacometric world cannot be fully appreciated

without an understanding of how the software provides the aforementioned benefits

over classical PK methods (as reviewed and summarized by Davidian and Giltinan

in 1995 [44] and again in 2003 [45]). Software use begins with the production of a

data set, containing a population of n subjects, with each subject having between

1 and r observations. It is assumed that the basic structure of a model fitting the

data is the same for each individual, but that the constants defining that model can

vary as a result of inter- and intra-subject variation. Accordingly, modeled drug

concentrations (y(t)) are typically defined as y(t) = f(θ, t) + ε, a combination of the

structural (f(θ, t)) and error models (ε). To be more specific, the structural model

depends on the estimated PK parameters (θ) and time (t), while the error model can

be considered a total of inter-individual differences (which, as will be explained later,

can often be thought of in terms of covariates, λ) and intra-individual differences

(assay error, as an example). In the most basic PK system, an intravenously dosed

one compartment drug, this gets manifested as the equation y(t) = Dose
V olume

· e−Ket + ε,

where V olume and Ke are the PK parameters (θ) of interest.

As opposed to the classical computationally intensive approach to fitting these

curves for each subject individually, NONMEM provided an interface to simultane-

ously perform the calculations for each individual. This has the additional benefit

of allowing the program to ”borrow” information from other studied subjects to aid

in fitting parameters to sparse (and classically intractable) data. Specifically, the

software can utilize population and individual mean parameter estimates and the

variability on those estimates to help guide the model fit for individuals with incom-

plete data sets.
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In addition to determining individual and population parameter means and vari-

ance, the model can include evaluation of the covariate effects on structural model

parameters (e.g. θ(λ)). Thus, y(t) can be thought dependent on the function

f(θ, θ(λ), t), which incorporates and accounts for inter-individual error occuring due

to covariates. In this type of analysis, ε is determined less by inter-individual dif-

ferences, and moreso by the intra-individual error, and is typically labeled residual

error. The evaluation of these parameter-covariate relationships in NONMEM are

in stark contrast to the classical analyses, which determined these associations as a

secondary analysis (two-stage) or were unable to evaluate them entirely (näıve pooled

approach).

The final step in appreciating the benefit of NONMEM is the understanding of

how the software generates the best-fit parameters, namely the weighting of the least

squares regression used for data fitting. Of the options Sheiner and Beal could chose

from (ordinary, weighted, extended, as examples) the authors of NONMEM selected

the extended least squares algorithm, for its robustness and flexibility in estimating

PK parameters [160]. To determine this, Sheiner and Beal tested the various weighting

schemes on data sets which were simulated to assume the same variety of weighting

schemes. They found that extended least squares (ELS) performed better than all

other weighting schemes, by virtue of generating better estimates to data assuming

a non-power function weighting scheme [160]. In contrast to these other studied

weighting schemes, ELS relies upon a power function (f−ξ) to weight data, in which

ξ is estimated based on the observed variance in the data. On the surface, this

weighting scheme should be broadly applicable to all true variance structures, as the

weight is a function of the estimated variance structure, so that data associated with

higher variability are given less weight in the model.

Concurrent with Sheiner and Beal’s publication in support of ELS, the authors

published analyses which cast doubt on the use of ELS. Specifically, Sheiner and
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Beal cautioned that the proper choice of least squares weighting was dependent on

the variance structure of the data [157] and that the ELS method may bias towards

too narrow of confidence intervals which may not contain the true parameter mean

95% of the time [161]. These findings were found to be particularly important in

the case of heteroscedastic (unequal variance) data, which may lead to inefficient

parameter estimation when the actual variance model deviates even slightly from what

is assumed or estimated [161, 184]. In addition to bias caused by heteroscedasticity,

subsequent work showed that the bias became worse as the true variability increased

[195]. To rectify this, Sheiner proposed two adjustments (a bias correction and the

use of a 99% confidence interval), both of which created wider confidence intervals

that more reliably contained the true population mean 95% of the time [161]. Despite

these suggestions, Vozeh et al. recommended the independent evaluation of parameter

estimates and confidence intervals by the investigator, in lieu of the available software

performing an evaluation of the parameter estimate reliability [187]. In summary,

though the use of NONMEM generated results that helped define both individual

and population PK, there existed a need for researchers to critically evaluate the

results obtained from the analysis. Where necessary, the need for critical evaluation

of model results and the success of model fits will be probed in this work.

The widening use of NONMEM and other similar compuational programs by

researchers from all aspects of pharmacometrics led to its adaptation to other problem

types, further broadening its impact. The best example of this was its application to

the field of pharmacodynamics, and the link between PK and PD. First, as suggested

by Derendorf, the availability of computational resources eased the complex and time-

consuming nature of PK-PD analyses [49]. Second, the additional model complexity

afforded by the software allowed the development of an effect compartment model

[77, 163]. The effect compartment model was put to successful use linking time, PK

concentration, and PD effect in a manner which eliminated the hysteresis loop often
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observed in classical concentration-effect plots. This allowed the impact of drug levels

and time on drug effect to be considered within the same analysis, yielding a better

understanding of drug pharmacology. The access to, coupled with the success and

breadth of computational software led to the use of the programs to become standard

in pharmacometric analyses in a wide array of drug classes.

NONMEM (and the other software programs that followed it, including ADAPT

and Phoenix WinNonLin, among others) quickly made NLME analyses a staple of

antiretroviral pharmacology work. NLME based population PK analyses of either

ZDV and/or 3TC have been published previously, typically describing kinetics of the

drug in plasma [19,129,181] or the -TP moiety [19]. However, of greatest importance

to this work is the use of these software platforms to both define and link plasma to

intracellular PK [15,80,144,203]. A seminal study towards this aim was completed by

Rodman et al., which marked the first attempt to integrate systemic and intracellular

concentrations using a compartmental model [144]. Since then, other studies have

tried various methods for connecting plasma concentrations to intracellular levels in

ZDV [80], 3TC [203], and tenofovir [15], with some success. These studies are crucial

to, and provide the foundation for, the primary aim of this work, which is to link

plasma and intracellular concentrations, and would not have been accessible with-

out the vast improvement in the understanding of and resources for pharmacometric

modeling.
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CHAPTER 3

CLINICAL EXPERIENCE

The end goal of a comprehensive model linking PK, PD, and PG of NRTI drugs

used in the treatment of HIV is to improve and personalize care of HIV infected

individuals (and HIV negative individuals on chemoprophylaxis) in the clinic. To

that end, this work would not be complete without an attempt to translate laboratory

research into use in clinical decision making, nor would it be prudent to ignore lessons

learned in the clinic in the laboratory investigations. A critical piece of this study

is to incorporate and utilize the clinical experience gained as part of the Colorado

Clinical and Translational Science Institutes Pre-Doctoral Fellowship program into

laboratory research. The program afforded me the opportunity to interact with HIV

infected patients under the guidance and mentoring of Dr. Jose Castillo-Mancilla in

the Infectious Disease/HIV Clinic of University of Colorado Hospital. The clinical

shadowing experience provided an outlet for translating laboratory research into the

clinic, and more importantly, to use lessons from the clinic to better inform laboratory

investigations of these drugs.

The first patient I interacted with turned out to be one of the more complex.

This African-American male patient was first diagnosed HIV approximately 8 years

prior, at which time, he was prescribed Truvada, a fixed dose combination of TDF

and FTC. The patient admitted that treatment was discontinued for a period of two

years, due to his own non-adherence. When the patient re-initiated treatment, his

CD4+ counts were dangerously low (12 cells/µL, well below the 200 cells/µL level
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supporting a diagnosis of AIDS) and did not rebound while on Truvada-based therapy.

Furthermore, laboratory results demonstrated an increase in serum creatinine levels

above the upper limit of normal, indicative of a decrease in renal function. The

history and laboratory results of this patient presented two concerns for Dr. Castillo-

Mancilla. The first concern was the initial discontinued therapy with two drugs that

are highly susceptible to viral drug resistance mutations (K65R for TFV [188] and

M184V for FTC [179]). The second issue was the decreasing renal function, which

is known to be more prevalent in African-Americans [183] and also known to be a

common adverse event in TFV based regimens [95]. Due to these factors, the patient

was switched to an NRTI backbone of ZDV/3TC. Subsequently, the patient’s CD4+

cell count increased (352 cells/µL) and the creatinine levels returned to normal.

Even when antiretroviral therapy controls HIV infection, patients are still subject

to serious complications that may or may not be related to the infection or drug

regimen. Despite the improvement in the patient’s laboratory results once switched

to ZDV/3TC, he returned to the clinic with complaints of headache, fever, night

sweats, joint pain, and muscle fatigue/weakness during the prior month. Screens for

likely infections as well as a lymph node biopsy (to rule out lymphoma, a common

complication in HIV patients) were negative. Dr. Castillo-Mancilla’s initial hypoth-

esis was that these symptoms were a result of immune reconstitution, in which the

immune system becomes hyperactive as a function of its increased capabilities. The

hyperactive immune system goes on the offensive, potentially mimicking many of the

flu-like symptoms experienced by the patient. Due to the severity and worsening of

the symptoms, the patient was referred to an endocrinologist, who provided a defini-

tive diagnosis. Laboratory results demonstrated highly elevated levels of T3 and T4

hormones, indicative of hyperthyroidism, which on the surface would be unrelated

to the patient’s HIV infection or treatment regimen. However, evidence points to

the increased prevalence of thyroid disease as a result of immune reconstitution in
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HIV-seropositive individuals on HAART [23,36,41,68,91], indicating that the symp-

toms are related to the patient’s HIV and treatment, and that Dr. Castillo-Mancilla’s

initial diagnosis was correct.

The final lesson learned from this patient highlighted the vital role of compassion

in the patient-doctor relationship, above and beyond any laboratory insight into the

virus or treatment regimen. The patient was first diagnosed with HIV at a St. Louis

clinic, with a CD4+ count of less than 5 cells/µL. The patient was immediately

started on therapy, but was warned by the doctor that he should discontinue drug

completely if non-adherence became an issue. The patient soon became non-adherent,

discontinued his drugs, and perceived the doctor to be angry and disappointed that

drug had been stopped when it was reported at the next follow-up visit. The anger

and judgment felt by the patient led him to discontinue treatment indefinitely. Upon

re-initiating treatment at the University of Colorado Hospital HIV clinic, the patient

felt that the doctors he met with were more caring and encouraging, less judgmental,

and as such, provided better care, and ultimately resulted in a better treatment

outcome.

This individual patient demonstrated two unique lessons that could be translated

between clinic and laboratory research. The first was the concept upon which this

work is based, namely the need for personalized treatment. Could research have pre-

dicted the lack of response or the observed toxicities upon re-initiation of TDF/FTC

therapy? Would better understanding of NRTI pharmacology have suggested an

optimal backbone for this patient? Should the thyroid events caused by immune re-

constitution have been anticipated, due to the patient’s quick rebound once on drug?

If these questions can be answered, they may help clinicians more easily provide opti-

mal care for the patients. However, sophisticated treatment decisions will not matter

if the doctor-patient relationship is not amicable, and does not encourage the patient

to adhere to the regimen.
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A consistent clinical issue is generating achieving the adherence needed for success-

ful treatment [130]. As demonstrated by the first patient, one factor is the amicable

nature of the doctor-patient relationship. Many patients I met with also complained

that high pill burden for treatment of HIV and co-morbidities limits adherence, due

to the demanding dosing schedule. A patient whose HIV regimen included taking 8

pills (including ABC, 3TC, and RTV) at each dose is one specific example, as for the

patient, the pills were literally difficult to swallow. Furthermore, the regimen caused

chronic diarrhea, an adverse event which further deterred the patient from adhering

to therapy. While in the clinic with Dr. Castillo-Mancilla, the patient was switched

to Atripla (a fixed dose combination of tenofovir (TDF), emtricitabine (FTC), and

efavirenz (EFV)), with the hopes of easing the pill burden of his HIV treatment to

one pill once daily, in addition to eliminating the chronic diarrhea. While this combi-

nation successfully eliminated the chronic diarrhea, it caused sleeplessness and vivid

dreams, side effects typically associated with EFV [26]. The patient was subsequently

switched to Truvada (TDF/FTC) and Sustiva (EFV alone), and found that the sleep-

lessness and vivid dreams subsided. This regimen reduces his pill burden from 8 to

2 pills, which was easier for the patient to follow. This success of this change was

supported by clinical evidence, as his laboratory results showed undetectable virus

and relatively high T cell counts. Though the patient maintained good adherence on

each regimen, his desire for a simpler regimen is one that must be considered when

personalizing medicine. Many individuals will not want to swallow several pills or

deal with a chronic, lifestyle-modification condition. As such, every effort must be

made to provide the simplest and safest drug combination for the individual patient,

and in so doing, increase the likelihood that the patient will adhere to the regimen

and be successfully treated.

Similar to non-adherence, another concern of clinicians is getting the patient to

consistently attend follow-up visits, so that treatment success can be monitored. Dur-

26



ing my time shadowing Dr. Castillo-Mancilla, approximately half of the patients I was

scheduled to meet with did not make their appointment. As an example, one patient

visited the clinic complaining of lymphadenopathy (swollen lymph node). This is a

typical complaint in newly infected individuals, as it is a sign that the patient’s im-

mune system is responding to the infection. In order to rule out other possible causes,

Dr. Castillo-Mancilla referred the patient to an ultrasound screening, however, the

patient did not keep his appointment with the specialist, and also was absent from

his next follow-up with Dr. Castillo-Mancilla. The patient presented with substan-

tially decreased lymph node swelling when he did return to Dr. Castillo-Mancilla’s

office, a sign that the lymphadenopathy was most likely due to the new HIV infection,

as anticipated. The difficulty in maintaining patient follow-up limits the clinician’s

ability to modify treatment in the event of decreased virologic response to the drug

or increased adverse events, placing greater emphasis on starting with the optimal

treatment regimen. To negate this difficulty, clinicians could use discoveries presented

in this work as a tool at the outset of treatment to prescribe the optimal regimen

with better success. In order for this work to be a successful tool in the clinician’s

arsenal, the research must be rigorous and robust.

Another HIV infected patient I followed was a middle-aged African-American male

who was co-infected with Hepatitis C virus (HCV), another common complication in

HIV care. In addition to his viral infections, the man also suffered from end stage

renal disease and hypertension. The many co-morbidities resulted in the patient

having a cocktail of approximately 10 different drugs daily and routine clinic visits

for hemodialysis and HIV follow-up, posing an intense and complex treatment regimen

for this patient. The complexity of this regimen generated various concerns for Dr.

Castillo-Mancilla as a clinician attempting to control the viral infections. The first

concern is to ensure that medication regimen is adhered to, as the multiple drugs and

times of dosing could become confusing for the patient, leading to non-adherence. To
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prevent against non-adherence, a simple antiretroviral regimen, such as a one pill once

daily would be preferable. At that time, Atripla was the only antiretroviral medication

fitting this description, however, other concerns for this individual patient prevent the

use of this medication. Specifically, the individual’s end stage renal disease contra-

indicated the use of a TDF/FTC backbone for two reasons. One, TFV is known to

cause nephrotoxicity (renal tubulopathy) [95], and therefore not recommended for use

in patients with existing decreased kidney function [151]. Second, cytidine analogs,

such as FTC, require dose adjustment for patients with renal failure [151], as the drug

is primarily renally excreted. Thus it was necessary to explore a different option for

the patient’s NRTI backbone.

A second line option would have been to use a backbone which would include ZDV,

which is not contra-indicated for patients with renal failure, nor does it require dose

adjustment in these individuals. However, in addition to renal failure, this patient

was also co-infected with HCV, a virus which compromises liver function. As has

been described previously and will be discussed in more depth in later chapters, ZDV

is primarily eliminated through glucuronidation [185], which takes place in the liver.

The decreased liver function caused by HCV could cause decreased metabolism of

ZDV, resulting in increased systemic concentrations of ZDV and a higher likelihood

of ZDV-associated adverse events in the patient. Thus, ZDV also would not be a

good option in this patient, so Dr. Castillo-Mancilla prescribed a regimen backbone

of abacavir (ABC) and 3TC. Though 3TC required a dose adjustment due to the renal

disease, this combination appeared to be successful, and provided an HIV regimen

which consisted of a minimal pill burden for the NRTI backbone of the regimen.

Translationally, this patient illuminated two co-morbidities that must be consid-

ered when developing a complete and useful tool for personalized HIV care. Unfortu-

nately, neither of these co-morbid conditions could be properly addressed within the

study that forms the bulk of this work. End stage renal disease, or any other kidney
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dysfunction, must be accounted for when clinicians intend to prescribe TFV (a drug

associated with nephrotoxicity) or the renally excreted cytidine analogs (increased

risk of toxicity due to decreased drug excretion). Second, avoiding the use of ZDV

is preferred in cases of HCV co-infection and the resulting decrease in liver function,

so as to avoid the elevated risk of ZDV-associated adverse events. Other commonly

noted co-infections and co-morbidities must also be investigated in the correct study

population.

In addition to having to consider the effect of HCV on the metabolism of ZDV,

the interaction of treatments for HCV and another common co-infection, Hepatitis

B Virus (HBV), must be contemplated by the clinician. HBV treatment is typically

simpler than HCV, as many cases are spontaneously resolved before the infection

becomes chronic. Furthermore, lower dose of anti-HIV medications such as 3TC and

TFV are commonly used to treat HBV, meaning that treatment of the two viruses

can overlap. This is of major benefit to the patient, as it lowers the pill burden

by fighting two infections with the same medication. On the other hand, treating

HCV co-infection can be more complex. The drugs used in current standard of

care for HCV (the combination of ribavirin and peg-interferon) do not overlap with

those used to treat HIV, and cause significant side effects which are difficult for the

patient to tolerate. Though it is possible to achieve a sustained virologic response in

treating HCV, the likelihood of reaching this cure in the HIV co-infected patient is low.

Therefore, clinicians must aggressively attack and control the HIV infection before

attempting HCV treatment to increase the odds of sustained virologic response. The

role and treatment of HBV or HCV co-infection must be understood and accounted for

when developing a personalized medicine model for HIV treatment, to ensure broad

application of the model. This is especially relevant as novel HCV protease inhibitor

drugs are marketed (such as boceprevir and telaprevir), which have the potential to

interact with and impact the success of anti-HIV medications and treatments [102].
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A large majority of shadowed patients were diagnosed with other general co-

morbidities which complicated their HIV treatment. As already presented, end stage

renal disease limits the possible therapeutic options. Along that same line, diabetes

mellitus predisposes the patient to an increased risk of renal dysfunction, limiting the

arsenal of anti-HIV medications at the clinician’s disposal. In addition to anti-HIV

drug interactions with the co-morbid conditions, interactions with other medications

commonly used to treat the co-morbid conditions must also be considered. Finally,

with the success of antiretroviral treatment in changing HIV infection into a chronic

rather than lethal condition, the clinician must allow for age-associated morbidities, a

concern which could not have been dreamt of at the onset of the epidemic. The myriad

of co-morbidities found in HIV infected individuals demands that laboratory research

not consider HIV as an isolated infection, separate from other maladies. Though this

work cannot examine all of the possible co-morbidities known to be associated with

or occur frequently in HIV patients, future work must keep these concerns in mind

when developing an all-encompassing personalized medicine model.

In summary, my time in the HIV clinic illuminated three major clinical concerns

in the development of a comprehensive PK-PD-PG model on which personalized

medicine might be based. The first of these concerns is the need to limit pill burden

and other factors that detract from patient adherence. This concept follows Occam’s

Razor, which suggests that the simplest explanation is usually the best. In treating

HIV, the simplest drug regimen possible will often be the best, as it will have the

potential for the best adherence, and, without adherence, no treatment regimen will

work. The second worry is to create a robust model, so that patients lost to follow-up

care might have the best chance of treatment success. When the patient eliminates the

clinician’s ability to monitor and change the treatment regimen by missing scheduled

appointments, it is imperative that the first prescribed treatment is truly optimal

for that particular patient. Finally, the burden of co-infections and co-morbidities
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must be included within a completely comprehensive personalized medicine scheme.

Clinical experience and intuition must augment laboratory based conclusions, so as

to avoid putting the patient at risk of insufficient efficacy or increased rates of drug-

associated toxicity. It is my belief that this clinical experience under Dr. Castillo-

Mancilla has provided a better understanding of the broad scope and complexity that

is associated with a fully effective tool for clinicians to personalize the care of their

patients. Furthermore, it has contributed invaluable information from actual HIV

infected patients on what, from their standpoint, is important to have in a treatment

regimen that is successful in the eyes of both the clinician and the patient.

This study is unfortunately limited in how well it can be applied to the findings

from the clinical experience. First, the inclusion/exclusion criteria of the study re-

sulted in a relatively healthy population, void of the co-morbidities observed in the

above patients. HCV co-infected individuals were excluded from the study, preventing

an evaluation of the interaction between the treatments for the two viruses. Further-

more, study data only provide an acute picture of ZDV/3TC based treatment, not

the chronic dosing associated with other drug-associated co-morbidities. In addition

to limiting the observed co-morbidities, the short duration of the study limited the

non-adherence that is observed in the long-term usage of these drugs in the general

HIV infected population. However, despite these limitations, the study data can pro-

vide a solid foundation for future studies addressing the personalization of anti-HIV

treatments with ZDV/3TC, or with other drug combinations such as TDF/FTC.
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CHAPTER 4

ANALYTICAL METHODS AND VALIDATION RESULTS

The success of PK modeling is dependent upon the accuracy of the data on which

the model is built. As such, a first step in this work was to learn the techniques and

standards for obtaining accurate data for PK analyses. PK modeling uses the data

generated from bioanalytical chemistry methods. Generally, bioanalytical methods

are utilized to isolate and purify an analyte of interest from a biomatrix, and then

quantify that analyte via either spectrophotometry or electromagnetic spectroscopy

methods. Common examples are the isolation of a drug from either urine or blood,

followed by quantitative analysis via ultraviolet spectroscopy or mass spectrometry.

To be more specific in the context of this work, analytes are isolated from either blood

plasma or lymphocytes, followed by quantification using tandem mass spectrometry.

Isolation and purification of analytes is typically accomplished via either a liquid-

liquid or solid-phase extraction procedures. Liquid-liquid extractions utilize the chem-

ical properties of the analyte and extraction reagents to isolate the analyte from the

biomatrix into a liquid matrix in which the analyte is soluble and from which the

analyte can be quantified. Solid-phase extractions employ a solid support, consisting

of a chemistry onto which the analyte is adsorbed and tightly bound. The biomatrix

is rinsed from the sample, and then the analyte is rinsed from the solid support using

a liquid reagent which more favorably interacts with either the analyte (ie influencing

the analyte to preferentially solubilize into the liquid reagent) or the support (ie the

liquid reagent displaces the analyte from the support by binding the support more fa-
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vorably than the analyte). Once isolated and purified the analyte is quantified, using

methods where increased response corresponds to increased analyte concentrations in

the sample. In addition to developing the above steps for the analyte (or analytes) of

interest, it is necessary to validate the accuracy and precision of each step comprising

the method. The following chapter will describe the development and validation of

the bioanalytical methodology used to collect the data upon which the PK models

are founded. Specifically, the following bioanalytical methods describe the quantita-

tion of ZDV and 3TC from both plasma and the intracellular PBMC matrix. The

methods have been published in peer-reviewed journals [30]1, [146]2.

4.1 PLASMA ZDV/3TC CONCENTRATIONS

4.1.1 ANALYTICAL METHOD

Reagents

ZDV (>99.9% pure) and 3TC (>99.9% pure) were obtained through the NIH

AIDS Research and Reference Reagent Program (Bethesda, MD). The chemical struc-

tures of ZDV (MW 267, fig. 2.1a) and 3TC (MW 229, fig. 2.2) have been shown

previously. Isotopic ZDV [2-13C; 1,3-15N, ZDV-IS] was purchased from Moravek Bio-

chemicals, Inc. (Brea, CA), while isotopic 3TC [2-13C; 1,3-15N, 3TC-IS] was purchased

from Martrex, Inc. (Minnetonka, MN), both for use as internal standards. HPLC

grade methanol, acetonitrile, and glacial acetic acid were acquired from Fisher Sci-

entific (Fairlawn, NJ). Ultrapure (UP) water was prepared in house from deionized

water with a Barnstead Nanopure System (Thermo Fisher Scientific, Waltham, MA).

Human EDTA anti-coagulant plasma was obtained from the Biological Specialty Cor-

poration (Colmar, PA).

1 c©Elsevier B.V., Bushman et al., Journal of Pharmaceutical and Biomedical Analysis 56
(2011) 390-401.

2 c©John Wiley and Sons, Ltd., Rower et al., Biomedical Chromatography 26 (2012) 12-20.
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LC-MS/MS Instrumentation and Conditions

The HPLC system utilized a Surveyor LC autosampler and LC Pump (Thermo

Finnigan, San Jose, CA). A Synergi Hydro-RP 80Å, 2.0 x 150 mm, 4 µm particle size,

(Phenomonex, Torrance, CA) analytical column was used for chromatographic sepa-

rations. The mobile phase consisted of 0.1% acetic acid in a 15:85 acetonitrile/water

(v/v) solution, delivered at a flow rate of 0.200 mL/min. At the end of each an-

alytical run, the column was washed with a 50:50 acetonitrile/water (v/v) mobile

phase. The analytical column was maintained at 35◦C, and extracted samples kept

at 15◦C while inside the autosampler. The autosampler needle was washed with a

filtered 10:90 methanol/water (v/v) solution between injections. A TSQ Quantum

triple quadrupole mass spectrometer (Thermo Finnigan, San Jose, CA) was used in

electrospray ionization (ESI) positive polarity mode. All analytes and internal stan-

dards were detected using optimized parameters in MS/MS single reaction monitoring

(SRM) mode. Precursor/product transitions of 268/127 and 271/130 (collision en-

ergy 19 V) were monitored for ZDV and ZDV-IS respectively, while transitions of

230/112 and 233/115 (collision energy 17 V) were monitored for 3TC and 3TC-IS.

Data acquisition, processing, and storage were performed using Xcalibur software,

version 1.3 (Thermo Finnigan, San Jose, CA). Calculations were based on peak area

ratios of analyte to internal standard. Concentrations are interpolated from a lin-

ear least squares regression calibration curve based on 1/concentration2 weighting for

both analytes.

Preparation of Calibration Standards, Internal Standard, and Quality Controls

ZDV and 3TC preparation stocks (1 mg/mL) were prepared for both standard

and QC preparation from separately weighed reference standards. Standard prepa-

ration stocks were combined to prepare working standard stocks at concentrations

appropriate for the calibration curve described in the following section. A 500 ng/mL
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solution combining both ZDV-IS and 3TC-IS was used as the working internal stan-

dard stock solution. All stock solutions were prepared in water and stored at 4◦C.

ZDV/3TC combined quality controls (QC) of 5 ng/mL (QC1), 15 ng/mL (QC2), 250

ng/mL (QC3), and 2500 ng/mL (QC4) were prepared in plasma from the separately

prepared QC stock solutions of ZDV and 3TC The QCs were stored at -80◦C. A 1

ng/mL QC (LLOQ) used to validate the lower limit of quantification was prepared

in five replicates on each of three days for validation.

Extraction Overview

Plasma ZDV/3TC standards were prepared in 13x100 mm test tubes on a daily

basis by spiking the appropriate working standard stock solution into 100 µL of blank

plasma, resulting in plasma ZDV/3TC calibration concentrations of 1, 5, 10, 50, 100,

500, 1000, 2000, and 3000 ng/mL. Unknowns and QC plasma samples (100 µL) were

added to test tubes, followed by addition of 20 µL of working internal standard stock

and 200 µL of water to each sample. Samples were then applied to a pre-conditioned

Oasis HLB 1cc SPE extraction cartridge, washed with 1 mL water, and eluted with 0.5

mL of methanol. The SPE extraction mirrors that used previously in the laboratory,

and demonstrated increased process efficiency as compared to protein precipitation

methods during assay development.

Sample eluents were then dried under nitrogen, reconstituted with 100 µL of wa-

ter, and transferred to labeled vials containing 150 µL low volume inserts (Waters

Corporation, Milford, MA). A 10 µL aliquot was injected. The retention time for 3TC

and 3TC-IS was approximately 2.5 minutes, while ZDV and ZDV-IS were retained

for approximately 6.5 minutes.

Method Validation

Validation of the method included an evaluation of the following characteristics:
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assay accuracy and precision, calibration curve performance, recovery and matrix ef-

fects, dilution accuracy and precision, analyte stability, and assay specificity/selectivity.

These validation experiments followed the FDA Guidance for Bioanalytical Method

Validation [186]. The method was also used to demonstrate the ability to accurately

and precisely reanalyze samples incurred by the laboratory, both by correlation to the

previous HPLC-UV and by reanalysis of samples already run by this HPLC-MS/MS

method [143].

Method Validation: Accuracy and Precision

Intra- and inter-day accuracy and precision were determined by the performance

of the LLOQ (1 ng/mL) and four concentrations of QCs (QC1=5 ng/mL; QC2=15

ng/mL; QC3=250 ng/mL; and QC4=2500 ng/mL). The LLOQ was run in five repli-

cates on three days; all other QC levels were run in five replicates on six separate

days during validation. Accuracy was evaluated and reported by calculating the per-

cent deviation (%dev) from the nominal concentration. Precision was determined

by calculating the coefficient of variation (%CV) of replicates within one sample run

(intra-day) and between sample runs (inter-day). Adequate accuracy and precision

was defined as ±15%, except for the LLOQ, where it was ±20%.

Calibration curve performance was assessed by evaluating accuracy and precision

of back-calculated standards and evaluating the slope, intercept, and coefficient of

determination (R2) of the weighted 1/concentration2 regression lines. At least six

non-zero standards were required for a valid calibration curve where ±20% from the

nominal value was acceptable at the LLOQ and ±15% from the nominal value ac-

cepted at all other concentrations. If a calibrator did not meet these criteria, it was

dropped from the calibration curve and the curve recalculated.
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Method Validation: Matrix Effects

Validation included an assessment of matrix effects on the quantitation of both

analytes. To determine if endogenous compounds in plasma suppressed or enhanced

analyte ionization during detection, potential matrix effects were tested following the

method of Matuszewski et al. [116]. Three sets of samples (set 1, set 2, and set 3)

were prepared containing ZDV/3TC standards of 10, 100, and 1000 ng/mL in five

replicates, with each replicate in sets 2 and 3 using a different plasma lot. The set

1 samples (neat samples), consisted of analyte and internal standard added to water

for a total volume of 100 µL. In set 2 (post extract spikes), blank plasma samples

were extracted, and then spiked with analyte and internal standard. For set 3 sam-

ples, the analyte and internal standard were spiked into plasma and then extracted

as described above. A comparison of set 1 and set 2 samples yielded a measure of

observed matrix effects. A comparison of set 2 and 3 demonstrated analyte recovery

from the extraction process. The difference between set 1 and set 3 samples described

the overall efficiency of the analytical process. The effect of different plasma lots on

the assay were determined by comparing the regression line slopes and peak area

ratios for each different lot of plasma, as well as by examining the precision of the

analyte and internal standard areas and ratios for each sample set and plasma lot. In

addition, heparinized plasma, sodium citrate anti-coagulant plasma, and serum were

tested to determine assay performance in the presence of matrices other than EDTA

anti-coagulated plasma.

Method Validation: Dilutional Accuracy and Precision

In order to determine the accuracy and precision (n=3) of measuring ZDV/3TC in

diluted samples, a QC was prepared at a concentration of 10000 ng/mL, then diluted

to 2000 ng/mL (5x) and to 1000 ng/mL (10x) with blank plasma. These samples

were allowed a difference of ±15% from the expected value to be acceptable.
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Method Validation: Stability

The stability of both analytes in EDTA plasma was tested by subjecting QCs to

different test conditions. Freeze/thaw stability of the QCs was tested in triplicate

with QC2 (15 ng/mL) and QC4 (2500 ng/mL) after four freeze/thaw cycles. The

samples were allowed to thaw completely and remained at room temperature for at

least one hour. The samples were returned to freezer storage conditions (both -20◦C

and -80◦C) for at least 24 hours prior to removal for the next freeze/thaw cycle. The

stability of ZDV and 3TC in plasma at room temperature was tested for thawed QC

samples (QC2 and QC4 in triplicate) maintained at room temperature for 10 days

prior to extraction and analysis. Triplicate extracted QC2 and QC4 were retained

in the autosampler at 15◦C for nine days prior to re-analysis to determine stability

of analytes in an extracted sample. Long term plasma stability was determined by

analyzing a 100, 500, and 1000 ng/mL plasma sample that had been prepared 10 years

previously and stored at both -20◦C and -80◦C conditions over this time period. The

samples were considered to be stable at a given condition if the mean values obtained

from the treated QCs were within ±10% of the mean values of the untreated or

reference QC samples that were run within the same analytical run.

The stability of ZDV and 3TC aqueous stock solutions were analyzed by compar-

ing the signal response of freshly prepared 1 mg/mL stock solutions with the signal

response from the stock solutions prepared 4.5 months earlier. Furthermore, these

solutions were compared to the 10000 ng/mL working standard stock solution to

ensure that working standard stocks were stable throughout the refrigeration/thaw

cycles between analytical runs. Stability analysis was carried out on a Waters HPLC-

UV system (Waters Corporation, Milford, MA) and compared peak heights of the

various solutions.
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Method Validation: Specificity and Selectivity

Specificity and selectivity was tested with an experiment monitoring for possible

interferences from concomitant medications by spiking high concentration stock solu-

tions from the nucleoside, non-nucleoside, and protease inhibitor assay sets within the

laboratory (10 µg/mL) into a QC3 (250 ng/mL) sample. Antiretroviral drugs included

in these sets were: indinavir, amprenavir, nelfinavir, M8 (a nelfinavir metabolite),

saquinavir, atazanavir, ritonavir, lopinavir, delavirdine, efavirenz, nevirapine, didano-

sine, emtricitabine, tenofovir, stavudine, and abacavir. In addition, other common

drugs such as naproxen, ibuprofen, theophylline, and sulfamethoxazole were spiked

into the QC3 sample prior to extraction and analyzed in triplicate. A difference of 10%

from reference QCs in the same analytical run was allowed to show assay selectivity.

Further evaluation of assay specificity and selectivity included: the absence of signal

from multiple (n=6) sources of blank plasma, specificity of the signal in the ZDV,

3TC, ZDV-IS, and 3TC-IS SRM channels (i.e. channel cross talk), and assessment of

carryover. Six different lots of blank plasma samples were extracted and analyzed for

signal in any of the four monitored SRM channels. Channel cross-talk was assessed by

analyzing the response of an extracted sample containing only internal standard (no

analyte) and of an extracted sample containing only a high ZDV/3TC (3000 ng/mL)

concentration (no internal standard) for the absence of signal in the ZDV and 3TC

channel or the ZDV-IS and 3TC-IS channel, respectively. Carryover was determined

by evaluating the signal from an extracted blank plasma sample following injection

of an extracted ULOQ sample (3000ng/mL). In all cases, a signal of less than 10% of

that of the LLOQ was allowed to accept the assay as specific and selective.

Method Validation: Sample Reanalysis

Validation also tested the assay’s ability to reproduce data from other modes of

detection and from previous analytical runs. Samples (n=27) previously analyzed by

39



the laboratory’s HPLC-UV method were correlated to results for the same samples

determined by the above method. Incurred samples (n=19) were reanalyzed at the

conclusion of running clinical samples (described below), and compared to the initial

analysis [143]. A difference of 20% between the two analyses was allowed to accept

the assay as yielding equivalent results to previous analytical methods.

Method Validation: Proficiency Testing

Blinded external proficiency testing quality control samples (n=18, provided by

DAIDS and the Clinical Pharmacology Quality Assurance (CPQA) program) from

four different proficiency testing rounds were analyzed and compared to final target

concentrations.

Clinical Application

Plasma concentrations of both analytes in clinical samples were initially analyzed

using the laboratory’s previously validated HPLC-UV method for ZDV and 3TC,

which had an LLOQ of 25 ng/mL. Because multiple samples were below limit of quan-

titation (BLQ) with this HPLC-UV assay, these same BLQ samples (n=115) were re-

analyzed with this LC/MS/MS method. Furthermore, utilization of the LC/MS/MS

method shortened the analytical run time from 38 to 9 minutes.

4.1.2 VALIDATION RESULTS

Chromatography

Isocratic chromatography was optimized so that 3TC was retained on the column

while ZDV eluted rapidly and was baseline separated from its glucuronide metabo-

lite. A longer than usual column (150 mm) and isocratic mobile phase was used

to generate reproducible chromatography under these constraints. Representative

LC/MS/MS chromatograms are shown in figure 4.1-4.3. Figure 4.1 shows a blank
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plasma sample; Fig. 4.2 shows an extracted LLOQ (1 ng/mL) sample; and Fig. 4.3

shows a typical extracted patient sample. In each figure, analytes are depicted in

the top window, with the internal standard for each in the bottom window. 3TC

elutes first, at approximately 2.5 min, followed by ZDV at 6.5 min. The peak at 5.65

min in the clinical sample chromatogram represents the ZDV 5’glucuronide (gZDV)

metabolite, which was found in all clinical samples. This indicates that the ZDV

glucuronide metabolite present in subject sample fragments to ZDV within the ESI

source, and must be successfully separated from the ZDV peak to ensure accurate

determination. The gZDV peak was not observed in the non-clinical specimens (i.e.

spiked standards or QCs).

Method Validation: Accuracy and Precision

Inter- and intra-assay precision and accuracy were determined by analyzing the

LLOQ and four QC levels as described above. For both inter- and intra-assay data

the mean percent deviation (as a measure of accuracy) for either analyte at any

QC concentration level was no more than ±5.2%, while the %CV (as a measure of

precision) was no more than 6.4%. The analysis of an LLOQ of 1 ng/mL resulted

in percent deviations of less than ±3.3% and a %CV of no more than 10% for either

analyte, validating the use of a 1ng/mL LLOQ for the assay (see Table 4.1). The

precision and accuracy for all of the four tested QC levels and the LLOQ were within

the acceptable range of ±15%.

A 1/concentration2 weighting was used to fit a linear calibration curve to the re-

sponse versus concentration data. Good linearity in the range of 1 to 3000 ng/mL was

achieved, with typical R2 values between 0.9994 and 0.9999 for ZDV and 0.9984 and

0.9996 for 3TC, with consistent slopes, during the six validation runs. The LLOQ

of the assay was 1 ng/mL, 25-fold lower than our previous method, and more sen-

sitive than most other published methods utilizing the same volume of human plasma.
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Figure 4.1: Blank Plasma Sample Chromatogram

Blank plasma sample chromatogram from the ZDV/3TC plasma assay.
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Figure 4.2: LLOQ Plasma Sample Chromatogram

LLOQ plasma sample chromatogram from the ZDV/3TC plasma assay.
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Figure 4.3: Clinical Plasma Sample Chromatogram

Clinical plasma sample chromatogram from the ZDV/3TC plasma assay.
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Table 4.1: ZDV/3TC Plasma Interassay Statistics

ZDV
Nominal Conc. (ng/mL) 1.00 5.00 15.0 250 2500

Mean 1.03 5.04 14.2 244 2438
SD 0.10 0.28 0.67 15.7 109

%CV 10 5.6 4.7 6.4 4.5
%dev 3.3 0.7 -5.2 -2.3 -2.5

n 15 30 30 30 30
3TC

Nominal Conc. (ng/mL) 1.00 5.00 15.0 250 2500

Mean 1.02 5.21 14.4 247 2550
SD 0.08 0.16 0.65 13.7 109

%CV 8.3 3.1 4.5 5.5 4.3
%dev 1.5 4.2 -4.0 -1.4 2.0

n 15 30 30 30 30

Validation results for the accuracy and precision of the determination of ZDV and
3TC from plasma.

Method Validation: Matrix Effects

The described extraction protocol yielded a high recovery, ranging from 91.7 to

93.3% (mean 92.3%) for ZDV and 90.7 to 99.4% (mean 93.9%) for 3TC. The matrix

effect was consistent over the concentration range, with a mean 5% suppression for

ZDV and ZDV-IS, and 2% suppression for 3TC and 3TC-IS. Equivalent matrix effects

for both the analyte and the internal standard are a result of using a stable labeled

isotopic internal standard for each analyte [186]. The overall process efficiency was

89.1% for ZDV and 92.0% for 3TC. Finally, the %CV between the different plasma

lots used was less than 1.9% for both analytes, indicating that different plasma sources

do not adversely affect quantitation. Finally, testing of matrices other than EDTA

anti coagulant plasma or serum demonstrated a percent deviation from nominal of

less than 5.2% for either analyte, showing that quantitation was not affected by serum

versus plasma or the anti-coagulant used during blood draw.
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Method Validation: Dilutional Accuracy and Precision

Samples could be accurately and precisely diluted to five and ten times their

original concentrations with accuracy and precision within ±6% of expected concen-

trations.

Method Validation: Stability

Stability was demonstrated under a wide variety of conditions. QC samples were

stable in plasma through at least four freeze/thaw cycles at both -20◦C and -80◦C,

and when kept at room temperature for 10 days. These results are significant in light

of the varying conditions samples may encounter during transportation. Extracted

samples were also stable when maintained at 15◦C in the autosampler for at least nine

days. The analytes were stable in plasma for at least 10 years (when stored at -20◦C

or -80◦C), as the percent deviation for ZDV was within ±1.0% and within ±6.1% for

3TC. The stock and working aqueous solutions of both analytes were shown to be

stable for at least four months when stored at 4◦C, and in spite of numerous refriger-

ation/thaw cycles. For each stability test, treated and reference samples were within

±10% of each other and precision (n=3) within 15%.

Method Validation: Specificity and Selectivity

Assay selectivity was demonstrated in a number of ways. Each analytical run

included a blank with no internal standard and also a blank with internal standard.

The blank with internal standard showed that the IS did not contribute to analyte

response (�10% LLOQ signal for ZDV or 3TC), while the blank without internal

standard showed that no signal came from the sample matrix. The extraction of

a sample spiked with the highest concentration ZDV/3TC standard (3000 ng/mL),

but without internal standard, was examined and no signal for either the ZDV-IS or

3TC-IS SRM channels was observed (no cross-talk of ZDV or 3TC into the ZDV-IS
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or 3TC-IS SRM channel). Analysis of six different sources of blank EDTA plasma did

not show an analyte or internal standard peak, indicating that the source of plasma

does not contribute to analyte or internal standard signal. No interferences were ob-

served when examining the effect of multiple possible concomitant medications. The

mean percent difference of these samples was -1.4% and -2.3% from nominal for ZDV

and 3TC, respectively; precision, as %CV, was less than 1.9% for both analytes.

Method Validation: Sample Reanalysis

The patient samples (n=27) previously analyzed by HPLC-UV and subsequently

analyzed by this method were within ±16.7% for either analyte. The agreement be-

tween the two methods is shown in figures 4.4 (ZDV) and 4.5 (3TC). The regression

slopes are 1.0099 and 1.0464 for ZDV and 3TC respectively, with R2 values of 0.9960

and 0.9897, respectively. This data demonstrates that data generated by this method

are reproducible despite differing modes of detection. Method reproducibility was

also demonstrated by reanalyzing incurred samples (n=19) following the FDA Guid-

ance for Industry [143]. No sample differed by more than ±8.1% from the original

analysis for either analyte (table 4.2). The incurred sample analysis and the correla-

tion between the MS/MS and UV methods indicate that both drugs are stable within

human plasma from subjects taking the medication, and that the potential conversion

of metabolite to drug after sampling is negligible.

Method Validation: Proficiency Testing

All ZDV/3TC proficiency samples passed acceptance criteria, as none varied by

more than 20% from the target concentrations.

47



Figure 4.4: ZDV UV vs. MS/MS Regression

Regression between previous UV and current MS/MS detection of ZDV clinical sam-
ples.

Figure 4.5: 3TC UV vs. MS/MS Regression

Regression between previous UV and current MS/MS detection of 3TC clinical sam-
ples.
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Table 4.2: ZDV/3TC Plasma Incurred Sample Reanalysis

Reanalysis Original % Diff Reanalysis Original % Diff
Sample 3TC 3TC 3TC ZDV ZDV ZDV

1 337 332 1.77 59.2 56.5 4.92
2 209 206 1.61 38.9 37.6 3.31
3 718 743 -3.4 52.0 55.6 -6.53
4 1049 1066 -1.62 336 350 -4.19
5 220 223 -1.31 20.1 20.8 -3.39
6 289 296 -2.53 24.5 25.1 -2.23
7 347 354 -1.99 23.7 24.4 -2.86
8 630 685 -7.96 101 109 -8.11
9 577 579 -0.39 29.2 29.2 0.10
10 1032 1067 -3.33 116 123 -5.57
11 530 540 -1.84 86.8 92.8 -6.49
12 901 897 0.44 47.6 48.0 -0.78
13 897 886 1.23 45.4 46.1 -1.49
14 335 336 -0.33 15.0 15.5 -3.39
15 458 465 -1.67 53.9 54.0 -0.06
16 706 694 1.76 33.3 33.6 -0.66
17 155 154 0.62 12.7 13.4 -4.87
18 127 130 -2.52 14.6 15.4 -4.86
19 600 595 0.79 275 281 -2.02

Reanalysis of incurred samples in the ZDV/3TC plasma assay.

Clinical Application

Plasma samples from both HIV-seronegative and HIV-seropositive subjects were

analyzed for ZDV and 3TC concentrations as described above. Using a previously

validated HPLC-UV assay with a LLOQ of 25 ng/mL, 115 ZDV samples were deter-

mined to be BLQ. Using this new LC/MS/MS method, all samples had measurable

ZDV with a median concentration of 15.6 ng/mL and a range of 3.5 to 24.7 ng/mL

(3TC median for these samples was 252 ng/mL, with a range of 104 to 1265 ng/mL).

Two samples from the baseline visit (before drug) had undetectable ZDV and 3TC,

further demonstrating assay selectivity. Thus, the advantage of high sensitivity was

demonstrated with clinical research samples.

49



4.1.3 METHOD DISCUSSION

A highly sensitive, simple, efficient, and reliable method for determining ZDV/3TC

concentrations in human plasma was validated. Assay sensitivity was better than

most previously published methods while utilizing a relatively small plasma volume

(100 µL), and much better than the laboratory’s previously validated HPLC-UV

method. The method was rigorously validated, and included extensive evaluations

of analyte stability, incurred sample analysis, and a demonstration that mode of

detection (UV vs. MS/MS) does not influence method results. The use of stable

labeled isotopic internal standards for both analytes provided results that were free

from significant matrix effects. The extraction procedure yielded consistently high

recoveries, resulting in a high process efficiency for the assay. The validated method

was selective for the desired analytes, and reproducible both within runs and between

days. The analytes were shown to be stable for all test conditions, including an ex-

tended time (10 days) at room temperature, four freeze/thaw cycles, and 10 years

in freezer storage. The isocratic liquid chromatography conditions allowed for rela-

tively short analytical run times, increasing sample throughput. Finally, the assay

was successfully applied to clinical research samples, and the value of the greatly im-

proved sensitivity compared to a previous less sensitive UV methodology was realized.

4.2 INTRACELLULAR NA-PHOSPHATE CONCENTRATIONS

4.2.1 ANALYTICAL METHOD

Chemicals and Materials

Chemicals were acquired from the stated manufacturers: NIH AIDS Research and

Reference Reagent Program (Germantown, MD, USA); TFV (MW=287.2, as anhy-

drous base), 3TC (MW=229.3), FTC (MW=247.2), ZDV (MW=267.2); Moravek
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Biochemicals, Inc (Brea, CA, USA); tenofovir isotopic internal standard (13C5TFV-

iso, MW=292.2); tenofovir monophosphate (TFV-MP, MW=367.2 for free acid),

tenofovir diphosphate (TFV-DP, MW=447.2 for free acid), emtricitabine-isotopic in-

ternal standard (15N2,
13C1 FTC-iso, MW=250.2), emtricitabine-5’-triphoshate (FTC-

TP, MW=487.2 for free acid), zidovudine isotopic internal standard (15N2,
13C1 ZDV-

iso, MW=270.2); Sierra Bioresearch (Tucson, AZ, USA); lamivudine-5’-triphosphate

(3TC-TP, MW=469.3 for free acid), and zidovudine-5’-triphosphate (ZDV-TP, MW=

507.2); Martex Inc (Minnetonka, MN, USA); lamivudine-isotopic internal standard

(15N2,
13C1 3TC-iso, MW=232.3); and Sigma Chemical (St. Louis, MO, USA); nat-

ural nucleosides (adenosine, 2’deoxyadenosine, cytidine, 2’deoxycytidine, guanosine,

2’deoxyguanosine, thymidine, uridine [A, dA, C, dC, G, dG, T, U]) and the nucleotide

counterparts (-MP, -DP, and -TP).

