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Biological terms

AIDS: Acquired Immunodeficiency Syndrome
AUC: Area under the curve versus time

CI: Synergistic index

Cl: Drug clearance

CNT: Concentrative Na+ or H*-dependent nucleoside transporter
Cmax: Maximal concentration

Cumin: Minimal concentration

DEC: Dead end complex

DNA: Deoxyribonucleic acid

dNTP: 2’-deoxyribonucleoside-5’-triphosphate
ECs0: 50% effective concentration

ENT: Equilibrative nucleoside transporter

F: Bioavailability

FBS: Fetal bovine serum

FDA: Food and Drug Administration

HAART: Highly active antiretroviral treatment
ty/o: Half-life

HIV: Human immunodeficiency virus

HBV: Hepatitis B virus

ICs0: 50% inhibitory concentration

IL-2: Interleukin-2

Ki: HIV-1 RT inhibition constant against a DNA/RNA primer/template
K»: Apparent binding constant

MRP: Multidrug resistance protein

Mt: Mitochondrial

OAT-OCT: Organic anions or cations transporter
PBM cells: Peripheral blood mononuclear cells
PBS: Phosphate-buffered saline

PHA: Phytohemagglutinin

PK: Pharmacokinetics

RNA: Ribonucleic Acid

rNTP: Ribonucleoside-5'-triphosphate

RT: Reverse transcriptase

SIV: Simian immunodeficiency virus

TAMs: Thymidine analogue mutations

Tmax: Time at Crax

Vd: Volume of distribution

WHO: world health organization

Drugs and metabolites

FI/EIL: Fusion/Entry inhibitor

INI: Integrase inhibitor

NRTI: Nucleoside reverse transcriptase inhibitor

NRTI-MP: Nucleoside reverse transcriptase inhibitor monophosphate
NRTI-DP: Nucleoside reverse transcriptase inhibitor diphosphate



NRTI-TP: Nucleoside reverse transcriptase inhibitor triphosphate
NtRTI: Nucleotide reverse transcriptase inhibitor

NNRTI: Non-nucleoside reverse transcriptase inhibitor

PI: Protease inhibitor

ABC: Abacavir, (1S,4R)-4-[2-amino-6-(cyclopropylamino)-9H-purin-9-yl]-2-cyclopentene-1-
methanol succinate

CBV-TP: Carbovir-triphosphate, (-)-carbovir-triphosphate, 2-amino-9-[(1R,4S)-4-
(hydroxymethyl)cyclopent-2-en-1-yl]-3H-purin-6-one -5’-triphosphate
DAPD: Amdoxovir, (-)-p-D-(2R,4R)-1,3-dioxolane-2,6-diaminopurine
DPD: 2,6-diaminopurine-2’-deoxyriboside

ddATP: 2’,3’-dideoxyadenosine triphosphate

ddC: Zalcitabine, 2',3'-dideoxycytidine

ddI: Videx, 2',3'-dideoxyinosine

DXG: 9-p-D-(1,3-dioxolan-4-yl)guanine

d4T: Stavudine, 3'-deoxythymidinene

(-)-FTC: Emtricitabine, (-)-p-3'-thia-2',3'-dideoxy-5-fluorocytidine
PMPA, TFV: Tenofovir, (R)-9-(2-phosphonylmethoxypropyl)adenine
RBV: Ribavirin, 1-p-D-ribofuranosyl-1,2,4-triazole-3-carboxamide
TDF: Tenofovir disoproxil fumarate

ZDV: Zidovudine, 3’-Azido-3’-deoxythymidine

3TC: Lamivudine, (-)-p-3'-thia-2',3'-dideoxycytidine

Liquid chromatography and mass spectrometry:

CRM: Charge Residue Model

ESI: Electrospray Ionization

HA: Hexylamine

IEM: Ion Evaporation Method

IS: Internal Standard

LC: Liquid chromatography

MS: Mass spectrometry

m/z: mass to charge

N,N-DHMA: N,N-dimethylhexylamine

Enz es

ADA: Adenosine deaminase, EC:3.5.4.4

AMPDA: Adenylate deaminase, EC:3.5.4.6

AMPK: Adenylate kinase, EC:2.7.4.3

APRT: Adenine phosphoribosyl-transferase, EC:2.4.2.7

ADSS/L: Adenylosuccinate synthase/lysase EC:6.3.4.4/EC:4.3.2.2
Ca-NT: Calcium activated nucleotidase, EC:3.6.1.6

CDA: Cytidine deaminase, EC:3.5.4.5

CMPK: Cytidine monophosphate (UMP-CMP) kinase 2, mitochondrial, EC:2.7.4.14
CTPS: CTP synthase, EC:6.3.4.2

dCK: 2’-deoxycytidine kinase, EC 2.7.1.74

dGK: 2’-deoxyguanosine kinase, EC:2.7.1.113

dCMPDA: dexoycytidine monophosphate deaminase, EC:3.5.4.12
EDP : Ectonucleoside triphosphate diphosphohydrolase, EC:3.6.1.5
GDA: Guanine deaminase, EC:3.5.4.3

GMPK: Guanylate kinase, EC:2.7.4.8



GMPS: Guanylate synthase, EC:6.3.5.2

HPRT: Hypoxanthine phosphoribosyl-transferase, EC:2.4.2.8
IMPDH: Inosinate dehydrogenase, EC:1.1.1.205

NDPK : Nucleoside diphosphate kinase, EC:2.7.4.6
PNP: Purine nucleoside phosphorylase, EC:2.4.2.1
RNR : Ribonucleotide reductase, EC:1.17.4.1

TK1 or TK2: Thymidine kinase 1 or 2, EC:2.7.1.21
TMPK: Thymidylate kinase, EC:2.7.4.9

TMPS: Thymidylate synthetase, EC:2.1.1.45

TP: Thymidine phosphorylase, EC:2.4.2.4

UCK: Uridine-cytidine kinase, EC:2.7.1.48

UP: Uridine phosphorylase, EC:2.4.2.3

UTG: UDP-glucuronyltransferase, EC 2.4.1.17

XDH: Xanthine dehydrogenase, EC:1.17.1.4

5-NT : High K, 5-nucleotidase, cytosolic II, EC:3.1.3.5

Endogenous nucleobase, nucleosides and nucleotides

A, Ade: Adenine, Ado: adenosine, dAdo: 2’-deoxyadenosine
AMP: Adenylate, adenosine monophosphate

ADP: Adenosine diphosphate

ATP: Adenosine triphosphate

C, Cyt: Cytosine, Cyd: cytidine, dCyd: 2’-deoxycytidine
CMP: Cytidylate, cytidine monophosphate

CDP: Cytidine diphosphate

CTP: Cytidine triphosphate

G, Gua: Guanine, Guo: guanosine, dGuo: 2’-deoxyguanosine
GMP: Guanylate, guanosine monophosphate

GDP: Guanosine diphosphate

GTP: Guanosine triphosphate

IMP: Inosinate, inosine monophosphate

OMP: Orotate

PPi: Pyrophosphate

PRPP: Phosphoribosyl pyrophosphate

RMP: a-D-ribose-5-phosphate

T, Thy: Thymine, Thd: Thymidine

TMP: Thymidylate, thymidine monophosphate

TDP: Thymidine diphosphate

TTP: Thymidine triphosphate

U, Ura: Uracil, Urd: Uridine, dUrd: 2’-deoxyuridine
UMP: Uridine monophosphate

UDP: Uridine diphosphate

UTP: Uridine triphosphate

3PG: 3-phosphoglycerate
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1 Introduction

1.1 The Laboratory of Biochemical Pharmacology, LOBP

The research presented in this dissertation was performed in the Laboratory of
Biochemical Pharmacology (LOBP) at the Veterans Affairs Medical Center/Emory University.
LOBP is a drug discovery and preclinical drug development laboratory directed by Dr. Raymond
F. Schinazi. The objective of the laboratory is to discover and develop new drugs for the
treatment of human immunodeficiency virus-1 (HIV-1) and hepatitis infections, focusing on
nucleoside analogues. Work performed at LOBP is independent from a biotech company in
Tucker, GA, called RFS Pharma, LLC (RFSP; also founded by Dr. Raymond F. Schinazi,
www.rfspharma.com, last consulted on March 24™ 2010). RFSP has in-licensed a series of anti-
HIV drugs including Amdoxovir  (AMDX, DAPD) from Emory University and the University
of Georgia Research Foundation.

LOBP is organized around five cross-functional teams that work together to complete the
preclinical process of drug discovery (Figure 01). The organic chemists design and synthesize
new antiviral compounds. The virology group evaluates the potency of these compounds in vitro
using peripheral blood mononuclear (PBM) cells infected with various strains of HIV, including
resistant mutations. Toxicity is initially assessed against a panel of cells grown in culture,
subsequently tested in animal models provided the compound has favorable therapeutic window
and pharmacology profile in vitro. Pharmacology studies are undertaken to understand the
metabolism of potential nucleosides, intracellular phosphorylation to active triphosphate, which
is responsible for viral inhibition and the activity at the enzyme level. Pharmacokinetic (PK)

studies are performed first in mice and rats and later in rhesus monkeys, to assess the absorption,



distribution, metabolism and elimination of these agents in animals. These results contribute
towards predicting a starting dose for clinical testing in humans. The pharmacology team is
comprised of cellular biologists, bioanalytical chemists, pharmacological and pharmacodynamic
modelists, pharmacometricians and clinicians. Part of the accomplishments on amdoxovir, which
is currently in phase II clinical development will be presented in this dissertation along with in
vitro studies of approved anti HIV drugs. Accumulation of safety and efficacy data on drugs post
marketing can provide useful information for new drug design.

Figure 01: Schematic of the drug development process.
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1.2 Human Immunodeficiency Virus (HIV)

1.2.1 Discovery and characterization of HIV

In the summer of 1981, clinicians in New York and California reported cases of men who
were diagnosed with Pneumocystic carnii pneumonia, a rare opportunistic infection' or with the
rare skin cancer Kaposi’s sarcoma.” This condition, characterized by low CD4" T cell counts,
lymphadenopathy and infection by opportunistic diseases, was soon named Acquired
Immunodeficiency Syndrome (AIDS). The transmission of this infectious microorganism was
suggested to occur through sexual activity or blood.” In 1983 the virus was isolated from infected
patients by two different teams: Gallo and Montagnier. Gallo showed that this virus morphology
was similar to human T cell leukemia and other type-C retroviruses.” Montagnier characterized
the retroviral activity using [’H]-uridine and named it lymphadenopathy-associated virus.’ Later,
phylogenetic studies and replication cycle analysis showed that the AIDS virus was related to
members of the lentivirus genus of the retroviridae family of viruses, and was named human
immunodeficiency virus (HIV).%’

The natural ancestor of HIV is likely simian immunodeficiency virus (SIV), which
infects naturally chimpanzees in west central Africa. A common ancestor would have appeared
in the 1920’s, and spread as the main cities such as Congo-Kinshasa were expanding.®’

1.2.2 Epidemiology of HIV

In 2008, there were an estimated total of 33.4 million (31.1-35.8 million) people who
were living with HIV in the world (Figure 02), with about 2.7 million of newly infected adults
and children and 2 million deaths. The number people living with the virus has increased by 40%
since 1990. The number of deaths due to AIDS has decreased by about 10% since 2004 and the

new infections are 30% less frequent than in the mid 90’s. '
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Figure 02: Adults and children estimated to be living with HIV in 2008."
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The epidemic is evolving with HIV prevention strategies, availability of drugs and
improved access to treatment having a positive impact on disease burden. However, because the
incidence of new infections continues to increase in limited resource countries, HIV/AIDS
remains a global health priority. Since no vaccine is available, the treatments need to be
improved and universalized. "

1.2.3 Virology of HIV
1.2.3.1 Features of HIV replication cycle

Lentiviruses comprise a separate genus of the family retroviridae; they cause immune
deficiencies, disorders of the hematopoietic and central nervous system, and have a larger
genome than those of simple retroviruses.'' The genome of HIV-1 consists of two identical 9.2
kb single stranded RNA molecules within the virion, which codes for 15 proteins, whereas the
persistent form of the HIV-1 genome is a proviral double-stranded DNA within infected cells

(Figure 03 and 04)."
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Figure 03: Stucture of HIV virions.
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Source: http://www?3.niaid.nih.gov/topics/HIVAIDS/Understanding/Biology/hivVirionLargelmage.htm

HIV virions have spherical morphology and consist of a lipid bilayer membrane that
surrounds a dense truncated cone-shaped nucleocapsid, which contains the genomic RNA
molecules, the viral proteases (not represented), reverse transcriptase, integrase.'”

Three coding regions of the genome are the env, pol and gag genes, producing structural
polyproteins that are common to all retroviruses. The env gene encodes the envelope proteins
that are necessary for viral fusion to the host cells. It encodes two glycoproteins, gp41 anchors
the structure of the viral envelope and gp 120 binds to the CD4 molecule on the surface of CD4"
T cells.”” This binding exposes a secondary site for binding to a chemokine co-receptor on the
host cell, CCR5 or CXCR4.°

Pol and gag genes exert control over host-cell machinery by encoding a gag-pol
precursor protein that is subsequently cleaved by proteases to generate various essential proteins,

including: structural nucleocapside, capside and matrix proteins, as well as the viral enzymes:

protease, reverse transcriptase (RT) and integrase (Figure 04).°
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Figure 04: Steps in the HIV Replication Cycle.
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Lentiviral genomes encode for auxiliary proteins, tat and rev, which perform regulatory
functions. The long terminal repeats promote transcriptional activators (NF-kB or NFAT), which
activate T-cells."'

Finally, four accessory proteins, Nef, Vif, Vpr and Vpu (or Vpx for HIV-2) modulate viral
replication. They are not necessary for viral reproduction in immortalized cell lines, but are
necessary for viral replication in vivo'' since they may protect the virus against cellular

restriction factors.'*
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1.2.3.2  Reverse transcription and genome integration

The viral RT uses both RNA and DNA as templates to copy the single-stranded HIV-1
RNA genome to either a double-stranded DNA genome or a RNA-DNA heteroduplex.'> '® RT
from retroviruses has two catalytic activities: DNA polymerization and associated RNase H
activity (RNA/DNA heteroduplex RNA degradation). The enzyme is a heterodimer formed by a
regulator subunit of p51 (in grey Figure 05) and a catalytic subunit of p66 (coloured Figure
05)."” The p66 subunit resembles a right hand, where the subdomains are designated fingers,
palm and thumb (Figure 05). The palm acts as a clamp to position the template-primer to the
£ 1820

catalytic moti

Figure 05: Crystal structure of the HIV-1 RT enzyme coupled with primer (backbone structure in

pink) and template (backbone in blue)."?

thumb

One major property of the HIV-1 RT is its high rate of base-substitution, addition and
deletion errors in the HIV-1 genome. The error rate in the HIV-1 genome has been reported as 1
in 2,000 to 5,000 nucleotides in vitro,”" ** and 3.4 x 10™ mutation per base pair per cycle in

23 The induced nucleotide mismatches are inherited as replication continues.”® This high

Vivo.
rate of mutation can be attributed to the lack of HIV-1 RT 3’—5" exonucleolytic proofreading

capacity,”’ the fluctuations in the nucleotide pool levels,” the incorporation of dUTP ** and the

G—A hypermutations.’® This hypermutability of new virions leads to the emergence of a
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complex mixture of “quasispecies”, which are related but genetically distinct forms of HIV-1 in
infected individuals, which renders treatment challenging.”’

Following reverse transcription, the double stranded DNA viral copy is integrated into
the host cell’s genome, by the viral integrase. The viral genome is then transcribed and translated
into protein products by the viral protease, which generates a new batch of proteins that will
form the new virion (Figure 04).!

1.2.4 HIV progression and persistence
1.2.4.1 The course of HIV infection

HIV infection is characterized by an acute and a chronic phase. During the acute phase of
infection, HIV viral replication is widespread and extensive in lymphoid and intestinal tissues.
CCR5" CD4" T cells are the initial targets and are rapidly depleted. They are located in mucosal
surfaces of the intestinal, respiratory and reproductive tract.’> Subsequent targets are CD4" T
cells bearing CXCR4" co-receptor in peripheral blood, lymph nodes, and spleen.’” ** This phase
of profound depletion is followed by a phase of CD4" T cell renewal. However, the restoration of
memory CD4" T creates additional targets for HIV-1 leading to exhaustion of the immune
system.”* The HIV infected individuals enter a phase of clinical latency characterized by a slow,
continuous decrease in CD4" T cells and maintenance of CD8" T cells. The HIV infection
becomes chronic (Figure 06).*

During progression to AIDS, both CD4" and CD8" T cell counts drop dramatically. The
increased viral replication in the lymph nodes eventually lead to their destruction and the patient

becomes susceptible to opportunistic infections that ultimately cause death (Figure 06)."'
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Figure 06: Pathogenic events in untreated HIV mediated disease.” >
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The latent reservoirs are established early during the infection by infected cells, which do

not divide or produce virions (little production of HIV mRNA). One infected CD4" T cell in a

million reverts back to a resting state.*® Macrophages also exhibit the co-receptor CCR5 causing

susceptibility to infection by HIV-1 but might be less susceptible to viral cytopathicity.’” Even

though monocytes and macrophages produce ~ 10 to 60-fold fewer virus particles per cell than

CD4" T cells during each infectious cycle, they can secrete virus over a longer period and

contribute to the viral burden ** sufficiently to be considered a reservoir.”” Macrophages and

dendritic cells also play an important role in virus dissemination to CD4" T cells.

31,33
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To date, HIV-1 latency established in resting memory CD4" T cells,” macrophages *"**

4041 or mononuclear cells * represents a major barrier to virus eradication.” Highly active
antiretroviral treatment (HAART) is capable of suppressing HIV, even to undetectable levels in
the blood, but they cannot eliminate the virus hiding in these latent reservoirs. Studying the
mechanism of viral persistence to existing HAART remains a focus of research, and may lead to
the devlopment of new strategies to purge these viral reservoirs. **
1.2.4.3 Predominant sites of HIV infection in vivo

In addition to the sites of infection mentioned previously, CNS/brain is targeted by HIV-1

primarily mediated by infected macrophages and is responsible for CNS dysfunction in infected

individuals (Figure 07).%

Figure 07: HIV can hide in the brain, lymph nodes, skin, peripheral blood, reticuloendothelial

system, bone marrow, and gastrointestinal cells.
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Source: http://www?3.niaid.nih.gov/topics/HIVAIDS/Understanding/Biology/hidesImmuneSystem.htm

1.3 Antiretroviral treatment

Modern drug discovery has transformed HIV-1 infection into a treatable chronic
infectious disease.*® Before the availablity of drugs, patients diagnosed with AIDS would die

within one-two years.*’ Antiretroviral treatments were developed in order to decrease HIV-1
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replication, and prevent the decline of CD4" T cells by targeting several steps in the virus
replication. Increased access to treatment and care has raised the life expectancy of HIV-1
infected individuals to over five years in resource-limited countries, and even longer in high-
income countries (Figure 08). 10

Figure 08: AIDS related death with and without antiretroviral therapy in the world."
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To date, the US Food and Drug Administration (FDA) has formally approved 24 drugs
for the treatment of HIV infections. However, not all are used widely due to cytotoxicity and
poor response. These antiretroviral agents can be classified in 5 categories according to the step
of the HIV replicative cycle they target (Figure 04): nucleoside reverse transcriptase inhibitors
(NRTI), non-nucleoside reverse transcriptase inhibitors (NNRTI), protease (maturation)
inhibitors (PI), integrase inhibitors (INT) and fusion/entry inhibitors (FI/EI).**

1.3.1 Nucleoside Reverse Transcriptase Inhibitors (NRTI)

The replication of HIV-1 is dependent on a viral reverse transcriptase enzyme not
expressed by mamalian cells, thus, making it an attractive therapeutic drug target. The first
antiretroviral agent was zidovudine (ZDV, AZT), and since then many more potent and safer
NRTI have been developed, and this class of drug remains the backbone of modern HAART
regimens especially because of its high genetic barrier to resistance.”” The LOBP focuses on the

development of new NRTI including the recently developed NRTI amdoxovir™, which will be
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cited throughout this dissertation. Please refer to Figure 9 for structures of FDA approved NRTI
that will be described below.
1.3.1.1 FDA approved NRTI

The first HIV inhibitor 3’-azido-3’-deoxythymidine (Zidovudine, ZDV, AZT), was
approved by the FDA for anti-HIV usage in 1987. ZDV showed antiviral activity in cell lines at
concentrations as low as 50-500 nM. Soon after the approval of ZDV, a panel of
dideoxynucleosides was evaluated °' and 2',3'-dideoxyinosine (ddI)** and 2',3'-dideoxycytidine
(ddC) > were approved by the FDA in 1991 and 1992, respectively; ddC is no longer marketed

8

because of its toxicity.* Modifications of 2’,3’-deoxythymidine to form an unsaturated

derivative, namely 2’,3’-didehydro-3’-deoxythymidine led to the development of stavudine
(d4T).>*

The first four nucleosides approved were D-enantiomers, which is the configuration of
natural nucleosides. However, it was also discovered that certain L-nucleosides, such as
lamivudine, (3TC) or emtricitabine [(-)-FTC], were more potent and less toxic than the (+)
isomer.” (-)-FTC may offer improved activity compared to 3TC, due to better affinity of (-)-
FTC-TP for the HIV-1 RT, probably due to tighter hydrogen bonding with the the 5-fluorine.™
Furthermore, the 5-fluorine moiety on the base increases its lipophilicity and may increase
penetration of the nucleoside analogue into the CNS, which is an important reservoir for HIV-1.

Abacavir (ABC) was the first guanosine analogue approved. The carbocyclic sugar
moiety decreases the lability of the glycosidic bond cleavage that is typical of 2°,3’-
dideoxynucleosides.’’

The acyclic nucleotide reverse transcriptase inhibitor tenofovir disoproxil fumarate (TDF

DF) is a salt of (R)-9-(2-phosphonylmethoxypropyl)adenine (PMPA) and was approved in 2001
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by the FDA. This drug was formulated as the disoproxil fumarate salt to mask the two negative
charges on the phosphonate moiety, which limits the gastrointestinal absorption of PMPA.>® The
vast majority of the drug is observed as PMPA in the systemic circulation. TDF was initially
suggested for pre- and post-exposure prophylaxis and is now marketed as a fixed dose
combination with (-)-FTC (Truvada®™) and a triple coformulation with (-)-FTC and efavirenz
(Atlripla®).5 ’

Figure 09: Structures of the currently FDA approved NRTI.
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1.3.1.2  Amdoxovir
DXG [9(-B-D-1,3-dioxolan-4-yl)guanine] (Figure 10), is a guanosine nucleoside with a
potent and selective activity against HIV-1, HIV-2 and hepatitis B virus (HBV). Since DXG is
poorly soluble, a prodrug, amdoxovir, [(-)-B-D-2,6-diaminopurine dioxolane or DAPD] (Figure

10) was designed and resulted in improved oral bioavailability. DAPD is deaminated by the
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ubiquitous adenosine deaminase (ADA) to DXG, before undergoing intracellular
phosphorylation.”” DXG-TP has a K; of 20 nM versus HIV-1 RT making it one of the most
potent inhibitors of this enzyme. DAPD is currently in phase II clinical testing for the treatment
of HIV-1 infection, and has been safely administered to 206 individuals ®' (www.rfspharma.com,
accessed on March 24™, 2010).

Figure 10: Conversion of DAPD to DXG by adenosine deaminase.
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Following oral administration of DAPD to woodchucks or rhesus monkeys, plasma
concentrations of DXG are significantly higher than DAPD. These data suggest that DAPD is
rapidly absorbed and converted into DXG in vivo. None of the currently approve NRTI contains
a dioxolane sugar motif. In addition, DXG does not cause cellular toxicity up to 500 uM in
primary cells and in cell lines. Together, these preliminary results make DXG an attractive
molecule for future drug development.*

The major toxicity of amdoxovir in extensive animal toxicology studies was obstructive
nephropathy at high doses, secondary to the precipitation of DAPD/DXG in the renal tubules.
This was probably due to the poor aqueous solubility of DXG, similar to that observed for the
related nucleoside analogues acyclovir. In a 52-week study, five cynomolgus monkeys, receiving
DAPD 800 or 1200 mg/kg per day, developed obstructive nephropathy and associated uremia

after 26 weeks of treatment, which was reversible after early identification and discontinuation of
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medication. In addition, islet cell atrophy and hyperglycemia occurred, and lens opacities were
observed,” which were thought to be secondary to hyperglycemia, and not a direct effect of
DAPD. No individuals enrolled in clinical trials of DAPD have developed any renal
abnormalities attributable to the drug.** > Consequently, various prodrugs have been designed to
improve DXG solubility and its pharmacological profile.”® APD [(-)-B-D-2-aminopurine-
dioxolane] (Figure 10) is an alternative produg of DXG in preclinical development at LOBP.
Although preclinical studies are promising, APD is yet to undergo clinical testing.®’
1.3.1.3 Other NRTI in development

There are currently, 3 other NRTI undergoing clinical evaluation, (-)-2'-deoxy-3'-oxa-4'-
thiocytidine (apricitabine) developed by Avexa, Ltd., (+)-p-2',3'-dideoxy-5-fluoro-3'-thiacytidine
(racivir) by Pharmasset, Inc. and (-)-p-2',3'-didehydro-2',3'-dideoxy-5-fluorocytidine
(elvucitabine) by Achillion Pharmaceuticals, Inc (Figure 11).%

Figure 11: Structures of other NRTI in development
Racivir Apricitabine Elvucitabine
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1.3.2 Metabolism and mechanism of action of NRTI
1.3.2.1 Plasma pharmacokinetics
Following oral absorption, generally a nucleoside is absorbed in the gastro-intestinal tract
and rapidly through the gut wall via a facilitative (non-ATP dependent) nucleoside transporter
into the hepatic circulation. After passing through the liver, where some metabolism can occur

the remaining drug enters the systemic circulation (Figure 12).
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Figure 12: Drug metabolism during the absorption process.’
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The extent of the drug distribution to tissues and organs depends on its physico-chemical
properties and the expression of nucleoside transporters on their surface. Nucleosides are
relatively hydrophilic and generally do not bind to plasma proteins and are not extensively
metabolized by the cytochrome CYP450 enzymes, with the exception of ZDV and ABC.”” !

Pharmacokinetic studies are performed in order to quantify the drug adsorption,
distribution, metabolism and excretion (ADME) characteristics, mainly using drug concentration
versus time profiles measured in blood plasma and urine, since these compartments are easily
sampled. Drug concentrations are usually measured in plasma, which correlated with the
proportion of drug in equilibrium with target cells, rather than in whole blood.

Since HIV infected individuals are often given several drugs in combinations, the
appropriate clinical trials should be designed to detect potential drug-drug interactions and
evaluate the pharmacokinetics for each drug alone and in the combination to be used in the

clinic.
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1.3.2.2  Non-compartmental analysis

Non-compartmental pharmacokinetic analysis is a descriptive regression analysis, which
does not include any assumption regarding tissue compartments, providing a detailed modeling
of absorption or distribution processes of the drug or metabolites. The area under a plot of the
plasma concentration versus time curve (AUC) is a measure of drug exposure, and is often
correlated with drug efficacy and toxicity. For single dose measurements, the component of the
AUC between dose and the last data point (AUC,s) is calculated using a modification of the
trapezoidal rule (Figure 13).
Figure 13: Graphical representation of the trapezoidal rule.
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The remaining portion of the AUC between the last point measured and infinity
(AUCexirap), 1s extrapolated assuming exponential decay. The total AUC (AUC,y) is then AUCps
+ AUCxirap.