The following analytical grade reagents were acquired from the stated manufac-

turers; methanol, 2-propanol, formic acid, glacial acetic acid, potassium chloride, and

ammonium acetate; Fisher Scientific (Fairlawn, NJ, USA); dichloromethane, sodium

acetate, acid phosphatase; Sigma Aldrich Chemical (St. Louis, MO, USA) and ace-

tonitrile; JT Baker (Phillipsburg, NJ, USA). Ultrapure (UP) water was prepared in

house from deionized water with a Barnstead Nanopure System (Thermo Fisher Scien-

tific, Waltham, MA, USA). Consumables included Waters Sep-Pak Accell Plus QMA

Cartridge, 3cc (500 mg) (Waters Corporation, Milford, MA, USA) and Phenomenex

Strata-X 33 µm Polymeric Reversed Phase Cartridge 200mg/3mL (Phenomenex, Inc.,

Torrance, CA, USA), and blood products for lysed cellular matrix (Bonfils, Denver

CO, USA).

Lysed Cellular Matrix

Intracellular NA-phosphate concentrations were measured from various cellular

types that had been processed using isolation procedures specifically developed for
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the type of cell to be analyzed. Isolation procedures included red blood cell (RBC)

removal with RBC lysis media (Gibco, Invitrogen, Carlsbad, CA, USA) unless the

processing procedure already precluded RBC, such as flow cytometry. This was an

essential step since MP, DP, and TP anabolites of some NAs such as TFV and RBV

are found at significant levels in RBC [51, 101]. Once cell samples were isolated,

purified, and counted, the cells were lysed with 0.5 mL cold 70:30 methanol:ultrapure

water (v:v) and stored at -80◦C. It is this lysed cellular matrix (70:30) that was

analyzed with this procedure.

Blank human PBMC were harvested from leukocyte reduction filters and lysed in

70:30 at a concentration of 10 x106 cells/mL. This lysed cellular matrix was used for

quality control preparation and for extraction matrix for the calibration curve.

Preparation of Calibration Standards, Internal Standard, and Quality Controls

Standard preparation stocks were created at 1 mg/mL concentrations from refer-

ence powder in ultrapure water (UP water) for each individual parent NA. Combined

preparation stocks of the parent NAs were prepared at concentrations of 500, 50,

and 5 pmol/µL, which were further diluted in UP water to create the final working

standard solutions. The working standard concentrations ranged from 0.1 to 200

pmol/sample for FTC and 3TC and 1 to 2000 fmol/sample for TFV and ZDV. Sam-

ple was defined as 20 µL working stock added to 2mL 1M KCL resulting from blank

lysed cellular matrix carried through the strong anion exchange and dephosphoryla-

tion process (described below). Combined isotopic internal standard (iso) working

stocks were prepared in UP water at concentrations of 50 fmol/µL for TFV-iso and

ZDV-iso and at concentrations of 0.5 pmol/µL for 3TC-iso and FTC-iso. Standard

and internal standard solutions were stored at 4◦C.

Individual Quality Control (QC) preparation stocks were prepared from NA-

triphosphate (NA-TP) reference standard in pmol/µL by dissolution into ultrapure
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water. It was necessary to perform quality assurance procedures on these NA-TP

stocks received from the manufacturers to assess both purity and potency, as described

previously [99,100]. Initial NA-TP QC preparation stocks of 1 and 50 pmol/µL were

prepared in UP water and stored at -80◦C. Combined QCs were prepared by appro-

priate dilution with blank lysed cellular matrix (10 x106 cells/mL) in 25 mL volu-

metric flasks. Five sets of QCs were prepared for validation. Three sets of low QCs:

concentration of QC Low1: TFV-DP 2.5 fmol/sample; 3TC-TP 0.265 pmol/sample;

and FTC-TP 0.25 pmol/sample. QC Low2: TFV-DP and ZDV-TP 5 fmol/sample;

3TC-TP 0.53 pmol/sample and FTC-TP 0.5 pmol/sample. QC Low3: TFV-DP and

ZDV-TP 15 fmol/sample; 3TC-TP 1.59 pmol/sample and FTC-TP 1.5 pmol/sample.

QC Med: TFV-DP and ZDV-TP 150 fmol/sample; 3TC-TP 15.9 pmol/sample and

FTC-TP 15.0 pmol/sample. QC High: TFV-DP, and ZDV-TP 1500 fmol/sample;

3TC-TP 159 pmol/sample and FTC-TP 150 pmol/sample. The volume extracted for

each QC above was 0.2 mL. This volume was defined as sample. QCs were stored at

-80◦C.

Extraction Overview

The following were loaded onto appropriately prepared Waters QMA Solid Phase

Extraction (SPE) cartridges (washed with 2 mL ultrapure water, 1.5 mL 1M KCl, and

2 mL 5mM KCl): Blank lysed cellular matrix (0.2 mL) to be used for each calibra-

tion standard and each of two blanks, QCs (0.2 mL) and unknowns (predetermined

volume; typically 2 x106 cells but not limited to this cell count). Washes utilized

centrifugation (100 xg; 2 minutes). The MP elution was accomplished with 5 mL of

75mM KCL; elution of DP was accomplished with 7 mL of 90mM KCL; and the final

TP elution was accomplished with a single 2 mL wash with 1M KCL. Each elution

was set aside for dephosphorylation.
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These isolated MP, DP, and TP NA fractions were then treated with 100 µL

of acid phosphatase in 1M sodium acetate, pH 5 (4-5 units), to dephosphorylate to

their corresponding parent NA. The mixture was vortexed, covered with parafilm,

and incubated for 60 minutes at 37◦C in a water bath. After incubation, tubes were

allowed to equilibrate at ambient temperature for approximately 15 minutes. Work-

ing standard solutions (20 µL) were added to the blank PBMC samples and internal

standard working stock solution (20 µL) was added to all tubes except the blank

without IS. The Phenomenex Strata-X SPE was then used to de-salt and concentrate

the samples. First, the Strata-X SPE cartridges were prepared with three washes:

2.0 mL methanol then 2x 2.0 mL 15mM ammonium acetate (200 x g for 1 min.).

After sample application, cartridges were washed with 2.0 mL of 10mM ammonium

acetate (100 x g for 3 min.) followed by cartridge drying (800 x g for 4 min.). The

second and final wash was with 0.5 mL dichloromethane (100 x g for 2 min.) fol-

lowed by cartridge drying (200 x g for 1 min.). The analytes were eluted with two

methanol applications of 0.5 mL each (200 x g for 1 min.). Samples were dried for 25

minutes under nitrogen at 40◦C in a Zymark TurboVap (Zymark Corp., Hopkinton,

MA, USA). Final reconstitution was with 100 µL UP water. The sample was vortex

mixed and transferred to a 150 µL low volume insert. 30 µL were injected onto the

liquid chromatography tandem mass spectrometry (LC-MS/MS) system.

LC-MS/MS Instrumentation and Conditions

A Thermo Scientific TSQ Vantager triple quadrupole mass spectrometer was

coupled with a HESI IIr probe. The LC was an Thermo Scientific Accelar pump,

Thermo Scientific (San Jose, CA), an Eppendorf CH30/CH50 (Heater/Controller)

(Hauppauge, NY), and CTC Analytics HTC PALr autosampler, (Zwingen, Switzer-

land). The Thermo TSQ Quantum Vantage used a 100 µL Sample Syringe, 50 µL

PEEK Loop, and data were captured with XcaliburTM 2.0.7 SP1. A Synergi Polar
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Table 4.3: TFV Centric MS/MS SRM conditions

Parent Product Start Stop (min) CE (V) S-Lens (V) Polarity NA

288.044 176.108 1.5 3.1 25 130 + TFV
293.044 181.108 1.5 3.1 25 130 + TFV-IS
230.033 112.048 3.2 5.0 15 48 + 3TC
233.033 115.048 3.2 5.0 15 48 + 3TC-IS
248.100 130.000 5.1 8.0 15 45 + FTC
251.100 133.000 5.1 8.0 15 45 + FTC-IS

MS/MS SRM conditions for the TFV Centric intracellular assay.

Table 4.4: ZDV Centric MS/MS SRM conditions

Parent Product Start Stop (min) CE (V) S-Lens (V) Polarity NA

230.033 112.048 2.0 4.6 15 48 + 3TC
233.033 115.048 2.0 4.6 15 48 + 3TC-IS
266.071 223.151 7.0 11.8 11 60 – ZDV
269.071 226.151 7.0 11.8 11 60 – ZDV-IS
300.000 150.000 11.9 12.0 10 50 + To ESI+

MS/MS SRM conditions for the ZDV Centric intracellular assay.

RP 2.5 µM, 100 Å, 2.0 x 100mm, Phenomenex, Inc, Torrance, CA, USA. analyti-

cal column was used for chromatographic separations. Two mobile phase conditions,

ZDV centric and TFV centric, were used to optimize chromatographic separations

and detection in order to achieve the most sensitive determination of analytes in

each mode. The TFV centric mode contained 2% acetonitrile and 0.1% formic acid

in ultrapure water at an isocratic flow of 250 µl/min. The ZDV centric mode con-

tained 6% 2-propanol and 0.1% acetic acid in ultrapure water at an isocratic flow of

200 µl/min. For the TFV centric mode, the column temperature was approximately

40◦C, sample temperature approximately 20◦C, injection volume 30 µL, and the run

time was 8 minutes. Each injection was followed by a strong and weak needle wash

(0.1% Formic Acid in 50% Acetonitrile: 50% UP water, and 10% Methanol: 90%

UP water, respectively). The source was operated in the positive ionization mode.
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The spray voltage was 3500 V, vaporizer temperature 380◦C, sheath gas (nitrogen)

40 arbitrary units, aux gas (nitrogen) 5 arbitrary units, capillary temperature 225◦C,

chromfilter peak width 20.0 s, collision gas (argon) pressure 1.0 mTorr, experiment

type SRM (HSRM) peak width Q1: 0.2 FWHM, Q3: 0.7 FWHM, scan width 0.002

m/z, scan time 0.600 s, and centroid data type. These same settings were used for the

ZDV centric mode except that the source utilized polarity switching (3TC utilized

positive ionization and ZDV utilized negative ionization). The run time for the ZDV

centric mode was 12 minutes. SRM monitoring conditions for each mode are shown

in Tables 4.3 (TFV) and 4.4 (ZDV).

4.2.2 VALIDATION RESULTS

Separation and isolation of MP, DP, and TP from intracellular matrix

Endogenous nucleotides, G/dG, A/dA, C/dC, U, and T, were utilized to validate

the isolation of MP, DP, and TP fractions from the QMA strong anion exchange

cartridges. Select NAs (TFV, TFV-MP, TFV-DP and entecavir (ETV) -MP and

ETV-TP) that were available in sufficient quantities were used to verify the results.

Unextracted MP, DP, and TP were spiked into the elution matrix at corresponding

elution volumes. The mean (n=3) response of extracted endogenous MP, DP, and

TP were compared to the (mean) unextracted response and expressed as percent

recovered. Different lots of QMA (n=3) were utilized. Analysis of the fractions

was performed using ion pairing UV methodology. Acceptance criteria were a mean

extraction efficiency of 85-115% for each MP, DP, and TP fraction.

MP fractions were shown to elute with 5 mL of 75mM KCl, DP fractions with 7

mL of 90mM KCl, and TP fractions with 2 mL of 1M KCl. Recoveries were between

88.7 to 102% and precision within 3.9% for all determinations indicative of a precise

isolation methodology and between QMA cartridge lot consistency.
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Dephosphorylation

Acid phosphatase crude stock was received as 2500 units and working stock was

prepared by diluting crude stock (200-250 units) to a total volume of 5 mL with

1M sodium acetate, pH 5. Acid phosphatase working stock was stored at 4◦C. De-

phosphorylation was validated using endogenous AMP, ADP, and ATP as well as

NAs TFV, TFV-MP, TFV-DP, ETV-MP, and ETV-TP. These solutions were treated

with acid phosphatase working stock for 0, 30, 60, and 120 minutes controlled at 37◦C

in a water bath. Analysis was performed with ion pairing UV methodology. Peak

area response of the resulting parent A, TFV, and ETV was compared to a 100%

molar equivalent peak injected for each analyte (prepared in equivalent matrix and

volume) for recovery determination of the parent from the MP, DP, and TP fractions.

Acceptance criteria was >85% recovery. The ion pairing method also allowed for mon-

itoring and detection of any remaining MP, DP, or TP form in the respective timed

samples above. Acceptance criteria were no detectable nucleotide forms remaining

in the dephosphorylated tested sample. It was found that dephosphorylation was

complete after 30 minutes of incubation time for each analyte tested. At least 85%

of the parent counterpart was recovered and there was no evidence of MP, DP, or TP

moieties at the injections occurring 30 minutes or later.

Desalting and concentration: Matrix effect, Recovery, and Process Efficiency

The matrix effect, recovery, and process efficiency of parent NA from isolated TP

PBMC matrix on the Strata X SPE optimized procedure was determined at three

concentrations: 25.0/2.50, 250/25.0 and 1000/100 (fmol per sample for TFV and

ZDV, and pmol per sample for 3TC and FTC, respectively) [116]. Five different

lots of PBMC were processed in triplicate through the QMA and dephosphorylation

process for preparation of each concentration level. Peak response from extracted

(Set 3) preparations (Strata-X SPE) was compared to neat samples prepared in UP
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water, which is the reconstitution matrix (Set 1), and post extraction spiked (Set

2) blank preparations (Strata-X SPE). ME was determined by comparing the NA

response from Sets 1 and 2. RE was determined by comparing the response from

Sets 2 and 3, and PE was determined by comparing the response from Sets 1 and 3.

Finally, unweighted linear regression slopes were generated for each of the 5 different

lots of PBMC extracted based upon the three concentrations tested and peak area

ratio. Acceptance criteria for effects due to matrix were less than 5%CV on the slope

measurements for each analyte from the extracted (Set 3) samples. The ME ranged

from 63 to 78%, RE from 63 to 103%, and PE from 40 to 68% among the analytes.

Precision of the slopes ranged from 1.1 to 1.8% among the analytes indicating a lack

of significant matrix effect. The ME, RE, and PE results are shown in Table 4.5.

Table 4.5: IC Matrix Effects

TFV Centric ZDV Centric
TFV 3TC FTC 3TC ZDV

Analyte/-IS

ME 65% / 69% 78% / 78% 66% / 77% 65% / 63% 71% / 76%
RE 82% / 76% 72% / 73% 103% / 87% 67% / 63% 93% / 86%
PE 52% / 52% 56% / 57% 68% / 68% 44% / 40% 66% / 65%

Slope Precision

n=5 hPBMC 1.80% 1.30% 1.50% 1.10% 1.80%

Results from the IC NA assay matrix effects experiment for both TFV and ZDV
centric modes of analysis.

Accuracy and Precision

Accuracy and precision were determined by replicate analysis (n=5) of each of

the QC levels described above (n=5) in at least five separate analytical runs. The

analytical runs were injected on both the TFV centric and ZDV centric modes of

analysis. Acceptance criteria were ±15% for both accuracy (compared to nominal as

% difference) and precision determinations at all concentrations except at the lower
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limits of quantitation. While ±20% is typically allowed at LLOQs, a main goal for

this assay was to allow for analysis of rare cellular samples with potentially extremely

low cell counts therefore, ±25% was allowed at the LLOQ While this allowance adds

potentially 5% more variability and inaccuracy to the LLOQ it minimizes the potential

loss of research data from these rare cellular samples.

Standard curves for all analytes were found to be best fit by linear regression with

1/concentration weighting. In the TFV centric mode, standard curves were linear

between 2.5 and 2000 fmol/sample for TFV and between 0.1 and 200 pmol/sample

for 3TC and FTC. TFV at 1 fmol/sample could not be reliably determined. In the

ZDV centric mode, 3TC was linear in the same range, and ZDV was linear from 5 to

2000 fmol/sample. ZDV at 1 and 2.5 fmol/sample could not be reliably determined.

One ZDV run was disqualified due to ZDV contamination, which was traced back to a

KCl preparation for that run. The 3TC data from the run were included for analysis.

Standard performance is shown in tables 4.6 and 4.7. Accuracy was within ±7.4%

and precision <12.6% for back-calculated standards. The CV for slopes and the R2

were <4.7% and >0.9990, respectively. One ZDV calibrator (STD 5.00 fmol/sample)

was excluded from validation run 1, as it was outside the acceptance criteria. All

other calibrators met acceptance criteria.

Table 4.6: IC Calibrators Accuracy/Precision-TFV Centric

TFV 3TC FTC

Calibration Standard Range 2.50-2000 fmol/sample 0.100-200 pmol/sample 0.100-200 pmol/sample

Interassay Accuracy (n=5) -4.3% to 3.4% -3.7% to 7.0% -2.4% to 7.4%
Interassay Precision (n=5) 1.5% to 12.0% 0.9% to 4.4% 1.0% to 8.5%

Slope Mean (n=5) 6.35x10−4 1.26x10−1 9.49x10−2

Slope Precision (n=5) 2.90% 0.90% 1.90%
R2 Mean (n=5) 0.9994 0.9998 0.9996

Results for the accuracy and precision of the IC NA assay calibrators for the TFV
centric mode of analysis.
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Table 4.7: IC Calibrators Accuracy/Precision-ZDV Centric

3TC ZDV

Calibration Standard Range 0.100-200 pmol/sample 5.00-2000 fmol/sample

Interassay Accuracy (n=5) -4.8% to 3.7% -5.0% to 3.3%
Interassay Precision (n=5) 1.5% to 12.6% 1.3% to 11.3%

Slope Mean (n=5) 1.26x10−1 1.46x10−3

Slope Precision (n=5) 4.70% 2.60%
R2 Mean (n=5) 0.9990 0.9993

Results for the accuracy and precision of the IC NA assay calibrators for the ZDV
centric mode of analysis.

The intraassay and interassay accuracy and precision based upon the QCs are

shown in Table 4.8 (TFV Centric) and Table 4.9 (ZDV Centric). The greatest

mean interassay percent deviation was 8.0% for the 3TC 159 fmol/sample in the

ZDV-centric analysis. The greatest mean interassay %CV was 19.6% for the ZDV

5 fmol/sample (LLOQ), and the highest non-LLOQ %CV was 14.9% for the TFV

5 fmol/sample. The maximum intraassay percent deviation was -17.2% for ZDV 5

fmol/sample (LLOQ), and 16.8% for the 3TC 159 fmol/sample on run 4 of the ZDV

centric mode of analysis, all other non-LLOQs were within ±13.6%. The maximum

intraassay %CV was 32.6% for the ZDV 5 fmol/sample (LLOQ) on run 1 of the ZDV

centric mode of analysis, 23.6% for the TFV-DP 2.5 fmol/sample (LLOQ), and 14.4%

for the non-LLOQ samples. The ZDV centric mode of analysis had one run for each of

3TC-TP and ZDV-TP that did not meet intraassay acceptance criteria as described

above. The QH for 3TC-TP on run 4 had a deviation from nominal of +16.3% (1.2%

CV, n=5). The other 5 runs for the QH were within ±9.3% deviation. As will be

discussed below, the upper limit of quantitation for 3TC-TP on the ZDV centric

mode of analysis will be 100 fmol/sample. The LLOQ for ZDV-TP for Run 1 had a

precision determination of 32.6%. The other 4 runs were <18.2%, such that 80% of

the runs passed criteria for the ZDV-TP LLOQ. Based upon assay performance the

following LLOQs were defined: For 3TC and FTC, 0.10 pmol/sample; for ZDV, 5.00
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fmol/sample; and for TFV, 2.5 fmol/sample. Typical chromatographs at the reported

LLOQ are shown in Figure 4.6 and 4.7.

Figure 4.6: TFV Centric LLOQ Chromatograms

Typical LLOQ chromatograms from the TFV Centric mode of analysis.

Figure 4.7: ZDV Centric LLOQ Chromatograms

Typical LLOQ chromatograms from the ZDV Centric mode of analysis.
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Table 4.8: IC QC Accuracy/Precision-TFV Centric

TFV 3TC FTC

Quality Control Low 1 2.50 fmol/sample (n=24) 0.265 pmol/sample 0.250 pmol/sample

Interassay Accuracy -3.60% -2.10% -0.50%
Interassay Precision 16.9% 3.60% 6.70%

Intraassay Accuracy (n=5) -12.9% to 6.1% -4.9% to 0.7% -5.9% to 10.7%
Intraassay Precision (n=5) 6.8% to 23.6% 1.7% to 4.9% 0.5% to 3.8%

Quality Control Low 2 5.00 fmol/sample 0.530 pmol/sample 0.500 pmol/sample

Interassay Accuracy -1.90% -0.30% -0.30%
Interassay Precision 14.9% 2.70% 5.80%

Intraassay Accuracy (n=5) -11.3% to 9.4% -1.8% to 2.8% -5.3% to 8.8%
Intraassay Precision (n=5) 6.2% to 14.8% 0.9% to 3.9% 2.2% to 3.4%

Quality Control Low 3 15.0 fmol/sample 1.59 pmol/sample 1.50 pmol/sample

Interassay Accuracy -2.40% 1.80% 0.00%
Interassay Precision 8.40% 1.50% 3.40%

Intraassay Accuracy (n=5) -6.6% to 1.8% 1.0% to 3.4% -2.8% to 5.2%
Intraassay Precision (n=5) 5.8% to 11.2% 0.9% to 1.6% 1.0% to 2.7%

Quality Control Medium 150 fmol/sample 15.9 pmol/sample 15.0 pmol/sample

Interassay Accuracy -6.90% 3.90% -0.90%
Interassay Precision 5.20% 1.40% 3.50%

Intraassay Accuracy (n=5) -12.3% to -2.5% 3.0% to 4.9% -5.2% to 3.2%
Intraassay Precision (n=5) 1.1% to 4.8% 0.9% to 1.7% 0.7% to 1.9%

Quality Control High 1500 fmol/sample 159 pmol/sample 150 pmol/sample

Interassay Accuracy -6.70% 5.40% -0.30%
Interassay Precision 5.30% 1.60% 3.30%

Intraassay Accuracy (n=5) -13.6% to -1.5% 3.9% to 7.4% -3.7% to 3.9%
Intraassay Precision (n=5) 0.9% to 3.5% 0.7% to 1.5% 0.8% to 2.0%

Results for the accuracy and precision of the IC NA assay QCs for the TFV centric
mode of analysis. N=25 for all analytes, unless otherwise noted.

Alternative Matrices

The alternative matrices for this method were considered PBMC MP and DP

fractions and RBC MP, DP, TP fractions isolated from lysed intracellular matrix with

the QMA SPE process. Calibration standards were spiked into blank TP hPBMC

fractions isolated from the QMA SPE process (as described above). The MP and

DP fractions contained different elution salt concentration and volume and RBC

were a different cellular type. The accuracy and precision for the alternative matrix
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testing was generated from 3 different lots of PBMC and RBC to generate a triplicate

analysis. The QMA fractions were dephosphorylated and spiked at two concentration

levels with parent NA working standards (STD G- 25.0/2.50 and STD E- 1000/100;

for TFV, ZDV / 3TC, FTC respectively). Acceptance criteria were ±15% for both

accuracy (compared to nominal) and precision determinations.

Table 4.9: IC QC Accuracy/Precision-ZDV Centric

3TC ZDV

Quality Control Low 1 0.265 pmol/sample Not Available

Interassay Accuracy -5.00%
Interassay Precision 3.30%

Intraassay Accuracy (n=5) -8.4% to -1.5%
Intraassay Precision (n=5) 1.0% to 2.6%

Quality Control Low 2 0.530 pmol/sample 5.00 fmol/sample (n=23)

Interassay Accuracy -1.30% -1.20%
Interassay Precision 1.70% 19.6%

Intraassay Accuracy (n=5) -2.3% to 0.2% -17.2% to 10.3%
Intraassay Precision (n=5) 1.3% to 2.6% 8.1% to 32.6%

Quality Control Low 3 1.59 pmol/sample 15.0 fmol/sample

Interassay Accuracy 3.80% -1.60%
Interassay Precision 2.50% 9.00%

Intraassay Accuracy (n=5) 1.6% to 6.3% -6.2% to 0.9%
Intraassay Precision (n=5) 1.0% to 2.9% 6.2% to 13.1%

Quality Control Medium 15.9 pmol/sample 150 fmol/sample

Interassay Accuracy 6.50% -2.30%
Interassay Precision 3.80% 4.30%

Intraassay Accuracy (n=5) 2.2% to 13.6% -5.0% to -0.5%
Intraassay Precision (n=5) 0.8% to 1.9% 1.6% to 5.7%

Quality Control High 159 pmol/sample 1500 fmol/sample

Interassay Accuracy 8.00% -2.10%
Interassay Precision 4.80% 2.80%

Intraassay Accuracy (n=5) 3.3% to 16.3% -6.4% to -0.3%
Intraassay Precision (n=5) 0.3% to 6.1% 1.0% to 2.2%

Results for the accuracy and precision of the IC NA assay QCs for the ZDV centric
mode of analysis. N=30 for 3TC and n=25 for ZDV, unless otherwise noted.
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Table 4.10: IC Alternative Matrices-TFV Centric

TFV 3TC FTC

Low Concentration 25.0 fmol/sample 2.50 pmol/sample 2.50 pmol/sample

hPBMC MP Accuracy 19.1% -2.5% -3.1%
Precision 7.4% 0.8% 1.1%

hPBMC DP Accuracy 2.4% -0.5% -2.1%
Precision 4.5% 1.2% 2.0%

RBC MP Accuracy 3.3% -1.4% -1.5%
Precision 9.3% 1.8% 2.0%

RBC DP Accuracy 6.3% -1.9% -2.9%
Precision 10.8% 1.4% 0.7%

RBC TP Accuracy 2.0% -3.0% -1.3%
Precision 7.0% 0.9% 0.6%

High Concentration 1000 fmol/sample 100 pmol/sample 100 pmol/sample

hPBMC MP Accuracy 4.6% 1.3% -1.6%
Precision 1.0% 0.8% 0.9%

hPBMC DP Accuracy 5.4% 2.1% -1.5%
Precision 2.7% 2.2% 1.9%

RBC MP Accuracy 5.4% 1.8% -1.1%
Precision 1.8% 0.5% 0.6%

RBC DP Accuracy 6.0% 2.2% -0.8%
Precision 1.6% 0.2% 0.8%

RBC TP Accuracy 2.4% 0.3% -0.1%
Precision 1.2% 0.5% 0.4%

Results for the accuracy and precision of the alternative matrices tested for the IC
NA assay in the TFV centric mode of analysis.

Alternative matrices results are presented in 4.10 and 4.11. Accuracy across all

matrices for all compounds ranged from -4.7 to 6.3% except for TFV at the low con-

centration (25.0 fmol/sample) in PBMC MP matrix where the accuracy was +19.1%.

Precision (%CV) for these determinations was within 10.8% for all compounds in

all matrices. The TFV result from PBMC MP matrix at the low concentration was

outside the acceptable limit of ±15%, but passed the PBMC DP at the low concen-

tration, and both the PBMC MP and DP at the high concentration as well as all

RBC MP, DP, and TP matrices. Together, these data support the method’s ability

to accurately and precisely determine parent NAs from alternative matrices.
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Table 4.11: IC Alternative Matrices-ZDV Centric

3TC ZDV

Low Concentration 2.50 pmol/sample 25.0 fmol/sample

hPBMC MP Accuracy 2.2% 2.0%
Precision 0.4% 8.3%

hPBMC DP Accuracy 2.9% 2.0%
Precision 1.5% 10.5%

RBC MP Accuracy 2.5% -4.7%
Precision 1.9% 1.6%

RBC DP Accuracy 1.9% 1.0%
Precision 0.6% 10.4%

RBC TP Accuracy 0.8% 5.5%
Precision 0.8% 5.6%

High Concentration 100 pmol/sample 1000 fmol/sample

hPBMC MP Accuracy 3.5% -3.2%
Precision 0.5% 0.9%

hPBMC DP Accuracy 2.4% -2.8%
Precision 0.9% 1.6%

RBC MP Accuracy 2.9% -1.9%
Precision 0.5% 1.7%

RBC DP Accuracy 2.8% -1.9%
Precision 0.3% 1.5%

RBC TP Accuracy 2.0% -2.3%
Precision 0.3% 1.4%

Results for the accuracy and precision of the alternative matrices tested for the IC
NA assay in the ZDV centric mode of analysis.

Specificity

Specificity was determined by injecting blank hPBMC MP, DP, and TP, and RBC

MP, DP, and TP (n=6 lots each) and monitoring for analytes. The high standard

(A) with no IS and blank with IS were used to evaluate cross-talk between NA and

NA-IS. Carry over was evaluated by injecting blank water after the cross-talk samples

to check for signal in the blank injection. Additionally, each analytical run contained

a blank and blank with internal standard sample to monitor specific response within

each run. A lack of response was demonstrated in NA analyte windows for the 6
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lots of hPBMC MP, DP, and TP and RBC MP, DP, or TP. Typical chromatographs

are shown in Figure 4.8 and 4.9. No significant cross-talk or carry over was observed

between or among NA and NA-IS.

Figure 4.8: TFV Centric Blank Chromatograms

Typical blank chromatograms from the TFV Centric mode of analysis.

Effect of Cell Number

The ability to quantitate NA in low cell numbers or high cell numbers is an impor-

tant consideration for this method due to the types of tissues and cell populations for

which the method is intended. The number of cells assayed can also be controlled to

allow for results to fall within the acceptable reportable ranges for the different ana-

lytes. The accuracy and precision of TFV and ZDV (100 fmol/sample) and 3TC and

FTC (10 pmol/sample) were determined from lysed intracellular matrix containing

0.1, 1.0, and 10 million cells (M). Acceptance criteria were ±15% for both accuracy

(compared to nominal) and precision determinations. The results are shown in Table

4.12 and 4.13. The mean accuracy for all analytes for all cell number experiments

ranged from -1.1 to 4.0%. The precision was within ±5.5%.
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Figure 4.9: ZDV Centric Blank Chromatograms

Typical blank chromatograms from the ZDV Centric mode of analysis.

Table 4.12: IC Cell Number Experiment-TFV Centric

TFV 3TC FTC
(n=3) 100 fmol/sample 10.0 pmol/sample 10.0 pmol/sample

0.1 M Accuracy 1.6% 1.9% -0.2%
Precision 5.5% 1.8% 0.8%

1.0 M Accuracy -0.3% 2.2% -0.7%
Precision 2.9% 0.8% 0.3%

10 M Accuracy 1.5% 0.6% -1.1%
Precision 4.2% 0.7% 0.4%

Results for the accuracy and precision of the cell number experiment for the TFV
centric mode of analysis.

Stability of Analytes

Conditional NA-TP and parent NA stabilities were determined by assessing freeze/

thaw stability, room temperature stability, and extracted sample stability. QL3 and

QH were subjected to four freeze/thaw cycles. In a separate experiment, QL3 and QH
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were subjected to room temperature for 24 hours prior to extraction. The samples

were then carried through the QMA and Strata X extractions and run in triplicates.

The mean response was compared to the nominal concentration for QL3 and QH

and also compared to fresh QL3 and QH controls run in triplicate that did not un-

dergo treatment conditions. Extracted sample stability was assessed by retaining

five replicate QM samples from one of the accuracy/precision validation runs in the

autosampler for 1 month which was maintained at 20◦C. The retained samples were

injected with an independent run that occurred 1 month later. Mean response was

compared to both nominal and mean response from freshly prepared QM that was

not subjected to the test condition.

Tables 4.14 and 4.15 show results from these conditional stability experiments.

The range of deviations from control for all the tested conditions was -4.4 to 12.9%.

Long term stability of parent NA preparation stocks and working stocks in water

stored at 4◦C was assessed by comparing the peak responses of current stock solutions

to the peak responses from stock solutions that had been in storage for various lengths

of time. 3TC solutions at all concentrations tested were shown to be stable for up to

5.86 years. All FTC solutions were stable for at least 2.17 years, and all ZDV and

TFV solutions were stable for up to 5.88 and 4.68 years, respectively.

Table 4.13: IC Cell Number Experiment-ZDV Centric

3TC ZDV
(n=3) 10.0 pmol/sample 100 fmol/sample

0.1 M Accuracy 4.0% 1.2%
Precision 0.7% 1.9%

1.0 M Accuracy 4.0% 0.2%
Precision 0.3% 5.2%

10 M Accuracy 2.3% 1.3%
Precision 0.8% 3.9%

Results for the accuracy and precision of the cell number experiment for the ZDV
centric mode of analysis.
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Table 4.14: IC Stability-TFV Centric

Conditional Stability TFV 3TC FTC

Freeze/Thaw (n=4cycles)
QC Low 3 -1.6% 0.0% 0.3%
QC High -0.1% 0.2% 0.6%

24 hr Room Temp.
QC Low 3 5.8% 0.9% 0.8%
QC High 1.7% 0.9% 2.1%

1 Month Autosampler (20◦C)
QC Medium 3.9% 1.1% 0.3%

Long Term Stability
-80◦C Lysed IC Matrix 30 Months N/A N/A

Stability experiment results for the IC NA assay in the TFV centric mode of analysis.

Table 4.15: IC Stability-ZDV Centric

Conditional Stability 3TC ZDV

Freeze/Thaw (n=4cycles)
QC Low 3 -0.2% 12.9%
QC High -4.4% 1.4%

24 hr. Room Temp.
QC Low 3 2.1% 9.4%
QC High 0.0% 2.1%

1 Month Autosampler (20◦C)
QC Medium -1.2% -0.3%

Long Term Stability
-80◦C Lysed IC Matrix N/A 18 Months

Stability experiment results for the IC NA assay in the ZDV centric mode of analysis.

Long term stability of NA-TP preparation and working stocks (at -70◦C in water)

were taken into account with purity/potency determinations prior to QC preparation

for use in the assay. Repeated purity assessments for FTC-TP were 78% at baseline

and 78% at 4.7 years. The same for 3TC-TP stock solutions were initially 94% and

97% 2.2 years later. Purity/potency for current NA-TP lots include: ZDV-TP 94.8%
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pure and 46.8% potent yielding a correction factor of 0.444, FTC-TP 95.8% pure and

31% potent for a correction factor of 0.297, 3TC-TP 92.9% pure and 84.4% potent

for correction factor of 0.782, and TFV-DP 93.7% pure and 108.3% potent for a

correction factor of 1.015. The NA-TP QC preparation stocks were adjusted with the

determined correction factor.

Long term stability data for TFV-DP and ZDV-TP in lysed intracellular matrix

(-80◦C) have been compiled from quality controls for respective single analyte as-

says previously utilized [99, 100]. TFV-DP was tracked over 30 months for QM (750

fmol/sample) and QH (7500 fmol/sample) and both were within ±13.9% of nominal.

QL (150 fmol/sample) was followed to 18 months and was within -2.9% of nomi-

nal. There was not sufficient QL volume remaining to accurately/precisely test at

30 months. ZDV-TP was tracked over 18 months. ZDV-TP (QL=100 fmol/sample;

QH=3000 fmol/sample) results were within ±12.8% from nominal except for QM (600

fmol/sample) at the 18 month interval where it was -16.6%. Additional long term

stability data for 3TC-TP and FTC-TP will be generated. Taken together, these

experiments support stability of analytes in storage, and under various conditions

commonly encountered in laboratories.

Clinical Application

The method was used to analyze PBMC and RBC samples containing ZDV-

phosphates and 3TC-phosphates (PBMC) or TFV-phosphates and FTC-phosphates

(PBMC and RBC) in both HIV-seronegative and HIV-seropositive subjects [7, 9,

67, 146]. The method has been applied to >100 PBMC samples to quantify TFV-

DP/FTC-TP and >700 hPBMC samples to quantify ZDV-TP/3TC-TP. For the ZDV

centric mode, 2 x106 cells were typically assayed, although as few as 100,000 have

been assayed with success. Average (range) values in one study with 43 subjects

(599 samples) were 33 fmol/106 cells (2.63 to 198 fmol/106 cells) for ZDV-TP and 4.8
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pmol/106 cells (0.15 to 37 pmol/106 cells) for 3TC-TP. ZDV- and 3TC-MP and DP

were also measured from these samples. The values for ZDV-MP were 540 fmol/106

cells (25.9 to 7008 fmol/106 cells), which were approximately 10-fold higher than

ZDV-TP. ZDV-DP was 37.8 fmol/106 cells (1.35 to 238 fmol/106 cells), similar to

ZDV-TP. The values for 3TC-MP and 3TC-DP were 3.11 pmol/106 cells (0.09 to 34.5

pmol/106 cells) and 3.35 pmol/106 cells (0.13 to 24.8 pmol/106 cells), respectively,

both slightly lower than 3TC-TP.

For the TFV centric mode, 2 x106 cells were typically assayed, although as few

as 100,000 have been assayed with success. One study of PBMC from a single blood

draw in 10 participants showed an average (range) TFV-DP and FTC-TP of 92 (41

- 171) fmol/106 and 6.6 (2.0 - 10.7) pmol/106 cells respectively. In an another study,

TFV, TFV-MP, TFV-DP, FTC-MP, FTC-DP, and FTC-TP were all evaluated at a

single time point in paired RBC (2 x106 cells extracted) and PBMC (1.35 to 4.7 x106

cells extracted) from five subjects. In PBMC, the average (range) TFV, TFV-MP,

TFV-DP were 11.4 (BLQ to 19.4), 16.6 (2.7 to 28.1), and 53.3 (3.7 to 100) fmol/106

cells. The same values in the paired RBC were 6.4 (3.0 to 12.7), 99.8 (29.1 to 171),

and 91 (21.2 to 184) fmol/106 cells. For FTC, the average (range) FTC-MP, FTC-

DP, FTC-TP in PBMC were 1.2 (BLQ to 1.7), 6.0 (BLQ to 8.1), and 4.7 (BLQ to

6.2) pmol/106 cells. FTC-DP and FTC-TP were not detectable in the paired RBC

samples, but FTC-MP was detectable in two samples (0.27 and 0.09 pmol/106 cells).

One of the five subjects was likely non-adherent, with BLQ FTC nucleotides in PBMC

and low or BLQ TFV nucleotides in RBC and PBMCs. Typical chromatographs from

clinical research samples are shown in Figures 4.10 and 4.11.

4.2.3 METHOD DISCUSSION

At the onset of assay development, several main goals were set so as to best

support the research direction envisioned for the NA clinical pharmacology field: At-
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Figure 4.10: TFV Centric Clinical Sample Chromatograms

Typical clinical sample chromatograms from the TFV Centric mode of analysis.

Figure 4.11: ZDV Centric Clinical Sample Chromatograms

Typical clinical sample chromatograms from the ZDV Centric mode of analysis.

tainment of ultrahigh sensitivity with the ability for simultaneous measurement of

multiple analytes; the ability to quantify the MP, DP and TP moeities; and an abil-
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ity to assay 70:30 lysate from various alternative cell matrices. Each of these goals

was met with the present methodology. The method is 10- to 20-fold more sensi-

tive than the previous methods that used a similar approach, or different analytical

techniques [74,85,99,100,133,142]. The enhanced sensitivity arises from the state-of-

the-art analytical equipment available (ThermoScientific Vantage), the optimization

of the desalting and concentration procedure, and the creation of the two centric an-

alytical modes, TFV centric for TFV, 3TC, and FTC, and ZDV centric for 3TC and

ZDV. While 3TC was included in both modes, it was observed that the response for

3TC in the ZDV centric mode was approaching the typical non-linear or ionization

saturation point seen with electrospray ionization in LC-MS/MS between the STD B

(100 pmol/sample) and STD A (200 pmol/sample). Thus, although 3TC passed at

200 pmol/sample in the ZDV centric mode, an upper limit of quantitation (ULOQ)

of 100 pmol/sample will be used for this mode compared with the TFV centric mode

(ULOQ of 200 pmol/sample).

A critical step in attaining the increased sensitivity was maximizing the process

efficiency for TFV and ZDV, which require detection in the fmol/sample range. Dur-

ing development, injection of neat standards afforded measurable signal down to the

1 fmol/sample for TFV, which corresponded to 0.30 fmol of TFV on column. How-

ever, this level could not be achieved in extracted samples because of low or variable

process efficiency. Therefore, a goal process efficiency of 50% or more was set in order

to attain the desired quantitation level of the NAs in the fmol range (a target of at

least 2.5 fmol/sample for TFV). Attempts to meet this goal using the previous Wa-

ters Oasis HLB cartridge (3cc) SPE that included trifluoroacetic acid to aid in TFV

recovery were not successful [100]. Added to the difficulty was developing a procedure

that could be applied to multiple NAs for a desired simultaneous methodology. The

former desalting/concentration SPE (Oasis HLB) method utilized for TFV and ZDV

differed for the separate methods [99, 100]. While trifluoracetic acid was necessary
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for TFV retention on the HLB, it was not optimal for other potential NAs, which

could be targeted in the future such as dideoxyadenosine (ddA) due to instability

in acidic conditions. The previous ZDV method utilized water washes on the HLB,

but this method did not retain TFV sufficiently. Other SPEs from different manu-

facturers and with different sorbents and sizes were then tested including, JT Baker

BakerBond H2O-philic DVB, Biotage Evolute ABN, Isolute MFC 18, Varian Bond

Elut (C18), and Phenomenex Strata-X (C18). The SPE cartridges were screened

for optimal retention of TFV, the most polar and difficult analyte to retain due to

its phosphonate group. Once the Phenomenex Strata-X was determined to retain

TFV the best using a non acidic medium, a delicate balance was needed between

aqueous and salt removal and maintaining an adequate recovery of TFV. Rezk et

al. utilized Bond Elut C18 cartridges to extract TFV and FTC from plasma and

found that increasing ionic strength of ammonium acetate washes helped in recovery

of TFV [140]. However, TFV retention to the Bond Elut SPE when applied in the

salt elution matrix from the QMA process was not successful. The wash strategy

with ammonium acetate was also attempted on the Strata-X, but increased retention

was not observed. This is likely due, in part, to the already high ionic strength of the

QMA solution that was applied to the desalting/concentration SPE cartridge.

Hydrophobic organic washes (0.5 mL) were then tested in an effort to strip aque-

ous/salt from the SPE by density interaction, ideally with minimal elution of the

NAs. The solvents tested were MTBE, hexane, dichloromethane, and dichlorethane.

Of these, dichlormethane lowered the observed matrix effect compared to no sol-

vent wash, and also decreased drying time of the final eluate by about 50%, sup-

porting that the solvent decreased the amount of aqueous/salt in the final eluate.

Dichloromethane only slightly lowered the RE of the polar NAs such that the goal

overall process efficiency of 50% or more for the NAs in the fmol range could be met

with the Phenomenex Strata-X SPE methodology.
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The final step in obtaining the desired sensitivity for a simultaneous NA method

was developing suitable chromatography. The goal was to develop conditions optimal

for all NAs with one analytical column and one mobile phase condition. It was soon

realized that the same obstacles that were encountered in the desalting/concentration

step with chemical differences between the NAs would also be encountered in the chro-

matographic and MS detection development. This led to the division of the analysis

into a TFV centric mode and ZDV centric mode. The major difference between the

TFV centric mode and ZDV centric mode was the mobile phase components. The

mobile phase was optimized for TFV signal which required formic acid as the mod-

ifier in order to be ionized in the ESI positive mode and to be adequately retained

on the analytical column. This posed a problem for ZDV analysis since it required

a low concentration of acetic acid for optimal ionization in the ESI negative mode.

It was desired to utilize a single analytical column for both modes of analysis. A

number of analytical columns were tested for optimal retention and peak shape of

TFV, while allowing for adequate chromatographic performance of the other NAs as

well. A Phenomenex Polar-RP, 2.5 µM 2 x 100mm analytical column gave the best

overall performance which could be utilized for both the TFV and ZDV centric modes

of analysis. Gradient and isocratic elution were also tested, but an isocratic flow gave

the best overall performance.

The second main goal was to quantify the MP and DP, as well as the TP from

multiple NA analytes, which was eventually accomplished by optimizing a QMA pro-

cedure for comprehensive separation and purification of MP, DP, and TPs. During

development, one other approach was also tested, a weak anion exchange methodol-

ogy, which utilized volatile salt solutions at varying pH for MP, DP, and TP purifi-

cation. It was discovered that a salt gradient worked better than changing the pH

of the solutions. The approach showed promise utilizing salt gradients of ammonium

acetate, however it was too imprecise to proceed to validation.
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Ultimately, the method that worked best was a modification of a QMA strong

anion exchange procedure that was previously utilized for separate TFV-DP and

ZDV-TP assays [99, 100]. However, these previous procedures were developed to op-

timize TP recovery, not to yield purified MP and DP fractions. Volatile salt solutions

were not efficient in exchanging with the strong anion exchange packing of the QMA,

thus modifications were made to the previously used KCl concentrations and volumes

to isolate MP, DP, and TP fractions. During development, it was observed that G and

dG compounds required the highest volume for elution (eluted most difficultly) and

A and T compounds eluted with the lowest volume (eluted most easily). Therefore,

these analytes bracketed the recovery of all other analytes and were therefore used to

refine the isolation conditions for validation.

The final main goal was to create a method that was accurate and precise in

alternative cellular matrices. This goal was ultimately met through the availability

and use of stable labeled internal standards. As not all possible alternative cellular

matrices were available for testing, PBMC and RBC MP, DP, and TP elutions were

chosen to be representative of cellular matrices encountered in the research field. The

matrix applied to the QMA was the 70:30 MeOH:UP water, which lyses or perforates

cellular membranes thereby releasing the intracellular material into a lysate regardless

of cell type. The consistent accuracy and precision in the RBC and PBMC matrix,

as well as the different salt concentration/volume matrices of the MP, DP, and TP

elutions provide evidence that the method can be applied to alternative cellular ma-

trices. Extracted blank PBMC TP fractions were utilized for the calibration curves

for this method. Preliminary data for NAs for which stable labeled ISs were not

available (eg ETV, CBV, ddA) showed that pairing with one of the existing stable

labeled ISs worked well for TP fractions, but fell short in the MP and DP alterna-

tive matrices. Thus, matching stable labeled internal standards were shown to be

necessary for accurate and precise quantification using alternative cellular matrices.
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The method was successfully applied to clinical research samples of RBC and

PBMC. The recovered concentrations were in agreement with previous results from

other methods, which reported typical values for TFV-DP, FTC-TP, ZDV-TP, and

3TC-TP of approximately 80-160, 1000-4000, 30-150, and 3000-12000 fmol/106 cells

[6,10,11,14,18,74,85,124,125,134,142,189]. The observed results for MP and DP were

also similarly comparable to previous reports, where available [14,51,85,125,193].

It is important to note that certain assumptions were made during method de-

velopment, and steps were taken to test these assumptions in validation. The first

such assumption was that endogenous nucleotides could be used to define the QMA

isolation of the MP, DP, and TP fractions for the NAs to be assessed in the method.

The endogenous nucleotides were commercially available in MP, DP, and TP forms

at relatively low costs, which was not the case for most NAs. Two available NAs

were used to verify the results obtained from the endogenous nucleotides. One of

these was the MP, DP, and TP forms of TFV which was an analyte validated and

analyzed with this methodology and the other was the MP and TP forms of entecavir

(ETC) which was only used for verification of the QMA process. These two NAs were

chosen because there were sufficient quantities available in the laboratory to perform

the necessary work. Importantly, the TP forms of all NA analytes (QCs) were used

to assess accuracy and precision in the validation and to verify performance for assay

maintenance. Second, an assumption was made that the MP and DP determinations

were accurate and precise for the method based upon validated QMA recovery and

alternative matrices data. NA-MP and DPs for QCs were either unavailable or were

very expensive. However, the MP, DP, and TP fractions were dephosphorylated to

the parent NA prior to quantitation and the MP and DP alternative matrices were

included in the validation. The data showed that the NAs of interest could be accu-

rately and precisely determined from the MP and DP dephosphorylated fractions.
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This is one of the main advantages of indirect methodologies in general, that it

allows for quantitation of MP, DP and TP fractions of NAs even if reference stan-

dards do not exist for the nucleotide forms. Furthermore, the NAs are generally more

stable than their nucleotide counterparts, which lessens concern about QC/standard

instability. Additionally, the NAs are amenable to traditional reversed phase LC

methodologies and do not require specialized ion pairing agents or ion exchange tech-

niques that can limit sensitivity of nucleotides in MS detection due to ion suppression.

The NAs also possess distinct precursor/product transitions where the product with

highest MS signal is unique. This is not the case for NA-TP where the highest product

ion is often the non-unique phosphates shared by all nucleotides.

However, along with advantages, indirect methods also have some disadvantages.

For example, the current method would require separate injections for the TFV centric

and ZDV centric modes of analysis to cover all the analytes presented in the validation.

However, most current drug regimens would require only one mode of analysis because

they pair either 3TC-ZDV or TFV-FTC. Another possible disadvantage is that one

extracted sample through the QMA process becomes three fractions (MP, DP, and

TP), which increases by 3-fold the number of injections required on the LC-MS/MS

to quantitate the MP, DP and TPs.

In conclusion, a new methodology was developed and validated that possesses

ultrahigh sensitivity, the ability to simultaneously measure multiple analytes; the

ability to quantify the MP and DP, as well as the TP moieties, and the ability to

accurately and precisely assay various cell matrices.
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CHAPTER 5

PK ANALYSIS OF ZDV/3TC

PK analyses utilize either a one- or two-stage approach. The typical initial analysis

of a PK dataset is performed using the two-stage approach. As implied by the name,

the two-stage approach is completed in two steps, the first being the calculation of the

PK parameters of interest, and the second comparing the PK parameters between the

groups of interest. This approach will often utilize model-independent (also known as

non-compartmental) analyses to calculate the desired PK parameters. As the name

would suggest, model-independent analyses do not assume a compartmental model to

determine the concentration-time curve, and instead, relies on geometrical approaches

to the necessary calculation. This approach is typically calculation intensive, how-

ever, calculations can be done without software specifically designed for PK analysis.

Compartmental methods can be used within the two-stage approach, however, these

methods are more frequently used in the setting of a one-stage analysis.

The one stage method is a statistically more complex approach, requiring the

determination of PK parameters simultaneous with the comparison of those parame-

ters between the groups of interest. In contrast to the two-stage approach, one-stage

analysis requires the assumption of a compartmental model, which is used to describe

the disposition of the drug throughout the body. While compartmental methods

come with the drawback that they assume a model that may or may not reflect the

true physiology of drug disposition, an assumption which is not necessary in model-

independent approaches, they provide distinct advantages over model-independent
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analysis. A primary advantage is the ability to calculate PK parameters from sparse

sampling datasets. Second, the one-stage and compartmental method approaches

allow for the simultaneous determination of PK parameters, covariate effects, and as-

sociated errors. These approaches are mathematically more complex than two-stage,

model-independent approaches, and thus require computational software specifically

aimed at statistical and PK analyses. As such, it is often easier to begin elucidating

relationships in the dataset using the two-stage approach with model-independent

calculations, as presented in the first section of this chapter. Once a general famil-

iarity and understanding of the data has been reached, it is then possible to deeper

mine the data using one-stage and model-dependent methods, as presented in the

following chapter.

Data analyzed for this study is from an open-label, prospective, longitudinal,

observational PK study, with the specific aim of determining the effects of HIV-

serostatus and sex on ZDV and 3TC cellular pharmacology. HIV-seronegative and

HIV-seropositive volunteers were recruited with the goal of enrolling equal numbers

of men and women in each group. HIV-seronegative participants received 300mg

ZDV/150mg 3TC (co-formulated as Combivir) twice daily for approximately 12 days.

HIV infected subjects were either antiretroviral näıve, or without therapy in the

preceding 6 months. Their clinician provider must have prescribed a regimen that

included 300mg ZDV/150mg 3TC (co-formulated as Combivir) with another active

antiretroviral component not from the NRTI class. This study was not interventional

with respect to therapy for participants with HIV infection. General eligibility re-

quirements included ability to give informed consent; age 18 to 55 years; no medical

conditions that would interfere with the study conditions; no recent investigational

medications or concomitant drugs that might alter renal drug clearances or cellular

activation including probenecid, chemotherapy, glucocorticoids, hematopoetic growth

factors, or sex hormones (subjects were instructed to use two forms of non-hormonal
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birth control); no daily warfarin or aspirin; no lidocaine allergy; no hepatitis B virus

infection in HIV-seronegative volunteers; no pregnancy or plan to become pregnant;

estimated creatinine clearance > 60 ml/min; and BMI ≤34. The study was approved

by the Colorado Multiple Institution Review Board, and all subjects gave written

consent.

Table 5.1: Demographic Summary

HIV-seronegative Men Women

Sex 12 8
Race

African American 2 2
Non-African American 10 6

Age (yr)

Median (IQR) 30.5 (28, 39) 28.5 (24, 35)
Weight (kg)

Median (IQR) 86 (77, 91) 68 (61, 73)
Creatinine clearance (mL/min)

Median (IQR) 128 (112, 140) 109 (95, 121)
HIV-seropositive

Sex 17 6
Race

African American 3 4
Non-African American 14 2

Age (yr)

Median (IQR) 43.0 (40, 47) 39.5 (36, 46)
CD4+ (cells/µL)

Median (IQR) 329 (241, 459) 219 (160, 318)
Plasma HIV-RNA (log10)

Median (IQR) 4.53 (4.26, 4.68) 4.90 (4.61, 5.04)
Weight (kg)

Median (IQR) 80 (71, 83) 74 (63, 85)
Creatinine clearance (mL/min)

Median (IQR) 118 (89, 131) 85 (74, 99)

Demographic summary data for the population studied for this work.
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Intensive PK studies were conducted on the first dose of therapy, then on days

3, 7, and 12. HIV-infected participants had additional visits at day 30, 60, and

months 6, 12, 18, and 24, if available. This report describes the PK visits shared by

HIV-seronegative and HIV-seropositive volunteers, which were up to and including

day 12. Each PK dose was given after an overnight fast and with a standardized meal

(∼640kcal; 15% protein, 40% fat, 45% carbohydrates). The PK sampling consisted

of paired plasma and PBMC at 2, 5, and 8 hours after the observed dose. Dur-

ing all visits, adverse events were monitored with safety laboratories and subjective

well-being assessments. Adherence was quantified with medication counts and ques-

tionnaire in HIV-seronegative participants and a questionnaire and viral load in the

HIV-seropositive participants. Average (range) adherence was 99% (89%,100%) for

all subjects while on therapy.

Summary demographic information on the study population is presented in table

5.1.

5.1 MODEL-INDEPENDENT ANALYSES

As mentioned above, model-independent analyses rely on geometric approxima-

tions, as opposed to models fit to the data. Though the geometric approximations

have greater error than an integrated model fit, it yields the benefit of not needing

to assume a mathematical model prior to analysis. This is accomplished using the

trapezoidal rule, as shown in equation 5.1, which sums the area of trapezoids created

by points in the data set in order to calculate the area under the concentration-time

curve (AUC). As would be expected, an increased number of sample time points

increases the accuracy of the approximation.

AUC =
n∑
i=0

(ti+1 − ti) · (yi+1 + yi)/2 (5.1)
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The AUC can then be used to determine the average, or steady-state, drug concen-

tration (Css), by dividing the AUC by the dosing interval. Additionally, a maximum

(Cmax) and minimum (Cmin) concentration can be evaluated from the dataset, with

each of the parameters defining drug exposure.

The AUC can also be used to calculate the primary PK parameter oral clearance

(CL/F), where F denotes the oral bioavailability of the drug, the evaluation of which

requires data from intravenous drug administration. Furthermore, a linear elimination

rate constant (kel) can be determined from the slope of the line connecting the Cmax

and Cmin (for a drug with a single elimination slope). The combination of CL/F and

kel can be used to determine the drug’s volume of distribution, and kel alone can

be transformed into half-life (t1/2) of the drug. The necessary equations for these

calculations are shown below.

CL/F =
Dose

AUC
(5.2)

kel =
Cmax − Cmin
tmax − tmin

(5.3)

V/F =
CL/F

kel
(5.4)

t1/2 =
ln(2)

kel
(5.5)

A second non-compartmental method for calculating kel is by using the accumu-

lation of the drug over the duration of the study. This method is best suited for

drugs with longer half-lives, which will reach a steady-state plateau at concentrations

greater than those observed at first dose. Drugs with half-lives 4 to 5-fold quicker

than the dosing interval will not exhibit sufficient accumulation for accurate calcula-

tions. This accumulation factor (AF) can be related to kel as shown in equation 5.6,

where τ is the dosing interval.

AF =
Css,last
Css,first

=
1

1− e−kel·τ
(5.6)
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These equations are applied to both the plasma and intracellular ZDV/3TC

datasets, to determine the associated non-compartmental PK parameters. The re-

sulting PK parameters will then be used in a two-stage approach to determine demo-

graphic and genetic factors which influence these results. As a final note, the reported

AUC (and thus Css) are calculated as between the 2 and 8 hour samples, so as to

avoid an extrapolation error, either to the concentration at the time of dose or to the

final trough concentration.

5.1.1 ZDV

Historical literature suggests that ZDV is well absorbed into the systemic circu-

lation from an oral dose (∼70% bioavailable), but is relatively short lived (≈1 hr

half-life) [10]. As such, it is expected that ZDV concentrations would peak rapidly at

significant levels, followed by a quick elimination of the drug from the system. Fur-

thermore, the short half-life (>6-fold quicker than the dosing interval) would suggest

minimal to no accumulation over the 12 days of the study. The lack of accumulation

implies that each dose should result in similar systemic drug exposure.

Table 5.2: Population Mean ZDV PK Parameters

ZDV Plasma MP DP TP

AUC 1137 2917 223 208
Css 190 486 37.1 34.7

Cmin 25.0 170 20.1 20.0
Cmax 535 1025 60.3 52.1
kel 0.52140 0.29087 0.22146 0.19629
t1/2 1.4 3.0 4.6 5.7

CL/F 340
V/F 679
AF 1.45 1.67 1.73 1.67
kel 0.12801 0.12299 0.11625 0.13210
t1/2 7.1 8.8 9.4 8.7
V/F 3248

Population mean ZDV PK parameters. Variability in parameter estimates are shown
in the appendix, tables B.1-B.12.
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The population mean ZDV plasma exposure for study subjects is shown in table

5.2. AUC is reported in ng · hr/mL, which is equivalent to µg · hr/L. Minimum,

maximum, and average concentrations have units of ng/mL. Though not shown in

table 5.2, ZDV plasma AUC (and accordingly, Css) not only did not increase over the

duration of the study, it appeared to decrease in the HIV infected subjects on days

7 and 12. Maximum concentrations typically occurred two hours post dose, the first

sample time point, while minimum concentrations occurred at 8 hours post dose, the

last sample time point.

Table 5.2 also depicts the PK parameters calculated from the linear kel and from

the accumulation factor kel. Half-lives reported from linear methods are short, as

expected. As demonstrated in appendix table B.3, the accumulation factor calculation

of kel was not successful in most study subjects. As such, the resulting kel are left

skewed, as the parameter can only be determined in those subjects with AF≥1,

resulting in a slower than anticipated half-life.

Following absorbtion into the systemic circulation, parent ZDV is distributed into

cells and tissue, and subsequently phosphorylated. ZDV-MP is the first intracellular

phosphorylated anabolite. Concentrations are dependent on the influx of systemic

parent drug into cells, followed by the phosphorylation of the drug by thymidine

kinase (TK), as well as the transporter-mediated efflux of the MP and production of

the DP by thymidylate kinase (dTMPK). As shown in appendix table B.4, ZDV-MP

exposure is more than 2-fold higher in HIV-seropositive vs. seronegative individuals.

This indicates that production of ZDV-MP is more efficient, or the elimination less

efficient, in HIV infected individuals. Furthermore, ZDV-MP levels are approximately

10-fold higher than concentrations of the DP or TP anabolites, suggesting that the

phosphorylation of the MP to DP is the rate limiting step in producing ZDV-TP.

Intracellular concentrations present a difficult challenge in interpreting units used

to calculate intracellular drug exposure and PK parameters. In the case of ZDV,
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determined concentrations have units of fmol/106 cells, meaning that measurements

of drug exposure are also in this unit. However, for the PK parameters volume of

distribution and clearance (volume/time), the use of 106 cells as the measure of volume

is a physiologically irrelevant unit. Some literature will replace the 106 cell volume

using an approximation of 0.2 or 0.4 µL/106 cells, however, these approximations have

drawbacks [20]. Specifically, these approximations are dependent on the activation

state of the cells in the sample and the proportion of different cell types in the

sample [20]. Due to the errors in the approximation, the tables will be presented

using the volume of 106 cells, despite the limited physiologic meaning. Furthermore,

CL/F and V/F (equations 5.2 and 5.4) are dependent on the dose administered. In

the case of intracellular CL/F and V/F, the dose (typically the total amount placed

into the body for distribution) is not equivalent to the 300 mg oral administration.

Instead, the intracellular “dose” is the amount of drug which is absorbed into the

PBMC, an amount which cannot be quantitatively determined. Thus, CL/F and

V/F parameters will not be presented for intracellular moieties.

Despite the vast differences in drug exposure between seronegative and seroposi-

tive individuals, the linear kel for the two groups is approximately the same, predict-

ing a half-life of 3 hr. The linear half-life is short, and similar to previous reports

in the literature for the half-life of total phosphate concentrations [171]. As men-

tioned previously, ZDV-MP concentrations are 10-fold higher than either ZDV-DP

or -TP, indicating that the -MP drives the PK of the total phosphates in the study

by Stretcher et al [171]. The accuracy of the accumulation factor results presented

in table 5.2 are questionable, as approximately half of the study subjects had lower

levels at day 12 than at first dose. Similar to ZDV plasma, the inability to calculate

the accumulation factor left skews the kel values, resulting in longer than anticipated

half-lives.
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ZDV-DP is the intermediate intracellular anabolite between the more well studied

MP and TP moieties. The DP is produced from the MP by dTMPK and eliminated

to the TP by nucleotide diphosphate kinase (NDPK). ZDV-DP concentrations are

approximately 10-fold lower than ZDV-MP, indicative of dTMPK being a rate limiting

step in the phosphorylation pathway. Despite the greater than 2-fold increase in ZDV-

MP drug exposure in seropositive vs. seronegative individuals, there is no difference

in ZDV-DP concentrations between the two groups. This suggests that dTMPK

phosphorylation may be saturable, further supporting the role of dTMPK as a rate

limiting step. ZDV-DP concentrations reached steady-state by day 3 of the study,

with the kel predicting an average half life between 4 and 5 hours (SD=1.73 hr). The

average half-life determined using accumulation factor kinetics was approximately 9

hr (SD=7.29 hr), double that of the linear kel half-life. As -DP concentrations are

similar to -TP levels, it is expected that the -DP half-life should be similar to that

of the -TP moiety. In this study, and in previous literature, -TP half-lives have been

reported to be in the range of 7 to 11 hours, supporting the half-life findings from the

accumulation method of calculation [4, 145].

ZDV-TP is the final anabolite in the phosphorylation pathway, and the moiety

responsible for the activity of the drug. ZDV-TP concentrations were similar to

ZDV-DP levels, suggesting the existence of an equilibrium between the two moieties.

Exposure to ZDV-TP was lower in HIV infected subjects, in contrast to the increase

expected from previous literature reports (p=0.24) [64, 65]. Steady-state concentra-

tions increased from first dose to a steady-state plateau of approximately 37 fmol/106

cells in uninfected versus 32.5 fmol/106 cells in infected subjects. Trough concentra-

tions were approximately equal in the two groups, however Cmax were lower in the

infected volunteers (p=0.13). This suggests that the TP is either more efficiently

eliminated or suffers from decreased production in HIV-seropositive individuals. In-

terestingly, the linear kel determined from subject concentration time-curves is lower
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in infected versus uninfected individuals (p=0.34). The decreased rate of elimina-

tion in infected individuals results in a longer half-life, which would typically suggest

higher drug concentrations, contrary to what is shown in appendix table B.10. This

suggests that the decreased ZDV-TP concentrations in HIV-seropositive subjects is

likely due to something other than a difference in elimination between the two groups.

Instead, it is likely that there is a physiologic difference caused by the disease state

that decreases ZDV-TP production in HIV infected individuals, which will be inves-

tigated more thoroughly in subsequent chapters.

The linear kel results in an average half-life of approximately 6 hr, while the

accumulation factor predicts the same value to be closer to 9 hr. Both of these

estimates are on par with findings in previous literature, which range between 7 and

11 hr [4, 145]. This half-life helps explain the high rates of toxicity in early usage

of ZDV, in which dosing was based on the inactive plasma levels, which exhibited

an extremely short half-life, especially in contrast to the half-life of the active TP

compound. This supports the current usage of the drug as a twice daily dose, versus

the initial usage of 6 doses per day.

Study averaged K parameters for each subject in all ZDV moieties are described

in appendix B, tables 1 through 12. Population mean values are shown in table 5.2.

5.1.2 3TC

Table 5.3 depicts 3TC plasma exposure and PK parameters, utilizing the same

units as ZDV plasma. 3TC is well-absorbed, before being excreted unchanged in

the urine [10]. 3TC plasma levels increased from first dose to day 3 of the study,

reaching a population average steady state plateau concentration of 737±262 ng/mL.

Population average trough and maximum concentrations were 337±196 and 1237±315

ng/mL respectively. Drug exposure was different between HIV-seronegatives and

seropositives, with higher concentrations in HIV+ (p=0.02, appendix table B.13).
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Table 5.3: Population Mean 3TC PK Parameters

3TC Plasma MP DP TP

AUC 4420 18.1 19.7 28.0
Css 737 3.02 3.29 4.66

Cmin 337 1.95 2.10 3.13
Cmax 1237 4.35 4.53 6.29
kel 0.25340
t1/2 3.0

CL/F 77.1
V/F 321
AF 1.44 4.52 3.39 3.68
kel 0.12645 0.03075 0.04611 0.03602
t1/2 6.8 33 24 26
V/F 692

CL/F 87.5

Population mean 3TC PK parameters. Variability in parameter estimates are shown
in the appendix, tables B.13-B.22.

As expected, differences in clearance between the two groups appeared to underly

the differences in exposure (appendix table B.14). Increased drug levels in HIV-

seropositive individuals correspond to decreased clearances in this group (p=0.13).

The calculated average linear kel is also slightly different between the two groups, with

slower kel in HIV infected individuals (p=0.07). The differences in clearance and kel

mirror each other so that the volumes of distribution between the two groups is not

different. These observed differences will be more rigorously examined in following

sections. These results, in addition to the knowledge that 3TC is primarily cleared

through the kidneys [10], suggests that the difference in 3TC plasma exposure may

be due to a decrease in renal excretion of the drug in HIV-seropositive individuals.

It is also interesting to note the half-lives calculated using the linear kel parameter,

as they are less than half-life values described in the literature [145]. In contrast, the

half-lives calculated from the accumulation factor kel are similar to the expected 5

to 7 hr half-life reported in the literature [145]. These findings using two-stage non-

compartmental methods compel further research with compartmental methods to
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understand the role of HIV serostatus and renal function on 3TC plasma disposition.

3TC-MP is similar to ZDV-MP in that it is the first step in the phosphorylation

pathway, with production of the anabolite reliant upon phosphorylation of the drug by

deoxycytidine kinase as well as the influx of the systemic parent. Routes of elimination

for the MP include the efflux of the MP from the cell and the phosphorylation of the

MP to the DP. 3TC-MP accumulated over the first 7 days of the study, from an

average first dose Css of 1.01±0.50 pmol/106 cells to a day 7 average of 4.70±4.31

pmol/106 cells. Maximum concentrations were most often observed at 5 hours post

dose.

A linear kel could not be calculated for a majority of the studied population, as 8

hr concentrations were higher than those at 2 and 5 hour. This suggests that the 8

hour sampling interval is not sufficiently long enough to capture the pure elimination

phase of this drug moiety, which predicts a relatively long half-life for the drug.

Indeed, table 5.3 (and appendix table B.17) show that for both HIV-seronegative and

seropositive individuals, the MP half-life is approximately 33 hr (SD=20.6 hr). This

half-life is approximately 2.5 fold greater than the typical 12 hour dosing interval for

3TC. It is also interesting to note that, outside of the 4 HIV- and 2 HIV+ individuals

who did not complete the study, the accumulation factor kel was able to be calculated

for each subject.

3TC-DP is the second anabolite in the phosphorylation pathway, produced from

3TC-MP by uridylate-cytidylate kinase and eliminated via the production of 3TC-TP

by 3’-phosphoglycerate kinase and/or nucleotide diphosphate kinase. DP concentra-

tions are also subject to nucleotidase activity, which can cause both increased con-

centrations (from degradation of the TP to DP) and decreased concentrations (via

the degradation of the DP to MP). The resulting drug exposure and PK parameters

characterizing this process are shown in table 5.3.

Drug exposure did not significantly vary between HIV-seronegative and seroposi-
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tive individuals, with HIV infected individuals only having slightly higher concentra-

tions of the anabolite than uninfected volunteers (p=0.59). These slight differences

were consistent in all measures of drug exposure. In HIV-seronegative volunteers,

3TC-DP concentrations were higher than 3TC-MP, but lower than 3TC-TP. In con-

trast, 3TC-DP levels were similar to 3TC-MP, and lower than 3TC-TP in HIV infected

subjects.

Average 3TC-DP concentrations increased approximately 3-fold from first dose

(1.41±0.68 to 4.02±1.99 pmol/106 cells), as shown by the accumulation factors in

appendix table B.19. The substantial accumulation suggests a relatively long half-

life, impeding the calculation of a linear kel from the collected samples, as Cmax

frequently occurred at the last sample time point. As such, PK parameter results

are based upon the kel calculated from the accumulation factor. As anticipated from

the large accumulation of the DP from first dose, the half-life is predicted to be a

relatively long 24 hr (SD=14.3), double the length of the dosing interval.

3TC-TP is the final step in the phosphorylation pathway, and the moiety respon-

sible for the therapeutic efficacy and also the toxicity of the drug. It is produced from

3TC-DP by 3’-phosphoglycerate kinase or nucleotide diphosphate kinase, and elim-

inated either by degradation via nucleotidases or by incorporation into viral DNA.

Average 3TC-TP levels were higher than both the MP and DP moieties.

HIV infection appeared to correlate with decreased 3TC-TP exposure, with the

various measures of exposure being 20 to 25% less in infected individuals (p=0.08).

The decreased concentrations in vivo may indicate that 3TC-TP production is favored

in resting cells, supportive of the in vitro results showing minimal effect of PHA

stimulation on 3TC-TP concentrations [64,96]. Drug exposure increased greatly from

first dose (approximately 4-fold), similar to the other intracellular 3TC moieties, with

the result that a linear kel could not be reliably calculated. Accumulation factor

kinetics predicted a half-life of approximately 26 hours for 3TC-TP, which is again
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substantially larger than the 12 hour dosing interval of the parent drug. The kel and

predicted half-lives did not appear to be different between the two groups of subjects

(p=0.44).

Study averaged PK parameters for each subject in all 3TC moieties are described

in appendix B, tables 13 through 21.

5.2 DEMOGRAPHIC IMPACT ON PK

5.2.1 MODEL DEVELOPMENT

The mixed procedure in SAS (SAS Institute Inc., Cary, NC) was used with a

repeated statement to determine appropriate models for the Css of each drug. All

PK data generated by all subjects was utilized. AIC was used for model selection.

A full model (including HIV-serostatus, sex, race, day on therapy (categorical), and

all possible interactions) was used to select the variance-covariance structure for each

drug. Variance-covariance structures tested include unstructured (the least parsimo-

nious model; 10 parameters-one for every possible variance or covariance), compound

symmetry (the most parsimonious; 2 parameters-one for the variance and one for the

covariance), and others [112] including spatial and heterogeneous models. After final

determination of the covariates to be included (as described below), each model was

tested against a model with the same covariates but with the unstructured variance-

covariance structure. This ensured that the chosen variance-covariance structure

remained the best structure despite a less than full covariate model. Covariate model

determination started with a full model that included HIV-serostatus, sex, race, study

day (categorical), and all interactions, and continued through all possible combina-

tions of two- and three-way interactions, before reduction to a model consisting of

any one of the single covariates (HIV-serostatus, sex, race, or study day), encom-

passing all possible covariate models. The covariate model resulting in the minimum

AIC was chosen as the most parsimonious, and used for subsequent analyses. Max-
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imum likelihood estimation was used until the final model was chosen, after which

restricted maximum likelihood estimation was utilized to determine the effect of HIV-

serostatus, sex, race, and day of therapy on drug levels. For each outcome, estimates

of percent difference, along with the corresponding confidence intervals and p-values,

are reported for all covariates included in the final AIC model.

A model consisting of HIV-serostatus (positive (HIV=1) or negative (HIV=0)),

sex (men (Sex=1) or women (Sex=0)), race (African American (AA, Race=1) or non-

African American (NAA, Race=0)), and study day (0, 3, 7, or 12), and the associated

two-, three-, and four-way interactions was used to determine the optimal variance-

covariance structure. As shown in figures 5.1 and 5.2, the variance on day 7 was

greater than the variances on days 0, 3, and 12 for both ZDV and 3TC-TP, suggesting

the need for a model which allowed the variances for each study day to be distinct.

A heterogeneous compound symmetry (CSH) model yielded the best AIC for both

ZDV and 3TC-TP. ZDV and 3TC plasma levels demonstrated less variability within

and between study days (figures 5.3 and 5.4). A spatial linear logarithm SP(LINL)

variance-covariance structure was chosen for both plasma models. In all cases, the

chosen structure (CSH for TP and SP(LINL) for plasma) performed better than

the unstructured variance-covariance structure for the determined covariate model

by AIC. For each analysis below models with interaction terms were examined and

resulted in poorer AIC values than models not containing the interaction terms. For

all comparisons, two-sided tests were utilized with a significance level of p≤0.05.

5.2.2 MODEL ANALYSIS

ZDV-TP

The optimal ZDV-TP model consisted of the HIV-serostatus, race, and categor-

ical study day covariates (figure 5.5). This model predicted no significant ZDV-TP

difference in men relative to women (difference (95% CI): 16% (-7%, 46%); p=0.19)).
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Figure 5.1: ZDV-TP Boxplots

Boxplot showing median and IQR ZDV-TP Css concentrations. Unfilled circles rep-
resent data outside 1.5 IQR (whiskers).

HIV- subjects were estimated to have higher ZDV-TP compared with HIV+ volun-

teers (22% (0%, 50%); p=0.05). Raw data showed the direction of this effect to be the

same on all study days. ZDV-TP was significantly lower at day 0 (the first dose) than

at days 3, 7, and 12 (p<0.0008). The model predicted an accumulation of ZDV-TP

from 28 fmol/106 cells at day 0 to 36 fmol/106 cells at day 12 (29% (12%, 48%)).

Days 3, 7, and 12 were all predicted to be approximately the same, 36 fmol/106 cells.

The predicted accumulation of ZDV-TP suggested an 8 hour intracellular half life.

Finally, the model predicted African-Americans to have 36% higher ZDV-TP con-
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Figure 5.2: 3TC-TP Boxplots

Boxplot showing median and IQR 3TC-TP Css concentrations. Unfilled circles rep-
resent data outside 1.5 IQR (whiskers).

centrations compared with non-African-Americans (36% (8%, 72%); p=0.01). Final

model estimates of percent difference, with corresponding 95% confidence intervals

and p-values, are reported for all covariates in table 5.4 and for drug accumulation in

table 5.5.

3TC-TP

The chosen model for 3TC-TP included the covariates HIV-serostatus, race, and

study day without any interactions (figure 5.6). 3TC-TP was not different in women
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Figure 5.3: ZDV Plasma Boxplots

Boxplot showing median and IQR ZDV plasma Css concentrations. Unfilled circles
represent data outside 1.5 IQR (whiskers).

versus men (3% (-15%, 24%), p=0.79). HIV infection was a highly significant predic-

tor of 3TC-TP levels (p=0.0006). HIV- volunteers had 37% higher 3TC-TP estimates

than HIV+ volunteers (37% (15%, 62%)). Raw data showed the direction of this ef-

fect to be the same on all study days. 3TC-TP accumulated over the duration of

the study. Both day 0 and day 3 were significantly lower than the other study days

(p<0.0001 and p<0.03, respectively). The model estimate of first dose 3TC-TP Css

was 1.8 pmol/106 cells, day 3 was approximately three-fold higher (4.99 pmol/106

cells), and concentrations at day 7 and 12 were similar and 20% higher than day
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Figure 5.4: 3TC Plasma Boxplots

Boxplot showing median and IQR 3TC plasma Css concentrations. Unfilled circles
represent data outside 1.5 IQR (whiskers).

3 (5.95 and 6.20 pmol/106 cells, respectively). The accumulation in Css over the

study predicted a half life of 27 hours. Estimates of 3TC-TP levels were higher in

African-Americans versus non-African-Americans (18% (-3%, 43%), p=0.09), but the

covariate failed to reach significance at the ≤0.05 level, despite being included in the

model based on AIC criteria. Estimates of percent difference, with corresponding 95%

confidence intervals and p-values, are reported for all covariates included in the final

AIC model in table 5.4, while drug accumulation in the final AIC model is in table 5.5.
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ZDV Plasma

The final ZDV plasma model included only study day and sex as covariates (figure

5.7), as the inclusion of neither HIV infection nor African-American race lowered the

model AIC. HIV-serostatus did not impact in plasma ZDV levels (95% CI: (-24%,

29%), p=0.95), with both groups of subjects having predicted concentrations near

175 ng/mL. ZDV plasma levels were not different in non-African-Americans relative

to African-Americans (18% (-14%, 59%), p=0.29). In contrast, sex was a signifi-

cant covariate. Women were predicted to have ZDV plasma concentrations that were

36% higher than men (95% CI: (4%, 78%), p=0.03), but this effect failed to achieve

Figure 5.5: ZDV-TP Covariate Effects

Covariate effects by day on ZDV-TP Css.
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Figure 5.6: 3TC-TP Covariate Effects

Covariate effects by day on 3TC-TP Css.

significance in subsequent analyses with body weight normalized plasma ZDV levels

(5%, (-19%, 38%), p=0.68). ZDV plasma concentrations decreased by approximately

20% over the duration of the study. Higher concentrations were predicted on days

0 and 3 (191 and 198 ng/mL, respectively) than on days 7 and 12 (158 and 155

ng/mL)(p<0.01). Further investigation demonstrated that this effect occurred in

HIV-seropositive but not HIV-seronegative volunteers (figure 5.8), and may be ex-

plained by the inductive properties of the third drug in the individual’s ART regimen

(figure 5.9). Estimates of percent difference, with corresponding 95% confidence in-

tervals and p-values, are reported for all covariates included in the final AIC model
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in table 5.4, while drug accumulation in the final AIC model is in table 5.5.

Figure 5.7: ZDV Plasma Covariate Effects

Covariate effects by day on ZDV plasma Css.

3TC Plasma

The 3TC plasma model consisted of HIV-serostatus, race, and study day (figure

5.10). Sex was not a significant covariate (11% (-8%, 34%), p=0.28, women ver-

sus men). Higher 3TC plasma levels were predicted for HIV-seropositive volunteers

(19% (0%, 41%), p=0.05). African-American race was predictive of 22% higher 3TC

plasma concentrations (95% CI: (0%, 48%), p=0.05). However, this effect failed to

achieve significance (p>0.35) in subsequent analyses with creatinine clearance nor-

malized 3TC levels, with predicted changes of 7% (-9%, 20%) and -5% (-26%, 12%),
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Figure 5.8: Boxplots of ZDV Plasma Levels by HIV-serostatus

Boxplot showing median and IQR of (A) HIV-seronegative and (B) HIV-seropositive
Css concentrations. Unfilled circles represent data outside 1.5 IQR (whiskers).
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Figure 5.9: Influence of Ritonavir on ZDV Plasma Levels

Boxplot showing median and IQR and whiskers (5th to 95th percentile) of ZDV
plasma Css concentrations in HIV-seropositive subjects on days 0 and 12 of the study,
separated by the 3rd drug used in their HAART regimen.
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respectively. Unlike ZDV in plasma, 3TC plasma levels increased over the duration

of the study by approximately 20% ((8%, 28%), p<0.0001). In contrast to 3TC-TP

levels, 3TC plasma did not continue to accumulate to higher levels at each day of

the study, as levels on days 3, 7 and 12 were similar (790, 762, and 751 ng/mL, re-

spectively). The 3TC plasma half life was 6.5 hours based upon the accumulation

factor. Estimates of percent difference, with corresponding 95% confidence intervals

and p-values, are reported for all covariates included in the final AIC model in table

5.4, while drug accumulation in the final AIC model is in table 5.5.

Figure 5.10: 3TC Plasma Covariate Effects

Covariate effects by day on 3TC plasma Css.
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Table 5.4: Final Model Covariate Results

Css HIV-Serostatus Sex Race

HIV- 22% increase AA 36% increase
ZDV-TP (0%, 50%) - (8%, 72%)

p=0.05 p=0.01
HIV- 37% increase AA 18% increase

3TC-TP (15%, 62%) - (-3%, 43%)
p=0.0006 p=0.09

Women 36% increase
ZDV plasma - (4%, 78%) -

p=0.03
HIV+ 19% increase AA 22% increase

3TC plasma (0%, 41%) - (0, 48%)
p=0.05 p=0.05

Covariate results in the final model analysis of the demographic data.

Table 5.5: Final Model Drug Accumulation

Css Day 3 Day 7 Day 12

31% increase 37% increase 29% increase
ZDV-TP (14%, 51%) (14%, 64%) (12%, 48%)

p=0.0002 p=0.0009 p=0.0004
177% increase 231% increase 245% increase

3TC-TP (139%, 220%) (179%, 291%) (199%, 297%)
p<0.0001 p<0.0001 p<0.0001

4% increase 17% decrease 18% decrease
ZDV plasma (-9%, 19%) (-27%, -5%) (-29%, -5%)

p=0.57 p=0.0077 p=0.0057
26% increase 22% increase 20% increase

3TC plasma (17%, 36%) (12%, 32%) (12%, 30%)
p<0.0001 p<0.0001 p<0.0001

Drug accumulation from day 0 in the final model analysis of the demographic data.

5.2.3 DISCUSSION

This study investigated the relationship among HIV-serostatus, sex, race, and

study day with the in vivo pharmacology of plasma and intracellular ZDV and 3TC.

Two main aims of this study were to determine the impact of HIV-serostatus and sex

on the pharmacology of ZDV-TP and 3TC-TP. Previous results and in vitro litera-
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ture led us to hypothesize that female sex and cell activation associated with HIV

infection would increase intracellular drug levels [4, 64, 65, 171]. However, the results

from this study indicate that HIV+ volunteers were predicted to have diminished

ZDV-TP levels and significantly lower 3TC-TP levels compared with HIV- volun-

teers. Furthermore, no significant sex differences were observed in intracellular drug

concentrations.

ZDV phosphorylation is well-known to be activation-state dependent, resulting in

up to 200-fold higher intracellular triphosphate levels when cells were stimulated with

PHA in vitro [64, 65]. By extrapolation, it was expected that HIV infection would

increase TP levels relative to HIV- volunteers because of higher cellular activation

associated with the infection [47, 86]. This discrepancy between in vitro and in vivo

systems likely arises from the relative complexity of chronic HIV infection in vivo

compared with PHA stimulation in vitro. Chronic cellular activation in vivo may,

over time, down-regulate enzymes that phosphorylate or influx drug, or up-regulate

enzymes that dephosphorylate or efflux drug. As an example, Jacobsson et al. showed

a ten-fold decrease in thymidylate kinase activity in PHA stimulated cell extracts from

HIV+ versus HIV- subjects, suggesting that the continuous cellular activation with

HIV infection may cause an anergic effect [83]. The present study demonstrates that

in vivo studies are ultimately needed to best understand the effects of HIV infection

and cell activation on cellular pharmacology in patients.

3TC has been labeled an activation-independent or resting-cell dependent phos-

phorylated drug by virtue of the smaller effect of PHA on 3TC phosphorylation in

vitro, as well as a more favorable 3TC-TP/dCTP ratio in resting cells [64]. The re-

sults from this study show that HIV infection was associated with significantly lower

3TC-TP versus HIV- volunteers (dCTP was not measured in the current study).

This finding suggests that 3TC-TP production or elimination favors higher TP in

the HIV-seronegative individual. One in vivo study showed lower enzymatic activity
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of deoxycytidine kinase in HIV+ compared with HIV- volunteers, which would be

consistent with the findings in this study [182]. The phosphorylation of 3TC in HIV-

individuals suggests that 3TC may be well-suited to the HIV prevention field, similar

to emtricitabine (FTC) a structurally similar deoxycytidine analog [67].

HIV infection was significantly associated with increased 3TC, but not ZDV

plasma concentrations. The likely explanation for the increase in 3TC plasma levels

was HIV associated decrease in renal function, as 3TC is primarily excreted renally

and the effect was attenuated when 3TC plasma levels were normalized to creatinine

clearance [75]. Of interest, despite the increased systemic plasma 3TC concentra-

tion in HIV+ individuals, the 3TC-TP levels were still significantly lower than HIV-

volunteers.

Sex did not significantly influence intracellular levels of either drug. This is con-

trary to the anticipated increase in intracellular concentrations in women from work

done previously [4]. Other studies have also shown higher ZDV-phosphates in women

compared with men [171] and higher ZDV-TP [19] and 3TC-TP [133] in women.

Another study showed the opposite relationship, namely higher intracellular ZDV-

phosphates in men [14]. Finally, a recent ex vivo study showed no significant effect

of sex on intracellular metabolite levels [128]. When the entirety of the literature

is considered, no definitive statement on the impact of sex on intracellular levels of

ZDV and 3TC in PBMC can be made at this time. Additional pharmacology studies

in large sample sizes are warranted to help explain the 20-fold higher risk for lactic

acidosis in women compared with men [127, 194]. Sex differences in phosphorylation

in tissues other than PBMC, such as liver, would be one avenue to explore. Addition-

ally, women may have a lower threshold of drug exposure that leads to lactic acidosis

compared with men.

The lack of sex effect on intracellular levels was despite higher plasma ZDV levels

in women compared with men. The differences in ZDV plasma levels appeared to
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be explained by the lower body weight in women, as the effect was attenuated when

ZDV levels were lean body weight normalized. The influence of glucuronidation on

the metabolism of ZDV likely explains this finding. A review by Liston et al. suggests

that male sex and increased body weight (correlated to increased liver size) result in

higher rates of clearance for numerous drugs which are primarily metabolized through

glucuronidation [111].

Though not a specific aim at the beginning of the study, African-American race

was found to be associated with increased intracellular levels of ZDV-TP (p=0.01)

and 3TC-TP (p=0.09), and plasma 3TC levels (p=0.05). While the difference for

3TC plasma appeared to be explained by renal function, the differences in intracel-

lular levels may suggest genetic differences within the enzyme system pathways for

ZDV and 3TC-TP disposition. As one example, African Americans and non-African-

Americans carry genetic variants in the MRP4 enzyme with different frequencies [3,8].

Further analyses of race differences in larger sample sizes are needed to verify and

extend these findings.

Finally, the impact of study day on intracellular levels was examined to determine

the accumulation patterns and half-lives of the drugs in vivo. ZDV-TP accumulated

to steady state by day 3. The half life was estimated to be 8 hours based on the

accumulation factor. This value is similar to previous estimates of 7-11 hours [4,145].

In contrast, 3TC-TP accumulated over the duration of the study. Intracellular 3TC

levels increased at each study day through day 12, though the difference between

days 7 and 12 was not statistically significant. The half-life was estimated to be 27

hours by accumulation factor, which is consistent with previous estimates of 22-32

hours [4, 145].

The decrease in ZDV plasma concentrations over the duration of the study was

likely due to inductive drug-drug interactions with the ritonavir-boosted protease-

inhibitor used by the HIV+ participants. Further examination of ZDV plasma levels,
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separated by HIV-serostatus, showed that the decrease was only apparent in the

HIV+ group (figure 5.8). Additionally, figure 5.9 suggests that regimens that in-

cluded either atazanavir/ritonavir or lopinavir/ritonavir resulted in decreased ZDV

plasma concentrations between days 0 and 12. This is consistent with the known

glucuronidation-induction properties of lopinavir with ritonavir [1]. Ritonavir by

itself is also known to induce glucuronidation in a dose dependent fashion [60]. Nev-

ertheless, ritonavir-boosted protease inhibitor-zidovudine combinations are clinically

effective [48], despite the induction of ZDV glucuronidation by ritonavir.

3TC plasma levels increased from day 0 to day 3 before leveling off and staying

consistent for the duration of the study. The accumulation factor predicted a half

life of 6.5 hours, consistent with previous work, which showed a plasma half life of

between 5 and 7 hours for 3TC [89].

In summary, results from this study show that HIV-serostatus, but not sex, was

associated with differences in intracellular ZDV-TP and 3TC-TP. Additional work

is needed to further characterize cellular pharmacology in African-Americans ver-

sus non-African-Americans, elucidate female susceptibility to lactic acidosis, and to

extend these findings with similar results in a larger sample size.1

5.3 PG IMPACT ON PK

In addition to the findings that subject demographics impact plasma and intra-

cellular drug levels, it is anticipated that genetic variation between subjects may

also alter drug disposition. This hypothesis was first tested by non-compartmental

methods, as described below.

1 c©American Society for Microbiology, Rower et al., Antimicrobial Agents and Chemotherapy
56(6):3011-3019, 2012.
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5.3.1 METHODS

The average concentration (Css) from 2 to 8 hours post dose was calculated as

described above for each study day (first dose, day 3, 7, and 12), then averaged over

the entire study for each moiety (plasma and IC MP, DP, and TP). Genomic DNA

was extracted from between 1 to 5 x106 viable PBMC using a QIAamp DNA Mini

kit (Qiagen Inc, CA, USA). Table 5.6 lists the candidate genes and SNPs selected

for the study; gene locations in the disposition pathway are shown in figures 5.11

(ZDV) and 5.12 (3TC). In total 43 SNPs were genotyped in 20 candidate genes (in-

flux transporters: SLC22A1-3, A7, A8, A11; SLC28A1, A3 ; kinases: TK1, dTYMK,

NME, dCK, CMPK1 ; drug metabolizing enzyme: UGT2B7 and efflux transporters:

ABCC1, 2, 4, 5; ABCB1, ABCG2 ) in the ZDV and 3TC pharmacology pathways

using a sequenome (iPLEX) mass spectrometry-based multiplex genotyping assay

(Sequenom, Inc., San Diego, CA). SNPs within the candidate genes were carefully

selected from the previous reports in the literature, and from databases such as db-

SNP and the International HapMap project (www.HapMap.org). We excluded SNPs

occurring with a minor allele frequency of less than 10% from the study. Not all SNPs

were biologically relevant to each drug or moiety. The total number of SNPs tested

for ZDV plasma, MP, DP, and TP were 36, 41, 26, and 26 respectively, while tested

SNPs for 3TC plasma, MP, DP, and TP were 36, 38, 23, and 23, respectively.

For these analyses, data was natural log transformed, then upaired t-tests assum-

ing unequal variances were used to compare binary groups (e.g. GG + GT vs. TT),

while ANOVA was utilized to compare 3 groups of genotype for each polymorphism

(e.g. GG vs. GT vs. TT). Genotype-phenotype correlations were determined using

GraphPad software. A p-value of less than 0.05 was used to indicate significance, and

no correction for multiple comparisons was used, due to the exploratory nature of

this study. Associations were first investigated in the entire subject population, and

then repeated in HIV-serostatus stratified subgroups (where possible) to ensure that
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drug level differences due to disease state did not confound the results. Additionally,

ZDV plasma concentrations were normalized by lean body weight, while 3TC plasma

levels were normalized by creatinine clearance, to correct for findings that sex and

race affect ZDV and 3TC plasma levels, respectively, as described above. Results

are reported as mean±SD for wild type vs. variant allele carrier unless otherwise

indicated.

Table 5.6: Evaluated SNPs

Gene SNP Protein Change

rs1045642 ABCB1 3435 T>A,C Pgp I1145I
rs1065769 TK1 1020 G>A TK1
rs1071664 AFMID 243 T>C AFMID P11P
rs11211517 CMPK1 T>C UMP-CMPK
rs11231809 SLC22A11 T>A OAT4
rs1131195 dTYMK 530 T>C dTMPK D115D
rs1189444 ABCC4 A>T MRP4
rs13120400 ABCG2 T>C BCRP
rs16949649 NME1 T>C NDPK
rs17731538 ABCG2 G>A BCRP
rs1867351 SLC22A1 261 T>C OCT1 S52S
rs1989983 ABCC3 A>G MRP3
rs2032582 ABCB1 3170 T>A,G Pgp S893T,A
rs2230671 ABCC1 3832 G>A,C MRP1 S1219S
rs2242046 SLC28A1 1763 G>A CNT1 D521N
rs2242048 SLC28A1 T>C CNT1 Q456Q
rs2270860 SLC22A7 1374C>T OAT2 S425S
rs2273697 ABCC2 1388 G>A MRP2 V417I
rs2274405 ABCC4 1088 A>G MRP4 S323S
rs2274406 ABCC4 1070 A>G MRP4 R317R
rs2276299 SLC22A8 865 T>A OAT3 T241T
rs2292334 SLC22A3 1260 G>A OCT3 A411A
rs246221 ABCC1 1000 T>C MRP1 V275V
rs2854702 TK1 G>A TK1
rs3114019 ABCG2 3571 G>A BCRP
rs36111742 ABCG2 A>G BCRP
rs3740066 ABCC2 4111 C>T MRP2 I1324I
rs3925058 CMPK1 C>T CMPK1
rs41451944 ABCG2 593 G>A BCRP G34R
rs4781701 ABCC1 T>C MRP1
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Gene SNP Protein Change

rs4793665 ABCC3 C>T MRP3
rs4963326 SLC22A8 A>G OAT3
rs622342 SLC22A1 A>C OCT1
rs628031 SLC22A1 1327 A>G OCT1 M408V
rs668871 SLC22A3 387 T>G OCT3 R120R
rs6935207 SLC22A1 1795 G>A OCT1
rs7439366 UGT2B7 802 T>C UGT2B7 T268H
rs7636910 ABCC5 1311 A>G MRP5 Q382Q
rs7853758 SLC28A3 1473 C>T CNT3 L461L
rs7867504 SLC28A3 359 A>G CNT3 T89T
rs8187758 SLC28A1 911 C>A CNT1 Q237K
rs899494 ABCC4 788 T>C MRP4 I223I
rs9282564 ABCB1 554 A>C,G,T Pgp N21H,D,Y

SNPs evaluated in this study to determine potential associations with differences in
the disposition of ZDV and/or 3TC.

5.3.2 RESULTS

Of the 37 subjects who participated in the genetic portion of the study, 16 were

HIV- (8 male, 3 African-American) and 21 were HIV+ (15 male, 7 African-American).

Drug levels were not associated with sex or race in this analysis after normalization

by creatinine clearance and lean body weight. Results for all genotype-drug level

associations are summarized as heat maps in tables 5.7 (ZDV) and 5.8 (3TC), and

subsequently described in detail.

ABCG2 and Other Efflux Transporters

Several SNPs within the ABC family of efflux transporters were found to be asso-

ciated with ZDV and 3TC plasma and/or intracellular drug levels. Drug disposition

was consistently associated with the rs41451944 and rs36111742 SNPs of ABCG2.