With repeated dosing, equilibrium is reached when the AUC between doses (AUC;) are
reproducible. At equilibrium the amount of drug entering and leaving the plasma are equal. It
follows that AUC,, from the first dose is equal to AUC; at steady-state. Maximal plasma
concentrations (Cpax) are of interest, since drug exposure may correlate with toxicity. Cpin
represents minimal drug concentrations between doses, when the tissues of the person are most

susceptible to infection.
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1.3.2.3 Cell penetration

Nucleosides have to access the cytoplasm to exert an effect on the viral RT target.
Nucleosides are generally hydrophilic and do not enter lipid bilayers easily. They enter
lymphocytes and other cells through facilitative nucleoside transporters on their surface.”” These
transmembrane proteins include equilibrative nucleoside transporters (ENT), concentrative Na"
or H'-dependent nucleoside transporters (CNT) and organic anions or cations transporter (OAT-
OCT) (Figure 14).” Multidrug resistance protein (MRP) belongs to the ATP-binding cassette
family of active transporters and plays a role in the efflux of several nucleotides, including the
monophosphate of ZDV and 3TC.” Some NRTI, particularly (-)-FTC have shown to be a
substrate as well as an inhibitor of MRP proteins, which could lead to intracellular accumulation
75,76

of other NRTI in combination.

Figure 14: Schematic representation of the major transporters implicated in the uptake and efflux
of NRTI. (Note: the expression of transporters might vary from one cell type to the other, all are

represented on the same cell for simplification)
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1.3.2.4 Activation of NRTI
After crossing the cellular membrane, NRTI are phosphorylated by the kinases of the
77,78

salvage pathway (Figure 15 and 16).

Figure 15: An example of NRTI phosphorylation: ZDV phosphorylation.
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The kinases catalyzing the phosphorylation of the nucleoside analogues are the salvage

kinases that catalyze the phosphorylation of respective endogenous 2’-deoxyadenosine, 2’-

deoxyguanosine, 2’-deoxcytidine or thymidine analogues (Figure 16).

Figure 16: Phosphorylation pathways of NRTL” namely 2’-deoxyadenosine, 2’-deoxyguanosine,®

81-85

2’-deoxycytidine or thymidine analogues.**® Reverse dephosphorylation reactions are catalyzed

by 5’-nucleotidases [phosphatases] (not displayed here).
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2'-deoxyguanosine analogues

NDPK
\L ADA Creatine/3PG/pyruvate
5-NT/dGK GMPK kinase

DXG —_— DXG-MP —  DXG-DP —  DXG-TP

Adenosine

phosphotransferase
ABC — ABC-MP

NDPK
\L AMPDA Creatine/3PG/pyruvate
GMPK kinase

CBV-MP -3 CBV-DP —  CBV-TP

The rate limiting phosphorylation step of many NRTI including DXG, d4T and ddI is the

79, 80

first one. However, in the case of ZDV, the second phosphorylation step, catalyzed by

thymidyalte kinase is rate limiting.”***

The last phosphorylation step is usually non-specific and
non-rate limiting, since nucleoside diphosphate kinase (NDPK) has a high affinity for many
nucleotide diphosphates. However, creatine kinase and 3-phosphoglycerate (3PG) kinase can
also catalyze this reaction for NRTI-DP in the D- and L-enantiomeric ribose conformation,
respectively.®® Thus, in the case of 3TC, the last phosphorylation step can be limiting.
Following deamination of DAPD (see § 1.3.1.2, Figures 10 and 16), the conversion of
DXG to DXG-MP is mainly catalyzed by the high K, 5’-nucleotidase (5’-NT) and to a lesser
extent by 2’-deoxyguanosine kinase (dGK), followed by phosphorylation of DXG-MP to DXG-
DP by the sole enzyme, guanylate kinase (GMP). The third phosphorylation step may be
catalyzed by creatine kinase, NDPK and to a lesser extent by 3PG-kinase and pyruvate kinase.
DXG-TP levels in CEM cells were about 15 fmol/10° cells after a 24 hr incubation with DXG at
5 uM.*® DXG-TP demonstrates a ~ 9 hr decay half-life in primary lymphocytes derived from a
study in humans.”
1.3.2.5 Reverse transcriptase inhibition

The antiviral efficacy of NRTI-TP depends on competition with the corresponding

endogenous nucleotides for recognition, binding and incorporation by the HIV-1-RT.”
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Figure 17: Schematic representation of interaction between HIV-1 RT and the chain terminated

primer/template.’* >
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After incorporation by the HIV-1 RT, the NRTI-MP can have two different fates. It could
either cause a chain termination by incorporation of the next endogenous nucleotide followed by
the formation of a dead end complex (DEC), or it could be excised from the elongating DNA
strand (Figure 17). Once the NRTI has been incorporated to the template, the polymerase still
has the ability to translocate to the next position and incorporate the next incoming endogenous
dNTP. However, the polymerase will be unable to catalyze the phosphodiester bond synthesis
because the NRTI lacks its 3’-hydroxyl group on the sugar moiety, resulting in a DEC that has
been crystallized.”® When the conditions are not favorable to the DEC formation, excision
occurs, either through ATP or pyrophosphate (PPi). Not all the NRTI are efficiently excised;
ZDV is more prone to excision than others, resulting in resistant mutants.’’

Enzymatically, it is possible to evaluate the HIV-1 RT inhibition constant (K;) against a
DNA/RNA primer/template, using the following equation: K; = ICsonrritey/(1+
[ANTP]/Kmntp)); Where ICsonrrite) 1S the experimental measure for dNMP incorporation

inhibition, [dNTP] is the concentration of the natural endogenous dNTP, and K, antp) 1s the
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apparent binding constant for the natural INTP.”®
1.3.3 Drug combination and treatment limitations
1.3.3.1 Brief overview of the other classes of highly active antiretroviral
therapy (HAART) drugs approved
NNRTI also inhibits the HIV-1 RT, by binding to an allosteric site located at a short
distance from the catalytic site of the enzyme, where NRTI binds. To date, 4 NNRTI have been
approved by the FDA.* PI bind with a viral protease required for the cleavage of the gag and
gag-pol precursors to structural and functional proteins, resulting in inhibition of the maturation
of viral particle formation. There are currently 10 approved PI on the market. Other classes of
antiretroviral agents approved by the FDA include the CCRS5 binding antagonist, maroviroc and
the integrase strand transfer inhibitor, raltegravir.®®
1.3.3.2  Synergism of drug combinations
ZDV was initially used as monotherapy. However, its antiviral effect was enhanced when
used in combination with other antiretroviral agents.”'®" Drug combinations are usually
formulated in order to maximize antiviral efficacy or to reduce the dose. Ideally, constituents in a
drug regimen should produce antiviral efficacies, which are at least additive and preferably
synergistic; they should never be antagonistic. The antiviral activity of drugs in combination is
initially characterized in vitro. This analysis typically involves measurement of the 50% effective
concentration (ECsy) of the individual drugs or in combination using different ratios of the
individual drugs. An isobologram is generated from the dose response curve of the drugs and a
combination index is calculated. A combination index (CI) > 1 reflects antagonism, = 1

additivity and < 1 synergism.** '%*
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Previous results indicated antiviral synergy when DXG is combined with 3TC (CI = 0.8
at the ECsg) and with ZDV (CI = 0.6 at the ECso).62’ 103 The mechanism of NRTI synergism may
be explained by additionnal properties acquired by each individual drugs when used in
combination. The NRTI may be active against different drug resistant HIV-1 mutants, and the
use of drugs with complementary resistance profiles may decrease the rate of emergence of
resistant viral populations. One NRTI may enhance the formation of DEC by the other NRTL'**
"% In addition, one NRTI may increase the levels of active triphosphate of the other, via
metabolic interactions. This has been reported in the case of TDF in combination with (-)-FTC or
with ddI.'" '% Generally, NRTI with the same metabolic pathway such as ZDV with d4T or
3TC with (-)-FTC are not combined to avoid direct interaction.'”” '% This is particularly valid
for the first two phosphorylation steps. Since 3TC, ZDV and DXG do not use the same kinases
(Figure 17), it is not likely that DXG in combination with 3TC or ZDV would interact at the
phosphorylation level. Nonetheless, the incorporation of NRTI-TP by HIV-1 RT is influenced by

the competition with the corresponding endogenous dNTP **- 10% 110

and by the incorporation of
the following dNTP by HIV-1 RT.”* " "2 Thus, a decrease in the levels of the competing
endogenous dNTP could explain the synergism observed between nucleosides. This hypothesis
has been studied in this dissertation.
1.3.3.3 HIV NRITI resistance

Resistance to multiple NRTI has been associated with amino-acid substitutions at the
nucleoside-binding site of the enzyme of HIV-1 RT. When these mutations arise in the active site
of the enzyme, a change in the RT conformation occurs resulting in reduced effectiveness of

these inhibitors. There are two main mechanisms of NRTI resistance: drug discrimination and

drug excision.'"® Variations in the level of drug are associated with the selection of specific
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mutations. Clinically, drug adherence might be the main cause of drug resistance selection that
can lead to HAART failure. In this context, more than 50 RT mutations are associated with
1113

NRTI resistance, with the most common reported in Table 0

Table 01: Most common mutations in the RT gene associated with resistance to NRTI, residues

involved in drug discrimination are depicted in purple and drug excision in green."'* '
NRTI Mutations
ABC K65R, 74V, Y115F, M184V
ddI K65R, L74V
(-)-FTC K65R, M184V
3TC K65R, M184V
d4T M41L, K65R, D67N, K70R, L210W, T215Y/F, K219Q/E
TFV K65R, K70E
7DV M41L, D67N, K70R, L210W, T215Y/F, K219Q/E

The emergence of drug-resistant mutants has complicated the management of HIV
infected subjects, but the availability of a wide range of drugs in the treatment armamentarium
provides greater flexibility and the possibility of having a normal life span.

1.3.3.4 Resistance selection and therapy guidelines

The world health organization (WHO) and the United-States department of health and
human services (DHHS) have established guidelines that are used by the clinicians to identify the
appropriate treatment for the management of HIV infection. Initiation of treatment is
recommended when the patients’ CD4" T cell count is either less than 350 or less than 500
cell/uL. for WHO and DHHS, respectively. For initial treatment, the preferred regimen is two
NRTI in combination with a NNRTI or a PI. In the event of drug resistance, it is recommended
to switch for another agent within the same class. When viral failure is detected, a class
switching is recommended.

When defining a new NRTI backbone regimen, it is important for the two drugs to have

different or bidirectional resistance profile.
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In the case of DAPD, the resistance develops slowly in vitro, and is associated with
mutations at K65R or L74V.% " "7 Ap jn vitro selection study conducted in our laboratory in
HIV-infected primary human lymphocytes demonstrated that ZDV alone selected for a mixture
of K70K/R mutations at week 25, and DAPD alone selected for a mixture of K65R or L74V
mutations at week 20. When DAPD and ZDV were used in combination, no drug resistant
mutations were detected through week 28.''® Therefore, the inclusion of ZDV as a “resistant
repellent” in combination with DAPD may prevent or delay the emergence of these mutations.'"”
These results obtained in our laboratory were consistent with the current understanding that
thymidine analogue mutations (TAMs) and the K65R mutations antagonize each other through
reduced drug discrimination and excision process, respectively.”” ''* In addition, HIV drug
resistant mutants susceptible to DXG include viruses containing M184V/I (primary mutation to
evolve from majority of first line therapies) and the 69SS double insert.’> ' 2 This drug
resistance profile, suggests that DAPD/DXG could be administered in combination with ZDV as
second line therapy.®>*®

1.3.3.5 NRTI toxicity

The pharmacological measure of toxicity is the therapeutic index, and is defined as the
ratio between the cytotoxic concentration (CCs) to the median antiviral concentration (ECs)."!
Antiretroviral drugs were designed to target viral enzymes that are not present in mammalian
cells and generally have a high therapeutic index. Thus, an ideal NRTI would have a high
affinity for HIV-1 RT and a low affinity for mammalian polymerases.'*? The most recent drugs,
particularly 3TC, (-)-FTC and TDF showed a high therapeutic index.

The earlier antiretroviral drug regimens had high pill burden with twenty (or more) pills

per day. Fortunately, treatment has improved steadily with the advent of newer generation of
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drugs with longer half-lives resulting in increased dosing convenience, improved potency and
tolerability, and increased compliance to therapy. For instance, in July 2006 the all-in-one once a
day tablet Atripla® became available.” However, it is important to keep in mind that
combination therapy might also exhibit side effects. Some HAART combinations are associated
with rare but potentially fatal metabolic toxicities, such as lactic acidosis, hepatocellular failure
(ZDV, d4T, ddl), lipodystrophy (d4T), pancreatitis (ddI, d4T, or 3TC in children), peripheral
neuropathy (ddI, d4T, 3TC).'** ' Other rare side effects include diabetes mellitus (ddI) and
myopathy (ddI, ZDV)."** ZDV phosphates also cause bone marrow suppression leading to
anemia and granulocytopenia.'**'*” ABC and its metabolites in plasma have been associated
with hypersensitivity. This reaction was mediated by an innate immune defense and was
observed in approximately 5% of patients.””*"** ABC has also been associated with increased

. Cq. . 115
risks for myocardial infarction.