Three additional SNPs in the ABCG2 gene were studied, with rs17731358 being

potentially associated with the pharmacology of both ZDV and 3TC. SNPs in the

ABCC1, ABCC2, ABCC4 and ABCC5 genes were also found to be associated with

the distribution of these drugs.
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Figure 5.11: ZDV Disposition Pathway

Schematic showing genes involved with the disposition pathway of ZDV (from
www.pharmGKB.org).
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Figure 5.12: 3TC Disposition Pathway

Schematic showing genes involved with the disposition pathway of 3TC (from
www.pharmGKB.org).
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Table 5.7: ZDV Heat Map

Gene SNP ZDV Plasma (n=36) ZDV-MP (n=41) ZDV-DP (n=26) ZDV-TP (n=26)

ABCG2 rs36111742 ⇓ HIV+ (p=0.02) ⇓ ALL (p=0.02) ⇓ ALL (p=0.006)

⇓ HIV- (p=0.01) ⇓ HIV- (p=0.002)

⇓ HIV+ (p=0.009)

rs41451944 ⇓ ALL (p<0.0001) ⇓ ALL (p=0.01)

⇓ HIV+ (p=0.0003) ⇓ HIV+ (p=0.01)

rs17731538 ⇓ ALL (p=0.05)

⇓ HIV+ (p=0.01)

ABCC4 rs2274405 ⇓ ALL (p=0.04)

⇓ HIV- (p=0.008)

rs2274406 ⇓ ALL (p=0.04)

⇓ HIV- (p=0.04)

ABCC1 rs246221 ⇓ HIV- (p=0.02)

ABCC5 rs7636910 ⇓ HIV- (p=0.003) ⇓ HIV- (p=0.01)

SLC28A1 rs2242046 ⇓ ALL (p=0.02) ⇓ HIV+ (p=0.006)

⇓ HIV+ (p=0.03)

rs2242048 ⇑ ALL (p=0.03) ⇓ HIV- (p=0.0004) ⇓ HIV- (p=0.02)

SLC22A8 rs4963326 ⇑ ALL (p=0.004)

⇑ HIV+ (p=0.02)

dTYMK rs1131195 ⇓ ALL (p=0.0006) ⇓ ALL (p=0.02)

⇓ HIV- (p=0.02) ⇓ HIV- (p=0.02)

TK1 rs2854702 ⇑ HIV+ (p=0.01) ⇑ ALL (p=0.01)

⇑ HIV+ (p=0.0003)

rs1065769 ⇓ HIV+ (p=0.02)

NME1 rs16949649 ⇓ HIV+ (p=0.02)

UGT2B7 rs7439366 ⇑ HIV- (ANOVA p=0.03)

Heat Map of SNPs in the ZDV disposition pathway that were univariately associated
with observed drug concentrations in vivo. Each row represents a SNP and each
column represents a drug moiety, with the number of SNPs tested for the moiety
represented in the column header (n). Blue represents association of an allele with
decreased drug levels, while red represents association of an allele with increased drug
levels. ALL indicates the association was observed in the entire cohort, HIV- indicates
the association was observed in the HIV-negative cohort, and HIV+ indicates the
association was observed in the HIV-positive cohort.
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Table 5.8: 3TC Heat Map

Gene SNP 3TC Plasma (n=36) 3TC-MP (n=38) 3TC-DP (n=23) 3TC-TP (n=23)

ABCG2 rs36111742 ⇓ HIV- (p=0.04) ⇓ ALL (p=0.02)

rs41451944 ⇓ ALL (p=0.007) ⇓ ALL (p=0.005) ⇓ ALL (p=0.03)

⇓ HIV+ (p=0.0002) ⇓ HIV+ (p=0.03)

rs17731538 ⇓ ALL (p=0.02)) ⇓ HIV+ (p=0.02)

⇓ HIV+ (p=0.02)

ABCC4 rs2274405 ⇓ HIV- (p=0.04)

rs2274406 ⇓ HIV- (p=0.03)

rs899494 ⇑ ALL(p=0.02)

⇑ HIV+ (p=0.05)

ABCC1 rs246221 ⇓ HIV- (p=0.04)

ABCC2 rs3740066 ⇑ ALL(p=0.01)

ABCC5 rs7636910 ⇓ ALL (p=0.01) ⇓ HIV- (p=0.002)

⇓ HIV- (p=0.009)

SLC22A8 rs4963326 ⇑ ALL (p=0.01)

CMPK1 rs11211517 ⇓ HIV+ (p=0.02)

Heat Map of SNPs in the 3TC disposition pathway that were univariately associated
with observed drug concentrations in vivo. Each row represents a SNP and each
column represents a drug moiety, with the number of SNPs tested for the moiety
represented in the column header (n). Blue represents association of an allele with
decreased drug levels, while red represents association of an allele with increased drug
levels. ALL indicates the association was observed in the entire cohort, HIV- indicates
the association was observed in the HIV-negative cohort, and HIV+ indicates the
association was observed in the HIV-positive cohort.

The rs41451944 SNP in ABCG2 was observed to consistently and significantly

associate with intracellular levels of both ZDV and 3TC. Variant allele carriers (n=4)

in this SNP were associated with decreased concentrations of 3TC-MP (3.57±1.90 vs.

1.74±0.467 pmol/M; p=0.007), DP (3.70±1.54 vs. 2.18±0.393 pmol/M; p=0.005),

and TP (5.47±1.71 vs. 3.27±0.817 pmol/M; p=0.03). Similar trends were found in

the HIV+ subgroup, however, only 3TC-MP (p=0.0002) and -DP (p=0.03) retained

significance. Only one HIV- subject carried the variant allele, preventing an analysis

of this subgroup. In addition to the effect of rs41451944 on 3TC-phosphates, this SNP

was associated with ZDV-phosphates. Specifically, decreases in ZDV-DP (42.0±11.8

vs. 24.9±2.8 fmol/M; p<0.0001) and ZDV-TP (40.8±11.2 vs. 17.7±4.9 fmol/M;
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Figure 5.13: ZDV-MP vs. rs41451944

ZDV-MP levels for wild type and variant subjects in the HIV+ subgroup. Lines
represent medians.

Figure 5.14: ZDV-DP vs. rs41451944

ZDV-DP levels for wild type and variant subjects in the entire population. Lines
represent medians.
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Figure 5.15: ZDV-TP vs. rs41451944

ZDV-TP levels for wild type and variant subjects in the entire population. Lines
represent medians.

Figure 5.16: 3TC-MP vs. rs41451944

3TC-MP levels for wild type and variant subjects in the entire population. Lines
represent medians.
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Figure 5.17: 3TC-DP vs. rs41451944

3TC-DP levels for wild type and variant subjects in the entire population. Lines
represent medians.

Figure 5.18: 3TC-TP vs. rs41451944

3TC-TP levels for wild type and variant subjects in the entire population. Lines
represent medians.
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p=0.01) were observed in variant carrier subjects when the entire population was

evaluated. Similar results were found in the HIV+ subgroup (p=0.0003 and 0.01 for

ZDV-DP and ZDV-TP, respectively), with the addition of a trend between this SNP

and ZDV-MP (754±396 vs. 331±124 fmol/M; p=0.08). These findings are depicted

in figures 5.13 through 5.18 for both drugs.

Another SNP in ABCG2, rs36111742 causes an A>G polymorphism in the pro-

moter region of the gene. Variant carriers (n=7) of this SNP demonstrated signifi-

cantly decreased ZDV-DP (41.6±11.8 vs. 29.0±11.4 fmol/M; p=0.02) and ZDV-TP

(41.3±11.2 vs. 23.1±9.62 fmol/M; p=0.006). Similar results were observed in both

the HIV- and HIV+ subgroups. Additionally, this SNP was significantly associated

with ZDV-MP in HIV+ subjects, with variant carriers again exhibiting decreased

ZDV-MP concentrations (818±374 vs. 358±114 fmol/M; p=0.02). 3TC plasma and

phosphate concentrations demonstrated similar trends, with variant allele carriers

again resulting in decreased levels (p≤0.10). However, only 3TC-MP levels were de-

creased significantly (3.61±1.96 vs. 2.23±0.724 pmol/M; p=0.02) within the entire

study population. Subgroup analyses for both uninfected and infected individuals

showed similar trends for decreased 3TC plasma and intracellular levels in variant

allele carriers. These results are shown in figures 5.19-5.22.

Results from a third SNP in ABCG2, rs17731538, also demonstrated significant

associations with intracellular ZDV-TP and 3TC-MP levels. Carriers (n=9) of the

G>A polymorphism within the intronic region of this gene were observed to have de-

creased ZDV-TP (39.2±11.8 vs. 28.3±11.8 fmol/M; p=0.05) and 3TC-MP (3.55±1.90

vs. 2.38±0.836 pmol/M; p=0.02) for the entire cohort. These findings were driven

by the HIV+ subgroup (p=0.01 and 0.02 for ZDV-TP and 3TC-MP, respectively), as

these relationships were not significant in the HIV- subgroups (p>0.6). Though not

significant amongst the entire study cohort, 3TC-TP levels (4.86±1.49 vs. 3.38±0.786

pmol/M; p=0.02) were significantly decreased in HIV+ variant carriers.
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Figure 5.19: ZDV-MP vs. rs36111742

ZDV-MP levels for wild type and variant subjects in the HIV+ subgroup. Lines
represent medians.

Figure 5.20: ZDV-DP vs. rs36111742

ZDV-DP levels for wild type and variant subjects in the entire population. Lines
represent medians.
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Figure 5.21: ZDV-TP vs. rs36111742

ZDV-TP levels for wild type and variant subjects in the entire population. Lines
represent medians.

Figure 5.22: 3TC-MP vs. rs36111742

3TC-MP levels for wild type and variant subjects in the entire population. Lines
represent medians.
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In addition to the observed associations with SNPs in ABCG2, study results

demonstrated significant associations between drug levels and SNPs in the ABCC

gene family, which encodes the multi-drug resistance protein (MRP) family of efflux

transporters. Levels of ZDV plasma were significantly lower in variant carriers (n=13)

of the A>G polymorphism in the rs2274406 synonymous coding SNP in ABCC4

(209±72.1 vs. 159±62.0 ng/mL; p=0.04). This relationship was heavily influenced by

the HIV- subgroup (p=0.04), as the association was not found in the HIV+ subgroup

(p=0.44). Additionally, this SNP was significantly associated with decreased 3TC

plasma in the HIV- subgroup (p=0.03), but not in the entire cohort (p=0.17) or the

HIV+ subgroup (p=0.97). The ABCC4 synonymous coding SNP rs2274405 (C>T),

which occurs in linkage with rs2274406, demonstrated similar results. Finally, carriers

(n=11) of the variant allele in the ABCC4 synonymous coding SNP rs899494 (G>A)

were associated with increased 3TC plasma levels within the entire (666±117 vs.

856±213 ng/mL; p=0.02) and HIV+ study populations (p=0.05).

The ABCC1 synonymous SNP rs246221 was associated with decreased 3TC plasma

levels (787±142 vs. 686±207 ng/mL; p=0.04) in the entire population with the vari-

ant allele (n=20). A similar trend was observed in HIV- subjects (n=10, p=0.06),

but the trend was not apparent in the HIV+ subgroup (p=0.5).

Rs3740066 in the ABCC2 gene is a synonymous SNP in exon 28 of the gene, which

conserves the isoleucine at amino acid 1324 in the primary structure of the multi-

drug resistant protein 2 (MRP2) that it encodes. 3TC plasma and phosphate levels

tended to increase in an additive gene-response manner. Accordingly, homozygous

variant individuals had the greatest 3TC exposure, followed by heterozygotes, then

homozygous wild type individuals with the least exposure. In a three group analysis of

all study subjects using ANOVA, these trends were only significant in the DP moiety

(p=0.02), however the other moieties trended toward significance (0.06≤p≤0.15).

When this SNP was dichotomized, variant carriers (n=16) in the population were
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again significantly associated with increased 3TC-DP levels (2.84±1.43 vs. 3.86±1.42

pmol/M; p=0.01), and all other moieties showed strong trends towards significance

(0.05<p≤0.08).

Rs7636910 is a synonymous SNP which does not change the glutamine at position

324 in the multi-drug resistant protein 5 (MRP5), which is encoded by ABCC5. Vari-

ant allele carriers (n=5) in this SNP were associated with decreased ZDV phosphate

concentrations in the HIV- subgroup. ZDV-MP and -DP decreased by 50% (367±133

vs. 183±50.2 fmol/M; p=0.003) and 32% (40.6±12.8 vs. 27.6±4.49 fmol/M; p=0.01),

respectively. ZDV-TP trended towards decreased levels in variant carriers, but this

association was not significant (p=0.12). Uninfected individuals carrying the variant

allele of this SNP were also associated with decreased levels of 3TC-MP (3.99±2.01

vs. 2.49±0.299 pmol/M; p=0.009) and -DP (3.91±1.49 vs. 2.31±0.359 pmol/M;

p=0.002). These associations were apparent in the entire study population, although

only 3TC-MP remained significant (p=0.01).

Influx Transporters

The gene SLC28A1, which encodes the influx transporter concentrative nucleoside

transporter 1 (CNT1), contains two SNPs associated with ZDV concentrations. The

rs2242046 SNP (C>T) in SLC28A1 causes a change in amino acid 521 of CNT1

from a charged aspartic acid residue to uncharged asparagine. Homozygous variant

(n=12) individuals were associated with a 29% decrease (211±70.8 vs. 151±57.8

ng/mL; p=0.02) in ZDV plasma levels in the entire study population. This difference

was driven by the infected population (p=0.03). This SNP was also associated with

an approximate 2-fold reduction in ZDV-MP levels in HIV+ individuals (879±394 vs.

418±184 fmol/M; p=0.006), but not in HIV- subjects (p=0.46). The rs2242048 SNP,

also in SLC28A1, is a synonymous SNP (T>C), conserving the glutamine at amino

acid residue 456. Genetic variants (n=10) in this SNP were associated with increased
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plasma levels of ZDV (173±57.4 vs. 239±84.6; p=0.03), however, this result did not

reach significance within subgroups stratified by HIV-serostatus. Additionally, a trend

for decreased ZDV-DP and -TP in the entire cohort (p=0.14 and 0.19, respectively)

was found to be significant in the HIV- subgroup (p=0.0004 and 0.02, respectively).

Analysis of this SNP suffered from a complete lack of homozygous variant subjects

within the studied population.

The influx transporter protein organic anion transporter 3 (OAT3) is a membrane

bound transporter thought to be primarily localized in the kidney, and is encoded by

the SLC22A8 gene. Variation in the rs4963326 SNP in SLC22A8 was associated with

ZDV and 3TC plasma levels. Specifically, homozygous variants (n=11) were associ-

ated with increased plasma levels of ZDV (168±58.2 vs. 209±75.9 ng/mL; p=0.004)

and 3TC (686±133 vs. 783±222 ng/mL; p=0.01) within the entire study population.

These associations were driven by the HIV+ subgroup (p<0.06), as the same trends

were apparent but not significant in HIV- individuals (ZDV p=0.10, 3TC p=0.16).

Cellular Kinases

The activity of NRTI such as ZDV and 3TC are dependent upon intracellular con-

centrations of the TP anabolite, accordingly genetic variation in the drug phosphory-

lation pathway may play an important role in drug efficacy and tolerability. A strong

example of this is the rs1131195 SNP (T>C) in the gene encoding dTMPK, which is

responsible for the phosphorylation of ZDV-MP to -DP. Homozygous variant subjects

(n=9) were associated with decreased levels of ZDV-DP (42.0±12.1 vs. 29.0±5.52

fmol/M; p=0.0006) and ZDV-TP (39.8±12.8 vs. 27.7±7.89 fmol/M; p=0.02) in the

study population (figures 5.23 and 5.24). Subgroup analysis showed this trend to be

consistent in both HIV- (p=0.02) and HIV+ (p<0.18) individuals.
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Figure 5.23: ZDV-DP vs. rs1131195

ZDV-DP levels for dTYMK rs1131195 wild type and variant subjects in the entire
population. Lines represent medians.

Figure 5.24: ZDV-TP vs. rs1131195

ZDV-TP levels for dTYMK rs1131195 wild type and variant subjects in the entire
population. Lines represent medians.

125



In addition to the observed effect of the rs1131195 SNP in dTYMK on the down-

stream phosphorylated anabolites, variability in the TK1 gene also impacted intra-

cellular ZDV levels. As an example, variant carriers of the intronic SNP rs2854702,

which is in linkage with the 3’UTR SNP rs1065768, were significantly associated

with increased ZDV-MP levels in the HIV+ subgroup (n=2, 644±365 vs. 1227±202

fmol/M; p=0.01). Furthermore, these genetic variants demonstrated increased ZDV-

TP within the entire population (34.2±11.4 vs. 48.6±12.4 fmol/M; p=0.01). This

association was driven by the HIV+ subgroup (p=0.003), and was not present in

HIV- subjects (p=0.22). Finally, HIV+ subjects carrying the 3’UTR SNP rs1065769

(G>A) variant allele (n=9) in this gene were significantly associated with decreased

intracellular ZDV-MP (824±424 vs. 476±181 fmol/M; p=0.02).

Another potential association between genetic variation in cellular kinases and

ZDV concentrations is present in the rs16949649 SNP of NME1, which encodes

NDPK. While the SNP did not significantly impact ZDV-DP or -TP concentrations

within the study population, variant allele carriers in the HIV+ subgroup (n=5)

were associated with a decrease in ZDV-MP levels (856±406 vs. 385±178 fmol/M;

p=0.02). A similar trend was not significant in the HIV- subgroup (p=0.21).

Intracellular 3TC phosphates were less frequently associated with genetic vari-

ation in the cellular kinases involved in drug anabolism. In fact, the only sig-

nificant finding was an association between the rs11211517 SNP (T>C) near the

promoter region in CMPK1 and 3TC phosphate levels. Specifically, genetic vari-

ants in the HIV+ subgroup (n=12) demonstrated strong trends towards decreased

3TC-phosphates. 3TC-MP (3.99±2.43 vs. 2.52±0.945 pmol/M; p=0.13) and -DP

(4.28±1.65 vs. 3.10±1.16 pmol/M; p=0.11) were not significant, but the association

in the -TP anabolite showed strong significance (5.56±1.60 vs. 3.73±0.907 pmol/M;

p=0.02).
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Drug Metabolizing Enzymes

Systemic plasma concentrations of ZDV are primarily excreted via glucuronida-

tion, a process mediated by UDP-Glucuronosyltransferase (UGT) enzymes, specif-

ically UGT2B7. UGT2B7 is localized both in the liver and the kidneys, both of

which play a role in the clearance of ZDV. Genetic variation at SNP rs7439366 in

the UGT2B7 gene results in a T>C allele change, resulting in tyrosine replacing the

histidine amino acid at residue 268 of the protein. When the entire population was

analyzed using ANOVA, genetic variant subjects (15 heterozygotes, 11 homozygote

variants) trended towards having higher ZDV plasma levels (p=0.07) than homozy-

gous wild type individuals (n=10). When separated by HIV-serostatus, a three group

ANOVA analysis of HIV- individuals demonstrated a similar significance in HIV- in-

dividuals (135±46.8 vs. 185±33.3 vs 230±46.0 ng/mL; p=0.03; figure 5.25), but this

result was not replicated in the HIV+ subgroup (p=0.15).

Figure 5.25: ZDV Plasma vs. rs7439366

ZDV plasma levels for wild type, heterozygotes, and variant subjects in the entire
population. Lines represent medians.
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5.3.3 DISCUSSION

The impact of genetic variation in the transporters, kinases, and metabolizing

enzymes which impact the systemic and cellular pharmacology of ZDV/3TC has not

been characterized previously. A variety of SNPs in genes encoding efflux trans-

porters (specifically ABCG2, ABCC1, 2, 4, and 5 ), influx transporters (SLC22A8

and SLC28A1 ), cellular kinases (TK1, dTYMK, NME1, and CMPK1 ), and the drug

metabolizing enzyme UGT2B7 were associated with drug levels. These associations

with genetic variation may help explain some of the inter-individual variability ob-

served in systemic and intracellular ZDV and 3TC concentrations.

A primary finding of this paper was the impact of three SNPs in the ABCG2 gene

on intracellular levels of both drugs. The ABCG2 gene encodes BCRP, a membrane

protein shown to protect against absorption of xenobiotics in the placenta, intestines,

and blood brain barrier, as well as being prevalent at the apical membrane of the

liver and kidneys. Furthermore, BCRP mRNA was detected in PBMC, the primary

site of activity for these drugs [150]. Previous work by Wang et al. demonstrated

that both ZDV and 3TC are substrates of BCRP, as evidenced by the increased

cellular resistance to both drugs in a human T-cell line modified for high BCRP

expression [189,190]. As such, it was anticipated that altered protein expression due

to genetic variation would impact intracellular drug levels for both ZDV and 3TC.

Indeed, multiple SNPs in this gene were associated with decreases in intracellular

levels of both drugs in this study.

The rs41451944 SNP causes a coding missense polymorphism in ABCG2, resulting

in an arginine replacing the glycine at amino acid 34 in the corresponding BCRP

protein. The altered primary structure in BCRP may impact protein expression

levels or the affinity for drug binding to the transporter protein, thereby affecting the

efficiency of cellular efflux of these drugs. The decreased intracellular levels in this

study suggest that genetic variation increases the efflux efficiency of BCRP towards
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ZDV and 3TC. This may be a result of increased affinity for these drugs in the genetic

variant protein.

The second most consistently associated SNP, rs36111742, occurs in the promoter

region of the gene. Genetic variation in promoter regions can either increase or de-

crease gene transcription by changing the DNA chain essential for transcription factor

binding [40]. Data from this study suggests that this SNP, which caused decreased

intracellular drug levels, causes increased BCRP expression via increased gene tran-

scription. Greater amounts of BCRP would lead to increased drug efflux, with the fi-

nal result being decreased intracellular levels of both ZDV and 3TC. The final ABCG2

SNP demonstrating association with intracellular ZDV and 3TC levels, rs17731538, is

in the intronic region of the gene. Intronic SNPs may impact mRNA splicing, result-

ing in proteins of altered activity [40]. The data demonstrates decreased intracellular

levels, suggesting that the polymorphism results in a protein with increased activity

towards the drug.

Limited literature has been published previously on these three SNPS, their effect

on ZDV/3TC, or their effect on other drugs. To the best of our knowledge, the

only previous literature on any of these SNPs is a study which linked rs17731538

with the clinical methotrexate response in psoriasis patients [192]. Subjects in this

study who carried the variant allele demonstrated a poorer response to methotrexate,

which, similar to ZDV/3TC, is a drug requiring intracellular transport for activity.

Decreased response in this study may indicate decreased intracellular methotrexate

levels, similar to the decreased intracellular drug levels observed in our study.

In addition to the ABCG2 SNPs described with significant associations to intra-

cellular ZDV and 3TC levels, we also studied rs3114019 and rs13120400. Variant

carriers of the rs13120400 SNP were associated with increased methotrexate response

in the same study which demonstrated decreased response in rs17731538 variants.

The absence of an effect of this SNP on drug levels in our study may be due to the
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polymorphism not impacting the affinity of the transporter for ZDV/3TC, a poten-

tial compensatory increase in activity by other efflux transporters, or may reflect the

presence of another polymorphism or a possible functional haplotype that is driv-

ing the association with methotrexate. The SNPs rs2231137 (causing a valine to

methionine at residue 12, V12M), rs72552713 (resulting in a premature stop codon,

Q126X), and rs2231142 (a glutamine to lysine change at residue 141, Q141K) have a

defined functional significance and have been previously reported to affect numerous

drugs, including SN-38 (the active metabolite of irinotecan), topotecan, diflomotecan

(Q141K); topotecan, doxorubicin, mitoxantrone, vincristine (V12M); and poryphrin

(Q126X) [46,81,123,168,169,174]. Unfortunately, these SNPs could not be studied in

our patient population as we were unable to identify a sufficient number of individu-

als carrying the minor allele. Previous studies have reported that these SNPs do not

affect 3TC plasma or intracellular levels [8,97], however, we believe that these results

should be replicated in a larger and more genetically diverse cohort for confirmation.

In addition to the consistent associations with three SNPs in the ABCG2 gene, ge-

netic variation in the ABCC gene family, encoding the multi-drug resistant proteins

1-5 (MRP1-5) were also found to be associated with observed plasma and intra-

cellular drug levels. Specifically, rs3740066 (ABCC2 ) and rs899494 (ABCC4 ) were

both associated with increased systemic and intracellular ZDV/3TC, while rs7636910

(ABCC5 ), rs2274406 (ABCC4 ), and rs246221 (ABCC1 ) were associated with de-

creased levels. The efflux of both ZDV and 3TC by these ubiquitous transporters has

been well documented [3,52,84,90,104,139,153], though this study is the first to seek

relationships between these genetic polymorphisms and the disposition of ZDV and

3TC.

Rs3740066 is a synonymous SNP which conserves the isoleucine at position 1324

in the primary protein structure of MRP2. This SNP has been well studied in other

disease states, with literature describing a role for this polymorphism in intrahepatic
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cholestasis in pregnancy [165, 167], epilepsy drug resistance [136], nonalcoholic fatty

liver disease [166], and response to chemotherapy in non-small cell cancers [173]. The

multitude of literature demonstrating an impact of this SNP on disease state and

drug resistance suggests that though this is a synonymous SNP, it may still impact

protein fitness and thus, drug transport processes in vivo [98]. Data from this study

indicates that the polymorphism decreases the amount of 3TC effluxed by MRP2 (ie

increased drug levels), most likely by decreasing the affinity of the protein for drug

molecules.

Similar to rs3740066, rs7636910 (ABCC5 ), rs2274406 (ABCC4 ), rs899494 (ABCC4 ),

and rs246221 (ABCC1 ) are synonymous SNPs, which have been examined for their

impact on the clinical outcomes of pancreatic cancer [175], efavirenz, nelfinavir, or

tenofovir-based therapy [39,55,82], as well as various types of leukemia and its treat-

ment with anthracycline and telatinib [72, 154, 170]. As is the case for rs3740066,

rs899494 genetic variants were related with increased 3TC levels, indicative of a de-

creased ability to efflux 3TC. In contrast to these findings, the rs7636910, rs2274406,

and rs246221 SNPs were associated with decreased ZDV and 3TC in plasma and

PBMC. This suggests that these SNPs result in an increased ability for the corre-

sponding MRP to efflux drug, both out of the systemic circulation and possibly out

of PBMC. One could anticipate that the increased ability to efflux drug could result

from the polymorphism causing the protein to have an increased affinity to bind drug.

In addition to the SNPs in the ABCC gene family presented above, the ABCC4

SNPs rs3742106 and rs11568695 have been previously reported to impact levels of

3TC-TP and ZDV-TP, respectively [8]. Specifically, this previous study demonstrated

that variant carriers of rs3742106 had increased 3TC-TP levels (20%, p=0.004), while

carriers of the rs11568695 trended towards higher ZDV-TP (p=0.06) [8]. The current

study was unable to replicate these results as insufficient subjects were found to

possess the variant allele of either SNP.
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ZDV and 3TC can enter lymphocytes both by passive diffusion [83, 204] or by

active transport via influx transporter proteins from the OAT, OCT, CNT, and ENT

transporter families [10,31,54]. Our results identified associations between the coding

missense rs2242046 SNP (D521N) and the synonymous rs2242048 SNP in SLC28A1

(CNT1) and the intronic SNP rs4963326 in SLC22A8 (OAT3) to be associated with

altered ZDV levels. Specifically, rs2242046 variant carriers showed decreased ZDV

plasma and ZDV-MP concentrations, rs2242048 variant carriers were associated with

increased ZDV plasma but decreased ZDV phosphates, and rs4963326 variant carriers

demonstrated increased plasma ZDV and 3TC levels. SLC28A1 encodes the CNT1

transporter known to concentrate nucleosides inside cells [10,78], in addition to lining

the bile canalicular membrane [35]. In the case of rs2242046, the polymorphism ap-

pears to increase the amount of drug transported into the bile, therefore decreasing

the amount of systemic ZDV, and in turn ZDV-phosphates. This conclusion is sup-

ported by Gray et al., who demonstrated increased thymidine transport in vitro in

proteins expressing this variant [69]. In contrast, the increased plasma and decreased

phosphate levels observed in rs2242048 carriers suggests a decrease in protein fit-

ness at the cellular membrane, resulting in diminished transport of parent drug from

plasma into cells. The rs4963326 SNP occurs in the gene that encodes the OAT3

influx transporter protein, thought to be localized to the basolateral membrane of

renal proximal tubule cells. Increased plasma ZDV and 3TC levels in variant carriers

of this polymorphism suggest that this polymorphism results in decreased clearance

of the drug into the urine, allowing more drug to remain in circulation. To the best

of the author’s knowledge, no other literature describing the functional significance of

these SNPS in the context of HIV or other disease states has been published, outside

of the previously mentioned study by Gray et al.

Cellular kinases responsible for phosphorylating ZDV to the active TP contained

genetic polymorphisms which altered intracellular drug levels. The SNPs rs1131195,

132



rs2854702, rs1065769, rs16949649 for ZDV and rs11211517 for 3TC were associated

with changes in intracellular drug levels. Literature on these SNPs is limited, with

the primary focus being the role of rs16949649 in the cytarabine neurotoxicity [25]

and breast cancer survival [137]. Despite the lack of literature showing evidence for

the functional significance of these SNPs, the crucial role of kinases in producing

phosphorylated drug makes the understanding of the effects of these SNPs highly

relevant. As both ZDV and 3TC compete with endogenous nucleotides for phospho-

rylation sites on these kinases, one can propose that the SNPs found to be associated

with drug phosphate levels act by altering protein expression (changing levels of both

endogenous and xenobiotic nucleotides in the same direction) or by changing the

binding affinity of the drug relative to that of the endogenous nucleotide (altering the

ratio of drug to endogenous nucleotides). As viral inhibition is thought to be related

to the ratio of drug to endogenous nucleotide-TP [62, 76], it is vitally important to

understand the mechanism by which these SNPs alter drug levels in order to improve

clinical care using these drugs.

A primary route of excretion for ZDV is glucuronidation, which is mediated in the

liver by the UGT2B7 enzyme. The rs7439366 SNP in the gene encoding this protein

results in a Y268H variant in the amino acid chain. Carriers of this genetic variant

demonstrated higher systemic ZDV plasma levels, with the strongest association oc-

curring in HIV- individuals. This suggests that the polymorphism results in protein

of decreased fitness, resulting in decreased metabolism of ZDV, and higher levels of

parent drug in the plasma. This polymorphism has been widely reported in regards

to its impact on efavirenz [107, 198], opiate analgesics [117, 178], and vorinostat [94],

all of which undergo phase II metabolism via glucuronidation. These reports, in

conjunction with the findings of this study, suggest that this genetic variation not

only occurs with sufficient frequency to be found in many studies, but also causes

consequential functional differences in the expressed protein.
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The associations between genetic variation and the disposition of ZDV and 3TC

presented from this study are novel, however, these results come with a few limita-

tions. First, the size of the study population is small for a genetic study. The initial

study design was powered to look for differences in intracellular drug concentrations

due to HIV-serostatus and sex, while genetic samples were collected as part of the

initial study in order to explore potential associations between genetics and drug con-

centrations, as presented in this manuscript. The small sample size limited our ability

to test these associations when the population was split by HIV-serostatus, or other

demographic characteristic. As described previously, HIV infection, sex, and race

have been described to impact systemic and intracellular drug levels, thus it is neces-

sary to account for these characteristics prior to drawing conclusions about genotype-

phenotype associations [146]. Additionally, the small study population hampered the

study’s ability to find genetic variants in SNPs that have been shown previously to

impact ZDV or 3TC drug levels. Furthermore, the low number of variant allele car-

riers in many of the SNPs forced a comparison of homozygous wild type vs variant

allele carriers. This prevented us from exploring the manner by which the genetic

variant exerted its effect, either recessive, dominant, or additive. Thus, these results

should be considered exploratory, and in need of replication in a larger, more diverse,

and appropriately powered study population.

Furthermore, as this study was exploratory in nature, we did not correct for

multiple corrections. Initial screening for genotype-phenotype associations looked at

43 SNPs and 8 drug concentrations (ZDV/3TC plasma, MP, DP, and TP), resulting

in 344 comparisons. Instead of testing these comparisons against a p-value of 0.05, a

Bonferroni correction would have required significant associations to reach p<0.00015.

In this situation, only one association (ZDV-DP and ABCG2 rs41451944) would have

been found to be significant. In light of the preliminary and novel nature of this study,

the Bonferroni corrected p-value would have eliminated various associations which are
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backed by strong biological plausibility and relevance. As such, a p-value of less than

0.05 was utilized as significant, with the intention that the associations presented here

be replicated in a prospectively powered study.

This work demonstrates the associations between systemic and intracellular ZDV/3TC

and 16 of the 43 SNPs examined (see table 5.6 for a complete list of studied SNPs and

the protein variants they cause). Of the remaining 27 SNPs that are not presented

currently, no significant associations were found. One explanation of this finding is

that many of these 27 SNPs may not cause a protein variant with functional signifi-

cance. Indeed, this is a limitation of this study, as the functional significance of many

of these SNPs in vivo has yet to be elucidated. The possible functional haplotypes

were not evaluated, meaning that these SNPs may not have shown significance be-

cause they were not paired with another SNP that helps drive the altered protein

activity. Finally, the SNPs not found to be associated with drug levels could be

hindered by low allele frequency in our population, both in terms of heterozygotes

and homozygous variants. There were few to no homozygous variants in many of the

studied SNPs, impeding the study’s ability to find associations in genes that follow a

recessive model.

Though limited in its ability to prove genetic associations with systemic and intra-

cellular drug levels, this study was benefited by several strengths. The first strength is

the abundant pharmacological data, specifically 12 samples on 4 different study days

over the span of 12 days on study drug. Furthermore, each sample draw collected

paired plasma and PBMC samples, and each PBMC sample was utilized to deter-

mine MP, DP, and TP drug concentrations, allowing for a complete picture of drug

disposition from first dose through steady state levels, and at each step of the dispo-

sition process required to produce active drug. Second, the targeted nature of this

study, which looks specifically at polymorphisms in the genetics of proteins known

to play a role in disposition of ZDV and 3TC, limits the potential of false positive
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findings. Though more work is needed to be done to fully understand the associa-

tions presented in this study, each association can be assigned biological relevance and

plausibility. Finally, these finding suggest the need for multivariate analyses of these

SNPs to understand their combined pharmacological impact, as will be presented in

the following chapter.
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CHAPTER 6

PK-PG-PD PLASMA-CELLULAR METABOLITE MODEL

The primary goal of this work was to unite drug disposition, demographic, and

genetic data into one model that could be used to understand ZDV and 3TC PK from

dose administration through the production of the active -TP anabolite, and eventual

systemic excretion. This chapter will combine the data that has been explored in the

previous chapters, so as to build a population PK model linking plasma data to intra-

cellular metabolites, with inter-individual variability explained by demographic and

pharmacogenetic data. Where possible, the model is as rooted in the true physiology

of the absorption, distribution, metabolism, and excretion processes undergone by

these drugs. However, as population PK models by nature are mathematically based,

some assumptions must be made, which will be explained as appropriate.

The second aim of this chapter is to understand how in vivo drug PK and PG

differences drive PD outcomes. A great unknown in NRTI therapy is the correlation

of drug levels to the efficacy and toxicities associated with treatment. The lack of

well-defined PK-PD relationships prohibits the success of therapeutic drug monitor-

ing of NRTI in the clinical setting, which in turn limits the clinician’s ability to guide

therapy based on individual drug levels. Thus, it can be anticipated that providing a

pharmacological basis for PD outcomes may help clinicians recommend doses which

successfully treat HIV, while also limiting drug-induced toxicities. Furthermore, po-

tential correlations between PD and demographic or PG factors may help inform

clinical choices and help predict therapeutic success. Though the study from which
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these results are determined is not sufficient to prove PK-PD or PG-PD relationships,

the following results provide a solid foundation for further replication, with the aim

of providing optimal clinical care for HIV infected individuals.

6.1 PLASMA-CELLULAR METABOLITE LINKED MODEL

As introduced in chapter 2 of this work, there have been few attempts to develop a

PK model which links plasma and intracellular NRTI levels. There have been several

obstacles to this pursuit, of which the ability to analytically determine intracellular

NRTI levels is foremost. The advent of superior quantitation methodology, able to

sensitively determine femtomole levels of NRTI, has overcome this obstacle. A second

impediment has been the mathematical basis for understanding physiology, which

has largely been averted by sophisticated software platforms, such as NONMEM

and ADAPT. Two more obstructions remain, despite the advances in bioanalytical

quantitation and mathematically based PK models.

The first obstruction hindering the linkage of NRTI plasma and intracellular levels

is the difference in concentration units between the two matrices. Namely, plasma

NRTI concentrations are given as ng/mL, while intracellular levels are reported as

mol/106 cells. While it is possible to convert the mass units in the numerator of

these concentration units so that they are identical, the volume units are more chal-

lenging to reconcile. Though literature has reported utilizing conversions of 0.2-0.4

pL/cell [19], the assumptions underlying this conversion factor invite the addition of

significant error to the intracellular levels. Specifically, the validity and success of

these assumptions depend on the composition of the cellular matrix, and the activa-

tion state of the cells [19]. The addition of error to an already error prone process

(including errors in cell count and assay error) is undesirable, meaning that a suc-

cessful linked model most account for this unit mismatch to be useful and valid. The

second difficulty in linking concentrations in plasma and cellular matrices is the over-
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whelming disparity in drug amounts in the two matrices. It is anticipated that only

1% of the orally absorbed drug is transported into cells and available for phospho-

rylation. This, in conjunction with the difficulties in correctly converting between

volume units in the two matrices, results in an inability to directly track actual drug

mass movement throughout the body.

In light of the difficulties in directly tracking mass movement throughout the body,

a majority of existing studies have utilized indirect methods to model the link between

plasma and intracellular concentrations. The primary method for accomplishing this

is to relate the rate of parent drug transport and phosphorylation (Kin) through a

curve dependent on the parameters Emax and EC50. This Kin value was then used to

stimulate the production of either -MP or -TP anabolites (presumably dependent on

the data available and aim of the model), and the loss of stimulation explained by the

estimation of a Kout value. This type of model utilizes plasma levels to stimulate the

production of the intracellular anabolites, without requiring the tracking of parent

drug movement throughout the body. By doing so, the model eliminates the need

to reconcile volume measurements (ie the Emax parameter is determined in mol/106

cells units, and is driven by the EC50 value in ng/mL). Furthermore, this model

type lessens the impact of the differing magnitudes of drug mass between the two

matrices. In light of these benefits, and the difficulty in trying to fit a direct, mass

transfer model (in an attempt to be accurate to the physiological distribution of the

drug), an indirect approach was utilized to build the full PK model for this study.

6.1.1 PK MODELING METHODS

Population PK techniques were utilized for all PK analyses. First, one and two

compartment models were compared to determine which best described plasma con-

centrations. Higher order compartmental models were not tested, due to insufficient

data for an accurate determination of these models. For both models, oral absorption
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was modeled as a first order rate constant, while elimination was parameterized on

clearance (CL). Literature values were used for initial parameter estimates.

The Maximum Likelihood Expectation-Maximization (MLEM) program in ADAPT

V software was utilized for model building. Variances, but not covariances, were

calculated in the initial model building stage; however, the final model estimates

are generated using the full variance-covariance matrix. Model building utilized 30

Expectation-Maximization (EM) algorithm iterations, whereas final parameter esti-

mates are generated using 100 EM iterations, to ensure full model minimization.

Genetic covariates were dichotomized following a dominant model (ie wild type

vs. variant allele carriers). Categorical covariates (such as genetics, HIV-serostatus,

sex, and race) were coded in a multiplicative fashion, such that θ = α · δγ, where θ

represents the individual parameter estimate, α the parameter estimate for the control

group, δ is the fractional change for the variant group, and γ is either 0 (control) or 1

(variant, HIV+, man, African-American). Continuous covariates (such as lean body

weight or creatinine clearance) were coded as a linear combination of terms, so that

θ = α + δ · (γ/γmedian), where α is the parameter estimate for an individual with

γ=0, δ is the slope of the relationship between γ and the parameter estimate, γ is the

individual value of the covariate, and γmedian is the population median value of the

covariate. Studied covariates were HIV-serostatus, sex, race, age, weight, creatinine

clearance, and several single nucleotide polymorphisms (SNPs) from the disposition

pathway of both ZDV and 3TC (a summary of these SNPs can be found in the

previous chapter, table 5.6). All covariates were screened for significant association

with predicted base model parameters using GraphPad Prism, version 5, and then

added to the model from most to least significant. Parameter-covariate relationships

that reduced the Akaike’s Information Criteria (AIC) by more than 2 were retained

in the model, and the process repeated until no further model significant parameter-

covariate relationships remained. Backward exclusion utilized an increase in the -2
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log likelihood (-2LL) of greater than 3.84 (χ2, 1 degree of freedom, p=0.05) to support

inclusion of the covariate in the final model.

Analysis was performed sequentially, meaning that the plasma model was con-

structed and then the parameter estimates fixed for each individual prior to analysis

of the intracellular phosphate data. Central compartment plasma concentrations were

used to indirectly stimulate MP concentrations following an Emax curve. In this equa-

tion, Emax represents the maximum MP concentration at a macroscopic level, the sum

of drug transport and parent phosphorylation processes. The EC50 term represents

the plasma concentration that drives 1/2 the production of Emax. Intracellular phos-

phorylation/dephosphorylation steps are modeled as first order rate constants. The

differential equations describing the model are shown below, and the model schematic

is shown in figure 6.1.

Figure 6.1: Plasma-Cellular Metabolite Linked Model

Model schematic linking plasma to cellular metabolite concentrations.
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Differential equations describing this model:

d(X1)

dt
= −CL+Q

Vc
·X1 +Ka ·X2 +

Q

Vp
·X3 (6.1)

d(X2)

dt
= −Ka ·X2 (6.2)

d(X3)

dt
=

Q

Vc
·X1 −

Q

Vp
·X3 (6.3)

d(X4)

dt
=

Emax · X1

Vc

EC50 + X1

Vc

− (KeMP +KMPDP ) ·X4 +KDPMP ·X5 (6.4)

d(X5)

dt
= KMPDP ·X4 +KTPDP ·X6 − (KDPMP +KDPTP ) ·X5 (6.5)

d(X6)

dt
= KDPTP ·X5 −KTPDP ·X6 (6.6)

All intracellular parameter estimates were determined simultaneously. Model im-

provement was statistically tested in the same method as the plasma model, with

one exception. Final intracellular parameter estimates were determined without cal-

culating the covariances between parameters (i.e. only variances were calculated), as

inclusion of covariance calculations resulted in erratic parameter estimates.

Similar model diagnostics were performed for both the plasma and linked mod-

els, in order to assess model fit. Visual diagnostics included a plot of predicted vs.

observed concentrations for each moiety (expected to fall along the unity line), resid-

uals vs. time (to ensure that error was not correlated with time), and residuals vs.

concentration (to ensure that error was not correlated with observed or predicted

concentrations). In addition to these visual inspections, parameter estimates were

evaluated to determine model success. Specifically, estimates from the final model

were accepted if, one, the estimate’s coefficient of variation was less than 50% or was

less than the %CV observed for the parameter in the initial model, and, two, it did

not have a greater than 95% correlation with another parameter. Finally, model eval-

uation was completed by performing visual predictive checks and by bootstrapping.

The visual predictive check was performed by simulating 100 data sets from the final
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population parameter estimates from each model, and comparing the 90% predic-

tion interval of these simulated data sets to the observed data. Bootstrap evaluation

utilized 1000 data sets simulated from the final population parameters, in order to

compare the 95% confidence interval (CI) of parameters from the simulated data sets

to those of the observed data set.

6.1.2 PK MODELING RESULTS

Model Development

Initial model convergence proved difficult, as the ADAPT algorithm was unable

to simultaneously estimate the Emax and EC50 terms with success. Instead of con-

verging to stabilized parameter estimates, the increase of one parameter appeared to

cause the increase of the other, in a relatively constant ratio. Thus, the model was

highly sensitive to changes in initial parameter estimates, and yielded estimates for

both parameters that were physiologically unrealistic. In order to hone in on optimal

physiologically relevant estimates for both Emax and EC50 in analyzing ZDV, a grid

search was performed, in which fixed combinations of EC50={200,400,600,800} and

Emax={1000,2500,4000,5500,7000} were tested to determine the vicinity of the min-

imal -2LL. Results demonstrated that low EC50 (200 ng/mL) and high Emax (7000

fmol/106 cells)) produced the lowest -2LL for ZDV. The low EC50 value is similar

to the Css found by model-independent methods for the ZDV data, suggesting that

this value is physiologically attainable. Additionally, plasma PK is more well under-

stood than intracellular PK, which suggests that the EC50 parameter is the more

appropriate of the two to either fix or bound in an effort to achieve stability.

To combat this difficulty with estimating these parameters for ZDV, the boundary

equation EC50 = EC50max ·(1−e−θ)/(1+e−θ) was implemented such that EC50 was

constrained to betweeen 0 and a value EC50max. Within the model, the parameter

θ was estimated, and then EC50 back calculated as a secondary parameter of the
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model. From the grid search results above, which suggests that an EC50 of near 200

ng/mL provides the minimum -2LL, and due to the abundance ( 95%) of plasma

concentrations being less than 500 ng/mL, the initial guess at EC50max was 500

ng/mL. The equation behaves such that EC50(θ=0)=0 ng/mL, while EC50(θ →

∞)=500 ng/mL, as shown in figure 6.2. The essentially linear relationship between

EC50 and θ for θ = {0, 2} allows the algorithm to more aptly determine the best

estimate for EC50, by providing a greater change in EC50 per small change in θ.

Furthermore, the function focuses the algorithm at the proper -2LL space, increasing

the topological contrast in this space for small changes in the parameter estimate, so

that the algorithm can find the physiologically appropriate minimum -2LL.

Table 6.1: Linked Model Boundary Function Stability

EC50trans,i EC50trans,f EC50 Emax -2LL

0.01 0.609 148 6561 19654.6
0.10 0.613 149 6294 19656.0
0.50 0.615 149 5680 19656.8
1.00 0.616 149 5730 19656.1
2.00 7.77 500 1769 19709.8

Model results for EC50trans, Emax, and -2LL for analyses testing the robustness and
stability of the linked model boundary function to changes in initial estimates.

To ensure that this boundary function properly stabilized estimates of both EC50

(via the estimation of θ) and Emax, models with initial estimates for θ of {0.01, 0.10,

0.50, 1.00, 2.00} were analyzed to determine the impact of initial parameters on model

convergence. Model results, described in table 6.1, show good stability, with estimates

of θ between 0.609 and 0.616 for θi={0.01,0.10,0.50,1.00}. These θ estimates back

calculate to physiologically relevant and realistic EC50 values of either 148 or 149

ng/mL. Additionally, Emax values ranged from 5730 to 6561 fmol/106 cells, well within

observed ZDV-MP concentrations. The boundary function generated robust model

estimates despite varying initial θi, and yielded physiologically realistic EC50 and

Emax, suggesting that the boundary function successfully stabilized the model.
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Figure 6.2: Boundary Function

Plot showing the relationship of EC50 and the model estimated θ for ZDV.

A similar issue with the convergence of the Emax and EC50 parameters was ob-

served in the linked model for 3TC. Specifically, though Emax estimates remained

near 2.00 pmol/106 cells, EC50 values progressed towards infinity, dependent on the

number of EM iterations. Utilization of the boundary function described for ZDV

did not prove effective, as higher EC50 were preferred by the model, resulting in

EC50trans parameter estimates on the plateau of the curve, eliminating the utility of

this boundary function. To avoid this issue, the boundary curve was altered, so that

the curve resembled a decreasing exponential function. With this curve, higher EC50

estimates correspond to small values of EC50trans, so that the linear portion of the

curve occurs at high EC50, while the plateau is reached at low EC50 values. The

linearity of the curve at higher EC50 values provides the necessary relation between

changes in EC50trans and the -2LL of the model. Furthermore, as 3TC plasma levels
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are higher than those of ZDV, it was necessary to interrogate the proper boundaries

for this function. Similar to ZDV, a grid search was performed, which demonstrated

that the optimal boundaries for the EC50 was between 300 and 1200 ng/mL. These

boundaries provided stable estimates for both EC50trans over a wide range of initial

estimates, as well as stable and physiological values for the EC50 and Emax parame-

ters, similar to what was observed for ZDV. The final boundary function is shown in

equation 6.7 (ZDV) and 6.8 (3TC) below, where θ represents the estimated EC50trans

value.

EC50ZDV = 500 · 1− e−θ

1 + e−θ
(6.7)

EC503TC = −900 · 1− e−θ

1 + e−θ
+ 1200 (6.8)

Model Results

The two-compartment base model was found to better describe the plasma con-

centration data than did the one-compartment for both ZDV and 3TC. The two-

compartment AIC decreased by 125 and 9.2 for ZDV and 3TC, respectively, sug-

gesting that the additional compartment and parameters significantly benefitted the

model fit for both drugs. Base model parameters for both drugs are shown in table 6.2.

Table 6.2: Plasma Base Model Parameters

ZDV 3TC
Parameter Mean %CV Mean %CV Units

CL/F 112 24.4 20.5 30.7 L/hr
Vc/F 31.9 64.9 55.6 17.0 L
Ka 0.845 17.5 0.838 28.5 1/hr

Q/F 22 56.7 18.1 71.5 L/hr
Vp/F 60.5 26.3 31.3 62.6 L

Parameter estimates for the base models of both ZDV and 3TC plasma.
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Table 6.3: ZDV Plasma Model Parameter-Covariate Relationships

Parameter Covariate P-value ∆ AIC

Vp LBW 0.0003 -16.6
CL LBW 0.0006 -25.4
Vp SEX 0.0007 -1.8
CL CRCL 0.001 NA1

Q rs2032582 0.008 -0.2
CL rs2242048 0.010 -5.2
Vc LBW 0.01 3.1
Vp rs2032582 0.01 4.7
CL rs2032582 0.02 3.3
Vc rs4963326 0.02 -0.7
Vc rs899494 0.03 3.9
Vc rs2242048 0.03 1.8
Q rs1867351 0.03 1.9

CL SEX 0.04 3.6
CL rs7636910 0.04 -0.9
Vc rs2032582 0.04 3.1
Ka rs2230671 0.04 NA2

Q rs7636910 0.04 3.1
Ka rs7636910 0.05 NA2

Ka rs4963326 0.05 NA2

Ka rs628031 0.05 NA2

P-values represent correlation significance between the parameter and covariate as
determined in GraphPad Prism. ∆AIC represents the change in model AIC when
the parameter-covariate relationship is included. NA1: Not Applicable, as CRCL is
dependent upon and was highly correlated to LBW. NA2: Not Applicable, absorption
phase data was insufficient to test covariate-Ka relationships in the model.

These predicted base parameter estimates were analyzed to determine correla-

tions between the PK parameters and the studied demographic and PG covariates,

in the form of a correlation matrix. The significant parameter-covariate relationships

and corresponding p-values are described in tables 6.3 (ZDV) and 6.4 (3TC), ordered

from most to least significant. These tables also show the change in model AIC when

these covariate-parameter relationships were added to the base model. Notably, the

addition of weight onto the parameters CL (p<0.0001) and Vp (p<0.0001), and the

inclusion of the rs2242048 SNP in CNT1 on CL (p=0.007) significantly improved the
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ZDV model. For 3TC, the addition of creatinine clearance (p=0.04), HIV-serostatus

(p=0.01), and race (p=0.02) on CL, and sex on Q (p=0.0001) and Vc were included as

significant. During the backward exclusion process, the effect of sex on Vc (p=0.22)

was found to not be significant to the final model, and was removed. Subsequent ZDV

plasma model evaluations utilizing 3000 iterations and 100 EM demonstrate demon-

strated that the effect of the rs2242048 on CL was minimal (δ=0.992), therefore, this

covariate-parameter relationship was removed from the model. Final plasma model

estimates are shown in table 6.5 for both drugs. The model variance, as percent

coefficient of variation was 45% and 27% for ZDV and 3TC, respectively.

Table 6.4: 3TC Plasma Model Parameter-Covariate Relationships

Parameter Covariate P-value ∆ AIC

CL CRCL 1.40E-05 -36.5
Vc SEX 0.0004 -5.4
Q SEX 0.0004 -6.8
Ka rs1989983 0.003 NA2

Ka SEX 0.003 NA2

Vc rs1989983 0.004 1.0
Q LBW 0.006 1.5
Q rs4963326 0.008 2.0

CL LBW 0.009 NA1

CL HIV 0.010 -5.0
Vc rs4793665 0.01 2.7
Vc LBW 0.01 9.3
CL RACE 0.02 -2.7
Ka rs4793365 0.02 NA2

Ka LBW 0.02 NA2

Ka rs7439366 0.03 NA2

Q rs7636910 0.04 2.0
Ka rs3925058 0.04 NA2

P-values represent correlation significance between the parameter and covariate as
determined in GraphPad Prism. ∆AIC represents the change in model AIC when
the parameter-covariate relationship is included. NA1: Not Applicable, as CRCL is
dependent upon and was highly correlated to LBW. NA2: Not Applicable, absorption
phase data was insufficient to test covariate-Ka relationships in the model.
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Table 6.5: Final Plasma Model Parameter Estimates

Parameter ZDV Mean %CV Units

CL/F 95.8· LBW/65.7 22.3 L/hr
Vc/F 26.6 54.7 L
Ka 0.830 17.8 1/hr

Q/F 27.9 56.7 L/hr
Vp/F 47.3· LBW/65.7 37.2 L

Parameter 3TC Mean %CV Units

CL/F (15.4+8.94· CRCL/113)(0.799HIV )(0.815RACE) 24.3 L/hr
Vc/F 41.4 17.6 L
Ka 0.466 11.5 1/hr

Q/F 3.43(2.68SEX) 27.5 L/hr
Vp/F 89.1 61.0 L

Parameter estimates from the final ZDV and 3TC plasma models, including the im-
pact of significant covariates, and the associated %CV.

Following the finalization of the plasma model, PK parameters were fixed to indi-

vidual estimates prior to analysis of the linked intracellular metabolite data. Stimu-

lation of intracellular metabolite concentrations were modeled indirectly, through an

Emax curve (equation 6.4). The indirect stimulation method has two benefits, the

first being that units do not have to be converted from plasma (ng/mL) to intracel-

lular (mol/106 cells) concentrations. Secondly, direct methods require that the entire

amount of drug in the body be accounted by the amounts in each PK compartment.

However, the relative abundance of intracellular drug metabolites in comparison to

plasma concentrations is prohibitively minimal to utilize this approach for NRTI. As

such, the indirect stimulation method was found to best represent the data.

The linked intracellular base parameter estimates are shown in table 6.6 for both

drugs. Similar to the plasma model, these base parameter estimates were then cor-

related to demographic and genetic covariates. The p-values from the significant

correlations are described in tables 6.7 (ZDV) and 6.8 (3TC), ordered from most to
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least significant. The effect of race on KDPTP and KTPDP (ZDV) and rs7636910 on

KTPDP (3TC) were not observed in the initial screen of base parameters, but was

found during the screening of the forward inclusion model for any further potential

relationships. As a note, various relationships were not analyzed due to poor biolog-

ical plausibility, weak visual support, and/or the lack of model significance for the

covariate with another parameter.

Table 6.6: Linked Base Model Parameters

ZDV 3TC
Parameter Mean %CV Mean %CV Units

Emax 5750 f 38.0 2.89 p 45.9 mol/M
EC50 150 (0.619) 86.0 1086 (0.255) 61.8 ng/mL

KMPDP 0.0933 50.9 5.57 14.3 1/hr
KDPMP 1.16 21.5 4.74 14.2 1/hr
KDPTP 2.97 17.8 11.9 12.6 1/hr
KTPDP 3.19 14.5 8.35 12.4 1/hr
KeMP 5.70 44.8 0.291 49.8 1/hr

Parameter estimates for the base models of both the ZDV and 3TC plasma-cellular
metabolite linked models.

For ZDV, the effect of HIV-serostatus on Emax, KeMP (p=0.001), KMPDP (p<0.0001),

and KDPTP (p=0.01); race on KTPDP (p=0.03); and the SNPs rs2292334 (OCT3) and

rs16949649 (NDPK) on KMPDP were found to be significant during forward inclusion.

The HIV-Emax relationship was eliminated during backward exclusion, as were the

relationships between KMPDP -rs2292334 and -rs16949649 (p>0.05). All other rela-

tionships were retained within the ZDV model. For 3TC, the model was found to only

include the relationship between HIV-serostatus and KDPTP (p<0.0001). Though the

addition of the MRP5 SNP rs7636910 to the KTPDP parameter significantly improved

the model (by AIC), the relationship does not have sufficient biological plausibility

for model inclusion. Furthermore, the relationship shows a minimal percent change

in the genetic variants (a decrease of 12%, within the range of analytical assay error),
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further supporting the exclusion of this relationship from the final 3TC model. Final

parameter estimates for both ZDV and 3TC are shown in table 6.9, and model pre-

dicted median (range) concentrations are shown in table 6.10. Model variances (as

%CV) for each moiety were, for ZDV: 63% (MP), 58% (DP), and 50% (TP); and for

3TC: 52% (MP), 43% (DP), and 40% (TP).

Table 6.7: ZDV Linked Model Parameter-Covariate Relationships

Parameter Covariate Screen P-value ∆AIC

KMPDP HIV 1 0.0005 -6.1
KDPTP rs36111742 1 0.003 4.0
KDPMP rs4963326 1 0.004 BP
KMPDP rs2242048 1 0.004 0.0
KMPDP rs2292334 1 0.004 -2.2
KTPDP rs36111742 1 0.004 NA
KMPDP rs16949649 1 0.007 -6.9
KeMP rs16949649 1 0.009 NA
KeMP HIV 1 0.01 -9.0
KDPTP rs2854702 1 0.01 NA
Emax HIV 1 0.02 -5.5

KDPTP HIV 1 0.02 -2.7
KDPTP rs899494 1 0.02 BP
Emax rs16949649 1 0.03 1.7

KTPDP HIV 1 0.03 NA
KeMP rs2292334 1 0.03 NA
EC50 rs3114019 1 0.03 NA

KTPDP rs2854702 1 0.03 BP
KDPTP rs41451944 1 0.04 NA
KTPDP rs17731538 1 0.04 NA
KeMP rs4781701 1 0.04 NA
KTPDP rs41451944 1 0.05 NA
KTPDP rs899494 1 0.05 NA
KTPDP RACE 2 0.04 -2.5
KDPTP RACE 2 0.05 0.9

Tested ZDV parameter-covariate relationships, see table 6.8 for a more detailed cap-
tion
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Table 6.8: 3TC Linked Model Parameter-Covariate Relationships

Parameter Covariate Screen P-value ∆AIC

KDPTP HIV 1 1.38E-05 -20.8
KTPDP HIV 1 2.39E-05 0.8
EC50 rs41451944 1 0.002 3.3

KDPTP SEX 1 0.003 -1.0
KTPDP SEX 1 0.006 -0.8
KeMP rs2230671 1 0.009 -0.7
Emax rs41451944 1 0.02 2.0

KMPDP rs2242046 1 0.03 NA
KMPDP rs17731538 1 0.03 0.8
KDPMP rs17731538 1 0.03 0.3
KMPDP rs1867351 1 0.03 -0.9
EC50 rs2242048 1 0.04 NA

KDPMP rs4793665 1 0.05 BP
KTPDP rs7636910 2 0.006 -5.4

P-values represent correlation significance between the parameter and covariate as
determined in GraphPad Prism. ∆AIC represents the change in model AIC when
the parameter-covariate relationship is included. BP: Biological plausibility of this
parameter-covariate was insufficient to support the testing of this relationship. NA:
Not analyzed due to poor graphical support for the relationship, previous finding of
non-significant relationship with another parameter, and/or limited biological plau-
sibility.

Table 6.9: Model Predicted Drug Concentrations

Day 12 Css Cmax Cmin

ZDV Plasma 217 (109,452) 1265 (816,1779) 4.59 (2.41,17.7
ZDV- MP 348 (147,1384) 806 (317,2523) 35.4 (11.5,243)
ZDV- DP 27.5 (13.5,56.2) 48.4 (19.3,87.7) 6.54(2.79,19.6)
ZDV- TP 26.1 (12.3,54.6) 47.8 (17.5,81.2) 7.34 (2.57, 20.3)

3TC Plasma 578 (343,1555) 1254 (848,2282) 162(48.9,765)
3TC- MP 3.12 (1.53,13.2) 3.36 (1.60,13.6) 2.76 (1.48,13.1)
3TC- DP 3.71 (2.00,13.3) 4.06 (2.10,13.6) 3.54 (1.53,13.2)
3TC- TP 5.59 (2.67,21.5) 6.10 (2.79,22.0) 5.29 (2.06,21.3)

Median (Range) model predicted drug concentrations for all moieties of both ZDV
and 3TC.
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To augment the finding that HIV-serostatus significantly impacted model esti-

mates of KMPDP , KDPTP , and KeMP for ZDV, as well as KDPTP for 3TC; ZDV-MP,

ZDV-TP, and 3TC-TP were evaluated for associations with cellular activation sta-

tus, a measure of disease severity. Specifically, steady state ZDV-MP levels were

significantly correlated to the percentage of CD38+ and HLA-DR+ CD8 cells. For

ZDV-MP, this relationship was described by a stimulatory Emax curve, suggesting

increased cellular activation and disease severity underlies the increased ZDV-MP

levels in HIV+ individuals. Interestingly, as shown in figure 6.3, study data do not

reach the plateau of this curve, indicating that higher ZDV-MP levels are potential

in more severely infected subjects. In contrast to ZDV-MP, a significant relationship

between ZDV- and 3TC-TP and cellular activation could not be determined. The

significant relationship between ZDV-MP and CD38+/HLA-DR+ CD8 cells suggests

that cellular activation differences may explain the modeled differences between HIV-

and HIV+ individuals.

Figure 6.3: Correlation between ZDV-MP and Cellular Activation State

Increased ZDV-MP concentrations are correlated with increases in the percentage of
HLA-DR+ and CD38+ CD8 cells.
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Model Assessment

ZDV and 3TC plasma model visual diagnostics are shown in figures 6.4 and 6.8,

respectively. These plots support model fits as being accurate to the observed data

and unbiased with respect to predicted concentration or time for both drugs. Cor-

relation matrices for both ZDV (table 6.10) and 3TC (table 6.11) models are shown

below. Table 6.10 shows that for ZDV, CL and Vp are highly correlated (0.98), how-

ever this is anticipated, as both parameters are dependent upon the lean body weight

covariate. For 3TC, no parameters are correlated >95%. As shown in table 6.5,

the parameters Vc and Q for ZDV and Vp for 3TC had %CV>50%. However, these

parameters either had equivalent or lower %CV than the initial model, suggesting

that these parameters were acceptably estimated by the model. The visual predic-

tive check for the first dose plasma data supports the fidelity of both the ZDV and

the 3TC models to the observed data. Due to software limitations (specifically the

inability to include covariates during simulations), separate prediction intervals for

3TC plasma levels in men and women were simulated, to account for the difference

between the intercompartmental clearances in the two groups. Bootstrapping meth-

ods support the 95% CIs for all model parameter estimates for both drugs, supporting

the validity of the model and parameter estimates for both drugs.

Linked model visual diagnostics are shown in figures 6.5-6.7 (ZDV) and 6.9-6.11

(3TC), showing the fit for the -MP, -DP, and -TP moieties. These plots show that

the model provides accurate and unbiased fits for all moieties of both drugs. Model

fits and parameter estimates for the linked model were best when only parameter

variances (and not covariances) were calculated, thus final parameter estimates were

taken from a model that did not have a full variance-covariance matrix. However, a

model for each drug was run with the full variance-covariance matrix, for the pur-

poses of model evaluation (tables 6.12 and 6.13). For ZDV, only KDPTP and KTPDP

were correlated ≥0.95, while for 3TC, KMPDP and KDPMP and KDPTP and KTPDP
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were this highly correlated. An attempt was made to combine these parameters into

macroscopic rapid equilibrium constants, however, this model did not converge as

successfully, and decreased or eliminated the effect of model covariates. Thus, the

original model was kept, despite the correlations between these parameters. Only the

EC50 parameter for both drugs was found to have a %CV of greater than 50%, how-

ever, the %CV in the final model was much lower than that of the base model for both

drugs, supporting model validity. For a variety of factors, including the sequential

nature of the linked model analysis and the inability to successfully determine a full

covariance-variance matrix, the linked models could not be used to simulate datasets,

and therefore, visual predictive checks and bootstrap methods were not performed

for this model.

Table 6.10: Final ZDV Plasma Model Correlation Matrix

CL Vc Ka Q Vp

CL 1.00
Vc -0.37 1.00
Ka 0.50 -0.65 1.00
Q 0.49 0.37 -0.35 1.00
Vp 0.98 -0.31 0.43 0.60 1.00

Diagnostic correlation matrix for the final ZDV plasma covariate model predicted
parameter estimates.

Table 6.11: Final 3TC Plasma Model Correlation Matrix

CL Vc Ka Q Vp

CL 1.00
Vc -0.02 1.00
Ka -0.04 0.58 1.00
Q 0.20 0.33 0.90 1.00
Vp 0.46 0.24 0.72 0.90 1.00

Diagnostic correlation matrix for the final 3TC plasma covariate model predicted
parameter estimates.
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Table 6.12: Final ZDV Linked Model Correlation Matrix

Emax EC50 KMPDP KDPMP KDPTP KTPDP KeMP

Emax 1.00

EC50 0.62 1.00

KMPDP -0.42 -0.55 1.00

KDPMP -0.20 -0.35 0.87 1.00

KDPTP 0.02 -0.05 -0.58 -0.65 1.00

KTPDP -0.03 -0.12 -0.52 -0.60 0.99 1.00

KeMP 0.33 -0.15 0.05 0.24 0.07 0.06 1.00

Diagnostic correlation matrix for the final ZDV linked covariate model parameter
estimates.

Table 6.13: Final 3TC Linked Model Correlation Matrix

Emax EC50 KMPDP KDPMP KDPTP KTPDP KeMP

Emax 1.00

EC50 -0.12 1.00

KMPDP -0.25 -0.02 1.00

KDPMP -0.22 -0.02 0.99 1.00

KDPTP 0.01 0.00 0.43 0.44 1.00

KTPDP 0.03 -0.02 0.44 0.44 0.99 1.00

KeMP 0.68 0.13 -0.54 -0.56 -0.12 0.15 1.00

Diagnostic correlation matrix for the final 3TC linked covariate model parameter
estimates.
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Figure 6.4: ZDV Plasma Model Visual Diagnostics

Visual diagnostic plots showing (A) observed vs. predicted plasma concentrations,
(B) residuals vs. observed concentrations, and (C) residuals vs. time for the final
ZDV plasma model.
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Figure 6.5: ZDV Linked Model -MP Visual Diagnostics

Visual diagnostic plots showing (A) observed vs. predicted plasma concentrations,
(B) residuals vs. observed concentrations, and (C) residuals vs. time for the -MP
moiety of the final ZDV linked model.

158



Figure 6.6: ZDV Linked Model -DP Visual Diagnostics

Visual diagnostic plots showing (A) observed vs. predicted plasma concentrations,
(B) residuals vs. observed concentrations, and (C) residuals vs. time for the -DP
moiety of the final ZDV linked model.
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Figure 6.7: ZDV Linked Model -TP Visual Diagnostics

Visual diagnostic plots showing (A) observed vs. predicted plasma concentrations,
(B) residuals vs. observed concentrations, and (C) residuals vs. time for the -TP
moiety of the final ZDV linked model.
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Figure 6.8: 3TC Plasma Model Visual Diagnostics

Visual diagnostic plots showing (A) observed vs. predicted plasma concentrations,
(B) residuals vs. observed concentrations, and (C) residuals vs. time for the final
3TC plasma model.
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Figure 6.9: 3TC Linked Model -MP Visual Diagnostics

Visual diagnostic plots showing (A) observed vs. predicted plasma concentrations,
(B) residuals vs. observed concentrations, and (C) residuals vs. time for the -MP
moiety of the final 3TC linked model.
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Figure 6.10: 3TC Linked Model -DP Visual Diagnostics

Visual diagnostic plots showing (A) observed vs. predicted plasma concentrations,
(B) residuals vs. observed concentrations, and (C) residuals vs. time for the -DP
moiety of the final 3TC linked model.
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Figure 6.11: 3TC Linked Model -TP Visual Diagnostics

Visual diagnostic plots showing (A) observed vs. predicted plasma concentrations,
(B) residuals vs. observed concentrations, and (C) residuals vs. time for the -TP
moiety of the final 3TC linked model.
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Additional Exploratory Findings

In addition to the significant findings presented above, a few non-significant asso-

ciations deserve brief mention. First among these is the role of the rs2032582 SNP

in ABCB1, the gene which encodes the efflux transporter P-gp, on the ZDV plasma

model. This SNP was found to be multi-allelic, with heterozygotes having both GA

and TG genotypes, while homozygotes were either TT (variant) or GG (wild type).

Within the above results, individuals with the GA, TG, and TT genotypes were all

included as the variant group. However, further exploration of the gene’s association

with modeled values of intercompartmental clearance (Q) suggest that the estimates

of Q for GA heterozygotes most closely match those of the GG wild type homozygotes.

Meanwhile, values for Q in the TG and TT genotype are appear to be similar to each

other, and distinct from GA and GG genotyped individuals. When dichotomized

following this distribution, the covariate was model significant, lowering the AIC by

3.8. Subsequent to the inclusion of this covariate, the effect of rs2242048 in SLC28A1

was lessened, but still significant. Furthermore, the association between Q and the

ABCC3 SNP rs1867351 and between CL and the ABCC5 SNP rs7636910 were found

to be significant in this model. Though the Q-rs2032582 relationship was not signifi-

cant when all variants were grouped together, these results demonstrate that with a

larger and more diverse population, this, and the subsequently significant genotypes,

may impact ZDV plasma disposition, and as such, warrant further study.

The linked plasma-cellular metabolite model was built to be as physiologically

accurate as possible, however, data collection constraints (ie the mismatch in units

between intracellular and plasma measurements, and the distinct magnitude of drug

amounts in the two matrices) prohibited the full characterization of the link between

plasma and -MP. Specifically, these constraints prevented the use of microscopic con-

stants defining the rate of parent drug transport into cells and the rate of subsequent

phosphorylation to the -MP inside of cells. Instead, these processes were modeled on

165



a macroscopic level, through the use of an Emax/EC50 curve. It is possible that the in-

ability to model the microscopic rate constants hindered finding associations between

the model and genetic polymorphisms in transporter genes. Of note, the relationship

between KMPDP -rs2292334 (SLC22A3,ZDV) and KTPDP -rs7636910 (ABCC5,3TC),

though significant during the forward inclusion step of model building, were removed

from the model during backward elimination. For the KMPDP -rs2292334 relation-

ship, removal was based on statistical non-significance, however, it is also difficult to

support that variability in the influx transporter OCT3 would directly impact the

rate at which -MP is phosphorylated to -DP. However, it could be anticipated that

this transporter may play a role in the transport of parent drug into cells, and as

such, warrants further evaluation. In the case of the KTPDP -rs7636910 relationship,

though it was found to be model significant during both forward inclusion and back-

ward exclusion, it was removed from the model due to limited biological plausibility

and a minimal impact on the model (δ=0.884). Though it is difficult to posit a direct

connection between this SNP and the rate of dephosphorylation of the -TP to the

-DP moiety, it is possible that this SNP be related to intracellular levels in a manner

that cannot be captured by this model, and therefore merits further assessment for

its role in 3TC disposition.

6.2 PD ANALYSIS OF ZDV/3TC

A complete understanding of drug pharmacology entails not only understanding

drug PK, but also drug PD. Knowledge of drug exposure from a standard drug dose

has limited applicability without drawing a connection between the exposure and PD

outcome of interest. In the context of NRTI treatment, as with many other drugs, PD

outcomes include not only efficacy (as described by decreases in viral load), but also

in drug-associated toxicities (both chronic, such as declines in mitochondrial DNA,

metabolic disorders, hemolytic anemia, and acute issues, like nausea, malaise, and

166



headaches). Due to the limited early understanding of intracellular drug levels and

their connection to parent drug concentrations, initial studies utilized drug PK in

serum as a surrogate measure of drug exposure for correlation to PD [122]. Subse-

quent work has shown that the -MP moiety may play a key role in ZDV-associated

cytotoxicity [149, 180], while the -TP is widely known to be the active form of the

drug [62]. Thus, to culminate this study, potential correlations between drug-plasma,

-MP, and -TP levels and PD outcomes were evaluated. Furthermore, potential de-

mographic and genetic factors that may also influence PD outcomes were assessed.

6.2.1 PK-PD AND PG-PD METHODS

Minimum, maximum, and steady-state plasma, -MP, and -TP concentrations after

first dose and on day 12 were cultivated from the previously described model. Ad-

ditionally, individual PK parameter estimates for the model were also evaluated for

associations with PD. Studied PD outcomes included viral load (collected on days 0,

3, 7, and 12 of study), as well as changes from baseline in pinch adipose measurements

on the arm, leg, and hip; PBMC and adipose tissue mitochondrial DNA (mtDNA)

counts; and changes in clinical markers such as amylase, lactate, hemoglobin, mean

corpuscular volume (MCV), and absolute neutrophil count (ANC) over the dura-

tion of the study. These PD outcomes were chosen to represent typical efficacy and

toxicities associated with HIV infection and NRTI therapy.

A two-stage approach was utilized to determine relationships between PK and PD.

A Spearman’s correlation was used to probe anticipated PK-PD relationships, using

GraphPad Prism. Relationships exhibiting p<0.05 were evaluated using Phoenix

WinNonLin software. These associations were fit to either stimulatory or inhibitory

Emax curves, based on the nature of the PK-PD relationship. To determine the

best model for the PK-PD relationship, the curve was modeled with and without

sigmoidicity (ie the Hill coefficient γ) and by fixing f(x=0)=0 (stimulatory) or f(x →
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∞)=0 (inhibitory) where appropriate, with model fit determined by AIC. Following

model selection, AIC was also used to determine whether Cmin, Cmin, or Css (either

at first dose or on day 12) was best associated with the PD outcome.

In addition to modeling relationships between PK and PD for the entire popu-

lation, inter-individual differences such as demographics, pharmacogenetics, and cel-

lular activation state were investigated to determine their impact on PD. This was

manifested in two ways. First, PK-PD relationships established above were grouped

by HIV-serostatus and reanalyzed, so as to separate the impact of disease state on

drug-induced toxicities. Second, the inter-individual differences (such as sex, race,

and genetic polymorphisms) were tested for a direct impact on PD, using an un-

paired student’s t-test with unequal variance.

6.2.2 PK-PD AND PG-PD RESULTS

Initial probes found potential relationships between intracellular ZDV and changes

in adipose mtDNA. The relationship between ZDV-TP and adipose mtDNA was

found to be best fit by an Emax curve without sigmoidicity. As changes in mtDNA

could take on negative values, the equation was not forced through 0. Subsequent

model evaluation demonstrated that the use of day 12 Cmax yielded the smallest AIC,

suggesting that this parameter best described mtDNA inhibition. The IC50 value of

this analysis was 48.7 fmol/106 cells, well within the modeled range of ZDV-TP Cmax

values (17.5 to 81.2 fmol/106 cells on day 12), though the parameter was associated

with a significant amount of error (352% CV). The Imax parameter suggested the

potential for a 3.3 log10 (46% CV) loss of mtDNA at high levels of ZDV-TP. A plot

of observed vs. predicted values is shown in figure 6.12. Mitochondrial DNA changes

were more variable in HIV+ than HIV- subjects (F test p<0.0001), though the mean

value of mtDNA changes were not significantly different between the groups (p=0.56).

Variability in model parameters for the HIV+ group of subjects was found to be aided
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by the inclusion of sigmoidicity (through a Hill coefficient) in the curve, however, the

addition of this parameter was not warranted when evaluated by AIC. Similar results

were observed when ZDV-MP was examined, with the exception being that Cmax

at first dose best described the data. Model fits to the -MP data were found to be

inferior to those determined for the -TP anabolite.

Attempts were made to link 3TC PK to PD outcomes, and to relate both ZDV and

3TC to viral load, the primary efficacy marker in this study, however, both attempts

were unsuccessful. In the case of 3TC, the initial probe into PK-PD relationships

demonstrated few potential associations, a majority of which were weak. After further

exploration, none of these potential associations successfully described by typical

PD models. Instead, plots demonstrate that a majority of PD outcomes are evenly

distributed around the mean PD outcome, regardless of the associated PK descriptor.

These results suggest that 3TC has little to no impact on observed clinical toxicities.

Decreases in viral load over the duration of the study were not found to be de-

pendent upon drug-TP levels. In fact, for both ZDV and 3TC, the greatest decreases

in viral load occurred in subjects with low TP levels relative to the rest of the study

population. The remainder of the population had similar decreases in viral load (∼

2 log10), over the range of modeled drug-TP concentrations. Several attempts were

made to model declines in viral load as a function of both time and concentration.

Viral load was modeled as in equation 6.9, while the rate of viral decay (labeled Kvld)

was modeled to depend on drug-TP levels as in equation 6.10. Rates of viral decay in

this study had a median value of -0.153 log10/day (range: -0.104 to -0.255 log10/day),

as generated from individual curve fits through the observed viral load data as a func-

tion of study day. However, plotting these individual observed rates of viral decay

against drug-TP steady-state concentrations suggested that either the observed drug-

TP Css in this study were at high enough levels to have generated maximal decay

rates (shown for ZDV in figure 6.13) or there was no relationship between ZDV- or
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Figure 6.12: Correlation between Adipose mtDNA and ZDV-TP Concentrations

Plot showing the association between adipose mtDNA counts and ZDV-TP Cmax

levels on day 12, with the bottom panel showing the same plot with data separated
by HIV-serostatus.
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3TC-TP levels and viral load decay. Therefore, viral load could not be successfully

modeled as a function of both time and concentration.

V L = V Lobse
−Kvld·t + V Lmin (6.9)

Kvld =
Emax · [TP ]

EC50 + [TP ]
(6.10)

Figure 6.13: Correlation between Viral Load and ZDV-TP Concentrations

Plot showing the association between rates of viral load decay and ZDV-TP Css levels
on day 12.

In addition to finding that adipose mtDNA associated with intracellular ZDV PK,

PD outcomes were also found to be related to genetic polymorphisms. Of interest

are the relationship between rs41451944 (ABCG2 ) and adipose mtDNA, rs3114019

(ABCG2 ) and viral load, and between rs2242048 (SLC28A1 ) and PBMC mtDNA.

The most intriguing of these associations is that of rs41451944 and changes in adi-

171



pose mtDNA. All individuals carrying a variant allele in this SNP (n=4) demonstrated

positive changes in adipose mtDNA, whereas a majority (23 of 27) homozygous wild

types showed decreased mtDNA (p=0.051, figure 6.14). When the difference of log10

transformed adipose mtDNA counts were analyzed, this genotype-phenotype associa-

tion gained significance (p=0.04). The associations between rs3114019 and viral load

(p=0.07) and rs2242048 and PBMC mtDNA (p=0.06) did not achieve significance.

Figure 6.14: Correlation between Adipose mtDNA and ABCG2 rs41451944

Plot showing differences in adipose mtDNA counts due to genetic variation due to
the ABCG2 rs41451944 SNP.
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6.3 DISCUSSION

The clinical pharmacology and PK-PD relationships of ZDV and 3TC are poorly

characterized, largely due to a limited understanding of the complex relationship

between plasma and intracellular drug levels. This study was aimed at constructing a

model linking plasma and intracellular levels, assessing the covariate effects on those

models, and evaluating potential PK-PD relationships. The constructed model and

determined PK-PD relationships provide a description of the complex pharmacology

of NRTI drugs, and may help inform clinical usage of these drugs.

Though several distinct models were tested for biological fidelity and mathematical

success, it was determined that an indirect relationship between plasma and intra-

cellular concentrations yielded the most biologically plausible and mathematically

stable model. In this model, parent drug influx and phosphorylation were modeled

to depend on the parameters Emax (representing the maximal -MP output generated

by high plasma concentrations) and EC50 (the plasma concentration generating half

of the maximal -MP output). Though initial estimation of these parameters was not

successful, the confinement of the EC50 parameter to physiologically relevant con-

centrations led to successful model convergence. Parameter estimates for the Emax of

both drugs (8670 fmol/M (ZDV) and 3.03 pmol/M (3TC)) were greater than the me-

dian observed MP levels, but less than maximal observed levels. In fact, for 3TC, the

Emax estimate is similar to that found for population average Css levels determined

via non-compartmental methods. Estimated EC50 values are within observed plasma

concentrations for both drugs. The EC50 for ZDV (150 ng/mL) is ∼25% less than

the population average Css determined by non-compartmental methods, while the

EC50 for 3TC is ∼50% higher than the 3TC plasma Css. These results suggest that

the model successfully generated physiologically relevant and observable parameter

estimates for the link between plasma and intracellular drug levels.
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In addition to these results supporting the success of the model, the parameter

estimates may help explain the ∼ 2-fold higher ZDV-MP levels in HIV+ as compared

to HIV- individuals. Parameter estimates for Emax and EC50 were not found to vary

significantly based on HIV-serostatus, suggesting the distinct levels may be primarily

due to the elimination of the drug, as opposed to the production of the anabolite.

Indeed, large differences were found in the rate constants defining the two primary

rates of MP elimination, KMPDP (47% reduction) and KeMP (46% reduction), with

the sum of these decreases similar to the observed 2-fold difference. These findings

suggest that elimination of the MP through phosphorylation to the DP and efflux

transport out of the cells may be slowed as a result of infection. It is possible that

phosphorylation may decrease in HIV+ individuals as a result of clonal anergy [83].

It is thought that phosphorylating kinases may eventually be exhausted during the

chronically increased replication and cell turnover caused by infection [87], resulting

in decreased phosphorylation rates. In the case of ZDV-MP levels, this may be

manifested by a decrease in the phosphorylation of MP to the DP anabolite, which

leads to an increased amount of drug remaining in the MP form.

Though the model suggests elimination as the main route by which HIV-serostatus

impacts ZDV-MP levels, production of the anabolite may also differ in this group. It is

possible that the model, which uses an indirect, macroscopic approach to modeling the

production of the MP, may not be able to robustly and accurately describe differences

in MP production. However, this would seem unlikely, as the Emax parameter was

initially found to differ between the HIV-serostatuses, and was included in the model

prior to removal during backward exclusion. Thus, though the model suggests and

clonal anergy may explain the significant role of infection on MP elimination, this

finding should replicated with ex vivo experiments to provide additional supporting

evidence.
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In addition to the finding that the KMPDP for ZDV was decreased in HIV+ individ-

uals, parameter estimates also suggested a decline in the DP to TP phosphorylation

rate for both ZDV (19%) and 3TC (28%) in HIV+ subjects. This finding provides

further evidence for the role of HIV infection in decreasing kinase efficiency. These

estimates correspond well with the changes in Css TP levels described previously

(section 5.2.2), which utilized a linear mixed effects and found 22% (ZDV) and 37%

(3TC) reduction in HIV+ TP levels. In contrast to initial in vitro work showing

that cells stimulated with PHA had much greater TP levels than did resting cells for

both drugs [64,65,96], this in vivo study showed the opposite, that increased cellular

stimulation caused by infection was associated with decreased TP levels. Similar to

the decrease in KMPDP , the reductions in KDPTP for both drugs may be explained

by clonal anergy [83], and a loss of kinase efficiency due to chronic infection.

To supplement the finding that HIV infection may lower the rate of phosphory-

lation, the intracellular moieties of both drugs were evaluated for associations with

cellular activation state. ZDV-MP was found to be well correlated with cellular acti-

vation, though ZDV- and 3TC-TP did not show a significant association. The extent

of cellular activation is thought to be extensively intertwined with the severity and

progression of disease [47, 50]. As examples, studies have shown shorter survival in

subjects with elevated CD38 expression [66], while subjects with sustained viral sup-

pression were associated with lower levels of T cell activation [79], suggesting that

increased activation is detrimental to the infected patient. Finally, elevated CD8+

counts were associated with higher rates of treatment failure in 817 infected individ-

uals [106]. Combined, the results from this study, and the findings in the literature,

suggest that decreased levels of the active drug-TP may be caused by increased cel-

lular activation, which in turn leads to the loss of viral suppression, poorer survival,

and a general progression towards more advanced disease.
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The only other covariate retained in the intracellular portion of the model was the

effect of race on KTPDP for ZDV. This finding helps explain the mixed model find-

ing that ZDV-TP were increased by approximately 36% in African-Americans. This

may be explained by differences in the frequency of genetic SNPs between African-

Americans and non-African-Americans [3, 8], as hypothesized previously. In light of

the finding that genetics SNPs were not significantly associated with any step in this

model, this explanation seems less likely. As the parent to MP process is described

in a macroscopic manner, it is possible that pertinent genotypes with potential im-

pact on the intracellular accumulation of ZDV may have been overlooked, so that

the race-related SNP was not included in the model. Of particular interest are the

rs2270860 (OAT2) and rs7853758 (CNT3) SNPs, which were highly correlated with

race (p<0.0001), however, neither was correlated to any of the intracellular model

parameter estimates. Therefore, understanding a causality behind this relationship

requires further study.

On top of the findings in the intracellular model for both drugs, the plasma model

demonstrated significant covariate-parameter relationships. For ZDV, plasma levels

were correlated to lean body weight, through both the clearance and peripheral vol-

ume parameters. This finding both supports and augments the previous finding in the

mixed model analysis which suggested that ZDV plasma levels were associated with

sex. It was posited from that finding that differences in lean body weight according

to gender might explain the distinct PK between the two groups. It has been shown

that increased drug glucuronidation, which is known to be a major route of ZDV

metabolism, is correlated to increased body weight [111], which may help explain

the finding that ZDV CL is correlated to weight. The impact of weight on Vp may

suggest that this drug distributes into the greater quantity of lean muscle associated

with a greater lean body weight. HIV infection is historically associated with weight

loss [114,176,191], while treatment success can often result in weight gain [108,164],
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thus, the impact of weight on PK is important to understand in the clinical usage of

ZDV.

The 3TC plasma model was associated with sex (on Q) and creatinine clearance,

HIV-serostatus, and race (on CL). Specifically, men correlated with a large increase in

inter-compartmental clearance, while central compartment clearance was decreased in

HIV+ and African-American individuals, even after normalizing by creatinine clear-

ance. The finding that sex altered 3TC plasma levels (through Q) is surprising, as

this relationship was not identified during initial linear mixed effects modeling. This

finding implies that 3TC more rapidly distributes out of the central compartment

and into peripheral tissue in men. As β half-lives are dependent on the rate of extra-

systemic distribution, this finding suggests that men may have a shorter β half-life

and therefore lower systemic 3TC accumulation than women. However, modeled 3TC

plasma steady-state concentrations were not significantly lower in men (699±294 vs.

630±188 ng/mL; p=0.48). Though a significant difference in 3TC plasma was not

observed, the impact of sex on 3TC inter-compartmental clearance deserves further

investigation to determine a mechanism and potential clinical relevance behind this

finding.

In contrast to the sex-Q relationship, the impact of the covariates HIV-serostatus,

race, and creatinine clearance on central compartment clearance was previously ob-

served. As 3TC is primarily renally excreted [10], decreased renal function in African-

Americans or HIV infected subjects can be expected to decrease 3TC elimination.

Furthermore, 3TC CL is also related to the severity of renal dysfunction, as mea-

sured by creatinine clearance. These findings support the clinically recommended

3TC dose adjustments (if not complete avoidance of the drug) for renally compro-

mised patients [151].

Despite the many observed univariate genetic-PK associations in section 5.3, no

genetics were incorporated into this multivariate model. Many reasons can be given
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for the lack of significance of genetics to this model. The first is that this model

relies upon a macroscopic, indirect stimulation equation to describe the transport and

phosphorylation of drug parent to -MP. This equation may not successfully capture

the role of microscopic rate constants which give rise the macroscopic parameters,

meaning that the impact of genetic SNPs (such as those occurring in transporters) on

microscopic rates may be muddled, and not significant to the macroscopic estimates.

Next, it is possible that the presence of other covariates in the model lessened the

impact of genetic covariates, so that no genetic covariates were chosen. Furthermore,

genetic SNPs were dichotomized following a dominant model, which may not correctly

capture the genetic effect (as exemplified by the effect of the rs2032582 SNP on

ZDV Q). Finally, though PK and/or parameter estimate means may differ by genetic

SNP, the variability in PK and/or estimates around that mean may be too high for

that covariate to achieve significance in this model. Despite the absence of genetic

covariates in this model, genetic variability may impact ZDV/3TC PK, and as such,

deserves further evaluation in studies specifically designed and powered to test for

those differences.

Subsequent to the model building process, predicted plasma, MP, and TP concen-

trations (minimum, maximum, and steady-state) were assessed for potential relation-

ships with PD outcomes. In this process, intracellular ZDV was observed to correlate

with adipose mtDNA. Furthermore, adipose mtDNA changes were also affected by

ABCG2 rs41451944, which was univariately related to intracellular concentrations of

both drugs.

NRTI drugs, especially the thymidine analogs ZDV and d4T, have commonly been

associated with metabolic disorders such as lactic acidosis, hepatic steatosis, myopa-

thy, and lipodystrophy [32, 42]. It is thought that these disorders result from the

toxic effects of NRTI on mitochondrial DNA [42]. Specifically, NRTI are suspected to

induce mtDNA toxicities by limiting replication through inhibition of human DNA
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polymerase γ [42, 110, 115]. Furthermore, infection alone has been shown to cause

lipodystrophy [33], indicating that HIV may also impact mtDNA replication. This

study demonstrates that the reduction of mtDNA due to increased ZDV-TP levels

may be the pharmacological mechanism underlying the metabolic side effects com-

monly associated with NRTI-based regimens.

Figure 6.12 demonstrates that most study subjects experienced decreased adipose

mtDNA counts over the duration of the study, with greater mtDNA losses associ-

ated with increased ZDV-TP Cmax concentrations on day 12. Further investigation

of this relationship demonstrated that drug alone could decrease mtDNA counts in

adipose tissue, as increased ZDV-TP levels in HIV- subjects were well correlated to

increased mtDNA declines. In the presence of infection, positive changes in mtDNA

corresponded to lower day 12 ZDV-TP Cmax values, while mtDNA decreases occured

at higher ZDV-TP Cmax. This finding suggests that NRTI treatment may protect

against mtDNA losses caused by infection at low but antivirally effective concentra-

tions, and that this protective effect may be nullified at higher drug levels.

Though ZDV intracellular levels were correlated to changes in adipose mtDNA,

no relation was found between viral load decline and either intracellular ZDV or 3TC.

This is shown visually by the data plotted in figure 6.15, and may reflect one of two

potential explanations. The first, and most desirable explanation, is that the standard

doses administered to HIV+ in this study yield concentrations that maximally inhibit

viral replication, as suggested by the curve drawn in figure 6.15. The conclusions from

this explanation would be two-fold: one that standard doses successfully limit HIV

replication, and two, that doses could potentially be reduced in some patients while

still effecting the same antiviral response. Dose reduction could in turn limit adverse

events associated with higher NRTI levels (such as the loss of adipose mtDNA). A sec-

ond explanation for the lack of a correlation could be that no relation exists between

NRTI levels and viral load decline. This explanation is contrary to the foundation
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of clinical PK-PD relationships, which is that increased drug exposure leads to in-

creased PD response. A break from this convention would suggest that ZDV/3TC

either do not impact viral decline (contrary to historical clinical data on antiretroviral

use), or, that their effect is minimal relative to that of the third drug in the HAART

regimen. No concentration-effect relationships were observed between steady-state

nNRTI/PI concentrations and the rate of viral load decline for any of the third drugs

administered to patients in the study (efavirenz (EFV), lopinavir/ritonavir (LPV/r),

or atazanavir/ritonavir (ATV/r)). Furthermore, no apparent relationship was found

in a plot of the rate of decay in viral load versus a standardized weighted composite

concentration of all three drugs (figure 6.15). Finally, a comparison of the viral load

declines by the third drug showed no significant differences (p=0.09, Kruskal-Wallis

Test), though rates were slightly higher for the subjects on EFV. Combined, these

results demonstrate the need for further investigation into the relationship between

declines in viral load and PK in treated HIV infected individuals.

Figure 6.15: Rate of Decline in Viral Load versus Standardized Concentrations

No relationship was observed between the rate of decline in viral load versus stan-
dardized and weighted concentrations of all three drugs.
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More work is needed to replicate and build upon the findings described here. First,

more work is needed to determine if a relationship exists between NRTI levels and

viral load declines, or if these relationships are overwhelmed by the third drug in the

treatment regimen. However, it is unlikely that this goal can be achieved, as reduc-

ing doses to induce concentrations which may better define the PK-PD relationship

is typically unethical. Second, this work points to distinct rates of ZDV-MP elim-

ination as the cause of the 2-fold difference between HIV- and HIV+ levels of this

moiety, and that these differences can also be explained by cellular activation within

an individual. More research is needed to determine how cellular activation impacts

ZDV-MP, and whether these differences should be considered when determining pa-

tient dosing strategies, such as when to initiate treatment. Finally, more study is

needed to understand the mechanism behind the impact of race on ZDV-TP PK.

As has been described previously, data from this study is limited by a number of

factors, including model limitations (for example, the inability to calculate a variance-

covariance matrix for the intracellular portion of the model), the duration of the study,

number of subjects enrolled, and the diversity of those subjects. However, this study

possesses many strengths, including the precise quantitation of each phosphorylated

moiety, the comprehensive assessment of potential parameter-covariate relationships,

and the evaluation of relations between PK and PD. Though more work remains to

bring individually optimized therapy into mainstream clinical use, this work provides

a solid foundation of information and techniques that can be utilized to attain that

goal.
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CHAPTER 7

CONCLUSIONS

The above work unites several research techniques in an effort to comprehensively

describe in vivo NRTI clinical pharmacology. Bioanalytical methodologies were used

to robustly determine concentrations of both ZDV and 3TC in plasma and in cellular

matrices. These methods progressed the field by increasing sensitivity, providing data

on each intracellular moiety, and by being broadly applicable to a variety of cellular

matrices, all while maintaining the desired accuracy and precision. PK techniques

were then utilized to understand systemic and intracellular drug disposition, and to

determine causes of inter-individual variability in exposure. Furthermore, systemic

and intracellular drug levels were linked into one unifying model, such that systemic

concentrations drove observed intracellular levels. Finally, modeled concentrations

were related to PD outcomes, to determine how drug exposure influences the efficacy

and toxicity associated with NRTI.

The benefits of the developed and validated bioanalytical methods presented in

this work are crucial to the success of the PK-PD modeling. First, the attained sensi-

tivity in both the plasma and intracellular matrices significantly adds to the amount

of data quantitated. As one example, due to the increased sensitivity (1 ng/mL) rel-

ative to the laboratory’s previous methodology, approximately 115 additional ZDV

plasma samples were successfully quantified, and used to describe systemic PK. A

single ZDV PBMC sample was found to be below the limit of quantitation of the

described intracellular assay upon the initial analysis. However, validation experi-
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ments demonstrated that a sufficiently increased number of cells could be accurately

assayed, in order to generate a sample with concentration above the LLOQ. The

intracellular method utilized an indirect approach to determining intracellular NRTI-

MP, DP, and TP levels to great effect. Though this approach has the drawback of

requiring multiple injections to quantify all moieties of one sample (as each sample

is fractionated into MP, DP, and TP), the dephosphorylation step results in sam-

ples consisting of the parent drug analyte, for which a stable-labeled isotopic internal

standard is available. The pairing of an analyte to its stable-labeled analog is known

to improve analytical success by avoiding differences in matrix effects between the

analyte and internal standard, as the compounds will act chemically identical to each

other during extraction and instrumental analysis [186]. In contrast, stable-labeled

isotopic MP, DP, and TP moieties of NRTI are either unavailable, or prohibitively

expensive, potentially compromising analytical success of direct methodologies which

rely on similar but unidentical compounds for use as internal standards. In conclu-

sion, the described methods progress the NRTI bioanalytical field, and can be used to

generate novel data, which make a fuller understanding of NRTI pharmacology more

attainable.

The pharmacological analysis in this work had three focuses, with each focus

addressing gaps in the understanding of NRTI pharmacology. The first focus centered

on understanding the inter-individual differences that underlie population variability

in drug exposure. Specifically, demographics such as HIV-serostatus, sex, race, age,

weight, and creatinine clearance; and genetic polymorphisms in efflux transporter,

influx transporters, kinases, and drug metabolizing enzymes were evaluated for their

impact on ZDV/3TC PK. Critical findings include the role of HIV on 3TC plasma and

TP concentrations, as well as ZDV MP and TP levels; the effect of African-American

race on 3TC plasma and ZDV-TP levels; and the univariate impact of ABCG2 and

other SNPs on plasma/intracellular ZDV/3TC non-compartmental PK. The impact
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of HIV on ZDV/3TC-TP levels contradicts results determined in vitro [62,64,65,96].

This suggests that in vivo data should be used to accurately describe drug PK, and

that clinical studies must be done in the clinically relevant population (HIV+ for

treatment, HIV- for prevention) to generate data that can be successfully applied

to the question being investigated. The results demonstrating the impact of race

and pharmacogenetic SNPs on NRTI disposition do not definitively prove the need

to individualize treatment, but do lay the groundwork for further research in this

direction.