Most of these symptoms have been associated with mitochondrial (mt) toxicity.'*'"*?
Other toxicities could arise from the imbalances in endogenous natural nucleotide pools,

producing mutations in regulatory genes, inducing chromosomal aberrations, sister chromatid

exchange or shortened telomeres, in cultured cells. '*

1.4 Endogenous nucleotide pool

The endogenous nucleotides interfere with NRTI for phosphorylation and for

incorporation by the viral reverse transcriptase. Imbalances in the endogenous nucleotide pool

have been associated with both self-synergism of drugs and with DNA mutations. ' 3% %

However, the endogenous nucleotide pool tends to be regulated, maintaining homeostasis

136

thereby preventing metabolic disorders. > Thus it is important to assess the variations of the
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endogenous nucleotide pool in cells treated with NRTI. Mechanistically, it is possible that NRTI
could directly inhibit the expression of the metabolizing enzymes or perturb allosteric regulations

of enzymes responsible for regulating cellular ANTP pools.log’ 137

1.4.1 Endogenous nucleotide synthesis
1.4.1.1 De novo and salvage pathways

For purines, the de novo pathway consists of the synthesis of inosine monophosphate
(IMP) from amphibolic intermediates: 11 enzyme-catalyzed reactions convert o-D-ribose-5-
phosphate (RMP) to IMP, which plays a central role for the overall purine nucleotide synthesis
(Figure 18). For pyrimidines, six enzymes, multifunctional proteins, catalyze the de novo
synthesis. Uridine monophosphate (UMP) here plays a central role in this pathway (Figure 18).

Mammals have four deoxyribonucleoside kinases, the cytoplasmic thymidine kinase 1
(TK1) and 2’-deoxycytidine kinase (dCK) and the mitochondrial TK2 and 2’-deoxyguanosine
kinase (dGK), which control the salvage synthesis of degraded 2’-deoxyribonucleotides from 2’-
deoxyribonucleosides. Bases can also be recycled, adenine or hypoxanthine phosphoribosyl
tranferase (APRT or HPRT, respectively) catalyzes the transfert: purine (base) + phosphoribosyl
pyrophosphate (PRPP) — purine monophosphate + PPi."*® Salvage reactions require less energy

than the de novo synthesis.'*®
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Figure 18: (1) Pyrimidine and (2) purine nucleotide synthesis. Enzymes are depicted in blue and

. . . . 139
metabolites in black, kinases of the salvage pathway are underlined.
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1.4.1.2 Regulation of the nucleotide synthesis

Intracellular mechanisms regulate the pool size of nucleotide triphosphates, which

expand during growth or tissue regeneration when cells are rapidly dividing. Several sites of
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cross-regulation characterize purine and pyrimidine biosynthesis, notably the PRPP synthase is
regulated via feedback mechanism by both purine and pyrimidine nucleotides. AMP and GMP
feedback regulate their formation from IMP. Ribonucleoside reductase (RNR) catalyzes the
136

reduction of ribonucleoside diphosphates to deoxyribonucleoside diphosphates (Figure 19).

Figure 19: Ribonucleotide reductase regulation. Negative regulations are represented in purple and

positive regulations in green. *°
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Genetic deficiencies in purine and pyrimidines are responsible for at least 14 different
disorders with a broad spectrum of clinical manifestations. Disorders in lymphocytes affect the
immune system. The disorders linked to purine deficiencies are the most relevant since they can
cause significant morbidities in humans.'*°

1.4.2 Interactions between NRTI and endogenous nucleotide pool
1.4.2.1 Use of antimetabolites in combination with NRTI

The interaction between NRTI and other antimetabolites used in the clinic have been
studied both in vitro and in vivo. These include hydroxyurea (HU), a RNR inhibitor, thymidylate
synthase (TMPS) inhibitors, or IMP dehydrogenase (IMPDH) inhibitors such as ribavirin (RBV)
or mycophenolic acid. The inhibition of IMPDH results in an accumulation of IMP in the

140

cells. ™ The initial and rate limiting phosphorylation step of certain NRTI such as ddI and DXG

is catalyzed by 5°-NT. Since IMP is a phosphate donor in the formation of DXG-MP and ddI-MP
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and since RBV inhibits the conversion of IMP to XMP (Figure 18),'*"'** it would be expected
to result in an increased buildup of the respective NRTI-TP, thereby enhancing anti-HIV
potency.go’ 140, 143, 144 However, combination of RBV with ABC, PMPA (TFV), ZDV, d4T, 3TC

and (-)-FTC were antagonistic in MT-2 cells.'®

This antagonism could be explained by a direct
competition at the level of phosphorylating enzymes (Figure 16) between RBV and ABC
PMPA.'*® An increase in TTP and dCTP following RBV treatment might explain antagonistic
effect with ZDV, 3TC, (-)-FTC and d4T.'” It is possible that the NRTI might compete with
endogenous nucleosides for phosphorylation by the same kinases and also NRTI-TP with
endogenous dNTP for incorporation by the reverse transcriptase.

Although the combinations of NRTI with such antimetabolites have been interesting for
elucidating phosphorylation pathways and the interplay between endogenous cellular nucleotide,
this approach did not boost NRTI efficacy in humans, and was limited by side effects.'® %’

A similar approach was used to determine which endogenous nucleosides limit DXG
phosphorylation.

1.4.2.2 NRTI modify endogenous nucleotide pool size

Nucleoside analogues, by their resemblance to natural nucleosides might affect the
endogenous nucleotide pool. The most studied NRTI with respect to influencing natural
nucleotide pool was ZDV. Incubation of ZDV for 24 hr significantly decreased TTP and dGTP
levels while increasing dATP and dCTP levels in H9 cells’” '*® and in PBM cells."*® Depleted
TTP levels following ZDV exposure was also reported in the perfused rat heart, in U937 and raji
cell lines.””® '°! CEM cells incubated with super-clinical concentrations of ZDV (1,000 pM)

demonstrated reduced dATP, dGTP and TTP level and increased dCTP levels.!*? The effect of

ZDV on TTP levels was explained by crystal structure analysis of the TMPK, which
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demonstrated that ZDV-MP inhibited its own as well as TMP phosphorylation.””*' Other NRTI
studied including ddC, d4T, 3TC, ddI and ddG also decreased the formation of the corresponding
dNTP in PBM cells."* However other NRTI like, 3TC, (-)-FTC, PMPA, ABC and CBV did not
influence dNTP levels in CEM cells.'”* '3

As a consequence, dNTP pool variations may be of clinical relevance for drug
combinations. For instance, ZDV was synergistic with ddI, possibly through a decrease in the
dATP pool, resulting in an increase in the ddATP/dATP ratio, which could improve the
probability of ddATP incorporation by HIV-1 RT. ZDV did not increase ddATP levels
directly.'>* 15

Since the treatment with ZDV correlates with changes in dANTP pool levels in certain cell
lines, we have assessed this effect in primary human PBM cells and in combination with DXG.

1.4.3 Imbalances in the endogenous nucleotide pool can cause toxicity
1.4.3.1 Mitochondrial toxicity

A direct mtDNA and mtRNAs depletion can be caused directly by the NRTI phosphate or

by nucleos(t)ide pool imbalances.'*® For instance, a decrease in dGTP levels was associated with

157

a decrease in respiratory chain activity, = in ATP levels, and in pyrimidine synthesis and

phosphorylation.'*®
The mechanism of ZDV associated mt toxicity is still under investigation. Early studies

proved that ZDV-MP is responsible for mitochondrial toxicity.'*’

However, the mechanism by
which ZDV-MP would reach the mitochondria is yet to be elucidated, since mitochondrial TK2
has a poor affinity for ZDV '® and the mitochondrial transporters do not use dNMP forms as

161

substrates. ~ More recent studies associated mitochondrial toxicity with the decease in TTP

levels.”®! In addition, ZDV toxicity was reversed by uridine supplementation in hepathocytes and
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102164 However, the role of TTP in mitochondrial toxicity was not confirmed in

in mice.
adipocytes.'®
1.4.3.2  Genotoxicity, mutagenesis
Alterations of the equilibrium of natural nucleotide dNTP may have dramatic genetic
consequences for mammalian cells including the induction of mutations, the sensitization to
DNA damaging agents, and the production of gross chromosomal abnormalities. Even subtle
alteration in the dCTP/TTP balance causes mutation rates to increase.'> '*°
Depletion of TTP, decrease in dGTP levels and accumulation of dUTP levels produce
DNA breaks in particularly, during the S phase. Disturbed pool diminishes the effectiveness of
the 3’—5" proofreading endonuclease and increases incorporation of uracil into the DNA.'*
However, ZDV treatment results in an increase in the retroviral mutation rates by a mechanism,
which does not involve alterations in dNTP pools.”®
1.4.3.3 2’-deoxyguanosine lymphocyte toxicity
2’-Deoxyguanosine (dGuo) is a cytotoxic compound, which has demonstrated toxicity in
B and T cancer cells lines via the accumulation of dGTP, which induces apoptosis.'®” These
toxic effects are reversed by the addition of adenine or adenosine. Interestingly dGuo and Guo
exposure did not demonstrate cytotoxicity against activated PBM cells up to 500 pM for 24 hr.'®®
Since imbalances in the endogenous nucleotide pool, including guanine nucleotides may

be prognostic factors for toxicities, we developed an assay capable of measuring natural

nucleoside triphosphate levels in human primary cells.
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1.4.4 Endogenous nucleotide pool vary with cell type and activation
1.4.4.1 Cell type

T cells lines such as MT-2, MT-4, H9, CEM, jurkat, ATH8 are most commonly studied
for the in vitro evaluation of anti-HIV agents.”’ CEM cells are derived from a malignant human
lymphoblastic T cell lymphoma, which produces high levels of IL-2, which acts as an
autostimulating cytokine. CEM cells are more commonly used than primary human cells such as
peripheral blood mononuclear (PBM) cells and macrophages, since they divide uniformly and
produce a lower inter-assay variability. In addition, syncytia formation is easily visible in HIV-
infected CEM cells. Furthermore, cancer cells are immortalized and replicate indefinitely,
making them very cost efficient to obtain and maintain. However, they may produce results less
indicative of cells in vivo. Therefore, when possible our laboratory prefered using human PBM
cells, which comprise about 50% CD4" T cells and 23% CD8" T cells. About 15% of these cells
are activated and produce cytokines.'® In vitro, phytohemagglutinin (PHA) is used to induce T
cell mitosis. After 72 hr of PHA-stimulation T cells represent about 98% of the total PBM cells,
of which about 40% are dividing.'”* """

In human macrophages the endogenous dNTP synthesis relies almost exclusively on
salvage biosynthesis.””* '"* Thus, they contain ~200-fold lower dNTP levels than activated CD4"
T cells. Despite this limited cellular ANTP substrates environment, HIV-1 can replicate in
terminally differentiated macrophages. This ability is likely due to the enzymatic adaptation of
HIV-1 RT."’ Human dendritic cells and langerhans cells phosphorylated TFV more efficiently
and ZDV less efficiently than lymphocytes, CEM and PHA/IL-2 activated PBM cells.'”

Likewise, human macrophages phosphorylated ZDV less efficiently compared with

lymphocytes.'™
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1.4.4.2 Cell cycle
The cell cycle is comprised of two stages: M phase and interphase. M phase includes the
successive stages of mitosis and cytokinesis. Interphase is divided into G1, S and G2 phases,
with the S phase being equivalent to the period of DNA synthesis. The G1 phase, is a regulatory
period for continued division or cell cycle exit. The S phase is characterized by chromosome
duplication, and DNA synthesis, which requires ANTP (Figure 20).

Figure 20: Schematic representation of the cell cycle.
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T lymphocytes meet their ANTP demands via de novo and salvage pathways. The salvage
biosynthesis is increased in replicating T lymphocytes. Mitochondrial dGK, dCK, TK-2 and 5°-
NT are constitutively expressed during cell cycle while cytosolic dGK, dCK, TK-1 and 5’-NT
may have a favorable profile in proliferating cells and are considered rate-limiting enzymes.'” It

follows that ANTP levels are lower in resting than in replicating lymphocytes (Figure 21).
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Figure 21: A schematic illustration of the differences in deoxyribonucleosides in replicating and

resting cells.'”
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Differential NRTI phosphorylation is related to expression and efficiency of kinases,
intracellular dANTP concentrations and incubation times. The rate limiting steps in the
phosphorylation of d4T and ZDV are catalyzed by TK 1 and TMPK (Figure 16), respectively.
Both enzymes are upregulated in the “S” phase of the cell cycle (Figure 20).” % % 177
Therefore, the respective triphosphates are also elevated in dividing cells. Conversely for some
purines and cytidine analogues NRTI-TP levels are similar in activated and resting cells.
However, the ratio NRTI-TP/dNTP is greater in resting than in activated cells.'®

The assay methodology used for this project has sensitivity to measure NRTI-TP and
dNTP in lymphocytes and macrophages. This tool could prove valuable for the mechanistic
interpretation of differences in NRTI potency between PBM cells and macrophages, which act as

an important reservoir of HIV-1 in the body.
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1.5 Detection and quantification of natural and synthetic nucleos(t)ides

Mass spectrometry (MS) is currently the instrument of choice for the identification and
quantification of drugs with increased accuracy and sensitivity in pharmaceutical research
laboratories, academia and industry. A mass spectrometer analyzes ionized molecules according
to their mass to charge (m/z) ratio. The impact of the ions on an electron multiplier generates a
current, which is translated into a mass spectrum. Combination of liquid chromatography (LC)
with mass spectrometry enhances the sensitivity of detection particularly for applications in
complex biological matrix. Nucleosides and nucleotides are small polar molecules present in low
quantities in intracellular system and are therefore suitable for LC-ESI(Electrospray
ionization)/MS detection.

1.5.1 Chemical properties of nucleosides and nucleotides

Nucleobases are weak bases as demonstrated by the pK, of their protonated forms. The
order for basicity is C (cytosine) > A (adenine) > G (guanine), with T (thymine) and U (uracil)
exerting no basic functions in aqueous media. The pK, of the nucleobases decrease with the
addition of a deoxyribose and even more with the addition of a ribose due to the inductive effect
of the sugar unit. The pK, of nucleosides increases with the addition of phosphates, which form
nucleotides, due to the electrostatic interactions between the protonated base and the negatively
charged phosphate group. The possible protonation site is the nitrogen for A, C, and G. T and U

exhibit a significantly lower proton affinity.'™

Most importantly, nucleosides and nucleotides
can be solubilized in a mixture of aqueous and organic solvents: properties, which can be

exploited for optimizing liquid chromatography and mass spectrometry analysis.
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1.5.2 Electrospray ionization tandem mass spectrometry
1.5.2.1 Ion source: How to convert a liquid stream into volatile ions?