The second pharmacology focus of this work was determining a link between sys-

temic and intracellular drug levels. This was accomplished through an indirect stim-

ulatory function, the benefits of which were explained previously. This linked model

estimates Emax and EC50 values for both ZDV and 3TC, the values of which may

help explain the distribution of both drugs. In the case of ZDV, the estimated EC50

value is approximately 25% less than the Css value determined for the drug using non-

compartmental methods, while the Emax value corresponds to the highest observed

MP Cmax values. This may suggest that current ZDV doses, though reduced 2.5 fold

from initial in vivo studies [57], may still generate systemic levels that are greater

than necessary to produce adequate intracellular response for activity. In contrast,

the EC50 for 3TC is approximately 50% greater than steady-state concentrations,

while the Emax was approximately equal to steady-state MP levels, suggesting that

3TC doses are correct, if not slightly under the needed dose to generate adequate

response. These conjectures (overdosed ZDV and the potential for underdosing of

3TC) are not, and cannot, be proven by this work, however, these results do indicate

the need for constant evaluation of dosing strategies, both within an individual, and

in the entire population, in an effort to optimize care, and limit the potential for

toxicities. Future research should address the potential for dose alterations which

maintain a high level of antiviral efficacy, while limiting adverse events.
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The final focus of this work was to relate drug levels to observed PD outcomes.

This aim was not as successful as anticipated, for a variety of factors, which has been

discussed previously. As examples, the limited diversity in PD sampling times, the

short study length, and the absence of different doses in the study may have limited

PK-PD findings. However, intracellular ZDV levels were successfully correlated to

decreases in adipose mtDNA. The association of adipose mtDNA loss with higher

ZDV-TP levels suggests that an overabundance of ZDV-TP may be detrimental to

HIV infected patients, and may cause the metabolic disorders observed in treated in-

dividuals. Though this connection between PK and PD was determined, the attempt

to relate PK to decreased viral load (among other anticpated drug-related PD out-

comes) was not successful. Two explanations may exist for this finding: one, that no

relation exists, and two, that concentrations observed provided the maximal benefit

against HIV in all infected subjects. In either case, more work needs to be done to

relate PK to PD to fully understand how to optimize HIV treatment for all infected

individuals.

The limitations to this study have been discussed in detail previously (see chapter

1). Specifically, this study suffered from a need for more subjects, more diversity in

those subjects, and a longer study duration–in short, a need for more data. Sub-

sequent studies intending to replicate the findings of this work should be altered to

avoid these shortcomings. Specifically, studies aimed at understanding causes of inter-

individual variability in drug exposure should prospectively segregate the study pop-

ulation, so as to provide sufficient power for the analysis. Studies looking to replicate

the linked nature of the model presented here should more intensively draw samples,

not necessarily in all subjects, but amongst the entire population, so that more time

points are available for population-based analyses. This modification may help under-

stand the absorption phase of NRTI doses, as well as provide a more comprehensive

relationship between plasma and intracellular levels at a given time point. Finally,
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studies aimed at understanding PK-PD relationships should be modified in one of two

ways. For studies aimed at determining PK-viral load relationships, subjects should

receive differing doses (where ethically permissible), in an effort to generate PK with

sufficient enough variation that differing rates of viral decay can be observed. Sec-

ond, studies investigating the role of PK on drug-associated toxicities should follow

volunteers for a longer period of time (again, where ethically permissible), so as to

better capture data on toxicities manifested by chronic drug administration.

The overarching purpose of this work was to provide clinically informative data

and results, which could significantly improve the care of patients using NRTI based

therapies. Initial clinical experience demonstrated three areas crucial to treatment

success: limiting factors which lead to non-adherence, the need for robust treatments,

and managing co-morbidities. Due to the inclusion/exclusion criteria of the study

from which the data in this work was generated, the effect of co-morbidities on NRTI

pharmacology could not be evaluated. The current results suggest that treatment

with ZDV/3TC is robust, due to the lack of relationship between levels of either drug

and viral decay observed in this work. One plausible explanation for this is that cur-

rent dosing strategies generate maximum anti-viral efficacy, meaning that continued

HAART use should provide sufficient efficacy even in the absence of continual clinical

monitoring. Finally, though reasons for non-adherence are multi-factorial, one of the

biggest explanations is often drug-associated toxicities. Despite limited success, this

work laid the groundwork for evaluation of relationships between PK and toxicity.

In sum, this work advances the sciences of bioanlytical methodology, NRTI clinical

pharmacology, and pharmacologically applied mathematical models, and provides

valuable information for the clinical use of NRTI therapies.
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danpanah, J.-J. Dutheil, P. Perré, R. Verdon, and D. R. Bangsberg. Average
adherence to boosted protease inhibitor therapy, rather than the pattern of
missed doses, as a predictor of HIV-RNA replication. Clinical Infectious Dis-
eases, 50(8):1192–1197, 2010.

[131] J. M. Pluda, T. P. Cooley, J. S. G. Montaner, L. E. Shay, N. E. Reinhalter,
S. N. Warthan, J. Ruedy, H. M. Hirst, C. A. Vicary, J. B. Quinn, G. J. Yuen,
M. A. Wainberg, M. Rubin, and R. Yarchoan. A phase I/II study of 2’-deoxy-3’-
thiacytidine (lamivudine) in patients with advanced Human Immunodeficiency
Virus infection. Journal of Infectious Diseases, 171(6):1438–1447, 1995.

[132] A. Pruvost, F. Becher, P. Bardouille, C. Guerrero, C. Creminon, J. Delfraissy,
C. Goujard, J. Grassi, and H. Benech. Direct determination of phosphorylated
intracellular anabolites of stavudine (d4T) by liquid chromatography/tandem
mass spectrometry. Rapid Communications in Mass Spectrometry, 15(16):1401–
1408, 2001.

[133] A. Pruvost, E. Negredo, F. Theodoro, J. Puig, M. Levi, R. Ayen, J. Grassi,
and B. Clotet. A pilot pharmacokinetic study in HIV infected patient receiving
tenofovir disoproxil fumarate (TDF): Investigation of systemic and intracellu-
lar interaction between TDF and abacavir, lamivudine or lopinavir/ritonavir.
Antimicrobial Agents and Chemotherapy, pages 1064–08, 2009.

[134] A. Pruvost, F. Theodoro, L. Agrofoglio, E. Negredo, and H. Benech. Speci-
ficity enhancement with LC-positive ESI-MS/MS for the measurement of nu-
cleotides: application to the quantitative determination of carbovir triphos-
phate, lamivudine triphosphate and tenofovir diphosphate in human peripheral
blood mononuclear cells. Journal of mass spectrometry, 43(2):224–33, 2008.

[135] S. Purcet, G. Minuesa, M. Molina-Arcas, I. Erkizia, F. J. Casado, B. Clotet,
J. Martinez-Picado, and M. Pastor-Anglada. 3’-azido-2’,3’-dideoxythymidine
(zidovudine) uptake mechanisms in T lymphocytes. Antiviral Therapy,
11(6):803–11, 2006.

200



[136] J. Qu, B. T. Zhou, J. Y. Yin, X. J. Xu, Y. C. Zhao, G. H. Lei, Q. Tang,
H. H. Zhou, and Z. Q. Liu. ABCC2 polymorphisms and haplotype are associ-
ated with drug resistance in Chinese epileptic patients. CNS Neuroscience and
Therapeutics, 18(8):647–51, 2012.

[137] S. Qu, J. Long, Q. Cai, X. O. Shu, H. Cai, Y. T. Gao, and W. Zheng. Genetic
polymorphisms of metastasis suppressor gene NME1 and breast cancer survival.
Clinical Cancer Research, 14:4787–93, 2008.

[138] E. Quirk, H. McLeod, and W. Powderly. The pharmacogenetics of antiretroviral
therapy: A review of studies to date. Clinical Infectious Diseases, 39(1):98–106,
2004.

[139] G. Reid, P. Wielinga, N. Zelcer, M. De Haas, L. Van Deemter, J. Wijnholds,
J. Balzarini, and P. Borst. Characterization of the transport of nucleoside analog
drugs by the human multidrug resistance proteins MRP4 and MRP5. Molecular
Pharmacology, 63(5):1094–103, 2003.

[140] N. L. Rezk, R. D. Crutchley, and A. D. Kashuba. Simultaneous quantifica-
tion of emtricitabine and tenofovir in human plasma using high-performance
liquid chromatography after solid phase extraction. Journal of Chromatography
B: Analytical Technology in the Biomedical and Life Sciences, 822(1-2):201–8,
2005.

[141] D. D. Richman, M. A. Fischl, M. H. Grieco, M. S. Gottlieb, P. A. Volberding,
O. L. Laskin, J. M. Leedom, J. E. Groopman, D. Mildvan, and M. S. Hirsch. The
toxicity of azidothymidine (AZT) in the treatment of patients with AIDS and
AIDS-related complex: A double-blind, placebo-controlled trial. New England
Journal of Medicine, 317(4):192–7, 1987.

[142] B. L. Robbins, P. A. Poston, E. F. Neal, C. Slaughter, and J. H. Rodman.
Simultaneous measurement of intracellular triphosphate metabolites of zidovu-
dine, lamivudine and abacavir (carbovir) in human peripheral blood mononu-
clear cells by combined anion exchange solid phase extraction and LC-MS/MS.
Journal of Chromatography B: Analytical Technology in the Biomedical and Life
Sciences, 850(1-2):310–7, 2007.

[143] M. Rocci, V. Devanarayan, D. Haughey, and P. Jardieu. Confirmatory reanal-
ysis of incurred bioanalytical samples. The AAPS Journal, 9(3):E336–E343,
2007.

[144] J. H. Rodman, B. Robbins, P. M. Flynn, and A. Fridland. A systemic and
cellular model for zidovudine plasma concentrations and intracellular phospho-
rylation in patients. Journal of Infectious Diseases, 174(3):490–499, 1996.

[145] J. F. Rodriguez, J. L. Rodriguez, J. Santana, H. Garcia, and O. Rosario. Simul-
taneous quantitation of intracellular zidovudine and lamivudine triphosphates
in Human Immunodeficiency Virus-infected individuals. Antimicrobial Agents
and Chemotherapy, 44(11):3097–3100, 2000.

201



[146] J. E. Rower, A. Meditz, E. M. Gardner, K. Lichtenstein, J. Predhomme, L. R.
Bushman, B. Klein, J.-H. Zheng, S. MaWhinney, and P. L. Anderson. Effect
of HIV-1 infection and sex on the cellular pharmacology of the antiretroviral
drugs zidovudine and lamivudine. Antimicrobial Agents and Chemotherapy,
56(6):3011–3019, 2012.

[147] M. Ruhnke, F. E. Bauer, M. Seifert, M. Trautmann, H. Hille, and P. Koeppe.
Effects of standard breakfast on pharmacokinetics of oral zidovudine in patients
with AIDS. Antimicrobial Agents and Chemotherapy, 37(10):2153–2158, 1993.

[148] M. Sale, L. B. Sheiner, P. Volberding, and T. F. Blaschke. Zidovudine response
relationships in early Human Immunodeficiency Virus infection. Clinical Phar-
macology and Therapeutics, 54(5):556–66, 1993.

[149] S. Sales, P. Hoggard, D. Sunderland, S. Khoo, C. Hart, and D. Back. Zidovudine
phosphorylation and mitochondrial toxicity in vitro. Toxicology and Applied
Pharmacology, 177(1):54–58, 2001.

[150] A. Sauerbrey, W. Sell, D. Steinbach, A. Voigt, and F. Zintl. Expression
of the BCRP gene (ABCG2/MXR/ABCP) in childhood acute lymphoblastic
leukaemia. British Journal of Haematology, 118:147–50, 2002.

[151] P. E. Sax, C. J. Cohen, and D. R. Kuritzkes. HIV Essentials 2010. Physicians’
Press, Sudbury, Massachussets, 2010.

[152] R. F. Schinazi, C. K. Chu, A. Peck, A. McMillan, R. Mathis, D. Cannon,
L. S. Jeong, J. W. Beach, W. B. Choi, and S. Yeola. Activities of the four
optical isomers of 2’,3’-dideoxy-3’-thiacytidine (BCH-189) against Human Im-
munodeficiency Virus type 1 in human lymphocytes. Antimicrobial Agents and
Chemotherapy, 36(3):672–676, 1992.

[153] J. D. Schuetz, M. C. Connelly, D. Sun, S. G. Paibir, P. M. Flynn, R. V. Srini-
vas, A. Kumar, and A. Fridland. MRP4: A previously unidentified factor in
resistance to nucleoside-based antiviral drugs. Nature Medicine, 5(9):1048–51,
1999.

[154] A. F. Semsei, D. J. Erdelyi, I. Ungvari, E. Csagoly, M. Z. Hegyi, P. S. Kiszel,
O. Lautner-Csorba, J. Szabolcs, P. Masat, G. Fekete, A. Falus, C. Szalai, and
G. T. Kovacs. ABCC1 polymorphisms in anthracycline-induced cardiotoxicity
in childhood acute lymphoblastic leukaemia. Cell Biology International, 36:79–
86, 2012.

[155] K. A. Sepkowitz. AIDS: The first 20 years. New England Journal of Medicine,
344(23):1764–1772, 2001.

[156] G. Severino and M. Del Zompo. Adverse drug reactions: Role of pharmacoge-
nomics. Pharmacological Research, 49(4):363–73, 2004.

202



[157] L. Sheiner. Analysis of pharmacokinetic data using parametric models. II. Point
estimates of an individual’s parameters. Journal of Pharmacokinetics and Phar-
macodynamics, 13(5):515–540, 1985.

[158] L. Sheiner and S. Beal. Evaluation of methods for estimating population phar-
macokinetic parameters. I. Michaelis-Menten model: Routine clinical pharma-
cokinetic data. Journal of Pharmacokinetics and Pharmacodynamics, 8(6):553–
571, 1980.

[159] L. Sheiner and S. Beal. Evaluation of methods for estimating population
pharmacokinetic parameters. III. Monoexponential model: Routine clinical
pharmacokinetic data. Journal of Pharmacokinetics and Pharmacodynamics,
11(3):303–319, 1983.

[160] L. Sheiner and S. Beal. Pharmacokinetic parameter estimates from several
least squares procedures: Superiority of extended least squares. Journal of
Pharmacokinetics and Pharmacodynamics, 13(2):185–201, 1985.

[161] L. Sheiner and S. Beal. A note on confidence intervals with extended least
squares parameter estimates. Journal of Pharmacokinetics and Pharmacody-
namics, 15(1):93–98, 1987.

[162] L. Sheiner, B. Rosenberg, and V. Marathe. Estimation of population charac-
teristics of pharmacokinetic parameters from routine clinical data. Journal of
Pharmacokinetics and Biopharmaceutics, 5(5):445–479, 1977.

[163] L. Sheiner, D. Stanski, S. Vozeh, R. Miller, and J. Ham. Simultaneous modeling
of pharmacokinetics and pharmacodynamics: Application to d-tubocurarine.
Clinical Pharmacology and Therapeutics, 25(3):358, 1979.

[164] C. M. Shikuma, R. Zackin, F. Sattler, D. Mildvan, P. Nyangweso, B. Alston,
S. Evans, K. Mulligan, and the AIDS Clinical Trial Group 892 Team. Changes in
weight and lean body mass during highly active antiretroviral therapy. Clinical
Infectious Diseases, 39(8):1223–1230, 2004.

[165] S. Sookoian, G. Castano, A. Burgueno, T. F. Gianotti, and C. J. Pirola. Asso-
ciation of the multidrug-resistance-associated protein gene (ABCC2 ) variants
with intrahepatic cholestasis of pregnancy. Journal of Hepatology, 48:125–32,
2008.

[166] S. Sookoian, G. Castano, T. F. Gianotti, C. Gemma, and C. J. Pirola. Polymor-
phisms of MRP2 (ABCC2 ) are associated with susceptibility to nonalcoholic
fatty liver disease. Journal of Nutritional Biochemistry, 20:765–70, 2009.

[167] S. Sookoian, G. Castano, and C. J. Pirola. Role of ABCC2 common variants
in intrahepatic cholestasis of pregnancy. World Journal of Gastroenterology,
14(13):2126–7, 2008.

203



[168] A. Sparreboom, H. Gelderblom, S. Marsh, R. Ahluwalia, R. Obach, P. Principe,
C. Twelves, J. Verweij, and H. L. McLeod. Diflomotecan pharmacokinetics in
relation to abcg2 421c>A genotype. Clinical Pharmacology and Therapeutics,
76:38–44, 2004.

[169] A. Sparreboom, W. J. Loos, H. Burger, T. M. Sissung, J. Verweij, W. D.
Figg, K. Nooter, and H. Gelderblom. Effect of ABCG2 genotype on the oral
bioavailability of topotecan. Cancer Biology and Therapeutics, 4:650–8, 2005.

[170] N. Steeghs, R. H. Mathijssen, J. A. Wessels, A. J. de Graan, T. van der Straaten,
M. Mariani, B. Laffranchi, S. Comis, M. J. de Jonge, H. Gelderblom, and H. J.
Guchelaar. Influence of pharmacogenetic variability on the pharmacokinetics
and toxicity of the aurora kinase inhibitor danusertib. Investigational New
Drugs, 29(5):953–62, 2011.

[171] B. N. Stretcher, A. J. Pesce, P. T. Frame, and D. S. Stein. Pharmacokinetics
of zidovudine phosphorylation in peripheral blood mononuclear cells from pa-
tients infected with Human Immunodeficiency Virus. Antimicrobial Agents and
Chemotherapy, 38(7):1541–1547, 1994.

[172] B. N. Stretcher, A. J. Pesce, J. Murray, P. Hurtubise, W. Vine, and P. T.
Frame. Concentrations of phosphorylated zidovudine (ZDV) in patient leuko-
cytes do not correlate with ZDV dose or plasma concentrations. Therapeutic
Drug Monitoring, 13(4):325–331, 1991.

[173] N. Sun, X. Sun, B. Chen, H. Cheng, J. Feng, L. Cheng, and Z. Lu. MRP2 and
GSTP1 polymorphisms and chemotherapy response in advanced non-small cell
lung cancer. Cancer Chemotherapy and Pharmacology, 65(3):437–46, 2010.

[174] A. Tamura, M. Watanabe, H. Saito, H. Nakagawa, T. Kamachi, I. Okura, and
T. Ishikawa. Functional validation of the genetic polymorphisms of human
ATP-binding cassette (ABC) transporter ABCG2 : identification of alleles that
are defective in porphyrin transport. Molecular Pharmacology, 70:287–96, 2006.

[175] M. Tanaka, T. Okazaki, H. Suzuki, J. L. Abbruzzese, and D. Li. Association
of multi-drug resistance gene polymorphisms with pancreatic cancer outcome.
Cancer, 117(4):744–51, 2011.

[176] A. M. Tang, J. Forrester, D. Spiegelman, T. A. Knox, E. Tchetgen, and S. L.
Gorbach. Weight loss and survival in HIV-positive patients in the era of highly
active antiretroviral therapy. Journal of Acquired Immune Deficiency Syn-
dromes, 31(2):230–236, 2002.

[177] T. Teorell. Kinetics of distribution of substances administered to the body, I:
The extravascular modes of administration. Archives internationales de phar-
macodynamie et de therapie, 57:205–225, 1937.

204



[178] J. N. Tian, I. K. Ho, H. H. Tsou, C. P. Fang, C. F. Hsiao, C. H. Chen, H. K.
Tan, L. Lin, C. S. Wu, L. W. Su, C. L. Huang, Y. H. Yang, M. L. Liu, Y. T.
Chen, S. C. Liu, Y. T. Hsu, H. W. Kuo, C. T. Liu, Y. T. Yang, A. Chen, Y. H.
Shih, and Y. L. Liu. UGT2B7 genetic polymorphisms are associated with the
withdrawal symptoms in methadone maintenance patients. Pharmacogenomics,
13(8):879–88, 2012.

[179] M. Tisdale, S. D. Kemp, N. R. Parry, and B. A. Larder. Rapid in vitro selection
of Human Immunodeficiency Virus type 1 resistant to 3’-thiacytidine inhibitors
due to a mutation in the YMDD region of reverse transcriptase. Proceedings of
the National Academy of Sciences U S A, 90(12):5653–6, 1993.

[180] Y. Tornevik, B. Ullman, J. Balzarini, B. Wahren, and S. Eriksson. Cy-
totoxicity of 3’-azido-3’-deoxythymidine correlates with 3’-azidothymidine-
5’-monophosphate (AZT-MP) levels, whereas anti-Human Immunodeficiency
Virus (HIV) activity correlates with 3’-azidothymidine-5’-triphosphate (AZT-
TP) levels in cultured CEM T-lymphoblastoid cells. Biochemical Pharmacology,
49(6):829–837, 1995.

[181] A. Tremoulet, E. Capparelli, P. Patel, E. Acosta, K. Luzuriaga, Y. Bryson,
D. Wara, C. Zorrilla, D. Holland, M. Mirochnick, et al. Population pharmacoki-
netics of lamivudine in Human Immunodeficiency Virus-exposed and-infected
infants. Antimicrobial Agents and Chemotherapy, 51(12):4297–4302, 2007.

[182] O. Turriziani, O. Butera, N. Gianotti, S. G. Parisi, R. Mazzi, E. Girardi, G. Ia-
iani, L. Antonelli, A. Lazzarin, and G. Antonelli. Thymidine kinase and de-
oxycytidine kinase activity in mononuclear cells from antiretroviral-naive HIV-
infected patients. AIDS, 19(5):473–479, 2005.

[183] United States Renal Data System. USRDS 2011 annual data report: Atlas of
chronic kidney disease and end-stage renal disease in the United States, 2011.

[184] J. Van Houwelingen. Use and abuse of variance models in regression. Biometrics,
pages 1073–1081, 1988.

[185] G. J. Veal and D. J. Back. Metabolism of zidovudine. General Pharmacology:
The Vascular System, 26(7):1469–1475, 1995.

[186] C. Viswanathan, S. Bansal, B. Booth, A. DeStefano, M. Rose, J. Sailstad,
V. Shah, J. Skelly, P. Swann, and R. Weiner. Quantitative bioanalytical meth-
ods validation and implementation: Best practices for chromatographic and
ligand binding assays. Pharmaceutical Research, 24(10):1962–1973, 2007.

[187] S. Vozeh, P. Maitre, and D. Stanski. Evaluation of population (NONMEM)
pharmacokinetic parameter estimates. Journal of Pharmacokinetics and Phar-
macodynamics, 18(2):161–173, 1990.

205



[188] M. A. Wainberg, M. D. Miller, Y. Quan, H. Salomon, A. S. Mulato, P. D.
Lamy, N. A. Margot, K. E. Anton, and J. M. Cherrington. In vitro selection
and characterization of HIV-1 with reduced susceptibility to PMPA. Antiviral
Therapy, 4(2):87–94, 1999.

[189] L. H. Wang, J. Begley, r. St Claire, R. L., J. Harris, C. Wakeford, and F. S.
Rousseau. Pharmacokinetic and pharmacodynamic characteristics of emtric-
itabine support its once daily dosing for the treatment of HIV infection. AIDS
Research and Human Retroviruses, 20(11):1173–82, 2004.

[190] X. Wang, T. Furukawa, T. Nitanda, M. Okamoto, Y. Sugimoto, S.-I. Akiyama,
and M. Baba. Breast cancer resistance protein (BCRP/ABCG2 ) induces cel-
lular resistance to HIV-1 nucleoside reverse transcriptase inhibitors. Molecular
Pharmacology, 63(1):65–72, 2003.

[191] C. Wanke, M. Silva, T. Knox, J. Forrester, D. Speigelman, and S. Gorbach.
Weight loss and wasting remain common complications in individuals infected
with Human Immunodeficiency Virus in the era of highly active antiretroviral
therapy. Clinical Infectious Diseases, 31(3):803–805, 2000.

[192] R. B. Warren, R. L. Smith, E. Campalani, S. Eyre, C. H. Smith, J. N. W. N.
Barker, J. Worthington, and C. E. M. Griffiths. Genetic variation in efflux trans-
porters influences outcome to methotrexate therapy in patients with psoriasis.
Journal of Investigational Dermatology, 128(8):1925–1929, 2008.

[193] Y. Wattanagoon, K. Na Bangchang, P. G. Hoggard, S. H. Khoo, S. E. Gibbons,
D. Phiboonbhanakit, J. Karbwang, and D. J. Back. Pharmacokinetics of zidovu-
dine phosphorylation in Human Immunodeficiency Virus-positive Thai patients
and healthy volunteers. Antimicrobial Agents and Chemotherapy, 44(7):1986–
1989, 2000.

[194] C. W. Wester, O. A. Okezie, A. M. Thomas, H. Bussmann, S. Moyo,
T. Muzenda, J. Makhema, E. van Widenfelt, R. Musonda, V. Novitsky, T. Gao-
lathe, N. Ndwapi, M. Essex, D. R. Kuritzkes, V. DeGruttola, and R. G. Marlink.
Higher-than-expected rates of lactic acidosis among highly active antiretroviral
therapy-treated women in Botswana: preliminary results from a large random-
ized clinical trial. Journal of Acquired Immune Deficiency Syndrome, 46(3):318–
22, 2007.

[195] D. White, C. Walawander, Y. Tung, and T. Grasela. An evaluation of point and
interval estimates in population pharmacokinetics using NONMEM analysis.
Journal of Pharmacokinetics and Pharmacodynamics, 19(1):87–112, 1991.

[196] E. Widmark and J. Tandberg. Uber die bedigungen fur die akkumulation indif-
ferenter narkoliken theoretische bereckerunger. Biochen Z147, pages 258–369,
1924.

206



[197] World Health Organization. http://www.who.int/hiv/data/2011_epi_core_
en.png, 2012.

[198] C. Wyen, H. Hendra, M. Siccardi, M. Platten, H. Jaeger, T. Harrer, S. Esser,
J. R. Bogner, N. H. Brockmeyer, B. Bieniek, J. Rockstroh, C. Hoffmann,
A. Stoehr, C. Michalik, V. Dlugay, A. Jetter, H. Knechten, H. Klinker,
A. Skaletz-Rorowski, G. Fatkenheuer, D. Egan, D. J. Back, and A. Owen.
Cytochrome P450 2B6 (CYP2B6 ) and constitutive androstane receptor (CAR)
polymorphisms are associated with early discontinuation of efavirenz-containing
regimens. Journal of Antimicrobial Chemotherapy, 66:2092–8, 2011.

[199] R. Yarchoan and S. Broder. Development of antiretroviral therapy for the
Acquired Immunodeficiency Syndrome and related disorders: A progress report.
New England Journal of Medicine, 316(9):557–64, 1987.

[200] R. Yarchoan, R. W. Klecker, K. J. Weinhold, P. D. Markham, H. K. Ly-
erly, D. T. Durack, E. Gelmann, S. N. Lehrman, R. M. Blum, and D. W.
Barry. Administration of 3’-azido-3’-deoxythymidine, an inhibitor of HTLV-
III/LAV replication, to patients with AIDS or AIDS-related complex. Lancet,
1(8481):575–80, 1986.

[201] R. Yarchoan, H. Mitsuya, C. E. Myers, and S. Broder. Clinical pharmacology
of 3’-azido-2’,3’-dideoxythymidine (zidovudine) and related dideoxynucleosides.
New England Journal of Medicine, 321(11):726–38, 1989.

[202] R. Yarchoan, C. F. Perno, R. V. Thomas, R. W. Klecker, J. P. Allain, R. J.
Wills, N. McAtee, M. A. Fischl, R. Dubinsky, and M. C. McNeely. Phase I stud-
ies of 2’,3’-dideoxycytidine in severe Human Immunodeficiency Virus infection
as a single agent and alternating with zidovudine (AZT). Lancet, 1(8577):76–81,
1988.

[203] Z. Zhou, J. Rodman, P. Flynn, B. Robbins, C. Wilcox, and D. D’Argenio. Model
for intracellular lamivudine metabolism in peripheral blood mononuclear cells
ex vivo and in Human Immunodeficiency Virus type 1-infected adolescents.
Antimicrobial Agents and Chemotherapy, 50(8):2686–2694, 2006.

[204] T. P. Zimmerman, W. B. Mahony, and K. L. Prus. 3’-azido-3’-deoxythymidine:
An unusual nucleoside analogue that permeates the membrane of human ery-
throcytes and lymphocytes by nonfacilitated diffusion. Journal of Biological
Chemistry, 262(12):5748–54, 1987.

207

http://www.who.int/hiv/data/2011_epi_core_en.png
http://www.who.int/hiv/data/2011_epi_core_en.png


APPENDIX A

METHOD DEVELOPMENT AND VALIDATION REPORTS

208



Validation of an LC/MS method for the
determination of gemfibrozil in human
plasma and its application to a
pharmacokinetic study
Joseph E. Rower, Lane R. Bushman, Kyle P. Hammond, Rajendra S. Kadam
and Christina L. Aquilante*

ABSTRACT: Gemfibrozil, a fibric acid hypolipidemic agent, is increasingly being used in clinical drug–drug interaction studies
as an inhibitor of drug metabolizing enzymes and drug transporters. The validation of a fast, accurate and precise LC/MS
method is described for the quantitative determination of gemfibrozil in an EDTA-anticoagulated human plasma matrix.
Briefly, gemfibrozil was extracted from human plasma by an acetonitrile protein precipitation method. The assay was repro-
ducible with intra-assay precision between 1.6 and 10.7%, and inter-assay precision ranging from 4.4 to 7.8%. The assay also
showed good accuracy, with intra-assay concentrations within 85.6–108.7% of the expected value, and inter-assay concentra-
tions within 89.4–104.0% of the expected value. The linear concentration range was between 0.5 and 50 mg/mL with a lower
limit of quantitation of 0.5 mg/mL when 125 mL of plasma were extracted. This LC/MS method yielded a quick, simple and
reliable protocol for determining gemfibrozil concentrations in plasma and is applicable to clinical pharmacokinetic studies.
Copyright © 2010 John Wiley & Sons, Ltd.
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Introduction
Gemfibrozil (GFZ, Lopid®) is a fibric acid derivative used to treat
dyslipidemia, primarily hypertriglyceridemia (Lopid Prescribing
Information, 2008). GFZ and its glucuronide conjugate are potent
inhibitors of the cytochrome P450 (CYP) 2C8 metabolizing
enzyme (Prueksaritanont et al., 2005; Ogilvie et al., 2006). Clini-
cally, GFZ has been shown to dramatically decrease the metabo-
lism, and increase the plasma exposure, of CYP2C8 substrates
such as pioglitazone, rosiglitazone, repaglinide and cerivastatin
(Backman et al., 2002; Niemi et al., 2003a, b; Deng et al., 2005;
Jaakkola et al., 2005; Tornio et al., 2008). Recently, GFZ has also
been identified as an inhibitor of organic anion-transporting
polypeptide 1B1 (OATP1B1), a drug transporter located on the
basolateral membrane of hepatocytes (Shitara et al., 2004;
Yamazaki et al., 2005). GFZ-mediated inhibition of OATP1B1 has
been shown to decrease the hepatic uptake, and increase the
plasma exposure, of OATP1B1 substrates such as pravastatin,
cerivastatin and rosuvastatin (Shitara et al., 2004; Schneck et al.,
2004; Nakagomi-Hagihara et al., 2007). Given its pharmacology as
a CYP2C8 and OATP1B1 inhibitor, GFZ is being used more often in
clinical drug–drug interaction studies to test the effects of
CYP2C8 or OATP1B1 inhibition on substrate pharmacokinetics.
Thus, simple, sensitive and cost-effective analytical methods
for the determination of GFZ concentrations in human plasma
are becoming increasingly important in the field of clinical
pharmacology.

To date, the majority of papers reporting bioanalytical
methods for the quantification of GFZ in plasma have used

HPLC-UV (sensitivities ranging from 0.05 to 1 mg/mL) and HPLC-
fluorescence (sensitivities ranging from 0.01 to 0.5 mg/mL; Hengy
and Kolle, 1985; Randinitis et al., 1986; Forland et al., 1987; Naka-
gawa et al., 1991; Hermening et al., 2000; Gonzalez-Penas et al.,
2001; Niemi et al., 2003a,b; Schneck et al., 2004; Deng et al., 2005;
Vittal et al., 2006; Kang et al., 2009). Fluorescence and UV detec-
tion methods have long run times (in some cases up to 20 min),
and require extensive sample preparation techniques (Forland
et al., 1987; Nakagawa et al., 1991; Hermening et al., 2000; Vittal
et al., 2006; Kang et al., 2009). Tandem mass spectrometry (LC-
MS/MS) bioanalytical methods have been reported for GFZ, with
assay sensitivities ranging from 0.001 to 0.1 mg/mL and shorter
run times (e.g. 2 min); (Roadcap et al., 2003; Tornio et al., 2008;
Busse et al., 2009). While LC-MS/MS has the potential to produce
the most sensitive and specific analytical methods, the instru-
mentation and maintenance are very expensive, require a
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high-level of technical expertise and are not feasible for all labo-
ratories (McIntosh et al., 2007). Single quadrupole mass spec-
trometry (LC/MS) is a useful, albeit under-utilized, alternative to
LC-MS/MS (McIntosh et al., 2007). LC/MS requires fewer resources
than LC-MS/MS, is relatively easy to use, and can provide sensi-
tivities that mirror those observed with HPLC-UV and HPLC-
fluorescence methods. In addition, the use of LC/MS increases
assay specificity in comparison to UV and fluorescence detec-
tions, as analyte separation can be done with both MS (i.e. moni-
toring a single mass to charge ratio) and HPLC (i.e. by looking at
specific analyte retention times). In contrast, UV and fluorescence
methods rely on separation of target analytes via HPLC before
detection. Thus, LC/MS provides the advantage of being able to
differentiate co-eluting compounds. To our knowledge, the vali-
dation of a LC/MS method has not been described for GFZ, and is
the focus of our report.

In terms of other potential drawbacks associated with previ-
ously published GFZ methods, several methods have used agents
such as the non-steroidal anti-inflammatory drugs, ibuprofen and
celecoxib as the internal standards (Hengy and Kolle, 1985;
Gonzalez-Penas et al., 2001; Niemi et al., 2003a, b; Vittal et al.,
2006). In clinical trials, there is a high likelihood that patients may
be taking one of these agents, particularly over-the-counter ibu-
profen, as part of their clinical care. As such, use of these internal
standards in the analytical method may result in assay failure as a
result of variable internal standard responses between patients.
In the validation of our LC/MS method, we chose to use a com-
mercially available deuterated (d6-substituted) GFZ compound
as our internal standard. As the compound is chemically equiva-
lent to the target compound (outside of the deuteration sites), it
will be prone to the same matrix effects as the target compound,
and will extract from the matrix in a chemically identical manner
(Viswanathan et al., 2007). In addition, this is an advantage over
previously published LC-MS/MS methods which do not utilize an
isotopically labeled internal standard (Roadcap et al., 2003; Busse
et al., 2009).

In this report below, we describe the validation of a LC/MS
method for the determination of GFZ concentrations in human
plasma. The goal of this method was to combine good sensitivity
and specificity, relatively simple sample preparation, and short
run times, utilizing single quadrupole mass spectrometry. Addi-
tionally, we used commercially available deuterated-GFZ as the
internal standard to avoid possible assay failure due to patient
consumption of other medications. Finally, we used the validated
LC/MS method to determine plasma GFZ concentrations in a
clinical pharmacokinetic drug–drug interaction study of GFZ and
pioglitazone (an oral antidiabetic agent and CYP2C8 substrate) in
healthy volunteers.

Experimental

Chemicals and Reagents

GFZ (99.7% pure) was obtained from the United States Pharmacopeia
(Rockville, MD, USA) for use as a reference standard. The internal standard
deuterated GFZ (GFZ-d6, 98% pure), gemfibrozil 1-O-b-glucuronide (GFZ-
gluc) and pioglitazone were purchased from Toronto Research Chemicals
Inc. (Ontario, Canada). Ammonium acetate (A.C.S. certified, 98% pure) was
purchased from Sigma–Aldrich (St Louis, MO, USA), and HPLC-grade
acetonitrile–0.1% formic acid was purchased from Mallinckrodt Baker Inc.
(Phillipsburg, NJ, USA). HPLC-grade methanol and formic acid were
bought from Fisher Scientific (Fairlawn, NJ, USA). Ultrapure (UP) water was
prepared from deionized water in a Barnstead Nanopure System (Thermo

Fisher Scientific, Waltham, MA, USA). Plasma with EDTA as an anticoagu-
lant was acquired from Biological Specialty Corporation (Colmar, PA, USA).

LC/MS Instrumentation and Conditions

The HPLC system utilized was a Surveyor LC autosampler and LC pump
(Thermo Fisher, San Jose, CA, USA). The analytical column was a 2.1 ¥
50 mm, 5 mm Sunfire C18 column (Waters Corporation, Milford, MA, USA).
The mobile phase was 0.1% formic acid in 50:50 acetonitrile–water (v/v)
and was delivered at a flow rate of 300 mL/min. The analytical column was
maintained at 40°C resulting in a system backpressure of approximately
500 psi. The autosampler needle was washed with a filtered 50:50
methanol–water (v/v) mixture between each injection. A single quadru-
pole Thermo Fisher MSQ (Thermo Fisher, San Jose, CA, USA) was used in
ESI, positive polarity mode. Analytes were detected using single ion
monitoring (SIM) mode, with GFZ and GFZ-d6 detected at m/z of 251.51
and 257.56, respectively. The needle voltage was set at 2.5 kV, the cone
voltage at 50 V and the capillary temperature maintained at 535°C. Nitro-
gen was used as the source gas, and was maintained at 75 psi. Data
acquisition, processing and storage were performed using Xcalibur soft-
ware, version 1.3 (Thermo Fisher, San Jose, CA, USA). Calculations were
based on peak area ratios of analyte to internal standard. Concentrations
are interpolated from a linear least squares regression calibration curve,
based on 1/concentration weighting.

Preparation of Calibration Standards, Internal Standard and
Quality Controls

A 1 mg/mL GFZ stock solution was used to prepare working standard
stocks of 5, 10, 25, 50, 100, 250 and 500 mg/mL. A 32 mg/mL solution of
GFZ-d6 was prepared for use as a working internal standard stock solu-
tion. All GFZ and GFZ-d6 stock solutions were prepared in 100% methanol
and stored in aluminum foil-wrapped glass vials at -20°C. GFZ quality
controls (QC) of 0.5 mg/mL (lower limit of quantification, LLOQ), 1.5 mg/mL
(low QC), 10 mg/mL (medium QC) and 40 mg/mL (high QC) were prepared
in plasma and stored at -80°C.

Sample Preparation

Plasma GFZ standards were prepared in microcentrifuge tubes on a daily
basis by spiking 12.5 mL of the correct GFZ working standard stock solu-
tion into 125 mL of blank plasma resulting in plasma GFZ standard (cali-
bration) concentrations of 0.5, 1.0, 2.5, 5.0, 10.0, 25.0 and 50.0 mg/mL.
Patient and QC plasma samples (125 mL) were added to microcentrifuge
tubes and a 20 mL volume of working internal standard stock was then
added to every sample, except the double blank. To normalize the sample
volume and content between samples, 12.5 mL of 100% methanol was
added to the blank sample, QC samples and patient samples, while
32.5 mL of 100% methanol was added to the double blank sample. A
120 mL volume of ammonium acetate (500 mM) was added to each
sample and the mixture was vortex mixed. Then, 500 mL of acetonitrile
(containing 0.1% formic acid) was added to each sample and mixed thor-
oughly by vortexing. Each tube was centrifuged at 9200g for 10 min,
producing a protein pellet at the bottom. The supernatant from each tube
was diluted two-fold with ultrapure water, and a 15 mL aliquot of this
sample was injected onto the LC/MS system. The resulting retention times
for both GFZ and GFZ-d6 were approximately 5 min.

Method Validation

Validation of the method included an evaluation of the following charac-
teristics: assay accuracy and precision, dilution accuracy and precision,
recovery, calibration curve performance, analyte stability, specificity/
selectivity and matrix effects. These validation experiments followed the
FDA Guidance for Bioanalytical Method Validation (Food and Drug
Administration, 2001). Accuracy was evaluated by calculating the per-
centage deviation from the nominal concentration, and is reported as
relative error (RE). Per FDA guidelines, the mean value should be within
15% of the nominal value, except at LLOQ, where it should be within 20%
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of the nominal value. Precision was determined by calculating the coef-
ficient of variation (CV) of replicates within one sample run (intra-day) and
between sample runs (inter-day). Intra- and inter-day accuracy and pre-
cision were determined by the performance of four concentrations of QCs
(LLOQ = 0.5 mg/mL; low QC = 1.5 mg/mL; medium QC = 10 mg/mL; and
high QC = 40 mg/mL). Concentration of the low QC was within three times
the LLOQ concentration and the high QC was within 80% of the upper
limit of quantitation (ULOQ). The low QC, medium QC and high QC were
run in five replicates on five separate days. The LLOQ QC was run in five
replicates on three separate days. Per FDA guidelines, the precision at
each concentration level should not exceed 15% CV, except for the LLOQ,
where it should not exceed 20% CV. In order to determine the accuracy
and precision (n = 3) of measuring GFZ in diluted samples, a QC was
prepared at a concentration of 100 mg/mL, then diluted to 20 mg/mL (5¥)
and to 10 mg/mL (10¥) with blank plasma.

Calibration curve performance was also assessed by evaluating devia-
tion of standards from the nominal concentration and evaluating the
slope, intercept and coefficient of determination (r2) of the weighted
1/concentration linear regression lines. At least six non-zero standards
were required for a valid calibration curve where �20% from the nominal
value was acceptable at the LLOQ and �15% from the nominal value
accepted at all other concentrations. If a calibrator did not meet these
criteria, it was dropped from the calibration curve and the curve was
recalculated.

The stability of GFZ in EDTA plasma was tested by subjecting QCs to
different test conditions. The test conditions included five freeze–thaw
cycles, 5 days of storage at room temperature and stability of extracted
samples after 4 days of storage in the autosampler (15°C). Freeze–thaw
stability of the QCs was tested in triplicate at the low QC and high QC
levels after five freeze–thaw cycles. The samples were allowed to thaw
completely and remained at room temperature for at least 1 h. The
samples were returned to freezer storage conditions at -80°C for 24 h
prior to removal for the next freeze–thaw cycle. The stability of GFZ in
plasma at room temperature was tested for thawed QC samples (medium
QC level in triplicate) maintained at room temperature for 5 days prior to
extraction and analysis. The GFZ stability of extracted samples was deter-
mined by analyzing GFZ concentrations from QC extracts (low QC and
high QC levels in triplicate) after 4 days of storage in the autosampler at
15°C. The samples were considered to be stable at a given condition if the
mean values obtained from the treated QCs were within �10% of the
mean values of the untreated or reference QC samples that were run
within the same analytical run.

The stability of GFZ and GFZ-d6 stock solutions was analyzed by com-
paring the signal response of a freshly prepared stock solution sample
with the signal response from a preparatory stock solution sample pre-
pared 2 months earlier. Long-term stability of GFZ in plasma was deter-
mined by comparing analyte response of a freshly prepared medium QC
level (10 mg/mL, n = 3) with that of a one-month-old medium QC level.

In terms of assay specificity and selectivity, GFZ is highly metabolized
into the glucuronide conjugate, gemfibrozil 1-O-b glucuronide (GFZ-
gluc). It is possible that GFZ-gluc could degrade into GFZ during ioniza-
tion in the source, or could co-elute with the parent molecule, resulting in
an inaccurate determination of GFZ concentrations due to signal
enhancement. Another item of consideration was that our method was to
be applied to clinical samples from a GFZ-pioglitazone drug–drug inter-
action study, in which all samples contained the drug pioglitazone. As
such, assay specificity and selectivity for this method were investigated
by assessing the effects of GFZ-gluc and pioglitazone on the following:
quantitation of GFZ, absence of signal from multiple sources of blank
plasma, specificity of the signal in the SIM channels for both GFZ and
GFZ-d6 (i.e. channel cross-talk) and assessment of carryover. To assess the
effects of pioglitazone and GFZ-gluc on the quantitation of GFZ, piogli-
tazone (2 mg/mL) and GFZ-gluc (25 mg/mL) were spiked into triplicate
medium QCs. The samples were subjected to the sample preparation and
analysis as described above and results compared with triplicate refer-
ence medium QCs analyzed within the same run. A difference of more
than 10% between the two sets of QCs was considered to be indicative of
interference.

The specificity of the GFZ and GFZ-d6 signal from six different sources
of blank EDTA plasma was assessed. This was done to show that different
plasma sources did not contribute to either the analyte or the internal
standard responses. The SIM channels for both GFZ and GFZ-d6 were also
monitored for cross-talk. The GFZ SIM channel was monitored for signifi-
cant response when only GFZ-d6 was present at concentrations consis-
tent with extracted samples and, similarly, the GFZ-d6 SIM channel was
monitored for a significant signal when GFZ was injected at a concentra-
tion equal to the ULOQ (50 mg/mL). Carryover from the LC system was also
assessed by analyzing a blank plasma sample immediately following an
injection of an extracted ULOQ (50 mg/mL) sample.

One of the most important assessments for any MS-derived quantita-
tion method is a proper assessment of the matrix effects associated with
the measurement, and if any existing matrix effects may have deleterious
effects on analyte quantitation. In order to determine if endogenous
compounds in plasma suppressed or enhanced GFZ or GFZ-d6 ionization
during the assay, potential matrix effects were tested by comparing five
different lots of EDTA plasma (Matuszewski et al., 2003). Three sets of
samples (i.e. set 1, set 2 and set 3) were prepared containing GFZ standards
of 1, 5, and 25 mg/mL in five different lots of plasma (set 2 and set 3 only). In
set 1 samples (neat samples), the analyte and internal standard were
added to mobile phase. In set 2 samples, the analyte and internal standard
were spiked into the post-extracted plasma sample. In set 3 samples, the
analyte and internal standard were spiked into plasma and then extracted
as described above. A comparison of set 1 and set 2 samples yielded a
quantitative measure of observed matrix effects. A comparison of set 2 and
set 3 samples demonstrated analyte recovery from the extraction process.
The difference between set 1 and set 3 samples described the overall
efficiency of the analytical process. The effects of the matrix on the assay
were determined by comparing the regression line slopes and peak area
ratios for each concentration level from the different lots of plasma, as well
as by examining the precision of the analyte and internal standard areas
and ratios for each sample set and plasma lot.

Clinical Application

The method was used to analyze plasma samples from healthy volunteers
who participated in a GFZ-pioglitazone drug–drug interaction study. The
protocol was approved by the Colorado Multiple Institutional Review
Board, and all patients gave written informed consent. Subjects were
given GFZ 600 mg every 12 h for eight doses, with pioglitazone 15 mg
administered concomitantly at the fifth dose. At the fifth dose, subjects
were admitted to the University of Colorado Clinical Translational
Research Center, and blood was collected in EDTA tubes and sampled for
GFZ levels pre-dose and 2, 3, 4, 5, 6, 8 and 10 h post-dose. The blood
samples were centrifuged and plasma was collected and stored at -80°C
until analysis. Plasma concentrations of GFZ were analyzed as described
in the method above. GFZ pharmacokinetic parameters were determined
by noncompartmental methods using WinNonlin software 5.2.1 (Phar-
sight Corporation, Mountain View, CA, USA). GFZ plasma concentration–
time curves were generated, and the maximum plasma concentration
(Cmax), time to reach maximum plasma concentration (Tmax) and minimum
plasma concentration (Cmin) were read from these curves. The linear trap-
ezoidal method was used to calculate the dose interval area under the
plasma concentration–time curve (AUCtau). The half-life (t1/2) of GFZ was
calculated from the following equation: t1/2 = ln2/ke, where ke was calcu-
lated using linear regression analysis of the log–linear portion of the
plasma concentration–time curve.

Results and Discussion

Chromatography

The chemical structures of GFZ (MW 250) and GFZ-d6 (MW 256)
are shown in Fig. 1 and the full-scan mass spectra of GFZ and
GFZ-d6 are shown in Fig. 2. Representative LC/MS chromato-
grams are shown in Fig. 3. Figure 3(A) shows a blank plasma
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sample; Fig. 3(B) shows a blank plasma sample spiked with
GFZ-d6 internal standard; Fig.3C. shows a blank plasma sample
spiked with GFZ 0.5 mg/mL (LLOQ) and GFZ-d6 internal standard;
Fig. 3(D) shows a blank plasma sample spiked with GFZ 50 mg/mL
(ULOQ) and GFZ-d6 internal standard; and Fig. 3(E) shows a
patient sample. In each figure, the top chromatogram shows the
GFZ response while the bottom chromatogram shows the
GFZ-d6 response. The patient chromatogram (Fig. 3E) illustrates
the importance of having chromatographic separation of the
GFZ-gluc from the GFZ peak. The GFZ-gluc peak appears at
1.7 min in the GFZ SIM channel, which is a result of GFZ-gluc
having the glucuronide cleaved in the MS ESI source during
patient sample analysis. It should be noted that this GFZ-gluc
peak was not observed in the non-patient specimens (i.e. spiked
standards or QCs), as would be expected. However, the peak at
1.7 min was observed in the spiked GFZ-gluc specificity QM
sample as described in the Methods section above.

LC/MS conditions were optimized to yield both efficient and
sensitive detection of the analytes. Chromatographic conditions
were optimized so both GFZ and GFZ-d6 eluted off the column
simultaneously within 5 min, but separate from GFZ-gluc. The
short run time demonstrates that the above method could easily
be used for quantitation of a large number of samples relatively
rapidly. Analyte infusion experiments were utilized to optimize
MS source conditions and produce an acceptable signal-to-noise
ratio for GFZ at the LLOQ. The LC/MS conditions were such that
detection was not only accurate and precise, but selective and
specific to the analytes being quantitated.

Method Validation

A 1/concentration weighting was used to fit a linear least squares
regression calibration curve to the response vs concentration
data. Good linearity in the range of 0.5–50 mg/mL was achieved,
with typical r2 values between 0.9983 and 0.9998 for the five
validation runs. These five validation runs yielded lines with an
average slope of 0.133 � 0.0046 (mean � SD, n = 5) and a
y-intercept of -0.010 � 0.0049 (mean � SD, n = 5) with a precision
of 3.46% (Table 1). The LLOQ of the assay was 0.5 mg/mL, which is
consistent with sensitivities previously reported for HPLC-UV and
fluorescence methods (Schneck et al., 2004; Randinitis et al., 1986;
Kang et al., 2009; Lilja et al., 2005). No carryover was noted in the
studied GFZ concentration range, as blank samples injected after
high standard injection showed no detectable peak.

Intra-assay precision and accuracy were determined by analyz-
ing the LLOQ (0.5 mg/mL, n = 5) in three separate analytical runs,
and analyzing the low QC (1.5 mg/mL, n = 5), medium QC (10 mg/
mL, n = 5) and high QC (40 mg/mL, n = 5) in five separate analytical
runs. The intra-assay precision (reported as CV%) did not exceed
10.7% for the four QC levels, while the intra-assay accuracy
(expressed as relative error, RE) did not vary more than �14.4%

Figure 1. Structures of (A) gemfibrozil, and (B) gemfibrozil-d6, internal
standard.

Figure 2. Full-scan mass spectra of (A) gemfibrozil (m/z 251.51), and (B) gemfibrozil-d6 (m/z 257.56).
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(A)

(B)

(C)

(D)

Figure 3. Representative LC/MS chromatograms. (A) Blank plasma sample; (B) blank plasma sample spiked with GFZ-d6 internal standard; (C) blank
plasma sample spiked with GFZ LLOQ (0.5 mg/mL) and GFZ-d6 internal standard; (D) blank plasma sample spiked with GFZ ULOQ (50 mg/mL) and GFZ-d6
internal standard; and (E) a patient sample. The top chromatogram is the analyte while the bottom chromatogram is the GFZ-d6 internal standard. The
patient sample (E) shows a peak retained at 1.7 min, which is due to the presence of a GFZ glucuronide metabolite in vivo, which is cleaved in the MS ESI
source.
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from the expected value. Repeated extraction and analysis of
these four QC samples yielded an inter-assay precision between
4.4 and 7.8%, and an inter-assay accuracy ranging from 89.4 to
104% (Table 2). Furthermore, we demonstrated that samples
could be accurately and precisely diluted 5 and 10 times their
original concentrations (accuracy and precision within �15% of
expected concentrations, data not shown).

The protein precipitation extraction protocol was easy to
follow and quick to perform. It yielded a high recovery, ranging
from 85.5 to 94.0% for the analyte and from 86.7 to 97.1% for the
internal standard (Table 3), with mean values of 89.6% for the
analyte and 90.7% for the internal standard. These values were
determined by comparing set 2 samples (spiked with analyte
post extraction) and set 3 samples (spiked with analyte before
extraction) of the matrix effect experiment. The recovery was
both high and consistent, indicating that little analyte was lost
during the sample preparation process, and did not vary from
sample to sample.

The success of any LC/MS quantitative analysis rests in the
ability of the method to accurately and precisely quantitate
analyte concentrations in the presence of matrix. Matrix effects
resulting from endogenous compounds in plasma, either signal
suppression or enhancement in the MS source, can potentially
affect the accuracy and precision of MS quantitative methodolo-
gies. By employing the use of the deuterated internal standard,
GFZ-d6, we expected to have little variation due to matrix effects.
The ratio of GFZ to GFZ-d6 should be relatively close to 100%
throughout the concentration range and for matrix effect, recov-
ery and process efficiency determinations. We confirmed that the
method was not adversely affected by matrix effects in the quan-
titation of GFZ from EDTA plasma. The resulting matrix effects
were quantitated by comparing the mean response from set 1

(E)

Figure 3. Continued.
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Table 2. GFZ intra- and inter-assay precision and accuracy

Intra-assay precision and accuracy
LLOQ (0.5 mg/mL) Low QC (1.5 mg/mL) Medium QC (10 mg/mL) High QC (40 mg/mL)

Run 1
Mean 0.44 1.44 10.21 41.69
SD 0.02 0.03 0.16 1.48
CV (%) 3.4 1.9 1.6 3.6
RE (%) -12.0 -4.0 2.1 4.2
N 5 5 5 5
Run 2
Mean 0.47 1.41 9.79 39.44
SD 0.05 0.03 0.28 2.44
CV (%) 10.7 2.1 2.9 6.2
RE (%) 5.4 -5.9 -2.1 -1.4
N 5 5 5 5
Run 3
Mean 0.43 1.31 9.51 40.64
SD 0.01 0.03 0.18 1.33
CV (%) 1.6 2.6 1.9 3.3
RE (%) -14.4 -12.6 -4.9 1.6
N 5 5 5 5
Run 4
Mean — 1.53 10.17 42.68
SD — 0.11 0.52 1.65
CV (%) — 7.3 5.1 3.9
RE (%) — 1.7 1.7 6.7
N — 5 5 5
Run 5
Mean — 1.38 9.45 43.47
SD — 0.06 0.25 0.92
CV (%) — 4.1 2.7 2.1
RE (%) — -7.9 -5.5 8.7
N — 4 5 5
Inter-assay precision and accuracy
Mean 0.45 1.42 9.83 41.58
SD 0.04 0.09 0.43 2.09
CV (%) 7.8 6.5 4.4 5.0
RE (%) -10.6 -5.7 -1.8 4.0
N 15 24 25 25

LLOQ, lower limit of quantification; QC, quality control; SD, standard deviation; CV, coefficient of variation (measure of precision); RE,
relative error (measure of accuracy).

Table 3. Matrix effects, recovery, and process efficiency of GFZ extraction

Matrix effects Recovery Process efficiency

GFZ
concentration

Analyte Internal
standard

Ratio of
analyte to

internal
standard

Analyte Internal
standard

Ratio of
analyte to

internal
standard

Analyte Internal
standard

Ratio of
analyte to

internal
standard

1.0 mg/mL 106.4% 118.7% 89.5% 89.4% 86.7% 103.1% 95.1% 103.0% 92.3%
5 mg/mL 113.2% 115.8% 97.5% 85.5% 88.2% 97.1% 96.8% 102.2% 94.7%
25 mg/mL 103.5% 106.5% 97.3% 94.0% 97.1% 96.6% 97.3% 103.4% 93.9%

GFZ, gemfibrozil. Matrix effects = (mean response of samples spiked with analyte and internal standard post-extraction)/(mean
response of neat samples) ¥ 100.
Recovery = (mean response of samples spiked with analyte and internal standard before extraction)/(mean response of samples
spiked with analyte and internal standard post-extraction) ¥ 100.
Process efficiency = (mean response of samples spiked with analyte and internal standard before extraction)/(mean response of neat
samples) ¥ 100.
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(neat samples) with the mean response from set 2 samples (post-
extract spiked). Compared with set 1 samples prepared in mobile
phase, the addition of the extraction matrix in set 2 samples
caused a consistent signal enhancement that averaged 107.7 and
113.7% for GFZ and the internal standard, respectively, over the
concentration range, resulting in an average analyte to internal
standard ratio of 94.8%. (Table 3).

The combination of analyte loss due to extraction and signal
enhancement in the presence of the extraction matrix resulted in
an average process efficiency for the ratio of GFZ to GFZ-d6 of
93.6% (CV% = 1.31). This indicates that, over the range of concen-
trations tested, the process efficiency (combined matrix effects
and recovery) remained consistent. Finally, we found that the
mean CV% for the five different lots of plasma used for the matrix
effects experiment was between 2.5 and 5.4%, while the regres-
sion line slopes for the five plasma matrices had a CV of 2.8%.
These data suggest that EDTA plasma collected from different
individuals will not adversely affect GFZ quantification.

GFZ stability was determined under a wide variety of condi-
tions. As described above, QC samples were used to show that
the analyte in plasma is stable through at least five freeze–thaw
cycles and when kept at room temperature for 5 days. Extracted
GFZ samples were also stable when maintained at 15°C in the
autosampler for at least 4 days. The stock solutions of both GFZ
and GFZ-d6 were shown to be stable for at least 2 months when
stored at -20°C. Finally, plasma samples (i.e. QC samples and
patient samples) remained stable for at least 1 month. During the
stability testing, no deterioration of GFZ was observed. For each
stability test, treated and control samples were within �10% of
each other and precision (n = 3) was within �15%.

Assay selectivity was determined in a number of ways. First,
every analytical run included a single and double blank sample.
The single blank showed that the GFZ-d6 internal standard did
not contribute to analyte response (no cross-talk of GFZ-d6 into
the GFZ SIM channel), while the double blank showed that no
signal came from the sample matrix. Furthermore, we examined
the extraction of a sample spiked with the highest concentration
GFZ standard (50 mg/mL), but without internal standard, and
found no signal detected in the GFZ-d6 channel from the high
GFZ peak (no cross-talk of GFZ into the GFZ-d6 SIM channel).
Analysis of six different sources of blank EDTA plasma did not
show an analyte or internal standard peak, indicating that the
source of plasma did not contribute to analyte or internal stan-
dard signal. Specificity was also evaluated by examining the
effect of two possible interfering compounds, pioglitazone (2 mg/
mL) and GFZ-gluc (25 mg/mL) that were known to exist in the
samples of patients participating in our drug–drug interaction
study. Concentrations of pioglitazone and GFZ-gluc were chosen
for use in the selectivity experiments based on the highest con-
centrations that are likely to be observed in patient plasma (Her-
mening et al., 2000; Deng et al., 2005). Results demonstrated that
the mean calculated medium QC GFZ concentrations changed by
less than 7% between the control and the pioglitazone and GFZ-
gluc spiked samples, demonstrating method specificity in the
presence of these two compounds.

Clinical Application

Plasma samples from six healthy volunteers participating in a
GFZ-pioglitazone drug–drug interaction study were analyzed for
GFZ concentrations, as described above. At the time of blood
sampling, subjects had received five oral doses of GFZ 600 mg

every 12 h. The GFZ plasma concentration–time profile for these
subjects is shown in Fig. 4. GFZ pharmacokinetic parameters
(mean � SD) for these six subjects were: Cmax, 31.2 � 11.4 mg/mL;
Tmax, 2.2 � 0.4 h; Cmin, 1.3 � 0.47 mg/mL; t1/2, 1.8 � 0.2 h; and
AUCtau, 113.1 � 37.5 mg h/mL.

Conclusion
A reliable and simple method for determining GFZ concentra-
tions in human plasma by LC/MS was validated. Assay sensitivity
was similar to that observed from previously published HPLC-UV
and fluorescence methods, but run times were substantially
shorter with this LC/MS method. Moreover, this LC/MS method
utilized a deuterated GFZ internal standard which was shown to
provide GFZ results that were free from significant matrix effects.
In the clinical setting, this is an advantage over other GFZ analyti-
cal methods that used prescription or over-the-counter drugs as
the internal standard (Hengy and Kolle, 1985; Gonzalez-Penas
et al., 2001; Niemi et al., 2003a, b; Roadcap et al., 2003; Vittal et al.,
2006; Busse et al., 2009).

The 0.5 mg/mL level for the LLOQ of this method easily met the
validation requirements, indicating that, if necessary, the method
could potentially be modified for use at lower concentration
levels. Sensitivity could be increased by injecting a larger volume
or by drying the supernatant and reconstituting in a lower
volume. However, this would not be necessary in most clinical
studies, as trough concentrations of GFZ (600 mg, twice daily
dosing) are generally above 1 mg/mL, as we observed in this
study (Schneck et al., 2004). The use of LC/MS, which is less costly
and less technically demanding than LC-MS/MS, did not come
with a sacrifice in accuracy or precision in comparison to a
tandem MS system. The validated method was selective for the
desired analyte, and reproducible both within runs and between
days. Finally, the method was successfully applied to a clinical
protocol. The GFZ pharmacokinetic parameters observed in this
study (i.e. Cmax = 31.2 � 11.4 mg/mL and AUC = 113.1 � 37.5 mg h/
mL) were similar to those reported in studies utilizing other ana-
lytical methods (e.g. HPLC-UV, Cmax = 27.7 � 8.6 mg/mL, AUC = 101
� 35 mg h/mL; LC-MS/MS, Cmax = 42.4 � 10.8 mg/mL, AUC = 105 �
29 mg h/mL; Niemi et al., 2003a, b; Tornio et al., 2008). These data

Figure 4. GFZ plasma concentration–time profile after multiple oral
doses of GFZ 600 mg in six healthy volunteers. Data are shown as mean �

SD at each time point.
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demonstrate that LC/MS is a useful method for the determination
of GFZ plasma concentrations in human clinical pharmacology
studies, particularly those investigating drug–drug interactions
with GFZ utilized as a CYP2C8 or OATP1B1 inhibitor.
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A.2 INTRACELLULAR D4T-TP CONCENTRATIONS

Title: Determination of stavudine mono-, di-, and tri-phosphate in cellular matrix

by solid phase extraction and ultra-sensitive LC-MS/MS detection

Authors: Joseph E. Rower, Kevin McCallister, Brandon Klein, Lane R. Bushman,

and Peter L. Anderson

Abstract

The following method presents an application of a previously published assay which

quantified NA concentrations from various cellular matrices prepared in 70:30 methanol:

water lysate. The current method validates the quantitation of d4T phosphates from

the same intracellular matrices. The same extraction procedure is used, specifically

isolation of NA phosphates by a Waters QMA SPE cartridge, dephosphorylation

of the phosphate fractions by acid phosphatase and desalting/concentration by a

Phenomenex Strata-X SPE cartridge. This sample is then analyzed by a Waters

ACQUITY UPLC R© system coupled to aThermoScientific Quantum Ultra R© triple

quadrupole mass spectrometer, with parameters of both optimized for d4T analysis.

The method was then successfully applied to approximately 100 HIV-infected patient

samples, from individuals co-dosed with d4T and 3TC. The method demonstrates

the ability of this extraction procedure (phosphate isolation, dephosphorylation, and

desalting/concentration steps) to be universally applied to the preparation of sam-

ples from intracellular matrices for quantitation of NA concentrations by LC-MS/MS.
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Introduction

Nucleoside analogs (NA) are an exceptional class of drugs which require sequen-

tial intracellular phosphorylation to the tri-phosphate (TP) anabolite for activity in

treating human viral infections [6, 10]. NA-phosphates are then ion-trapped inside

the cell, which confers a unique pharmacokinetic profile for the TP versus the parent

NA [6, 10]. The ion-trapped nature of these anabolites allows for the determination

of intracellular concentrations from various cellular matrices [6,10]. In turn, intracel-

lular concentrations yield important information on pharmacological considerations

of the drug, such as pharmacodynamic outcomes [62, 88]. As such, it is important

to have assays which can sensitively determine NA-phosphate concentrations of these

drugs.

We previously published a multi-analyte indirect assay which included assay val-

idation data for the NAs tenofovir, emtricitabine, zidovudine, and lamivudine [30].

That assay utilized two solid phase extraction (SPE) procedures, one to isolate the

different phosphate anabolites of the drug present in cellular matrices, and the second

to desalt and concentrate the resulting isolates. Determination of analyte concentra-

tions was achieved with LC-MS/MS detection. This short communication presents

validation data for another NA analyte, stavudine (d4T), and supports the use of the

previously published extraction procedures as universally applicable to the isolation

and concentration of all NA prior to LC-MS/MS detection.

Methods

Chemicals and materials

Parent d4T (2’, 3’-didehydro-3’-deoxythymidine) was purchased from the NIH

AIDS Research and Reference Reagent Program (Germantown, MD, USA). The

method utilizes an isotopic internal standard (IS), deuterated d4T, purchased from

Toronto Research Chemicals, Canada (North York, Ontario, Canada). The d4T-TP
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reference stock was purchased from Sierra Bioresearch (Tucson, AZ, USA). Analytical

grade reagents were acquired from the stated manufacturers: methanol, acetonitrile,

2-propanol, glacial acetic acid, potassium chloride, and ammonium acetate (Fairlawn

Scientific, Fairlawn, NJ, USA); dichloromethane, sodium acetate, acid phosphotase

(Sigma Aldrich Chemical, St. Louis, MO, USA). Ultrapure (UP) water was pre-

pared in house from deionized water with a Barnstead Nanopure System (Thermo

Fisher Scientific, Waltham, MA, USA). Conusmables included Waters Sep-Pak Ac-

cell Plus QMA Cartridge, 3cc (500 mg) (Waters Corporation, Milford, MA, USA)

and Phenomenex Strata-X 33 µM Polymeric Reversed Phase Carridge 200mg/3 mL

(Phenomenex, Inc., Torrance, CA, USA), and blood products for lysed cellular matrix

(Bonfils, Denver, CO, USA).

Reagent Preparation

Intracellular d4T-phosphate concentrations were measured from peripheral blood

mononuclear cells (PBMC). PBMC isolates were purified, cells counted, then lysed

with 0.5 mL cold 70:30 methanol:ultrapure water, then stored at -80◦C until analysis.

Blank PBMC were harvested from leukocyte reduction filters and lysed in 70:30 at

a concentration of 10x106 cells, and used for quality control preparation and as the

extraction matrix for the calibration curve.

Standard and quality control (QC) preparation procedures have been described in

detail previously [30]. Briefly, a 1 mg/mL preparation stock was made in methanol,

and subsequently diluted to appropriate concentrations for the calibration curve, rang-

ing from 10.0 to 2000 fmol/sample, and stored at -20◦C. Sample was defined as 20 µL

working stock added to 2 mL of 1 M KCl resulting from 2x106 cells of the blank lysed

cellular matrix carried through the strong anion exchange and dephosphorylation

process (described below). The isotopic IS was prepared in UP water at a concentra-

tion of 50 fmol/µL, and stored at 4◦C. QCs were prepared from a d4T-triphosphate
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reference stock dissolved in UP water. Reference stock was tested for purity and

potency, as described previously [99, 100], and then diluted into blank PBMC lysate

at concentrations of 30, 150, and 1500 fmol/sample, and stored at -80◦C. Sample was

defined at 0.2 mL of each QC, which was equivalent to 2x106 cells.

Extraction Procedure

The extraction procedure is described in detail in the previous publication [30].

Briefly, appropriately prepared Waters QMA SPE cartridges were loaded with sample

(2x106 cells of either blank lysate, QC stock, or unknown sample), then the mono-

(MP), di- (DP), and tri-phosphate (TP) isolated by a series of increasingly concen-

trated KCl washes. The isolated phosphate fraction was then dephosphorylated with

an acid phosphatase solution in a warm (37◦C) water bath. Working standard so-

lutions (20 µL) were spiked into dephosphorylated blank PBMC-TP matrix and IS

working stock solution (20 µL) added to all tubes but the blank without IS. Samples

were then desalted and concentrated utilizing a Phenomenex Strata-X SPE cartridge,

dried under nitrogen (Zymark Turbovap, Zymark Corp., Hopkinton, MA, USA), and

reconstituted with 100 µL UP water. Samples were then vortex mixed, transferred

into a 150 µL low volume insert, and 30 µL were injected onto the liquid chromatog-

raphy tandem mass spectrometry (LC-MS/MS) system.

Instrumental Methods

A Thermo Scientific TSQ Quantum Ultra R© triple quadrupole mass spectrometer

was coupled with a HESI II R© probe. A Waters ACQUITY UPLC R© binary solvent

manager and sample manager (Waters Corp., Milford, MA, USA) were used for liquid

chromatography. The Thermo TSQ Quantum Ultra used a 250 µL sample syringe

and a 50 µL stainless steel loop, and data were captured with XcaliburTM2.1.0. A

Waters ACQUITY UPLC R© High Strength Silica (HSS) T3 1.8 µM, 100 Å, 2.1 x 100
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mm (Waters Corp., Milford, MA, USA) analytical column was used for chromato-

graphic separations. Chromatographic separation was optimized to achieve the most

sensitivity for d4T, and consisted of a 0.01% acetic acid and 4% 2-propanol in UP

water mobile phase isocratically flowing at 0.400 mL/min. The column was main-

tained at approximately 50◦C, sample temperature was approximately 15◦C, 30µL

was injected, and the run time was 2 min. Each injection was followed by a strong

and weak needle wash (50% acetonitrile in UP water and 10% methanol in UP wa-

ter, respectively). The sourece was operated in the positive ionization mode. The

spray voltage was 3500 V, the vaporizer temperature was 200◦C, sheath and aux gas

(nitrogen) were 35 and 10 arbitrary units respectively, capillary temperature 170◦C,

the collision gas (argon) pressure was set at 1.0 mTorr, collision energy was 10 V,

tube lens offset was 172 arbitrary units, and the skimmer offset was set to 2 V. The

experiment type was SRM, with both Q1 and Q3 peak width set to 0.7 FWHM, scan

width was 0.002 m/z, scan time 0.100 s, and centroid data type. The parent/product

transitions were 225.1/127.1 for d4T and 228.1/130.1 for d4T-IS.

Assay Validation

Assay validation included assessing method accuracy/precision, matrix effects,

and stability utilizing procedures suggested by FDA guidelines for bioanalytical as-

say validation and described in detail previously [30, 116, 186]. Briefly, accuracy and

precision was tested on five different analytical runs for each QC level. Precision and

accuracy were tested by percent coefficient of variation (%CV) and percent differ-

ence (from nominal), with acceptance criteria of ±15%, except at the LLOQ, where

±20% was allowed. The matrix effects experiment examined five replicates in three

sets of samples [30, 116]. 20 µL of working standard solutions (25, 100, and 1000

fmol/sample) were dried under nitrogen, then reconstituted with 20 µL of IS and 80

µL of water for set 1, set 2 consisted of the same standards spiked into extracted
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matrix, while set 3 contained the same standards carried through the entire extrac-

tion. The five replicates of sets 2 and 3 each consisted of a different lot of blank

PBMC. Comparison of the different sets allowed quantitation of recovery (RE), ma-

trix effects (ME), and process efficiency (PE), while the different lots of blank PBMC

showed assay specificity. Assay specificity was also demonstrated by injection of 6 lots

of blank PBMC-TP and monitoring for analytes, by injection of the high standard

(2000 fmol/sample) with no IS, and injection of a blank with IS to evaluate cross

talk between d4T and d4T-IS. Analyte stability was shown under three conditions:

freeze/thaw, room temperature storage, and extracted sample. Three separate exper-

iments were performed, each utilizing different low and high QCs in triplicate: the

first subjected the samples to five freeze/thaw cycles, the second allowed samples to

remain at room temperature for 14 days, and the third subjected previously sam-

ples to 13 days storage at 15◦C in the autosampler. Accuracy for these samples (as

compared to nominal and controls not subjected to test conditions) was allowed 15%

percent deviation for the analyte to be accepted as stable.

Results

Accuracy and Precision

Accuracy and precision were determined by replicate analysis (n=5) of each QC

level in five separate analytical runs. Acceptance criteria were±15% for both accuracy

(compared to nominal as % difference) and precision (as %CV) at all concentrations

except at the LLOQ, where 20% was allowed.

The calibration curve was found to be best fit by a linear regression with 1/concen-

tration weighting. The standard curves were linear between 10.0 and 2000 fmol/sample.

Standard performance is shown in table 1, section A. Accuracy was within ±2.8% and

precision was within 10.1% for back-calculated standards. The %CV for slopes was

6.3% and the R2 for all analytical runs were greater than 0.9990. One calibrator (25.0
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fmol/sample) was excluded from validation run 6, as it was outside the acceptance

criteria. All other calibrators met acceptance criteria.

The intraassay and interassay accuracy and precision based upon the QCs are

shown in table 1, section B. The greatest mean interassay percent difference was

2.4% at the high QC level, while the greatest interassay %CV was 8.8% at the low

QC level. The maximum intraassay percent difference was 6.1% for the high QC in

validation run 4, while the largest %CV was 12.2% for the low QC in validation run

8. One high QC (validation run 4) and one low QC (validation 8) failed acceptance

criteria. LLOQ interassay and intraassay accuracy and precision were within 12%. A

typical chromatogram at the LLOQ (10.0fmol/sample) is shown in figure 1.

Matrix Effects, Recovery, Process Efficiency, and Specificity

The matrix effect, recovery, and process efficiency of parent d4T from isolated

PBMC-TP on the Strata X SPE optimized procedure was determined at three con-

centrations: 25.0, 100, and 1000 fmol/sample. Five different lots of PBMC were

processed in triplicate through the QMA and dephosphorylation process for prepara-

tion of each concentration level. Three sets of samples were prepared, as described

above. ME, RE, and PE results are shown in table 2. Mean ME, RE, and PE for

d4T/d4T-IS were 59%/54%, 96%/94%, and 56%/50%, respectively. The precision

(%CV) of unweighted linear regressions generated for each of the 5 different lots of

PBMC extracted based upon the three concentrations tested and peak area ratio was

5.2%. The 6 lots of PBMC tested and the cross talk assessments demonstrated the

assay to be specific for d4T. A representative blank chromatogram is shown in figure 2.

Conditional Stability

Conditional d4T-TP and parent d4T stability were determined by assessing freeze/thaw

stability, room temperature stability, and extracted sample stability, as described
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above. Results are shown in table 3. All tested stability samples were less than 5%

different from control or nominal levels, except for the low QC room temperature

samples. These samples were more than 50% greater than both control and nominal,

and failed acceptance criteria.

Long term stock solution and QC stability were also tested. Long term stock

solutions made in water showed 20 to 25% degradation over 2 years of storage at 4◦C.

In contrast, solutions prepared in methanol and stored at -20◦C were stable for at

least 9 years. This finding prompted the use of methanol for preparation of all stock

d4T solutions. QC samples prepared in lysed PBMC matrix were also shown to be

stable over a period of 2 months.

Clinical Application

This method was used to analyze d4T-TP levels in over 100 PBMC samples from

infected individuals who were co-administered lamivudine (3TC). As sample concen-

trations were expected to be low, 5x106 cells were assayed, making the LLOQ of the

assay 2.00 fmol/106 cells. The LLOQ is 5 to 10-fold lower than previously published

steady-state d4T-TP levels when d4T is co-administered with other NAs [21,22,124].

Of the 95 samples analyzed, 6 were below the limit of quantitation. All of these

BLQ samples showed a d4T response, and will be re-analyzed with a greater number

of cells extracted. Median concentrations for these samples were 9.3 fmol/106 cells,

and none were above the limit of quantitation. A typical chromatogram for clinical

research samples is shown in figure 3.

Discussion

The above method is a highly sensitive indirect method for quantifying d4T phos-

phates from cellular matrices. The validation of this method augments the previ-

ously described multi-analyte assay, which quantified tenofovir (TFV), emtricitabine
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(FTC), zidovudine (ZDV), and 3TC phosphate levels in various cellular matrices in

70:30 lysate, including PBMC and red blood cells (RBCs).

This method utilizes the same extraction procedure as the multi-analyte assay,

namely phosphate isolation by a Waters QMA SPE and desalting and concentration

by Phenomenex Strata-X SPE. Validation of the multi-analyte assay and this d4T-

only assay, in conjunction with unpublished developmental work with other NAs such

as ribavirin (RBV), didanosine (ddI), carbovir (CBV), and entecavir (ETC) suggest

that this extraction procedure is applicable to the preparation of all NAs for LC-

MS/MS analysis. As this method demonstrates, the extraction procedure generates a

sample that can be quantified accurately and with high sensitivity when LC-MS/MS

parameters are optimized for the analyte of interest.

This method was successfully applied to approximately 100 samples to determine

d4T-TP concentrations. Of these samples, only 6 were below the limit of quantitation.

The d4T-TP concentrations determined from this assay are similar to previously

published values [22,124].

In summary, the presented method utilizes an extraction procedure which appears

to be universally applicable to the preparation of all NAs for LC-MS/MS analysis.

The method’s LC-MS/MS parameters are then optimized to accurately and sensitively

determine intracellular d4T phosphate levels from human volunteers.
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Tables

Table A.1: IC QC Accuracy/Precision-d4T Centric

TABLE 1 d4T/d4T-TP

A: Back Calculated Calibration Standards
Calibration Standard Range 10.0-2000 fmol/sample
Interassay Accuracy (n=5) -3.0% to 1.7%
Interassay Precision (n=5) 1.1% to 9.9%

Slope Mean (n=5) 1.54E-03
Slope Precision (n=5) 7.9%

Coefficient of Determination (r2) Mean (n=5) 0.9993

B: Quality Control Accuracy and Precision
Quality Control Low 30.0 fmol/sample
Interassay Accuracy -0.6%
Interassay Precision 8.5%

Interassay (n) 29
Intraassay Accuracy (n=5) -3.2% to 4.2%
Intraassay Precision (n=5) 5.9% to 12.2%

Quality Control Medium 150 fmol/sample
Interassay Accuracy -0.9%
Interassay Precision 4%

Interassay (n) 25
Intraassay Accuracy (n=5) -3.4% to 3.3%
Intraassay Precision (n=5) 1.5% to 6.3%

Quality Control High 1500 fmol/sample
Interassay Accuracy 2.4%
Interassay Precision 3.6%

Interassay (n) 24
Intraassay Accuracy (n=5) -2.1% to 6.1%
Intraassay Precision (n=5) 1.5% to 3.2%

Results for the accuracy and precision of the IC NA assay QCs for the d4T centric
mode of analysis.
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Table A.2: IC Matrix Effects-d4T Centric

TABLE 2 d4T/d4T-TP

Matrix Effect, Recovery, Process Efficiency
Analyte/Analyte-IS

Matrix Effect 59% / 54%
Recovery 96% / 94%

Process Efficiency 56% / 50%

Matrix Effect Slope
Precision (n=5 hPBMC lots) 5.2%

Results for the matrix effect experiment for the d4T centric mode of analysis.

Table A.3: IC Stability Experiments-d4T Centric

TABLE 3 d4T/d4T-TP

Conditional Stability
Freeze/Thaw Cycles (n=5 cycles)

QC Low %Diff vs Control -0.4%
QC High %Diff vs Control -0.7%

Room Temperature
QC Low %Diff vs Control (7 day) -7.3%

QC High %Diff vs Control (14 day) 2.9%

13 day Extracted Sample-Autosampler (15◦C)
QC Low %Diff vs Control 3.8%

QC High % Diff vs Control 0.3%
QC Low %Diff vs Nominal 1.9%

QC High % Diff vs Nominal -0.8%

Long Term Stability

-80◦C Lysed Intracellular Matrix 2 Months

Results for the stability experiments for the d4T centric mode of analysis.
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Figures

Figure A.1: d4T-TP Assay LLOQ Chromatogram

A typical chromatogram for the lower limit of quantitation, 10.0 fmol/sample. The
top panel is d4T, the lower panel is its internal standard. Y-axis is relative abundance
to 100%.

Figure A.2: d4T-TP Assay Blank Chromatogram

A typical blank chromatagram. The top panel is d4T, the lower panel is its internal
standard. Y-axis is relative abundance to 100%.

Figure A.3: d4T-TP Assay Clinical Sample Chromatogram

A typical clinical research sample chromatogram, with a resulting concentration of
13.7 fmol/106 cells. The top panel is the d4T, the lower panel is its internal standard.
Y-axis is relative abundance to 100%.
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APPENDIX B

TABLES OF INDIVIDUAL PK RESULTS
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B.1 ZDV Plasma

Table B.1: ZDV Plasma Exposure

PID AUC Css Cmin Cmax PID AUC Css Cmin Cmax

1401 411 68.6 10.0 202 1501 1168 195 29.4 559
1402 967 161 17.0 520 1502 893 149 24.0 436
1403 1567 261 21.7 827 1503 1204 201 15.3 624
1404 1263 210 27.2 644 1504 1216 203 25.3 592
1405 1078 180 15.4 381 1505 2574 429 67.5 988
1406 1129 188 17.5 615 1506 1110 185 21.9 548
1407 867 144 15.6 436 1507 1197 200 27.1 602
1408 824 137 19.9 393 1508 2676 446 71.4 1108
1409 991 165 21.1 481 1509 1104 184 20.3 541
1410 956 159 20.5 497 1510 680 113 15.8 330
1411 849 141 19.6 372 1511 770 128 17.2 405
1412 926 154 19.4 462 1512 1455 242 25.4 784
1413 877 146 17.6 453 1513 510 85.0 11.6 261
1414 1556 259 26.2 759 1514 452 75.3 12.4 212
1415 1052 175 22.2 521 1515 641 107 20.4 314
1416 718 120 11.8 383 1516 1928 321 36.8 973
1418 1334 222 20.8 720 1518 436 72.6 10.8 219
1419 1541 257 51.0 703 1519 1185 197 23.0 584
1420 1699 283 46.1 541 1520 2252 375 57.1 845
1421 1256 209 27.6 579 1521 873 146 24.2 416

1522 755 126 13.4 303
1523 906 151 32.3 360
1524 1051 175 24.1 519

HIV- Mean 1093 182 22.4 524 HIV+ Mean 1175 196 27.3 545
Pop Mean 1137 190 25.0 535 Pop SD 507 84.4 14.0 210

Mean ZDV plasma exposure over the duration of the study.
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Table B.2: ZDV Plasma Linear PK

PID CL/F V/F kel t1/2 PID CL/F V/F kel t1/2
1401 737 1459 0.50594 1.38 1501 260 530 0.49098 1.41
1402 332 593 0.56572 1.23 1502 386 875 0.46961 1.50
1403 203 357 0.59761 1.18 1503 320 622 0.56300 1.26
1404 241 463 0.52599 1.32 1504 284 571 0.51735 1.35
1405 304 564 0.54288 1.31 1505 150 291 0.50070 1.50
1406 275 472 0.59013 1.18 1506 295 580 0.52509 1.33
1407 346 624 0.55511 1.25 1507 260 521 0.51349 1.37
1408 377 761 0.49759 1.40 1508 118 291 0.44640 1.66
1409 315 613 0.51856 1.34 1509 280 497 0.55962 1.25
1410 316 596 0.53105 1.31 1510 496 1011 0.50182 1.39
1411 361 726 0.49979 1.42 1511 390 740 0.52634 1.32
1412 326 622 0.52826 1.32 1512 226 434 0.56095 1.28
1413 369 697 0.54130 1.30 1513 636 1258 0.51409 1.35
1414 196 355 0.55820 1.25 1514 674 1437 0.47114 1.47
1415 317 611 0.52238 1.33 1515 543 1281 0.44514 1.58
1416 440 778 0.57568 1.21 1516 164 352 0.47367 1.47
1418 231 398 0.58804 1.18 1518 694 1382 0.50251 1.38
1419 206 481 0.43388 1.60 1519 381 780 0.51858 1.36
1420 183 442 0.41394 1.70 1520 196 434 0.59534 1.33
1421 265 518 0.51272 1.36 1521 346 635 0.58173 1.28

1522 478 885 0.62776 1.19
1523 361 911 0.41457 1.82
1524 339 737 0.49563 1.42

HIV- Mean 317 606 0.53024 1.33 HIV+ 360 741 0.51372 1.40
Pop Mean 340 679 0.52140 1.37 Pop SD 144 302 0.04938 0.14

Mean ZDV plasma PK parameters determined from the linear kel
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Table B.3: ZDV Plasma Accumulation Factor PK

PID AF V/F kel t1/2 PID AF V/F kel t1/2
1401 1501 1.16 1581 0.16419 4.22
1402 1502
1403 1.55 2342 0.08665 8.00 1503 2.05 5754 0.05563 12.5
1404 1504
1405 1.66 3946 0.07698 9.00 1505
1406 1506
1407 1507 1.19 1712 0.15196 4.56
1408 1.18 2416 0.15626 4.43 1508 1.19 763 0.15470 4.48
1409 1509
1410 1510
1411 1.11 1873 0.19287 3.59 1511
1412 1512
1413 1513
1414 1.32 1660 0.11788 5.88 1514
1415 1.99 5429 0.05834 11.9 1515
1416 1.41 4296 0.10232 6.77 1516 1.16 993 0.16487 4.20
1418 1.25 1710 0.13527 5.12 1518 1.09 3305 0.20998 3.30
1419 1519
1420 1520
1421 1521

1522 2.69 12317 0.03877 17.9
1523
1524 1.13 1865 0.18152 3.82

HIV- Mean 1.43 2959 0.11582 6.84 HIV+ 1.46 3536 0.14020 6.86
Pop Mean 1.45 3248 0.12801 7.05 Pop SD 0.45 2846 0.05274 4.09

Mean ZDV plasma accumulation factor PK parameters
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B.2 ZDV-MP

Table B.4: ZDV-MP Exposure

PID AUC Css Cmin Cmax PID AUC Css Cmin Cmax

1401 1276 213 41.3 552 1501 2773 462 150 729
1402 1200 200 54.8 536 1502 1926 321 226 517
1403 2437 406 67.9 1202 1503 1908 318 175 444
1404 1365 228 104 498 1504 2992 499 235 976
1405 3910 652 220 1370 1505 8701 1450 544 3036
1406 741 124 62.1 216 1506 8323 1387 369 2522
1407 906 151 118 215 1507 4576 763 236 1976
1408 1025 171 67.4 284 1508 6504 1084 296 2099
1409 2772 462 211 629 1509 8217 1370 304 3274
1410 1201 200 61.0 537 1510 7388 1231 310 2782
1411 797 133 66.4 230 1511 2337 390 169 596
1412 1142 190 70.2 400 1512 4301 717 178 1613
1413 1600 267 88.1 573 1513 2665 444 147 1077
1414 2186 364 139 696 1514 2943 490 122 1324
1415 1752 292 95.8 658 1515 4720 787 263 1939
1416 1092 182 77.9 390 1516 3838 640 323 1274
1418 1924 321 139 575 1518 1170 195 94.0 340
1419 3153 526 180 942 1519 2766 461 173 1067
1420 2624 437 101 809 1520 2654 442 137 1080
1421 2614 436 113 879 1521 4234 706 359 1747

1522 1653 276 100 566
1523 1190 198 97.0 380
1524 1928 321 231 520

HIV- Mean 1786 298 104 610 HIV+ Mean 3900 650 228 1386
Pop Mean 2917 486 170 1025 Pop SD 2103 350 106 785

Mean ZDV-MP exposure over the duration of the study.
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Table B.5: Mean HIV- ZDV-MP PK Parameters

PID kel t1/2 AF kel t1/2

1401 0.42672 1.76
1402 0.33335 2.21 1.07 0.22597 3.07
1403 0.44922 1.65 4.59 0.02046 33.9
1404 0.26075 2.90
1405 0.33981 2.08 1.20 0.14795 4.68
1406 0.21243 3.33
1407 0.09081 7.63
1408 0.25460 6.31
1409 0.29556 2.94
1410 0.35495 2.00
1411 0.27965 2.62 1.14 0.17501 3.96
1412 0.29106 2.48
1413 0.28724 2.65 1.34 0.11353 6.10
1414 0.26049 2.93 1.60 0.08171 8.48
1415 0.28129 2.91 1.03 0.28634 2.42
1416 0.27457 2.85 1.24 0.13569 5.11
1418 0.26357 3.15
1419 0.24601 3.20
1420 0.33573 2.13 1.83 0.06567 10.6
1421 0.41235 1.99

HIV- Mean 0.29751 2.99 1.67 0.13915 8.69

Mean ZDV-MP PK parameters in HIV- individuals.
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Table B.6: Mean HIV+ ZDV-MP PK Parameters

PID kel t1/2 AF kel t1/2

1501 0.27123 2.62
1502 0.15607 5.96
1503 0.19157 4.92
1504 0.23336 3.80 1.21 0.14720 4.71
1505 0.25883 2.98
1506 0.36446 2.06
1507 0.35410 2.00 1.12 0.18471 3.75
1508 0.42263 2.00
1509 0.38839 1.99 1.32 0.11768 5.89
1510 0.34868 2.04
1511 0.21011 3.30
1512 0.33826 3.73 2.10 0.05402 12.8
1513 0.34529 2.10
1514 0.39127 1.91
1515 0.29972 3.61
1516 0.22351 3.22
1518 0.21823 3.39 1.37 0.10992 6.30
1519 0.26416 3.36
1520 0.29435 2.55 1.50 0.09176 7.55
1521 0.30163 2.47
1522 0.31006 2.29 1.41 0.10353 6.69
1523 0.21610 4.24
1524 0.15540 4.49 3.33 0.02972 23.3

HIV+ Mean 0.28511 3.09 1.67 0.10482 8.88
Pop Mean 0.29087 3.04 1.67 0.12299 8.78
Pop SD 0.077218847 1.26 0.93 0.068818086 8.13

Mean ZDV-MP PK parameters in HIV+ individuals.
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B.3 ZDV-DP

Table B.7: ZDV-DP Exposure

PID AUC Css Cmin Cmax PID AUC Css Cmin Cmax

1401 143 23.9 11.0 48.9 1501 249 41.4 15.7 66.2
1402 133 22.2 11.7 37.6 1502 218 36.4 22.2 49.9
1403 153 25.5 15.0 37.8 1503 326 54.4 32.5 105
1404 267 44.6 25.3 64.6 1504 247 41.2 20.5 56.2
1405 383 63.9 31.7 121 1505 203 33.9 23.1 46.2
1406 173 28.8 17.7 52.5 1506 375 62.5 18.4 135
1407 128 21.3 14.5 38.0 1507 188 31.3 19.2 54.1
1408 214 35.6 17.6 50.3 1508 345 57.5 38.0 75.8
1409 368 61.3 31.1 87.1 1509 267 44.5 30.3 58.7
1410 179 29.8 16.7 59.6 1510 326 54.4 30.4 80.3
1411 199 33.2 15.3 49.1 1511 162 27.0 19.4 45.4
1412 181 30.2 19.0 52.0 1512 330 55.1 12.9 102
1413 199 33.1 19.6 52.8 1513 219 36.5 18.4 59.2
1414 262 43.7 24.2 67.3 1514 165 27.5 12.5 55.5
1415 201 33.6 16.7 57.4 1515 179 29.8 15.5 39.6
1416 207 34.5 20.8 47.1 1516 190 31.7 10.7 52.9
1418 241 40.2 21.1 62.5 1518 78 12.9 10.7 16.2
1419 305 50.9 26.2 74.6 1519 185 30.8 15.2 49.5
1420 145 24.2 11.8 37.5 1520 137 22.9 13.7 36.6
1421 245 40.9 25.2 70.8 1521 296 49.4 38.3 76.5

1522 239 39.9 20.8 67.7
1523 169 28.2 15.8 55.2
1524 157 26.2 17.0 40.6

HIV- Mean 216 36.1 19.6 58.4 HIV+ Mean 228 38.1 20.5 61.9
Pop Mean 223 37.1 20.1 60.3 Pop SD 73.8 12.3 7.17 22.9

Mean ZDV-DP exposure over the duration of the study.
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Table B.8: Mean HIV- ZDV-DP PK Parameters

PID kel t1/2 AF kel t1/2
1401 0.25653 2.84 1.04 0.26373 2.63
1402 0.20137 4.17 1.56 0.08566 8.09
1403 0.19627 3.89 1.74 0.07135 9.71
1404 0.18245 4.81 1.97 0.05887 11.8
1405 0.26578 3.29 2.41 0.04472 15.5
1406 0.19330 4.65
1407 0.16069 4.31
1408 0.26512 4.01
1409 0.21859 4.28
1410 0.31596 3.47
1411 0.34836 2.26
1412 0.16708 5.29
1413 0.17094 4.53 1.57 0.08471 8.18
1414 0.14852 5.44 1.67 0.07614 9.10
1415 0.23525 3.11
1416 0.24052 3.97 1.37 0.10888 6.36
1418 0.17968 3.94 1.06 0.24504 2.83
1419 0.20812 3.35
1420 0.18702 5.29 1.18 0.15753 4.40
1421 0.19157 5.38 1.39 0.10524 6.58

HIV- Mean 0.21666 4.11 1.54 0.11835 7.74

Mean ZDV-DP PK parameters in HIV- individuals.
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Table B.9: Mean HIV+ ZDV-DP PK Parameters

PID kel t1/2 AF kel t1/2
1501 0.30132 2.75
1502 0.23108 3.19
1503 0.20411 3.55 1.05 0.25172 2.75
1504 0.23498 6.23
1505 0.13823 6.41 1.14 0.17296 4.01
1506 0.38687 1.87
1507 0.14093 5.76
1508 0.18171 5.26 1.05 0.25721 2.69
1509 0.16454 5.60
1510 0.18640 4.66 1.21 0.14515 4.77
1511 0.10821 6.40
1512 0.61738 2.46 1.68 0.07527 9.21
1513 0.21931 5.10 1.83 0.06598 10.5
1514 0.21724 3.28
1515 0.28067 2.88 1.11 0.19208 3.61
1516 0.32751 2.32 2.73 0.03795 18.3
1518 0.08081 9.26 1.99 0.05823 11.9
1519 0.20614 4.66
1520 0.14809 7.01 1.49 0.09318 7.44
1521 0.16138 6.39 1.55 0.08633 8.03
1522 0.29950 3.03
1523 0.17944 8.28 3.14 0.03191 21.7
1524 0.17382 8.85 4.66 0.02011 34.5

HIV+ Mean 0.22564 5.01 1.90 0.11447 10.7
Pop Mean 0.22146 4.59 1.73 0.11625 9.35
Pop SD 0.08862 1.73 0.83 0.07624 7.29

Mean ZDV-DP PK parameters in HIV+ individuals.
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B.4 ZDV-TP

Table B.10: ZDV-TP Exposure

PID AUC Css Cmin Cmax PID AUC Css Cmin Cmax

1401 145 24.2 11.2 50.1 1501 234 39.0 18.5 55.5
1402 135 22.5 12.3 35.7 1502 230 38.3 19.5 51.6
1403 149 24.9 15.2 31.7 1503 173 28.8 22.0 36.9
1404 276 46.0 25.9 66.7 1504 229 38.1 18.0 52.0
1405 311 51.8 28.9 83.1 1505 173 28.8 19.5 38.8
1406 174 28.9 14.4 50.7 1506 180 29.9 12.7 40.8
1407 112 18.6 15.9 26.8 1507 146 24.3 15.9 37.3
1408 215 35.8 19.7 49.4 1508 402 67.0 41.8 89.6
1409 344 57.3 30.0 81.7 1509 356 59.3 32.4 82.3
1410 220 36.7 21.5 71.7 1510 346 57.6 34.6 81.0
1411 221 36.8 20.1 51.0 1511 109 18.2 16.0 20.4
1412 214 35.7 23.0 56.9 1512 214 35.7 13.9 68.0
1413 234 39.0 23.9 63.3 1513 243 40.5 22.5 68.5
1414 308 51.3 27.2 69.6 1514 181 30.1 14.2 56.3
1415 226 37.6 21.7 57.8 1515 198 32.9 23.8 41.3
1416 212 35.4 20.3 47.3 1516 128 21.3 9.30 37.5
1418 211 35.2 17.4 56.0 1518 74.1 12.3 8.90 18.5
1419 323 53.8 28.1 73.5 1519 164 27.4 19.3 43.2
1420 156 25.9 14.2 38.4 1520 82.2 13.7 7.41 22.2
1421 279 46.4 25.8 73.6 1521 200 33.3 27.7 59.9

1522 231 38.5 20.1 58.9
1523 79.0 13.2 7.37 17.6
1524 119 19.8 15.8 26.9

HIV- Mean 223 37.2 20.8 56.8 HIV+ Mean 195 32.5 19.2 48.0
Pop Mean 208 34.7 20.0 52.1 Pop SD 78.0 13.0 7.42 19.1

Mean ZDV-TP exposure over the duration of the study.