The introduction of the sample to the mass spectrometer and the generation of ions were
greatly improved 40 years ago when Dole ef al. developed the electrospray ionization (ESI) at
atmospheric pressure. ESI is a soft ionization process used to generate gaseous ionized species
from liquid solutions, via the production of a fine liquid spray in the presence of a strong
electrical field.'”

The sample solution is sprayed from an electrospray needle to which a high voltage is
applied (~2,500 to 4,500 V depending on the nature of the molecules and the solution).
Individual droplets containing an excess of charge (positive or negative depending on the
direction of the potential gradient) are released from the liquid jet extending from the tip of the

180
Taylor cone.

The thermal energy of the ambient gas leads to solvent evaporation, which
reduces the size of the droplets and increases the repulsion between the charges at the surface.
When the repulsion overcomes the cohesive force of the surface tension, the Rayleigh limit is
reached and coulomb fission occurs. This explosion produces a dispersion of smaller droplets,
which continue to evaporate. Small charged droplets are capable of producing gas-phase ions
(Figure 22).

Two theories have been formulated to explain the mechanism by which solute ions are
formed from charged droplets namely, a Charge Residue Model (CRM)'” and the Ion
Evaporation Method (IEM)."®! In the CRM the process of coulomb explosion continues until the
formation of an ion containing a single analyte molecule. The molecule retains some of its

droplet’s charge to become a free ion as the last fraction of solvent vaporizes.'”’ The IEM

assumes that before a droplet reaches the ultimate stage, which would be a diameter of less than
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10 nM, its surface electric field becomes sufficiently large to directly emit an analyte ion at the
surface of the droplet over the energy barrier that prevents its escape.'® The IEM would apply to
small inorganic ions while the CRM to macromolecules.'®* The ions formed are electrostatically

attracted to the orifice inlet of the mass spectrometer. Positive ions are formed via protonation or

. . . . . . .. . 183
cation attachment and negative ions by deprotonation, cation dissociation or anion attachment.

Figure 22: Illustration of major processes in the atmospheric pressure region of an ESI ion source

run in the positive ion mode.
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Technically, after entering ion source interface, the ion transfer tube assists in desolvating
ions, which are drawn from the atmospheric pressure region and transported to the vacuum
manifold by a decreasing pressure gradient.

Understanding the principles of ion generation in the liquid phase and its conversion to
the gas phase in the electrospray probe may be used to guide the mass spectrometer user
regarding the choice of liquid phase introduced in the source. Since the intended result is the
production of a gaseous ion phase, it is usually preferable to select a volatile solvent, and to

avoid high concentrations of salts.
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1.5.2.2 Mass analyzers: How to find a “needle in a haystack”?

Prior to the development of mass spectrometers, the most sensitive and specific
techniques for studying small molecules in biological matrices relied on radiolabled molecules
and/or the development of radioimmunoassays.'** However the emergence of mass spectrometry
and more precisely tandem mass spectrometry offered a broader range of applications.

The mass analyzer separates ions according to their mass-to-charge ratio (m/z) and then
passes them to the ion detection system. Several types of mass analyzers are commercialized,
and each of them has a specific application. For instance, time of flight mass spectrometers are
useful to calculate the exact mass of the compounds; linear traps are favored for multiple
fragmentations and will help identify the structure of the compounds of interest. Hybrid mass
spectrometers combining two different kind of mass spectrometer improve the global mass
accuracy and resolution useful for the identification of unknown metabolites or
macromolecules.'®

Specificity of analysis is one of the major attributes of a tandem mass spectrometer
instrument comprising of three quadrupoles, of which two precede and follow a collision cell,
(two mass spectrometers in series, MS/MS). Ions entering the first quadrupole (Q1) will be
analyzed according to their m/z and passed on to the collision cell (Q2) where they will be
fragmented using ultra pure argon. The fragments are then analyzed by the third quadrupole (Q3)

before reaching the detector (Figure 23).
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Figure 23: Representation of the quadrupoles inside the TSQ quantum ultra. Adapted from the

TSQ hardware manual.'®
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The analyzer can be used in several ways. In full scan mode, the MS screens all the m/z
within the range desired. When activating the “data dependant scan mode”, it is possible to
perform selective fragmentation of the most intense ions. The single ion monitoring (SIM) mode
consists of selecting only some ions of interest (parent m/z) while the selected reaction
monitoring (SRM) mode consists of selecting both parent and product m/z. The SRM mode
provides the most specificity (Figure 24).

Figure 24: Illustration of the MS/MS scan mode."®
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The detection parameters of the analyte of interest, m/z (Q1l and Q3), collision energy
(Q2), tube lens voltage (QO), capillary temperature or spray voltage (ESI source), can by
optimized using a direct infusion method.

Tandem mass spectrometry can produce sensitivity in the picogram range with high
specificity and nearly instantaneous response, making ESI-MS/MS a state of the art technology
for pharmaceutical and clinical applications. Therefore, this methodology was chosen for the
detection of nucleosides and nucleotides in cells and plasma.

1.5.3 High Pressure Liquid Chromatography (HPLC)

Chromatography is based on a basic principle of exchange of an analyte between a

mobile and a stationary phase (Figure 25).

Figure 25: Representation of the interactions governing liquid chromatography.

Stationary Mobile
phase phase

Mikhail Tvest designed the first liquid adsorption column, using calcium carbonate as
adsorbent and petrol ether/ethanol mixtures as eluent to separate chlorophylls and carotenoids.
This technique gave its name to the chromatography.'®’

The first step in the optimization consists of choosing an optimal HPLC column, which
fits the chemical properties of the analyte based on its molecular size, polarity, and electrical
charge. The separations based on polarity are classified according to the nature of the mobile and
stationary phase. In normal phase chromatography, the stationary phase is polar and the mobile

phase non-polar. It is the opposite in reverse phase chromatography. Hydrophilic interaction
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chromatography (HILIC) and hydrophobic interaction chromatography (HIC) are also based on
the analyte polarity and are the innovative versions of normal and reverse phase chromatography,
respectively. The separations based on charge are named ion exchange chromatography (IEC).
The separations based on size are divided into two categories, namely size-exclusion
chromatography (SEC) or gel permeation chromatography (GPC).'*®

The HPLC method optimization also depends on the number of compounds to be
analyzed, the amount of sample available and how much do the compounds of interest differ
from the biological matrix.

1.5.3.1 Reverse phase chromatography

Reverse phase HPLC is currently the most commonly used separation method for
pharmaceutical research. A great variety of columns are available, which are packed with porous
silica beads with silanols on their surface and are covalently bonded to alkyl chains. The number
of carbons on the alkyl chains varies from 4 to 18 and is selected based on the polarity of the
molecules analyzed; increasing the number of carbon atom on the chain reduces the polarity of
the stationary phase.

Non-polar compounds will be strongly retained due to their affinity for the stationary
phase, while polar compounds will be eluted faster in the aqueous mobile phase. In order to
accelerate the elution of non-polar compounds, a gradient can be applied using increasing
proportions of organic solvent (typically methanol or acetonitrile) so that the analytes will be
washed more rapidly from the stationary phase.

1.5.3.2 lon-exchange chromatography
In anion exchange chromatography, the stationary phase is positively charged and retains

anions. The opposite principles are applied for cation exchange chromatography. The stationary
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phase is characterized by the nature and the strength of the basic or acidic function at their
surface. Weak ion exchangers are chemically modified with primary, secondary, or ternary
amines or carboxylic functions which may be neutralized above pH 12 or below pH 3, where
they lose their ability to retain ions by charge. However, when used between the appropriate pH
range, they retain strong ions. Strong ion exchangers exhibit quaternary amines or sulfonic acids
functions, which are always ionized and will retain weak ions.'*®

Theoretically, ion-exchange chromatography may be defined as the relative affinity of
sample ions for the sites of opposite charge in the stationary phase. This can be achieved either
through electrostatic attraction of highly charged ion or through hydrophobic attraction and
hydrogen bonding.'*

Another form of ion exchange is known as ion-pair chromatography. Unlike ion-
exchange columns, which contain specific charges on their surface, ion-pair chromatography
relies on a reverse phase column with the addition of an ion-pair reagent in the mobile phase. A
typical ion-pair reagent is tetraalkylammonium salt in combination with an inorganic co-ion.'®
Two theories explain the mechanism of ion-pair chromatography: a stoichiometric and a non-
stoichiometric. The stoichiometric theory is based on equilibria between ionic modifier and
analytes. The partition mechanism between the mobile phase and the stationary phase can be
described by a general equation: C* (mobile) + A~ (mobile) <> C' A" (stationary), where C"
represents a cation and 4™ represent an anion. The non-stoichiometric theory models the ionic
solute as under the influence of all other ions in the system and presumes the existence of an

electrical double layer (Figure 26). '°
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Figure 26: The model of electrical double layer applied to ion-pair chromatography.'”’
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The stoichiometric theory includes the ion-pair model in which ion-pairs are formed
either in the stationary or the mobile phase, which will increase or decrease their retention,
respectively. To complete this ion-pair model, the dynamic ion exchange has been described
where either the solute and the modifier or the ion-pair formed in the mobile phase are absorbed
on the stationary phase. However, Bildingmeyer et al. found no evidence for ion-pair formation

in the mobile phase.'”

The interaction between the solute and the ion-pair reagent would
therefore be restricted at the stationary phase. The last assumption led to a non-stoichiometric
explanation, in which the modifier establishes an electrical potential distribution in space and the
sample ions respond to that potential (Figure 26).'"
1.5.4 Quantification of nucleosides and nucleotides by LC-MS/MS

Coupling liquid chromatography with tandem mass spectrometry increases the specificity
by adding separation in time to separation based on m/z. In addition, the liquid chromatography
acts as a concentrating and purifying step. However, the use of ESI/MS as a detection method
limits the use of HPLC mobile phase to volatile solvent and not non-volatile or concentrated

salts. This is easily manageable in the case of nucleoside analysis, but may be difficult for

phosphorylated metabolites, which are negatively charged, and hydrophilic. As mentioned in
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section 1.5.1, nucleotides are polar, basic compounds, which often require the use of ion-pair
reagent, to exhibit retention on a lipophilic reverse phase column. Therefore, it was necessary to
select a volatile ion-pair reagent and optimize the concentration of ammonium salt, the inorganic
co-ion, to levels that do not adversely affect the ionization by electrospray.'”* The method also
made use of a microbore column (100 mm x 1 mm) to reduce the flow rate and the amount of

ion-pair reagent introduced in the ion source to satisfactory levels.
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2 Objectives

The focus of this work was to develop a LC-MS/MS method for studying the metabolism
of FDA approved and novel NRTI including DXG and its prodrug DAPD in primary human
cells in culture and in humans. LC-MS/MS is the preferred instrument for these measurements,
due to its sensitivity and its selectivity. Although analytical methods exist for quantifying
nucleosides and nucleotides in biological samples, it should be optimized to specific NRTI and
NRTI-TP measurement, to achieve the nanomolar limit of quantification needed for clinical
studies. Thus, a method was developed and partially validated for quantifying simultaneously the
phosphorylated metabolites of FDA approved NRTI as well as DXG and endogenous dNTP in
human PBM cells (primary target for HIV-1) and macrophages (one of the potential viral
reservoir). These assays could provide additional information to understanding the failure of
current therapies to eradicate the virus. This novel assay will be used to evaluate potential
compounds that have demonstrated antiviral activity with no cytotoxic effect in vitro as part of
our drug discovery program to quantify the amount of triphosphate delivered to the various cells
and potentially correlate to predicting clinical outcome. One major application was the study of
DXG phosphorylation in human PBM cells alone and in combination with other antiviral agents.
Finally, a proof-of-concept study for the use of DAPD and reduced dose of ZDV was conducted
in HIV-1 infected individals. Therefore, another method was developed and validated for the
simultaneous quantification of DAPD, DXG and ZDV simultaneously in plasma, and scaled up

to analyze over 600 patient samples.

53



3 Material and methods

3.1 Chemicals and Reagents

Reference standards for amdoxovir (DAPD) and 9-B-D-(1,3-dioxolan-4-yl)guanine
(DXG) were obtained from RFS Pharma, LLC (Tucker, GA). ZDV was obtained from
Samchully Pharmaceuticals Co. Ltd. (Seoul, Korea). 2,6-diaminopurine-2’-deoxyriboside (DPD)
and 2’-deoxyadenosine (2’-dA) were purchased from Sigma (St Louis, MO, USA) and 2’-
deoxycoformycin (DCF), a potent adenosine deaminase inhibitor, from Waterstone Technology
LLC (Carmel, IN). Abacavir (ABC), carbovir (CBV), emtricitabine [(-)-FTC], tenofovir
disoproxil fumarate (TDF), tenofovir (TFV, PMPA), lamivudine (3TC) and ribavirin (RBV)
were available in the laboratory. The corresponding nucleotides of each of these drugs were
synthetized in our laboratory. 2’-deoxyguanosine (dGuo), guanosine (Guo), guanine (Gua),
cytidine (Cyd), 2’-deoxycytidine (dCyd), adenosine (Ado) and isotopically labeled nucleotides,
[PC"N]dATP, [“C'"N]dGTP, [“C'N]dCTP, [“C"NITTP, [“C"N]JATP, [“C'’N]GTP,
["CPN]ICTP, and [PC"NJUTP were purchased from Sigma Aldrich (St. Louis, MO).
Nucleosides and nucleotides were at least 98% pure. Interleukin-2 (IL-2) was purchased from
Sigma Aldrich (St. Louis, MO), phytohemagglutinin (PHA) at J-Oils Mills, Inc. (Tokyo, Japan),
phosphate-buffered saline (PBS 10X), L-glutamine and penicillin/streptomycin from
Cellgro/Mediatech, Inc. (Manassas, VA), fetal bovine serum (FBS) from Atlanta Biologicals
(Lawrenceville, GA) and RPMI-1640 from Hyclone (Logan, UT). Solutions of saline (0.9%
NaCl) were obtained directly from the VA hospital pharmacy (Decatur, GA).

Ammonium phosphate [(NH4);PO4] and N,N-dimethylhexylamine (N,N-DMHA) were
purchased from Sigma Aldrich, (St. Louis, MO). Hexylamine (HA) and ammonium formate

(NH4COOH) were purchased from Acros Organics (Morris Plains, NJ). HPLC-grade methanol,
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acetonitrile, ammonium hydroxide (NH4OH), and ammonium acetate (NH4CH3;COOH) were
obtained from Fisher Scientific International, Inc. (Pittsburgh, PA). Ultrapure water was
generated from Elga Ultrapurelab equipped with U.S. filters. Formic acid (HCOOH) and
ammonium hydrogen carbonate (NH4HCO3) were purchased from Fluka (St. Louis, MO) and
high-pressure nitrogen and ultrahigh-purity-high-pressure argon from Nexair, LLC (Suwannee,
GA).

3.2 Isolation, differentiation and culture of cells

3.2.1 PBM cells isolation and stimulation
Human PBM cells were isolated from buffy coats derived from from healthy HIV-1
negative, HBV/HCV negative donors (Life South Community Blood Center, Gainesville, FL) by
Ficoll-Hypaque (Histopaque 1077: Sigma Aldrich, St. Louis, MO) discontinuous gradient
centrifugation at 1,000g for 30 min, washed twice with 1X PBS (pH 7.2), and pelleted at 300g
for 10 min.'” Four to eight donors were pooled every time. Unactivated PBM cells were
maintained in PHA-free RPMI media supplemented with 20% fetal calf serum, 1%
penicillin/streptomyocin and 2% L-glutamine for 72 hr prior to cellular pharmacology studies.
Activated PBM cells were maintained analogously except supplemented with 6 ug/mL PHA.
3.2.2 Differentiation of PBM cells in macrophages
Monocytes were isolated from buffy coats (see § 3.2.1). Isolated cells were enriched
CD14" monocytes using a Rosette Sep antibody cocktail (Stem Cell Technologies, Vancouver,
British Columbia). Cells were seeded at a concentration of 10° cells/well for 1 hr at 37°C, 5%
CO, to confer plastic adherence prior to repeated washes with 1X PBS. For cellular
pharmacology studies, the activated macrophages were maintained in 100 U/mL m-CSF

containing medium (R&D Systems, Minneapolis, MN) supplemented with 20% fetal calf serum
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(Atlanta Biologicals, Lawrenceville, GA), 1% penicillin/streptomyocin (Invitrogen, Carlsbad,
CA) for 7 days (37°C, 5% COy) prior to cellular pharmacology studies. For resting macrophages,
cells were maintained in m-CSF-containing medium for 18 hr prior to two washes with 1X PBS
to remove m-CSF, and subsequent culture in m-CSF free medium supplemented with 20% fetal
calf serum and 1% penicillin/streptomyocin for 6 more days prior to cellular pharmacology
studies. For all conditions, macrophages were stained with CD11b-APC (Miltenyi Biotec,

Auburn, CA) and subjected to fluorescence activated cell sorting to determine purity of > 99%.

3.3 Cellular pharmacology studies

For all cellular pharmacology studies, DXG was used instead of DAPD to bypass the first
step deamination. Although adenosine deaminase is a ubiquitous enzyme, DAPD deamination
primarily takes place during the first liver pass and in the circulation, but would not occur as
efficiently in media.

3.3.1 Studies in PBM cells and in macrophages

After preparation of cells as described above, activated and unactivated macrophages and
PBM cells were exposed to 10 uM of ZDV, ABC, (-)-FTC, TDF, 3TC or DXG for 4 hr, 37°C,
5% COs.

3.3.2 DXG phosphorylation studies in human PBM cells

Activated human PBM cells were treated with 10 uM DXG (diluted in DMSO) for 4 hr
and 24 hr either alone or in combination with 10 or 100 uM of dGuo, Guo, Gua or Gua + Ado.
RBYV was used as a positive control at 30 uM. Experiments were performed on three different
occasions in triplicate or duplicate i.e., 8 and 7 individual data points were analyzed per

condition, at 4 hr and 24 hr, respectively.
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3.3.3 DXG/ZDV combinations
To understand the kinetics of the combination of DXG and ZDV, activated PBM cells
were incubated for up to 72 hr with 10 uM DXG, 10 uM ZDV, 10 uM DXG + 10 uM ZDV or
with DMSO for control. This experiment was conducted in triplicate and the cells were harvested
at the following time points: 0, 2, 4, 8, 12, 24, 48 and 72 hr. In addition, the time points from 2 to
24 hr were repeated in four independent experiments. To study the effect of ZDV on DXG
phosphorylation in unactivated PBM cells, both activated and unactivated cells were treated with
10 uM of DXG alone or in the presence of ZDV at 1, 10, 30 and 100 uM for 4 hr and 24 hr. This
experiment was performed in triplicate.
3.3.4 DXG/3TC and DXG/(-)-FTC combinations
Activated human PBM cells were exposed to DXG 10 pM alone or with increasing
concentrations of 3TC or (-)-FTC at 1, 10, 30 and 100 uM, for 4 hr. Additionally, PBM cells
were exposed to 3TC or (-)-FTC at 10 pM alone or with increasing concentrations of DXG at 1,
10, 30 and 100 uM for 4 hr. These experiments were performed in triplicate. In order to
antagonize DXG, 3TC and (-)-FTC phosphorylation, Guo or dCyd at 10 and 100 uM were
incubated along with DXG, 3TC and (-)-FTC at 10 uM.
3.3.5 DXG decay
DXG was incubated at 10 uM in activated PBM cells for 4 hr. The media was removed
and the cells were washed twice using a solution of ice cold 1X PBS. The cells were then
incubated in a drug-free media for 48 hr and harvested at 30 min, 1, 2, 3, 4, 6, 8, 10, 12, 24 and
48 hr. The dephosphorylation rate of DXG-TP in PBM cells was calculated from the natural
logarithm decay of the concentrations found in cells. For all experiments the viability of the cells

was greater than 95%.
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3.4 Collection of samples for clinical trial

As part of this project, clinical plasma samples were analyzed as described below from a
Phase Ila study evaluating the antiviral activity, tolerability and pharmacokinetics of DAPD
alone or in combination with two doses of ZDV. The protocol was approved by the following
ethics committees in Argentina: Facultad de Medicina- Universidad de Buenos Aires, Comité
Independiente de Etica en Investigacion (CIEI10 FM-UBA) and the Administracion Nacional de
Medicamentos, Alimentos y Tecnologia Médica (ANMAT), and written informed consent was
obtained from all subjects. Subjects were randomized to DAPD 500 mg bid, DAPD 500 mg plus
ZDV 200 or 300 mg twice daily from days 1 to 9, and received one dose on day 10. In each arm,
subjects were randomized 3:1 to DAPD or placebo. Hispanic HIV-infected volunteers (12 m, 12
f) not receiving antiretroviral therapy, plasma HIV-1 RNA (viral load, VL) 4.5 log;o copies/mL
(3.6 — 6.0) and CD4" cell count 417 cells/mm’ (201-1071) at baseline were enrolled. The mean
age was 34 years (21 to 52 years) and mean body weight was 68 kg (50.1 to 92.6 kg). All 24
randomized subjects who were dosed completed the study and were included in the PK analysis.
Blood samples were drawn after the first dose on day 1 at 0, 0.5, 1, 2,4, 6, 8, 10 and 12 hr and on
day 10 at 0, 0.5, 1, 2,4, 6, 8, 10, 12, 24 and 48 hr, following the last dose, pre-dose on day 5 and
collected in DCF containing EDTA tubes to prevent deamination of DAPD after sample
collection. Blood samples were centrifuged and stored at -80°C before being assayed using a LC-
MS/MS method. Safety was evaluated by proportion of > Grade 3 adverse events per treatment,
using AIDS Clinical Trials Group (ACTG) toxicity grading scale and antiviral activity [changes

in plasma HIV-1 RNA log, (viral loads)], were determined daily.*> '
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3.5 Preparation of clinical samples

3.5.1 Intracellular extraction

After incubation, extracellular media was removed and cells were washed with 10 mL
ice-cold NaCl 0.9% to remove any residual medium. Cells were resuspended in 70% methanol
overnight, and extracts were centrifuged at 20,000g for 10 min. Supernatant was subsequently
dried, and resulting samples were reconstituted in the corresponding HPLC mobile phase A for
LC-MS/MS analysis. 3TC, 3TC-MP and 3TC-TP were used as internal standards for all
experiments and for method development and validation. However, for the measurement of 3TC-
TP, ddA-TP was used as internal standard. A total of 10 uL/10° cells of internal standard (IS)
were added to the suspension in order to obtain a final IS concentration of 100 nM upon sample
reconstitution.

3.5.2 Plasma extraction

Human blood from healthy subjects was obtained from the American Red Cross (Atlanta,
USA) and used as control human plasma. Eppendorf centrifuge model 5417C (Eppendorf North
America, NY, USA) was used for plasma preparation. DAPD and DXG were extracted from
human plasma using a methanol-based protein precipitation procedure, followed by LC-MS/MS
analysis. Prior to analysis, calibration standards, quality controls (QC) and clinical samples
(collected at Aclires-Argentina SRL, Buenos Aires, Argentina), were thawed and allowed to
equilibrate at room temperature. One hundred pL of plasma (calibration, QC and subject
samples) were transferred to a 1.5 mL polypropylene snap-cap tubes and spiked with 400 pL of
methanol-based solution containing internal standard (DPD, 250 ng mL™). The microcentrifuge
vials were capped and vortex mixed for 1-2 sec. The samples were allowed to sit for 15 min

before being mixed under vortex at high speed for 30 sec to inactivate any HIV present in the
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samples. The vials were centrifuged at 14,000g for 5 min followed by the removal of 200 pL of
the supernatant to two microcentrifuge tubes, which was evaporated to dryness under a stream of
air. The residue was reconstituted in 125 pL. of 2 mM ammonium formate, pH 4.8 and 0.04 mM
2’-dA and briefly centrifuged at high speed. The supernatant was transferred to a Costar Spin-X
microcentrifuge tube filter (Corning Costar, Lowel, MA) and centrifuged at 14,000g for 5 min.
Fifty pL of the filtrate were transferred to 1.5 mL vials containing an insert of 200 pL, and 5 pL

were injected directly into the chromatographic system.

3.6 LC-MS/MS

3.6.1 Ultimate 3000 and TSQ Quantum Ultra
The HPLC system was a Dionex Packing Ultimate 3000 modular LC system comprising
of a ternary pump, vacuum degasser, thermostated autosampler, and thermostated column
compartment (Dionex, CA). A TSQ Quantum Ultra triple quadrupole mass spectrometer
(Thermo Scientific, Waltham, MA, USA.) was used for detection. Thermo Xcalibur software
version 1.3/2.0 was used to operate HPLC, the mass spectrometer and to perform data analyses.
3.6.2 LC-MS/MS for nucleotides
3.6.2.1 Calibration Curve Preparation and LC-MS/MS Analysis
Calibration standards covering the range of 0.5-1,000 nM were prepared by adding
appropriate volumes of serially diluted stock solutions to a nontreated cell pellet. Six calibration
concentrations (0.5, 1, 5, 10, 50, and 100 nM) and three quality control standards (1, 10, and 100
nM) were used to define the calibration curve and for partial assay validation, respectively for
DXG, DXG-MP, DXG-TP, TFV, TFV-DP, (-)-FTC-TP, and CBV-TP. Six calibration

concentrations (5, 10, 50, 100, 500, and 1,000 nM) and three quality control standards (10, 100,

60



and 1,000 nM) were used to define the calibration curve and for partial assay validation,
respectively, for ZDV-MP, ZDV-TP, [“C'’N]dATP, [“C"N]dGTP, [“C"N]dCTP, and
[*C'*N]TTP. Calibration curves were calculated using the ratio of the analyte area to the internal
standard area by linear regression using a weighting factor of 1/x. The samples were centrifuged
for 10 min at 20,000g to remove cellular debris, and the supernatant was evaporated until dry
under a stream of air. Prior to analysis, each sample was reconstituted in 100 puL/10° cells of
mobile phase A and centrifuged at 20,000g to remove insoluble particulates.
3.6.2.2 Chromatography Columns

Three columns were evaluated: PFP (pentafluorophenyl) propyl, 50 mm x 1 mm, 3 pm
particle size, (Restek, Bellefonte, PA); Hypersil GOLD-AQ (aqueous), 100 mm x 1 mm, 3 um
particle size; and Hypersil GOLD-C18, 100 mm x 1 mm, 3 pum particle size (Thermo Scientific,
Waltham, MA).

3.6.2.3 lon-pair method development using Hypersil GOLD-CI18 column

Ammonium phosphate buffer (1 and 2 mM) and ammonium hydrogen carbonate (10 and
20 mM) were assayed by preparation of four separate buffers containing 3 mM HA. The pH 7, 8,
9.2 and 10 were tested using four separate buffers containing 10 mM ammonium hydrogen
carbonate and 3 mM HA. To obtain pH 7 and 8, and pH 10, the buffer was adjusted with formic
acid and ammonium hydroxide, respectively. No adjustments were required to obtain pH 9.2.
Finally, the HA concentration at 0, 3, 6, 9 and 12 mM was optimized using a buffer consisting of
1 mM ammonium phosphate. Standard calibration solutions prepared at 50 nM were used. The
factors that were considered to discriminate the general quality of the chromatography for all
analogues were the tailing factor (7f = Aso+Bs0/2A 505, where A and B are the left and the right

peak width at 5% of height, respectively), the peak capacity (k’=#-t,/%,, where ¢. is the retention
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time of the compound of interest and ¢, is the retention time of an unretained compound), the
effective plate number [Ne = 5.54(t,-t,/w ), where w,,, is the peak width at half height] and the
peak area.