240



Table B.11: Mean HIV- ZDV-TP PK Parameters

PID kel t1/2 AF kel t1/2
1401 0.27256 2.77 1.20 0.15038 4.61
1402 0.20680 4.85 2.56 0.04137 16.8
1403 0.16733 4.89 1.58 0.08381 8.27
1404 0.15890 4.49 2.24 0.04917 14.1
1405 0.17260 4.96 1.18 0.15703 4.41
1406 0.27122 2.80
1407 0.08599 8.06
1408 0.20276 5.46 1.04 0.27271 2.54
1409 0.15378 7.20
1410 0.37250 3.73
1411 0.28996 3.42
1412 0.15321 4.63
1413 0.16277 4.68 1.48 0.09351 7.41
1414 0.23353 3.27 1.60 0.08189 8.46
1415 0.18737 4.02
1416 0.30508 3.19 1.68 0.07535 9.20
1418 0.23058 4.07
1419 0.18891 3.75
1420 0.17341 4.33 1.00 0.64621 1.07
1421 0.16769 5.42 1.42 0.10162 6.82

HIV- Mean 0.20785 4.50 1.54 0.15937 7.60

Mean ZDV-TP PK parameters in HIV- individuals.
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Table B.12: Mean HIV+ ZDV-TP PK Parameters

PID kel t1/2 AF kel t1/2
1501 0.23429 3.72
1502 0.16982 5.01
1503 0.12145 8.18 1.07 0.22891 3.03
1504 0.26971 3.52
1505 0.21846 3.91 1.48 0.09381 7.39
1506 0.12671 6.97 2.71 0.03829 18.1
1507 0.14985 6.96 1.05 0.25837 2.68
1508 0.14415 13.6 1.19 0.15193 4.56
1509 0.16817 6.54
1510 0.14354 5.70 1.20 0.14821 4.68
1511 0.04041 17.15
1512 0.39942 2.76 1.23 0.13938 4.97
1513 0.21927 3.46 2.40 0.04491 15.4
1514 0.19666 3.84
1515 0.13467 10.9 1.09 0.20794 3.33
1516 0.35892 2.42 1.22 0.14393 4.81
1518 0.15253 5.45 2.57 0.04100 16.9
1519 0.12666 10.6 2.43 0.04410 15.7
1520 0.17355 4.65 1.62 0.07981 8.68
1521 0.13522 7.74 1.25 0.13369 5.18
1522 0.26279 7.45 1.64 0.07820 8.86
1523 0.19196 8.20 1.52 0.08937 7.75
1524 0.14538 7.97 4.00 0.02396 28.9

HIV+ Mean 0.18624 6.81 1.75 0.11446 9.47
Pop Mean 0.19629 5.74 1.67 0.13210 8.74
Pop SD 0.07373 3.00 0.70 0.12105 6.28

Mean ZDV-TP PK parameters in HIV+ individuals.
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B.5 3TC Plasma

Table B.13: 3TC Plasma Exposure

PID AUC Css Cmin Cmax PID AUC Css Cmin Cmax

1401 2914 486 182 970 1501 5988 998 496 1678
1402 2370 395 127 875 1502 5072 845 218 1535
1403 3922 654 231 1104 1503 5109 852 358 1214
1404 4392 732 262 1454 1504 4687 781 391 1169
1405 4116 686 238 1055 1505 10738 1790 1157 2412
1406 4506 751 228 1598 1506 3113 519 192 938
1407 3545 591 216 1076 1507 7488 1248 646 1920
1408 3036 506 254 771 1508 6084 1014 529 1554
1409 4025 671 246 1286 1509 7339 1223 801 1541
1410 4084 681 360 1089 1510 6688 1115 639 1518
1411 3918 653 234 1324 1511 3517 586 196 1190
1412 3171 529 183 1088 1512 4931 822 395 1280
1413 3627 605 218 1230 1513 3130 522 190 973
1414 4611 768 323 1093 1514 3859 643 276 1162
1415 4038 673 288 1167 1515 3214 536 271 1100
1416 2776 463 148 1018 1516 4649 775 405 1428
1418 4249 708 247 1362 1518 3035 506 202 1000
1419 3691 615 381 938 1519 5431 905 423 1541
1420 5718 953 497 1257 1520 5072 845 379 1382
1421 4217 703 305 1235 1521 2319 386 182 825

1522 3003 500 138 891
1523 5155 859 493 1117
1524 3535 589 327 829

HIV- Mean 3846 641 258 1150 HIV+ Mean 4920 820 404 1313
Pop Mean 4420 737 337 1237 Pop SD 1573 262 196 315

Mean 3TC plasma exposure over the duration of the study.
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Table B.14: 3TC Plasma Linear PK

PID CL/F V/F kel t1/2 PID CL/F V/F kel t1/2
1401 105 370 0.28352 2.47 1501 57.5 263 0.21332 3.35
1402 129 403 0.32142 2.16 1502 60.4 225 0.27608 2.54
1403 77.4 302 0.26464 2.75 1503 62.1 339 0.18750 3.97
1404 70.3 244 0.28749 2.42 1504 69.9 322 0.21599 3.22
1405 76.5 248 0.35824 2.18 1505 28.8 221 0.14334 5.62
1406 67.7 206 0.32831 2.13 1506 97.2 319 0.31147 2.31
1407 84.6 316 0.26740 2.59 1507 41.1 251 0.17599 4.09
1408 100 562 0.18780 3.97 1508 51.0 240 0.21424 3.39
1409 76.1 275 0.27674 2.51 1509 43.0 274 0.16229 4.65
1410 74.6 402 0.18584 3.75 1510 48.2 325 0.14727 4.76
1411 78.0 236 0.33053 2.10 1511 85.3 284 0.30064 2.31
1412 96.6 320 0.30036 2.31 1512 66.2 245 0.26762 2.62
1413 85.9 299 0.29077 2.42 1513 97.5 363 0.27179 2.59
1414 65.9 238 0.28757 2.55 1514 80.2 327 0.24343 2.87
1415 76.4 324 0.23746 2.99 1515 99.1 431 0.23621 2.99
1416 110 344 0.32150 2.17 1516 68.0 268 0.26264 2.80
1418 70.7 252 0.28514 2.47 1518 99.6 371 0.26801 2.60
1419 81.5 541 0.15042 4.62 1519 58.1 261 0.22146 3.20
1420 53.1 260 0.23293 3.51 1520 60.7 216 0.31481 2.45
1421 72.0 322 0.23350 3.16 1521 138 534 0.32169 2.48

1522 107 305 0.38101 1.92
1523 58.5 353 0.17173 4.20
1524 85.2 579 0.15620 4.74

HIV- Mean 82.6 323 0.27158 2.76 HIV+ 72.3 318 0.23760 3.29
Pop Mean 77.1 321 0.25340 3.04 Pop SD 22.7 93.1 0.06111 0.89

Mean 3TC plasma PK parameters determined from the linear kel
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Table B.15: 3TC Plasma Accumulation Factor PK

PID AF V/F kel t1/2 PID AF V/F kel t1/2
1401 1501 2.64 1451 0.03966 17.48
1402 1502
1403 1.19 512 0.15127 4.58 1503 1.63 780 0.07960 8.71
1404 1.53 794 0.08857 7.82 1504
1405 1.12 414 0.18469 3.75 1505
1406 1.32 574 0.11781 5.88 1506
1407 1507 1.46 428 0.09591 7.23
1408 1.31 840 0.11937 5.81 1508 1.35 452 0.11298 6.13
1409 1509 1.27 332 0.12942 5.35
1410 1.38 692 0.10781 6.43 1510 1.78 699 0.06899 10.05
1411 1.45 799 0.09759 7.10 1511
1412 1512 2.04 1180 0.05610 12.35
1413 1513 1.25 725 0.13442 5.16
1414 1.28 522 0.12634 5.49 1514 1.43 800 0.10034 6.91
1415 1.17 479 0.15950 4.34 1515
1416 1.05 439 0.25063 2.77 1516 1.53 769 0.08841 7.84
1418 1518 1.23 713 0.13972 4.96
1419 1519 1.29 471 0.12338 5.62
1420 1520
1421 1521

1522 1.99 1842 0.05800 11.95
1523 1.17 363 0.16120 4.30
1524 1.01 231 0.36957 1.88

HIV- Mean 1.28 607 0.14036 5.40 HIV+ 1.54 749 0.11718 7.73
Pop Mean 1.44 692 0.12645 6.79 Pop SD 0.36 359 0.06762 3.35

Mean 3TC plasma accumulation factor PK parameters
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B.6 3TC-MP

Table B.16: 3TC-MP Exposure

PID AUC Css Cmin Cmax PID AUC Css Cmin Cmax

1401 16.2 2.71 1.93 3.37 1501 21.2 3.54 2.38 4.84
1402 14.5 2.42 1.77 3.26 1502 18.6 3.10 2.74 3.62
1403 16.2 2.70 2.26 3.32 1503 19.6 3.27 2.28 5.17
1404 20.6 3.43 2.62 4.05 1504 17.0 2.83 1.95 3.55
1405 24.7 4.12 2.44 6.19 1505 29.7 4.95 2.40 10.4
1406 11.3 1.89 1.60 2.96 1506 15.1 2.51 1.23 3.43
1407 5.92 0.987 0.539 2.18 1507 19.5 3.24 2.51 4.50
1408 18.1 3.02 1.87 4.31 1508 26.7 4.45 2.66 6.08
1409 57.6 9.60 2.90 15.4 1509 30.7 5.11 3.06 6.96
1410 11.6 1.94 1.45 3.63 1510 55.3 9.21 5.77 12.6
1411 17.2 2.87 2.15 3.94 1511 4.1 0.677 0.380 0.869
1412 16.7 2.78 2.01 3.55 1512 11.5 1.92 1.07 3.13
1413 29.0 4.83 3.06 7.05 1513 15.0 2.50 1.81 3.53
1414 23.7 3.94 3.19 4.81 1514 17.5 2.92 1.66 4.07
1415 18.5 3.08 2.14 3.90 1515 13.9 2.32 1.51 3.89
1416 12.7 2.12 1.42 3.22 1516 11.7 1.95 1.01 3.27
1418 17.2 2.86 1.81 3.87 1518 11.4 1.89 1.16 3.05
1419 11.3 1.89 0.838 2.87 1519 14.0 2.33 1.68 3.32
1420 13.3 2.22 1.49 2.79 1520 9.15 1.53 1.09 2.17
1421 24.6 4.11 3.05 5.26 1521 9.84 1.64 1.58 2.68

1522 9.75 1.63 1.09 2.33
1523 8.19 1.37 1.03 1.72
1524 9.48 1.58 1.15 2.02

HIV- Mean 19.1 3.18 2.03 4.50 HIV+ Mean 17.3 2.89 1.88 4.22
Pop Mean 18.1 3.02 1.95 4.35 Pop SD 10.6 1.76 0.93 2.72

Table B.17: Mean 3TC-MP exposure over the duration of the study.
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Table B.18: Mean 3TC-MP PK Parameters

PID AF kel t1/2 PID AF kel t1/2
1401 1.96 0.05967 11.6 1501 3.29 0.03023 22.9
1402 4.60 0.02045 33.9 1502
1403 3.73 0.02602 26.6 1503 2.27 0.04847 14.3
1404 9.15 0.00964 71.9 1504 4.67 0.02008 34.5
1405 3.68 0.02642 26.2 1505 4.55 0.02068 33.5
1406 2.05 0.05595 12.4 1506 1.45 0.09711 7.14
1407 1507 6.54 0.01382 50.1
1408 3.76 0.02574 26.9 1508 2.30 0.04759 14.6
1409 1509 2.97 0.03427 20.2
1410 1.69 0.07474 9.27 1510 4.12 0.02314 30.0
1411 3.16 0.03172 21.8 1511
1412 1512 2.31 0.04720 14.7
1413 6.65 0.01358 51.0 1513 4.37 0.02163 32.0
1414 7.67 0.01165 59.5 1514 5.97 0.01526 45.4
1415 1.69 0.07435 9.32 1515 3.28 0.03034 22.8
1416 4.37 0.02165 32.0 1516 3.15 0.03179 21.8
1418 2.09 0.05422 12.8 1518 7.64 0.01169 59.3
1419 1519 11.5 0.00756 91.7
1420 5.44 0.01693 40.9 1520 4.11 0.02322 29.8
1421 4.84 0.01931 35.9 1521 5.34 0.01727 40.1

1522 2.94 0.03471 20.0
1523 8.20 0.01084 63.9
1524 9.80 0.00897 77.3

HIV- Mean 4.16 0.03388 30.1 HIV+ Mean 4.80 0.02837 35.5
Pop Mean 4.52 0.03075 33.2 Pop Mean 2.46 0.02091 20.6

Mean 3TC-MP accumulation factor PK parameters.

247



B.7 3TC-DP

Table B.19: 3TC-DP Exposure

PID AUC Css Cmin Cmax PID AUC Css Cmin Cmax

1401 17.1 2.85 1.72 3.58 1501 22.5 3.76 2.44 4.94
1402 11.4 1.90 1.37 2.86 1502 24.3 4.05 2.68 5.15
1403 13.7 2.28 2.01 2.64 1503 29.5 4.92 2.99 7.85
1404 20.9 3.48 2.18 4.38 1504 25.3 4.21 2.97 5.24
1405 19.8 3.29 2.22 4.15 1505 21.7 3.61 2.16 5.92
1406 13.9 2.32 1.76 4.07 1506 14.6 2.44 1.10 3.16
1407 6.69 1.12 0.429 2.04 1507 24.5 4.09 2.80 5.64
1408 16.2 2.70 1.56 4.06 1508 32.0 5.34 2.76 7.39
1409 46.6 7.77 2.05 11.7 1509 27.6 4.59 2.19 6.46
1410 12.6 2.09 1.81 3.48 1510 43.0 7.17 5.63 8.67
1411 14.3 2.39 1.72 3.10 1511 8.09 1.35 1.06 1.50
1412 14.2 2.36 1.77 2.88 1512 13.1 2.18 1.34 3.02
1413 25.3 4.22 2.94 5.76 1513 24.3 4.05 2.63 5.59
1414 23.6 3.93 3.24 4.73 1514 32.3 5.39 3.35 7.11
1415 25.8 4.30 3.05 5.26 1515 18.6 3.09 2.00 4.14
1416 17.3 2.89 1.89 4.56 1516 11.2 1.86 0.915 3.64
1418 27.0 4.50 3.05 6.09 1518 13.7 2.28 1.50 3.46
1419 13.6 2.27 0.682 3.77 1519 18.5 3.09 2.27 3.96
1420 15.1 2.52 1.42 3.50 1520 15.2 2.53 1.46 3.17
1421 24.0 4.00 2.58 4.97 1521 11.6 1.93 1.99 3.02

1522 11.5 1.92 1.30 2.69
1523 10.7 1.78 1.39 2.18
1524 15.0 2.50 1.90 3.33

HIV- Mean 19.0 3.16 1.97 4.38 HIV+ Mean 20.4 3.40 2.21 4.66
Pop Mean 19.7 3.29 2.10 4.53 Pop SD 8.56 1.43 0.90 1.95

Mean 3TC-DP exposure over the duration of the study.
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Table B.20: Mean 3TC-DP PK Parameters

PID AF kel t1/2 PID AF kel t1/2
1401 2.02 0.05678 12.2 1501 2.01 0.05717 12.1
1402 4.52 0.02083 33.3 1502
1403 3.15 0.03180 21.8 1503 1.98 0.05847 11.9
1404 4.81 0.01941 35.7 1504 3.83 0.02523 27.5
1405 2.22 0.05000 13.9 1505 2.16 0.05194 13.3
1406 1.94 0.06049 11.5 1506 2.43 0.04408 15.7
1407 1507 3.79 0.02555 27.1
1408 3.05 0.03311 20.9 1508 1.75 0.07059 9.82
1409 1509 1.50 0.09105 7.61
1410 1.51 0.09059 7.65 1510 3.27 0.03042 22.8
1411 1.82 0.06671 10.4 1511
1412 1512 4.68 0.02004 34.6
1413 2.95 0.03453 20.1 1513 4.34 0.02183 31.7
1414 6.98 0.01289 53.8 1514 5.27 0.01755 39.5
1415 1.12 0.18921 3.66 1515 1.73 0.07187 9.64
1416 2.55 0.04154 16.7 1516 3.89 0.02477 28.0
1418 1.17 0.15884 4.36 1518 5.36 0.01722 40.2
1419 1519 5.38 0.01714 40.4
1420 4.29 0.02212 31.3 1520 5.33 0.01732 40.0
1421 3.18 0.03152 22.0 1521 3.67 0.02651 26.1

1522 1.74 0.07151 9.69
1523 6.91 0.01302 53.2
1524 7.28 0.01232 56.3

HIV- Mean 2.95 0.05752 19.9 HIV+ Mean 3.73 0.03741 26.5
Pop Mean 3.39 0.04611 23.7 Pop SD 1.70 0.03826 14.3

Mean 3TC-DP accumulation factor PK parameters.
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B.8 3TC-TP

Table B.21: 3TC-TP Exposure

PID AUC Css Cmin Cmax PID AUC Css Cmin Cmax

1401 35.6 5.93 4.80 6.90 1501 34.1 5.68 4.16 7.27
1402 24.9 4.15 2.59 5.73 1502 33.6 5.59 3.52 6.48
1403 26.3 4.39 2.97 5.49 1503 33.5 5.58 4.37 6.59
1404 40.5 6.75 5.43 7.70 1504 30.9 5.14 2.89 7.03
1405 43.0 7.16 5.34 8.98 1505 23.9 3.99 1.90 5.89
1406 28.4 4.74 3.96 7.32 1506 17.7 2.95 1.24 4.21
1407 9.38 1.56 1.04 1.83 1507 29.2 4.87 3.76 6.74
1408 29.4 4.90 3.70 6.08 1508 44.5 7.42 3.63 10.81
1409 66.2 11.0 4.24 15.6 1509 38.8 6.46 2.89 9.59
1410 25.9 4.32 3.94 7.36 1510 45.0 7.50 5.73 9.26
1411 29.2 4.87 4.11 6.08 1511 8.67 1.45 0.791 1.88
1412 21.5 3.59 2.83 4.18 1512 21.2 3.54 2.13 4.96
1413 29.1 4.85 3.94 6.04 1513 26.7 4.45 2.75 6.56
1414 37.1 6.18 4.76 8.13 1514 29.4 4.91 2.85 6.53
1415 34.8 5.81 4.02 7.40 1515 23.4 3.90 2.37 5.16
1416 27.9 4.65 3.34 6.89 1516 12.9 2.15 1.31 3.80
1418 38.1 6.35 4.05 9.29 1518 15.3 2.55 1.83 3.81
1419 21.1 3.51 1.44 5.32 1519 23.7 3.95 3.31 5.07
1420 21.8 3.63 2.24 5.03 1520 21.2 3.53 2.29 4.30
1421 31.4 5.23 3.38 7.21 1521 16.6 2.77 2.77 4.33

1522 18.0 3.00 1.84 4.39
1523 13.8 2.29 1.58 2.91
1524 18.6 3.09 2.46 4.27

HIV- Mean 31.1 5.18 3.61 6.93 HIV+ Mean 25.2 4.21 2.71 5.73
Pop Mean 28.0 4.66 3.13 6.29 Pop SD 10.9 1.81 1.23 2.45

Mean 3TC-TP exposure over the duration of the study.
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Table B.22: Mean 3TC-TP PK Parameters

PID AF kel t1/2 PID AF kel t1/2
1401 3.07 0.03287 21.1 1501 2.61 0.04021 17.2
1402 4.47 0.02111 32.8 1502
1403 4.47 0.02109 32.9 1503 2.07 0.05497 12.6
1404 7.60 0.01176 58.9 1504 2.82 0.03643 19.0
1405 2.45 0.04371 15.9 1505 2.03 0.05644 12.3
1406 1.96 0.05937 11.7 1506 3.34 0.02962 23.4
1407 1507 3.29 0.03024 22.9
1408 2.80 0.03688 18.8 1508 2.23 0.04970 13.9
1409 1509 1.70 0.07384 9.39
1410 1.52 0.08889 7.8 1510 3.18 0.03143 22.0
1411 1.99 0.05814 11.9 1511
1412 1512 4.23 0.02249 30.8
1413 3.69 0.02635 26.3 1513 4.79 0.01950 35.5
1414 6.69 0.01350 51.3 1514 3.43 0.02877 24.1
1415 1.84 0.06530 10.6 1515 2.28 0.04803 14.4
1416 2.87 0.03576 19.4 1516 4.87 0.01916 36.2
1418 1.70 0.07382 9.39 1518 5.46 0.01687 41.1
1419 1519 8.32 0.01067 65.0
1420 4.54 0.02073 33.4 1520 5.33 0.01732 40.0
1421 5.23 0.01767 39.2 1521 4.66 0.02013 34.4

1522 1.83 0.06562 10.6
1523 5.17 0.01790 38.7
1524 5.62 0.01633 42.4

HIV- Mean 3.56 0.03918 25.1 HIV+ Mean 3.77 0.03360 27.0
Pop Mean 3.68 0.03602 26.1 Pop SD 1.72 0.02044 14.4

Mean 3TC-TP accumulation factor PK parameters.
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APPENDIX C

FINAL ADAPT CODE
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C********************************************************************** 
C                           ADAPT                                     * 
C                         Version 5                                   * 
C********************************************************************** 
C                                                                     * 
C                       MODEL - 2COMPK                                * 
C                                                                     * 
C    This file contains Fortran subroutines into which the user       * 
C    must enter the relevant model equations and constants.           * 
C    Consult the User's Guide for details concerning the format for   * 
C    entered equations and definition of symbols.                     * 
C                                                                     * 
C       1. Symbol-  Parameter symbols and model constants             * 
C       2. DiffEq-  System differential equations                     * 
C       3. Output-  System output equations                           * 
C       4. Varmod-  Error variance model equations                    * 
C       5. Covmod-  Covariate model equations (ITS,MLEM)              * 
C       6. Popinit- Population parameter initial values (ITS,MLEM)    * 
C       7. Prior -  Parameter mean and covariance values (ID,NPD,STS) * 
C       8. Sparam-  Secondary parameters                              * 
C       9. Amat  -  System state matrix                               * 
C                                                                     * 
C********************************************************************** 
 
C######################################################################C 
 
        Subroutine SYMBOL 
        Implicit None 
 
        Include 'globals.inc' 
        Include 'model.inc' 
 
CC 
C----------------------------------------------------------------------C 
C                   Enter as Indicated                                 C 
C----------------------------------------------------------------------C 
 
      NDEqs   =  6   ! Enter # of Diff. Eqs. 
      NSParam =  12   ! Enter # of System Parameters. 
      NVparam =  8   ! Enter # of Variance Model Parameters. 
      NSecPar =  1   ! Enter # of Secondary Parameters. 
      NSecOut =  0  ! Enter # of Secondary Outputs (not used). 
      Ieqsol  =  1  ! Indicates a built-in compartment model. 
      Descr = 'PCmetab-EC50/Emax' 
 
CC 
C----------------------------------------------------------------------C 
C     Enter Symbol for Each System Parameter (eg. Psym(1)='Kel')       C 
C----c-----------------------------------------------------------------C 
 
        PSym(1) = 'CL' 
        PSym(2) = 'Vc_pl' 
        PSym(3) = 'Ka' 
        PSym(4) = 'Q' 
        PSym(5) = 'Vp_pl' 
        PSym(6) = 'Emax' 
        PSym(7) = 'EC50trans'   ! New parameter with any value >0 
        PSym(8) = 'Kmpdp' 

C.1 ZDV LINKED MODEL
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        PSym(9) = 'Kdpmp' 
        Psym(10) = 'Kdptp' 
        Psym(11) = 'Ktpdp' 
        Psym(12) = 'Kemp' 
         
         
 
CC 
C----------------------------------------------------------------------C 
C    Enter Symbol for Each Variance Parameter {eg: PVsym(1)='Sigma'}   C 
C----c-----------------------------------------------------------------C 
 
       PVsym(1) = 'SDinterPL' 
       PVsym(2) = 'SDslopePL' 
       PVsym(3) = 'SDinterMP' 
       PVsym(4) = 'SDslopeMP' 
       PVsym(5) = 'SDinterDP' 
       PVsym(6) = 'SDslopeDP' 
       PVsym(7) = 'SDinterTP' 
       PVsym(8) = 'SDslopeTP' 
        
 
CC 
C----------------------------------------------------------------------C 
C    Enter Symbol for Each Secondary Parameter {eg: PSsym(1)='CLt'}    C 
C----c-----------------------------------------------------------------C 
 
        PSsym(1) = 'EC50' 
         
 
C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 
        Return 
        End 
 
C######################################################################C 
 
        Subroutine DIFFEQ(T,X,XP) 
        Implicit None 
 
        Include 'globals.inc' 
        Include 'model.inc' 
 
        Real*8 T,X(MaxNDE),XP(MaxNDE) 
 
CC 
C----------------------------------------------------------------------C 
C     Enter Differential Equations Below  {e.g.  XP(1) = -P(1)*X(1) }  C 
C----c-----------------------------------------------------------------C 
      Real*8 EC50trans 
      Real*8  EC50,  EC50max 
       
      EC50trans=P(7) 
      EC50max = 500.     ! Maximum value of EC50 in a subject 
      EC50 = EC50max*(1.0-Dexp(-EC50trans))/(1.0+Dexp(-EC50trans)) 
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      XP(1) = -(P(1)+P(4))/P(2)*X(1)+P(3)*X(2)+P(4)/P(5)*X(3)+R(1)   
! Plasma PK parms fixed in sequential analysis 

      XP(2) = -P(3)*X(2) 
      XP(3) = P(4)/P(2)*X(1) - P(4)/P(5)*X(3)  
      XP(4) = ((P(6)*(X(1)/P(2)))/(EC50+X(1)/P(2)))- 
     x           (P(8)+P(12))*X(4)+P(9)*X(5) 

! MP compt, with an Emax stimulatory function driven by plasma conc. 
      XP(5) = P(8)*X(4)+P(11)*X(6)-(P(9)+P(10))*X(5) 
      XP(6) = P(10)*X(5)-P(11)*X(6) 
 
C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 
        Return 
        End 
 
C######################################################################C 
 
        Subroutine OUTPUT(Y,T,X) 
        Implicit None 
 
        Include 'globals.inc' 
        Include 'model.inc' 
 
        Real*8 Y(MaxNOE),T,X(MaxNDE) 
 
CC 
C----------------------------------------------------------------------C 
C     Enter Output Equations Below   {e.g.  Y(1) = X(1)/P(2) }         C 
C----c-----------------------------------------------------------------C 
 
C  Note: X(1), X(2) and X(3) are the amounts in the central, absorbtion 
C     and peripheral compartments, respectively. 
 
      Y(1)=X(1)/P(2) 
      Y(2)=X(4) 
      Y(3)=X(5) 
      Y(4)=X(6) 
 
C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 
        Return 
        End 
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C######################################################################C 
 
        Subroutine VARMOD(V,T,X,Y) 
        Implicit None 
 
        Include 'globals.inc' 
        Include 'model.inc' 
 
        Real*8 V(MaxNOE),T,X(MaxNDE),Y(MaxNOE) 
CC 
C----------------------------------------------------------------------C 
C       Enter Variance Model Equations Below                           C 
C         {e.g. V(1) = PV(1)**2 * Y(1)**PV(2) }                        C 
C----c-----------------------------------------------------------------C 
 
        V(1) = (PV(1) + PV(2)*Y(1))**2 
        V(2) = (PV(3) + PV(4)*Y(2))**2 
        V(3) = (PV(5) + PV(6)*Y(3))**2 
        V(4) = (PV(7) + PV(8)*Y(4))**2 
         
C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 
        Return 
        End 
C######################################################################C 
 
        Subroutine COVMOD(Pmean, ICmean, PC) 
C  Defines any covariate model equations (MLEM, ITS) 
        Implicit None 
 
        Include 'globals.inc' 
        Include 'model.inc' 
 
        Real*8 PC(MaxNCP) 
        Real*8 Pmean(MaxNSP+MaxNDE), ICmean(MaxNDE) 
 
CC 
C----------------------------------------------------------------------C 
C     Enter # of Covariate Parameters                                  C 
C----c-----------------------------------------------------------------C 
 
        NCparam = 8    ! Enter # of Covariate Parameters. 
 
CC 
C----------------------------------------------------------------------C 
C   Enter Symbol for Covariate Params {eg: PCsym(1)='CLRenal'}         C 
C----c-----------------------------------------------------------------C 
 
        PCsym(1)='Kmpdp-' 
        PCsym(2)='Kmpdp+' 
        PCsym(3)='Kdptp-' 
        PCsym(4)='Kdptp+' 
        PCsym(5)='Ktpdp_NAA' 
        PCsym(6)='Ktpdp_AA' 
        PCsym(7)='KeMP-' 
        PCsym(8)='KeMP+' 
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CC 
C----------------------------------------------------------------------C 
C   For the Model Params. that Depend on Covariates Enter the Equation C 
C         {e.g. Pmean(1) =  PC(1)*R(2) }                               C 
C----c-----------------------------------------------------------------C 
  
  Pmean(8)=PC(1)*PC(2)**R(5) 

Pmean(10)=PC(3)*PC(4)**R(5) 
Pmean(11)=PC(5)*PC(6)**R(6) 

  Pmean(12)=PC(7)*PC(8)**R(5) 
 
C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 
        Return 
        End 
 
C######################################################################C 
 
        Subroutine POPINIT(PmeanI,ICmeanI,PcovI,ICcovI, PCI) 
C  Initial parameter values for population program parameters (ITS, MLEM) 
 
        Implicit None 
 
        Include 'globals.inc' 
        Include 'model.inc' 
 
        Integer I,J 
        Real*8 PmeanI(MaxNSP+MaxNDE), ICmeanI(MaxNDE) 
        Real*8 PcovI(MaxNSP+MaxNDE,MaxNSP+MaxNDE), ICcovI(MaxNDE,MaxNDE) 
        Real*8 PCI(MaxNCP) 
 
CC 
C----------------------------------------------------------------------C 
C  Enter Initial Values for Population Means                           C 
C          {  e.g. PmeanI(1) = 10.0    }                               C 
C----c-----------------------------------------------------------------C 
 
        PmeanI(1) = 100 
        PmeanI(2) = 60 
        PmeanI(3) = 0.80 
        PmeanI(4) = 20 
        PmeanI(5) = 50 
        PmeanI(6) = 5000 
        PmeanI(7) = 0.60    !EC50trans -  New parameter with any  value >0 
        PmeanI(8) = .1 
        PmeanI(9) = 1.4 
        PmeanI(10) = 2.50 
        PmeanI(11) = 2.50 
        PmeanI(12) = 0.1 
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CC 
C----------------------------------------------------------------------C 
C   Enter Initial Values for Pop. Covariance Matrix (Lower Triang.)    C 
C         {  e.g. PcovI(2,1) = 0.25    }                               C 
C----c-----------------------------------------------------------------C 
 
       PcovI(1,1) = (0.8*PmeanI(1))**2 ! Initial guess variance of CL 
       PcovI(2,2) = (0.8*PmeanI(2))**2 ! Initial guess variance of Vc 
       PcovI(3,3) = (0.8*PmeanI(3))**2 ! Initial guess variance of Ka 
       PcovI(4,4) = (0.8*PmeanI(4))**2 ! Initial guess variance of Q 
       PcovI(5,5) = (0.8*PmeanI(5))**2 ! Initial guess variance of Vp 
       PcovI(6,6) = (0.8*PmeanI(6))**2 ! Initial guess variance of Emax 
       PcovI(7,7) = (0.8*PmeanI(7))**2 ! Initial guess variance of EC50trans 
       PcovI(8,8) = (0.8*PmeanI(8))**2 ! Initial guess variance of Kmpdp 
       PcovI(9,9) = (0.8*PmeanI(9))**2 ! Initial guess variance of Kdpmp 
       PcovI(10,10) = (0.8*PmeanI(10))**2 ! Initial guess variance of Kdptp 
       PcovI(11,11) = (0.8*PmeanI(11))**2 ! Initial guess variance of Ktpdp 
       PcovI(12,12) = (0.8*PmeanI(12))**2 ! Initial guess variance of KeMP 
      
       
 
CC 
C----------------------------------------------------------------------C 
C   Enter Values for Covariate Model Parameters                        C 
C         {  e.g. PCI(1) = 2.0    }                                    C 
C----c-----------------------------------------------------------------C 
 
  PCI(1) = 0.1 
  PCI(2) = 1.0 

PCI(3) = 2.50 
PCI(4) = 1.0 
PCI(5) = 2.50 
PCI(6) = 1.0 

  PCI(7) = 6.0 
  PCI(8) = 1.0 
 
C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 
        Return 
        End 
 
C######################################################################C 
 
        Subroutine PRIOR(Pmean,Pcov,ICmean,ICcov) 
C  Parameter mean and covariance values for MAP estimation (ID,NPD,STS) 
        Implicit None 
 
        Include 'globals.inc' 
        Include 'model.inc' 
 
        Integer I,J 
        Real*8 Pmean(MaxNSP+MaxNDE), ICmean(MaxNDE) 
        Real*8 Pcov(MaxNSP+MaxNDE,MaxNSP+MaxNDE), ICcov(MaxNDE,MaxNDE) 
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CC 
C----------------------------------------------------------------------C 
C  Enter Nonzero Elements of Prior Mean Vector                         C 
C          {  e.g. Pmean(1) = 10.0    }                                C 
C----c-----------------------------------------------------------------C 
 
 
CC 
C----------------------------------------------------------------------C 
C   Enter Nonzero Elements of Covariance Matrix (Lower Triang.)       C 
C         {  e.g. Pcov(2,1) = 0.25    }                                C 
C----c-----------------------------------------------------------------C 
 
 
C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 
        Return 
        End 
 
C######################################################################C 
 
        Subroutine SPARAM(PS,P,IC) 
        Implicit None 
 
        Include 'globals.inc' 
 
        Real*8 PS(MaxNSECP), P(MaxNSP+MaxNDE), IC(MaxNDE)  
 
CC 
C----------------------------------------------------------------------C 
C       Enter Equations Defining Secondary Paramters                   C 
C           {  e.g.  PS(1) = P(1)*P(2)   }                             C 
C----c-----------------------------------------------------------------C 
 
  
  PS(1) = 500*(1.0-Dexp(-P(7)))/(1.0+Dexp(-P(7))) 
 
                    
         
C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 
        Return 
        End 
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C######################################################################C 
 
        Subroutine AMAT(A) 
        Implicit None 
 
        Include 'globals.inc' 
        Include 'model.inc' 
 
        Integer I,J 
        Real*8 A(MaxNDE,MaxNDE) 
 
        DO I=1,Ndeqs 
           Do J=1,Ndeqs 
              A(I,J)=0.0D0 
           End Do 
        End Do 
 
CC 
C----------------------------------------------------------------------C 
C    Enter non zero elements of state matrix  {e.g.  A(1,1) = -P(1) }  C 
C----c-----------------------------------------------------------------C 
 
 
 
C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 
        Return 
        End 
 
C######################################################################C 
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C********************************************************************** 
C                           ADAPT                                     * 
C                         Version 5                                   * 
C********************************************************************** 
C                                                                     * 
C                       MODEL - 2COMPK                                * 
C                                                                     * 
C    This file contains Fortran subroutines into which the user       * 
C    must enter the relevant model equations and constants.           * 
C    Consult the User's Guide for details concerning the format for   * 
C    entered equations and definition of symbols.                     * 
C                                                                     * 
C       1. Symbol-  Parameter symbols and model constants             * 
C       2. DiffEq-  System differential equations                     * 
C       3. Output-  System output equations                           * 
C       4. Varmod-  Error variance model equations                    * 
C       5. Covmod-  Covariate model equations (ITS,MLEM)              * 
C       6. Popinit- Population parameter initial values (ITS,MLEM)    * 
C       7. Prior -  Parameter mean and covariance values (ID,NPD,STS) * 
C       8. Sparam-  Secondary parameters                              * 
C       9. Amat  -  System state matrix                               * 
C                                                                     * 
C********************************************************************** 
 
C######################################################################C 
 
        Subroutine SYMBOL 
        Implicit None 
 
        Include 'globals.inc' 
        Include 'model.inc' 
 
CC 
C----------------------------------------------------------------------C 
C                   Enter as Indicated                                 C 
C----------------------------------------------------------------------C 
 
      NDEqs   =  6   ! Enter # of Diff. Eqs. 
      NSParam =  12   ! Enter # of System Parameters. 
      NVparam =  8   ! Enter # of Variance Model Parameters. 
      NSecPar =  1   ! Enter # of Secondary Parameters. 
      NSecOut =  0  ! Enter # of Secondary Outputs (not used). 
      Ieqsol  =  1  ! Indicates a built-in compartment model. 
      Descr = 'PCmetab-EC50/Emax' 
 
CC 
C----------------------------------------------------------------------C 
C     Enter Symbol for Each System Parameter (eg. Psym(1)='Kel')       C 
C----c-----------------------------------------------------------------C 
 
        PSym(1) = 'CL' 
        PSym(2) = 'Vc_pl' 
        PSym(3) = 'Ka' 
        PSym(4) = 'Q' 
        PSym(5) = 'Vp_pl' 
        PSym(6) = 'Emax' 
        PSym(7) = 'EC50trans'   ! New parameter with any  value >0 
        PSym(8) = 'Kmpdp' 
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        PSym(9) = 'Kdpmp' 
        Psym(10) = 'Kdptp' 
        Psym(11) = 'Ktpdp' 
        Psym(12) = 'Kemp' 
         
         
 
CC 
C----------------------------------------------------------------------C 
C    Enter Symbol for Each Variance Parameter {eg: PVsym(1)='Sigma'}   C 
C----c-----------------------------------------------------------------C 
 
       PVsym(1) = 'SDinterPL' 
       PVsym(2) = 'SDslopePL' 
       PVsym(3) = 'SDinterMP' 
       PVsym(4) = 'SDslopeMP' 
       PVsym(5) = 'SDinterDP' 
       PVsym(6) = 'SDslopeDP' 
       PVsym(7) = 'SDinterTP' 
       PVsym(8) = 'SDslopeTP' 
        
 
CC 
C----------------------------------------------------------------------C 
C    Enter Symbol for Each Secondary Parameter {eg: PSsym(1)='CLt'}    C 
C----c-----------------------------------------------------------------C 
 
        PSsym(1) = 'EC50' 
 
         
 
C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 
        Return 
        End 
 
C######################################################################C 
 
        Subroutine DIFFEQ(T,X,XP) 
        Implicit None 
 
        Include 'globals.inc' 
        Include 'model.inc' 
 
        Real*8 T,X(MaxNDE),XP(MaxNDE) 
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CC 
C----------------------------------------------------------------------C 
C     Enter Differential Equations Below  {e.g.  XP(1) = -P(1)*X(1) }  C 
C----c-----------------------------------------------------------------C 
      Real*8 EC50trans 
      Real*8  EC50,  EC50max 
       
      EC50trans=P(7) 
      EC50max = 900.     ! Maximum value of EC50 in a subject 
      EC50=-EC50max*(1.0-Dexp(-EC50trans))/(1.0+Dexp(-EC50trans))+1200 
 
      XP(1) = -(P(1)+P(4))/P(2)*X(1)+P(3)*X(2)+P(4)/P(5)*X(3)+R(1)   
      XP(2) = -P(3)*X(2) 
      XP(3) = P(4)/P(2)*X(1) - P(4)/P(5)*X(3)  
      XP(4) = ((P(6)*(X(1)/P(2)))/(EC50+X(1)/P(2)))- 
     x           (P(8)+P(12))*X(4)+P(9)*X(5) 
      XP(5) = P(8)*X(4)+P(11)*X(6)-(P(9)+P(10))*X(5) 
      XP(6) = P(10)*X(5)-P(11)*X(6) 
 
C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 
        Return 
        End 
 
C######################################################################C 
 
        Subroutine OUTPUT(Y,T,X) 
        Implicit None 
 
        Include 'globals.inc' 
        Include 'model.inc' 
 
        Real*8 Y(MaxNOE),T,X(MaxNDE) 
 
CC 
C----------------------------------------------------------------------C 
C     Enter Output Equations Below   {e.g.  Y(1) = X(1)/P(2) }         C 
C----c-----------------------------------------------------------------C 
 
C  Note: X(1), X(2) and X(3) are the amounts in the central, absorbtion 
C     and peripheral compartments, respectively. 
 
      Y(1)=X(1)/P(2) 
      Y(2)=X(4) 
      Y(3)=X(5) 
      Y(4)=X(6) 
 
C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 
        Return 
        End 
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C######################################################################C 
 
        Subroutine VARMOD(V,T,X,Y) 
        Implicit None 
 
        Include 'globals.inc' 
        Include 'model.inc' 
 
        Real*8 V(MaxNOE),T,X(MaxNDE),Y(MaxNOE) 
 
CC 
C----------------------------------------------------------------------C 
C       Enter Variance Model Equations Below                           C 
C         {e.g. V(1) = PV(1)**2 * Y(1)**PV(2) }                        C 
C----c-----------------------------------------------------------------C 
 
        V(1) = (PV(1) + PV(2)*Y(1))**2 
        V(2) = (PV(3) + PV(4)*Y(2))**2 
        V(3) = (PV(5) + PV(6)*Y(3))**2 
        V(4) = (PV(7) + PV(8)*Y(4))**2 
         
C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 
        Return 
        End 
 
C######################################################################C 
 
        Subroutine COVMOD(Pmean, ICmean, PC) 
C  Defines any covariate model equations (MLEM, ITS) 
        Implicit None 
 
        Include 'globals.inc' 
        Include 'model.inc' 
 
        Real*8 PC(MaxNCP) 
        Real*8 Pmean(MaxNSP+MaxNDE), ICmean(MaxNDE) 
 
CC 
C----------------------------------------------------------------------C 
C     Enter # of Covariate Parameters                                  C 
C----c-----------------------------------------------------------------C 
 
        NCparam = 2    ! Enter # of Covariate Parameters. 
 
CC 
C----------------------------------------------------------------------C 
C   Enter Symbol for Covariate Params {eg: PCsym(1)='CLRenal'}         C 
C----c-----------------------------------------------------------------C 
 
 
  PCsym(1)='Kdptp-' 
  PCsym(2)='Kdptp+' 
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CC 
C----------------------------------------------------------------------C 
C   For the Model Params. that Depend on Covariates Enter the Equation C 
C         {e.g. Pmean(1) =  PC(1)*R(2) }                               C 
C----c-----------------------------------------------------------------C 
 
 
  Pmean(10)=PC(1)*PC(2)**R(5) 
 
 
C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 
        Return 
        End 
 
C######################################################################C 
 
        Subroutine POPINIT(PmeanI,ICmeanI,PcovI,ICcovI, PCI) 
C  Initial parameter values for population program parameters (ITS, MLEM) 
 
        Implicit None 
 
        Include 'globals.inc' 
        Include 'model.inc' 
 
        Integer I,J 
        Real*8 PmeanI(MaxNSP+MaxNDE), ICmeanI(MaxNDE) 
        Real*8 PcovI(MaxNSP+MaxNDE,MaxNSP+MaxNDE), ICcovI(MaxNDE,MaxNDE) 
        Real*8 PCI(MaxNCP) 
 
CC 
C----------------------------------------------------------------------C 
C  Enter Initial Values for Population Means                           C 
C          {  e.g. PmeanI(1) = 10.0    }                               C 
C----c-----------------------------------------------------------------C 
 
        PmeanI(1) = 25 
        PmeanI(2) = 40 
        PmeanI(3) = 0.460 
        PmeanI(4) = 3.4 
        PmeanI(5) = 90 
        PmeanI(6) = 3.0 
        PmeanI(7) = 0.30    !EC50trans -  New parameter with any  value >0 
        PmeanI(8) = 5 
        PmeanI(9) = 5 
        PmeanI(10) = 12 
        PmeanI(11) = 8 
        PmeanI(12) = 0.3 
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CC 
C----------------------------------------------------------------------C 
C   Enter Initial Values for Pop. Covariance Matrix (Lower Triang.)    C 
C         {  e.g. PcovI(2,1) = 0.25    }                               C 
C----c-----------------------------------------------------------------C 
 
 PcovI(1,1) = (0.8*PmeanI(1))**2 ! Initial guess variance of CL 
       PcovI(2,2) = (0.8*PmeanI(2))**2 ! Initial guess variance of Vc 
       PcovI(3,3) = (0.8*PmeanI(3))**2 ! Initial guess variance of Ka 
       PcovI(4,4) = (0.8*PmeanI(4))**2 ! Initial guess variance of Q 
       PcovI(5,5) = (0.8*PmeanI(5))**2 ! Initial guess variance of Vp 
       PcovI(6,6) = (0.8*PmeanI(6))**2 ! Initial guess variance of Emax 
       PcovI(7,7) = (0.8*PmeanI(7))**2 ! Initial guess variance of EC50trans 
       PcovI(8,8) = (0.8*PmeanI(8))**2 ! Initial guess variance of Kmpdp 
 PcovI(9,9) = (0.8*PmeanI(9))**2 ! Initial guess variance of Kdpmp 
       PcovI(10,10) = (0.8*PmeanI(10))**2 ! Initial guess variance of Kdptp 
       PcovI(11,11) = (0.8*PmeanI(11))**2 ! Initial guess variance of Ktpdp 
       PcovI(12,12) = (0.8*PmeanI(12))**2 ! Initial guess variance of KeMP 
      
       
 
CC 
C----------------------------------------------------------------------C 
C   Enter Values for Covariate Model Parameters                        C 
C         {  e.g. PCI(1) = 2.0    }                                    C 
C----c-----------------------------------------------------------------C 
 
  PCI(1)=6.6 
  PCI(2)=1.0 
 
 
C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 
        Return 
        End 
 
C######################################################################C 
 
        Subroutine PRIOR(Pmean,Pcov,ICmean,ICcov) 
C  Parameter mean and covariance values for MAP estimation (ID,NPD,STS) 
        Implicit None 
 
        Include 'globals.inc' 
        Include 'model.inc' 
 
        Integer I,J 
        Real*8 Pmean(MaxNSP+MaxNDE), ICmean(MaxNDE) 
        Real*8 Pcov(MaxNSP+MaxNDE,MaxNSP+MaxNDE), ICcov(MaxNDE,MaxNDE) 
 
CC 
C----------------------------------------------------------------------C 
C  Enter Nonzero Elements of Prior Mean Vector                         C 
C          {  e.g. Pmean(1) = 10.0    }                                C 
C----c-----------------------------------------------------------------C 
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CC 
C----------------------------------------------------------------------C 
C   Enter Nonzero Elements of Covariance Matrix (Lower Triang.)       C 
C         {  e.g. Pcov(2,1) = 0.25    }                                C 
C----c-----------------------------------------------------------------C 
 
 
C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 
        Return 
        End 
 
C######################################################################C 
 
        Subroutine SPARAM(PS,P,IC) 
        Implicit None 
 
        Include 'globals.inc' 
 
        Real*8 PS(MaxNSECP), P(MaxNSP+MaxNDE), IC(MaxNDE)  
 
CC 
C----------------------------------------------------------------------C 
C       Enter Equations Defining Secondary Paramters                   C 
C           {  e.g.  PS(1) = P(1)*P(2)   }                             C 
C----c-----------------------------------------------------------------C 
 
  
  PS(1) = -900*(1.0-Dexp(-P(7)))/(1.0+Dexp(-P(7)))+1200 
 
 
 
                    
         
C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 
        Return 
        End 
         
C######################################################################C 
 
        Subroutine AMAT(A) 
        Implicit None 
 
        Include 'globals.inc' 
        Include 'model.inc' 
 
        Integer I,J 
        Real*8 A(MaxNDE,MaxNDE) 
 
        DO I=1,Ndeqs 
           Do J=1,Ndeqs 
              A(I,J)=0.0D0 
           End Do 
        End Do 
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CC 
C----------------------------------------------------------------------C 
C    Enter non zero elements of state matrix  {e.g.  A(1,1) = -P(1) }  C 
C----c-----------------------------------------------------------------C 
 
 
 
C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 
        Return 
        End 
 
C######################################################################C 
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