3.6.2.4 Optimized ion-pair method used for partial validation.

A linear gradient separation was performed on a Hypersil GOLD-C18 column (Thermo
Scientific, Waltham, MA). The mobile phases A and B consisted of 2 mM ammonium phosphate
buffer containing 3 mM HA and acetonitrile, respectively. The flow rate was maintained at 50
uL min” and a 45 pL injection volume was applied. The autosampler was maintained at 4°C,
and the column at 30°C. The gradient used for separation started with 9% acetonitrile and
reached 60% in 15 min. The return to initial conditions was achieved without the ramp and the
equilibration time was 14 min.

3.6.2.5 Mass spectrometry conditions.

The mass spectrometer was operated in positive or negative ionization mode with a spray
voltage of 3.0 kV and 4.5 kV, respectively and at a capillary temperature of 390°C; sheath gas
was maintained at 60 (arbitrary units), ion sweep gas at 0.3 (arbitrary units), auxiliary gas at 5
(arbitrary units). The collision cell pressure was maintained at 1.5 mTorr with 0.01 sec scan
time, 0.1 scan width (Am/z) and 0.7 full width half mass (FWHM) resolution (unit resolution) for
both quadrupoles (Q1 and Q3) at all transitions. The intensity of selected product ion in the
MS/MS spectrum of each compound was optimized using direct infusion of the analytes in the
corresponding mobile phase at a concentration of 100 uM, which was loaded separately into the
instrument using a syringe pump at 5 pL min". These selected reaction-monitoring (SRM)
transitions were further optimized for each compound at the exact proportion of mobile

phase/acetonitrile in source using LC-MS/MS injections. The following scan parameters were
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utilized: precursor ion m/z, product ion m/z, collision energy, tube lens offset and ionization

mode (Table 02).

Table 02. Parent compounds m/z, product compounds m/z, collision energy (V) and tube lens (V)

values for all nucleosides, nucleotides, NRTI and NRTI-TP.

Parent Product Collision Tube Ionization Retention time

m/z m/z Energy (V) Lens (V) mode (min)
3TC 230 112 15 70 + 34
3TC-MP 310 112 27 70 + 4.1
3TC-TP 470 112 27 90 + 8.4
DXG 254 152 15 70 + 3.1
DXG-MP 334 152 26 90 + 4.1
DXG-TP 494 152 30 130 + 8.1
TFV 288 176 20 70 + 4.0
TFV-DP 448 270 27 130 + 9.0
ZDV-MP 348 81 35 90 + 4.5
ZDV-TP 506 380 18 90 - 12.2
(-)-FTC-TP 488 130 30 130 + 9.1
CBV-TP 488 152 35 130 + 10.2
dATP 492 136 20 116 + 9.0
dGTP 508 152 30 110 + 6.8
dCTP 468 112 30 90 + 6.2
TTP 483 81 20 90 + 5.5
[PC""N]dATP 507 146 20 116 + 9.0
[PC""N]dGTP 523 162 30 110 + 6.8
[PC’N]dCTP 480 119 30 90 + 6.2
[PCN]TTP 495 134 20 90 + 5.5

All nucleosides and nucleotides were analyzed in positive mode from 2 to 11 min, except
for ZDV-TP, which was analyzed between 11 and 13 min in negative mode. The
chromatography method developed had optimal separation between the last two eluted
nucleotides, namely CBV-TP, and ZDV-TP to enable a switch in polarity (from positive to
negative) at 11 min. Before 2 min and after 13 min, the effluent from the column was diverted to
waste and a cleaning solution was sprayed on the ion source to avoid loss of signal. Multiple
cleaning solutions were assessed with different percentages of acetonitrile (20%, 25% and 50%)

and with different percentages of formic acid (0%, 0.1% and 0.4%). The combination of
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acetonitrile/water: 80/20 (v/v) without formic acid demonstrated the greatest sensitivity over
time.
3.6.2.6 Partial method validation.

Interday reproducibility was assessed by four injections each at low, medium and high
concentrations at 1, 10 and 100 nM of DXG, DXG-MP, DXG-TP, (-)-FTC-TP, TFV, TFV-DP,
CBV-TP and 10, 100 and 1,000 nM of ZDV-MP, ZDV-TP, [*C"°N]dATP, [*C'°N]dGTP,
[*C®N]dCTP and [*C'°N]TTP in a matrix containing 10° cells/100 uL mobile phase on four
consecutive days. Intraday reproducibility was evaluated by five consecutive injections each of
the same concentrations noted above. The accuracy was calculated as a percentage of the
difference between the theoretical value from experimental value. Precision was expressed as %
relative standard deviation (RSD).

3.6.3 LC-MS/MS for nucleosides
3.6.3.1 Stock standard solutions

Standard stock solutions were freshly prepared in ultrapure methanol:water (1:1) to
achieve the following concentrations: 0.2 mg mL™ for DAPD, 0.1 mg mL™ for DXG, 0.5 mg
mL" for ZDV and 1 mg mL™" for DCF (for conversion to uM, refer to Tables 2-3). Standards
were serially diluted to 100, 10 and 1 pg mL™. Calibration standards covering the range from 2
to 5,000 ng mL™' were prepared by adding appropriate volumes of serially diluted stock solutions
to human plasma containing 10 uL of DCF at 1 mg mL™ (final volume 5 mL). Eight calibration
concentrations (2, 5, 10, 50, 100, 500, 1,000 and 3,000 ng mL'l) were used to define the
calibration curve for all three analytes and an additional concentration of 5,000 ng mL™' was used
for ZDV calibration. Five quality control (QC) standards were also used (2, 5, 10, 500 and 3,000

ng mL") for assay validation. Aliquots of about 1 mL of calibration standards and QC samples
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were transferred to 1.5 mL polypropylene snap-cap tubes and stored frozen at -20°C until
analysis. All stock standard solutions were stored at -20°C.

A stock solution of the internal standard, DPD was prepared at 1 mg mL"' in methanol,
and was diluted to a 250 ng mL™' solution in methanol for use during sample preparation. A stock
solution of 100 mM ammonium formate was prepared and adjusted once to pH 4.8 using formic
acid followed by filtration under vacuum with nylon discs 0.2 um (Whatman, New Jersey, USA)
and was stored at 4°C. A stock solution of 4 mM 2’-dA was prepared and filtered under vacuum
using nylon discs 0.2 pm (Whatman, New Jersey, USA) and was stored at 4°C.

3.6.3.2 Reverse phase chromatography

Chromatographic separation was performed using a Betabasic-C18 column (100 x 1 mm,
3 um particle size; Thermo Scientific, Waltham, MA, USA). This column was protected from
remaining particles by a pre-column filter with 0.2 pm particle size (Thermo Scientific,
Waltham, MA, U.S.A.). The mobile phase A consisted of 2 mM ammonium formate buffer, pH
4.8 containing 0.04 mM 2’-dA prepared daily from stock solutions. The mobile phase B
consisted of methanol. The initial conditions were 94% A and 6% B at 50 uL min". DXG,
DAPD and DPD were eluted by this isocratic method during the first 7 min of analysis. From 7.5
min to 8.5 min, the flow rate was increased to 100 pL min™, from 8.5 min to 13 min, B was
increased from 6% to 90% and immediately decreased to 6% at 14.3 min allowing ZDV elution.
The flow rate was maintained at 100 pL min" until 25 min to accelerate the column re-
equilibration and was decreased to 50 pL min' in 1 min. The total run time was 29 min,
including time for column regeneration, which was optimized in order to maintain an efficient
separation of DAPD and DXG on the following run. However, a shorter re-equilibration time led

to a co-elution of DAPD and DXG and no benefit was achieved with longer re-equilibration
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times. The column temperature was kept constant at 30°C. The column effluent was directed to
waste via the divert valve of the mass spectrometer at 0 to 3 min, 8 to 13 min and 15 to 29 min.
During these intervals, a cleaning solution containing 80% methanol and 0.4% formic acid in
water was used at 50 pL min™. This cleaning of the ion source improved the sensitivity of
detection. A solution consisting of 80% methanol and 0.1% formic acid in water was used for
autosampler loop and syringe cleaning following injection.
3.6.3.3 MS/MS conditions

Analytes were protonated by electrospray ionization (ESI) in positive mode. Selected
Reaction Monitoring (SRM) mode was used for the acquisition. The intensity of selected product
ion in the MS/MS spectrum of each compound was optimized using direct infusion of the
analytes in the corresponding mobile phase at 25 ug mL™ and individually into the instrument
using a syringe pump at 5 pL min. The sheath and auxiliary gas (nitrogen) were set at 45 and
0.5 arbitrary units (au), respectively without ion sweep gas. The collision gas (argon) pressure
was set at 1.3 mTorr. The spray voltage was 4,000 V. The capillary was heated at 280°C and 0.1
sec scan time was used. The collision-induced dissociation (CID) was at -6 V. Scan parameters
were as follows: precursor ion m/z, product ion m/z, collision energy, tube lens offset and the
full width half mass (FWHM) resolution (unit resolution) for both quadrupole (Q1 and Q3) and

are listed in Table 03.
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Table 03: Scan parameters of the Thermo TSQ Quantum Ultra triple quadrupole mass

spectrometer.
Analvte Precursor ion Production  Collision Tube lens FWHM resolution FWHM resolution
y (m/z) (m/z) energy (V) offset (V) for Q1 for Q3
DAPD 253 151 27 59 1.00 0.70
DXG 254 152 20 80 0.70 0.50
ZDV 268 127 24 51 0.70 0.50
DPD 267 151 25 68 0.70 0.70

A representation of the hypothesized fragmentation for all nucleosides is shown in Figure 27.

Figure 27: Fragmentation hypothesis for ZDV, DAPD, DXG and DPD, respectively from left to
right.
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3.6.3.4 Method validation

Limit of quantification (LOQ): was defined as the smallest quantity of analyte likely to be
quantified accurately with a precision within £ 20%. For each of the three analytes, QC and
calibration standards were prepared at the lower limit of quantification (2 ng mL™).

Linearity: Ten calibration standards (2, 5, 10, 50, 100, 500, 1000, 3,000 and 5,000 ng mL"
" and four QCs (2, 10, 500 and 3,000 ng mL"") were prepared in control blank plasma pretreated
with DCF, prior to processing the clinical samples. Standards were processed simultaneously
with the patient samples and were assayed prior to patient samples. QCs were run along with the

clinical samples to ensure confidence in the sample stability during the sequence and in the

67



accuracy of the quantification. Calibration curves were calculated by linear regression using a
weighting factor of //x. Linearity was evaluated by means of back-calculated concentrations of
the calibration standards; these values should be within 15% of the nominal concentration and
20% of the nominal concentration at the LLOQ level to be accepted. Based on the criteria, less
than 25% of the calibration standards were rejected from the calibration curve.

Specificity and selectivity: Two sets of human blank plasma were prepared and analyzed
in the same manner as the calibration standards and QCs, but without the internal standard. The
objective was to determine whether any endogenous compounds interfere at the mass transition
chosen for DAPD, DXG, DPD and ZDV. Interference can occur when co-eluting endogenous
compounds that produce ions with the same m/z values that are used to monitor the analytes and
internal standard. The peak area of any endogenous compounds co-eluting with the analyte
should not exceed 20% of the analyte peak area at LLOQ or 5% of the internal standard area.

Recovery and Matrix effect: The amount of analyte lost during sample preparation was
calculated from the recovery values. Recoveries of DAPD, DXG and ZDV from plasma
following sample preparation were assessed in triplicate by comparing the response of each
analyte extracted from plasma with the response of the same analyte at the same concentration
spiked in post-extracted blank plasma. It was also important to ensure the absence of a
significant matrix effect. Significant ion suppression could occur when non-appropriate solvents
are used or when endogenous compounds are simultaneously eluted with the analyte of interest
resulting in interference with its ionization. The suitable dilution had to be determined to avoid
decreasing the MS signal in the presence of increasing amounts of biological sample. The matrix
effect was assessed by comparing the response of the post-extracted blank plasma spiked at

known concentration and the response of the same analyte at the same concentration prepared in
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mobile phase. This value provided information about specific ion suppression in plasma. A low,
medium and high-level concentration at 10, 100 and 1,000 ng mL™, respectively was used to
assess recovery and matrix effects.

Accuracy and precision: The intra- and inter-day precision and accuracy were also
evaluated at low, medium and high concentrations (10, 100 and 1,000 ng mL™). For intra-assay
precision, one control sample from each of the three concentrations was assayed on six runs in
one sequence. For inter-day precision, one control sample from each of the three concentrations
was assayed on four separate days (corresponding to four runs). The vial containing the control
sample was maintained at -20°C between injections. Inter-day extraction reproducibility was
assessed by calculating the precision of five extracted spiked standards in plasma, analyzed on
five different days. Intra- and inter-day variations were assessed by comparing means and
standard deviations of log-transformed drug concentrations at the three levels. Precision was
expressed as % relative standard deviation (RSD) and had acceptance criteria of less than 20%.
The accuracy was calculated as a percentage of the difference between the theoretical value from
experimental value (% difference or bias) with acceptance criteria of less than 20%.

Stability: The stability of extracted standards from plasma in the autosampler was
assayed by quantification of each analyte at 1,000 ng mL™" after storage for 40 hr and 5 days at
4°C. The stability of the standards during the extraction was assessed by quantification of each
analyte at 1,000 ng mL™" after storage at room temperature for 24 hr. The stability of extracted
standards after three freeze/thaw cycles was also evaluated. The analyte was considered stable in
biological matrix or extracts when 80-120% of the initial concentration was measured. The re-
injection reproducibility was assessed to determine if an analytical run could be re-analyzed in

the case of instrument failure.
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Carryover: Carryover was evaluated by injecting two matrix blanks immediately
following the upper limit of quantification (ULOQ) standard and the lower limit of quantification
(LLOQ) standard. Carryover was acceptable as long as the mean carry over in the first blank was
less than or equal to 30% of the peak area of the ULOQ and was less than or equal to 20% in the
second blank.

3.7 Statistical analysis

A two-way analysis of variance (ANOVA), multiple compartisons and calculation of
95% confidence intervals were performed using Matlab v7.6 software. Planned comparisons
were conducted using the Dunnett’s test and unplanned comparisons using a Tukey’s test using
the software SAS (v9.2, Carey, NC). These tests are modifications of the Student t-test, taking
into account the effects of multiple comparisons on the type 1 error (falsely rejecting the null
hypothesis). These tests are conservative but retain more statistical power than the Bonferroni t-

197

test modification.”" When two experimental groups were compared, a Student’s t-test was

performed. The null-hypothesis was rejected when p-values were below 0.05.
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4 CHAPTER 1: Quantification of nucleosides and nucleotides in activated and

unactivated human primary PBM cells and macrophages

4.1 Simultaneous quantification of intracellular natural and antiretroviral

nucleosides and nucleotides by liquid chromatography tandem mass

spectrometry 198

The objective of this work was to develop and validate an accurate, rapid and highly
sensitive method for the simultaneous quantification of the phosphorylated metabolites of NRTI
such as ABC, (-)-FTC, TDF, DAPD and ZDV as well as the natural endogenous 2’-
deoxyribonucleosides-5’-triphosphates (dNTP). The discrimination between the successive
intracellular metabolites resulting from the conversion of NRTI to NRTI-monophosphate (MP),
NRTI-diphosphate (DP) and NRTI-TP was required, since the NRTI-TP are responsible for
antiviral efficacy, while the NRTI-MP such as ZDV may be associated with toxicity.''” '®°
Separation was also essential since NTP generate breakdown products in the electrospray probe,
which are mainly the corresponding DP, MP and nucleoside forms, '** which could lead to errors
in the quantification of these metabolites. A high sensitivity of detection was also required, since
the levels of natural endogenous dANTP in macrophages and in resting PBM cells are
approximately 70 and 315 fmol/10° cells, respectively. >’ A weak anion-exchange (WAX)
method was previously utilized by our group™ and others;*"* *°* however, the nucleosides were
eluted in the void volume of the column and therefore the method had to be modified.

The measurement of intracellular phosphorylated NRTI by LC-MS/MS remained
difficult. The first obstacle was the high polarity induced by the phosphate moieties of

nucleotides rendering their retention by reverse phase chromatography a challenge. Generally, a

volatile solvent is preferred to avoid ion suppression in the mass spectrometer. Thus, two specific

71



endcapped columns such as PFP propyl and Hypersil GOLD-AQ were selected for their ability
to retain polar and basic compounds, including phosphopeptides, without utilizing non-volatiles

203, 204

buffers or extreme pH. It was interesting to define whether these columns would allow the

separation of a wide range of compounds with different polarity and molecular weight similar to

1% The second obstacle was the

what was previously reported by ion-pair chromatography.
interferences produced by endogenous nucleotide triphosphates and/or other components. For
example, ATP, dGTP and ZDV-TP have the same molecular weight (m/z 507) and similar

and therefore, can interfere with respective

fragmentation pattern in negative ionization mode,
measurements.””® Similarly, lack of MS/MS specificity occurs between ZDV-MP, AMP and
dGMP. Thus, it was necessary to optimize the ionization mode, the column temperature, the
composition and the pH of the mobile phase to obtain optimal separation and selectivity to avoid
overlapping signals. Our approach applied the specificity offered by the positive ionization mode
for most compounds, as suggested by Pruvost ez al.**” while using the specific fragmentation of
ZDV-TP in negative ionization mode as described previously by Compain et al.**® This switch in
polarity from positive to negative ionization was possible by a highly optimized separation. This
optimization was essential, mainly because several antiretroviral combination modalities, such as
Combivir include ZDV. The third obstacle was the ability of the phosphate groups of the
nucleotides to interact with stainless steel, causing a peak tailing on chromatograms.””® For this
reason, all stainless steel devices were generally replaced by PEEK® [poly(aryl-ether-cther-
ketone)] materials in the instruments. However, we found that this substitution could not be
undertaken in the electrospray probe, where the metal needle proved to enhance detection

sensitivity. Asakawa er al”®® showed that the use of ammonium hydrogen carbonate in the

mobile phase prevented peak tailing and was compatible with LC/MS analysis. Furthermore, this
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210-212
and

buffer is suitable for the analysis of basic compounds.””” Ammonium phosphate
ammonium hydroxide*"® were successfully used to prevent the interactions between stainless
steel and the phosphate groups of nucleotides. Ammonium phosphate buffer is known to be
semi-volatile, causes ion-suppression and should be used at low concentration. Moreover, this
buffer must be combined with the appropriate ion-pair reagent. Alkylamines, tetra-
alkylammonium salt or tetra-butyl ammonium hydroxide have been successfully used for the
quantification of nucleosides and nucleotides particularly with an ammonium phosphate buffer,
despite their incompatibility with MS detection.”’> *'* Among the available alkylamines: 1,5-
dimethylhexylamine (1,5-DMHA)*’ was preferred to N, N-dimethylhexylamine (N,N-DMHA)*"°
for enhanced ionization in positive mode. Hexylamine (HA) was also successfully used in

216. 217 By testing these different conditions, we were

association with negative ionization mode.
able to optimize and validate an LC-MS/MS method for the simultaneous quantification of 13
nucleosides/nucleotides endogenous and analogues.
4.1.1 Column and temperature selection

The methodology using the column Hypersil GOLD-C18 with ion-pair reagent displayed
the highest performance. The PFP propyl and the Hypersil-AQ columns designed for the
separation of polar compounds along with the use of volatile buffers that are compatible with
mass spectrometry detection failed to discriminate the components of interest without the use of
an ion-pair reagent. Several buffers were assessed, such as ammonium formate and ammonium
acetate with concentrations ranging from 5 to 50 mM adjusted to a pH range from 4 to 8. At pH
4 and 8, no retention was achieved and all nucleoside triphosphates were eluted into the void

volume. At pH 5 and 6, retention and separation were observed, but the symmetry of the peaks

obtained, the retention capacity and the sensitivity were not sufficient for quantification
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purposes. Increasing the organic phase or ammonium salt did not improve these parameters.
Thus, the development of an ion-pair methodology using the most efficient Hypersil GOLD-C18
column became the main focus.

The column compartment temperature was evaluated between 20°C and 35°C, and a
significant improvement was observed at 30°C, which was chosen as the optimal column
temperature.

4.1.2 Ion-pair method development

The values of chromatography parameters (Ne, k’, Tf and area) for 3TC, 3TC-MP, 3TC-
TP, DXG, DXG-MP, DXG-TP, TFV, TFV-DP, ZDV-TP, (-)-FTC-TP and CBV-TP were used as
a guide to select the optimal pH, HA concentration and buffer composition (Supplement: end of
document).

4.1.2.1 HA concentration effect

HA at 12 mM gave the lowest peak tailing (Figure 28), the highest effective plate
number and the greatest peak area among all concentrations assessed; however, the ion source
was clogged following 10 injections and the sensitivity was decreased without significant
improvements even after source cleaning for 15 min between each injection.

Figure 28: Tailing factor (Tf) at five different HA concentrations; 0, 3, 6, 9 and 12 mM. + 3TC-TP,
X DXG-TP, « TFV-DP, 0 CBV-TP, A (-)-FTC-TP and O ZDV-TP.
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Interestingly, the decrease in peak tailing observed at 9 or 12 mM HA, suggests that HA
might possess a silanol-masking activity. Generally, phosphorylated metabolites and pairing ions
(HA) undergo a partition mechanism between the mobile phase and the stationary phase.' This
mechanism can be described by an equation: HA™ (mobile) + P~ (mobile) <> HA'P" (stationary),
where hexylamine (HA") is the cation and the phosphorylated nucleotides (P") are the anions.
Thus, enough HA should be available in the mobile phase for this reaction to occur. Optimized
HA concentration at 3 mM was sufficient to obtain a symmetric peak, while avoiding clogging
the source and maintaining ionization over time. No increase in retention was observed upon
increase in HA concentration.

4.1.2.2 Buffer effect

Ammonium phosphate at 1 and 2 mM and ammonium hydrogen carbonate at 10 and 20
mM were compared. Ammonium hydrogen carbonate caused an increase in peak tailing, a
decrease in effective plate numbers for all analytes except for ZDV-TP (Figure 29) at both 10
and 20 mM, and worsened the peak symmetry of all analytes at 20 mM. Ammonium phosphate
at 2 mM, but not 1 mM, increased the effective plate number of all the analytes tested, except for
DXG-TP (Figure 29) and appeared to be a superior buffer for running samples over several

days, without the peak shift observed with the ammonium hydrogen carbonate buffers.
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Figure 29: Effective plate number (Ne) at four different buffer compositions; 1 and 2 mM
ammonium phosphate; 10 and 20 mM ammonium hydrogen carbonate. + 3TC-TP, X DXG-TP, ¢
TFV-DP, O CBV-TP, A (-)-FTC-TP and O ZDV-TP.
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The improved properties obtained by the use of 2 mM ammonium phosphate versus
ammonium hydrogen carbonate could be explained by its rank in the Hofmeister series, where
the carbonate ions are placed lower than phosphate ions.”'® *!' Carbonate ions would have a
lower propensity to retain protonated amines, such as HA, than phosphate ions, explaining the
necessity to raise the concentration of ammonium hydrogen carbonate. Carbonate ions would
also increase the chaotropic effects, which could destabilize folded proteins, decrease their
solubility and give rise to salting-out behavior inside the column.?"’ This was consistent with our
observations with 20 mM ammonium hydrogen carbonate wherein a loss in chromatography
quality was seen possibly due to clogging of the column (Figure 29). In addition, ammonium
hydrogen carbonate decomposes, which results in higher variability of the buffer composition
and is not suitable for high throughput analysis.”** Finally, ammonium phosphate buffer is a
silanol masking agent and is a potent buffer at high pH especially when high volume of samples

8,220 which is often the case for

are injected and when the pK, of the compound is >
nucleotides,'”™ producing a better peak shape and making it the optimal buffer for nucleotide

analysis.
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4.1.2.3 pH effect.

By applying pH 7, 8, 9.2 and 10, there was no noticeable change in the number of
effective plates. The peak tailing decreased as the pH increased and the peak capacity was stable
from pH 7 to 9.2, but dropped at pH 10. The peak area and the signal intensity were decreased at
pH 7, 8 and 10 and were increased at pH 9.2, making pH 9.2 optimal for all nucleotides (Figure
30).

Figure 30: Peak area at pH 7.0, 8.0, 9.2 and 10.0. + 3TC-TP, X DXG-TP, ¢ TFV-DP, O CBV-TP
and A (-)-FTC-TP.
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Also, it was found that increasing HA concentration (pK, 10.56), raised the pH and
produced an improvement of signal intensity. Interestingly, when the pH was adjusted to 10 with
ammonium hydroxide, a decrease in the signal intensity occured (Figure 30). Thus, both the pH
and the silanol-masking effect of HA might enhance the positive ionization of nucleotides.
Furthermore, the addition of ammonium hydroxide or formic acid to the mobile phase could
lower the sensitivity as first described by Vela er al.*'* Additionally, the pH influenced the
ionization of the nucleotides. At low pH and up to 9.5, ZDV-TP was better ionized in negative
mode than in positive mode, due to the inability of the thymine base to accept an extra proton

unless conditions are extremely basic (thymidine nucleoside and nucleotide pK, > 9.5)."” The
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selected pH, 9.2, justifies the use of negative mode ionization for ZDV-TP along with a specific
transition m/z 506 — 380. 2°°
4.1.2.4 Internal standards selection

It was critical to choose three internal standards compatible with the chemistries and the
retention time of each of the three classes of compounds measured, nucleoside, MP and TP. 3TC,
3TC-MP and 3TC-TP were assessed. However, dCTP was measured by monitoring the ion
transitions m/z 468 — 112, which slightly differed from the one for 3TC-TP m/z 470 — 112.
Thus, an additional peak was detectable on 3TC-TP reconstituted ion chromatogram, which
represented dCTP isotopic distribution. The separation of the two compounds by over 2 min
alleviated the risks of dCTP interference over the peak area of 3TC-TP. 3TC, 3TC-MP and 3TC-
TP demonstrated a symmetrical peak shape and a lack of interference with endogenous
compounds by injections of cell blanks compared with spiked standards and standards in

reconstitution solvent.

4.1.3 Method sensitivity and partial validation.

Intraday and interday criteria for all nucleosides and nucleotides studied were within the

range of acceptance, precision < 20% and 100 = 25 % accuracy (Table 04).
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Table 04. Intraday and interday accuracy and precision for DXG, DXG-MP, DXG-TP, TFV, TFV-
DP, ZDV-MP, ZDV-TP, (-)-FTC-TP, CBV-TP, and [°C'*N]dNTP

Conen.(nM) Interday (n = 4) Intraday (n =5)
' Precision Accuracy Precision Accuracy

1 3.4 96.1 8.7 94.7

DXG 10 53 91.7 3.4 93.7
100 6.8 108.5 2.4 93.0
1 10.9 105.4 11.2 102.0

DXG-MP 10 11.9 96.8 4.1 98.7
100 0.2 102.2 5.4 96.8

1 3.6 99.6 16.4 113.3
DXG-TP 10 75 109.7 3.6 110.4
100 5.9 109.9 2.0 103.3

1 6.8 101.8 4.9 96.5

TFV 10 3.6 100.6 2.4 88.7
100 6.3 106.4 6.0 102.4

1 143 108.8 6.8 96.5

TFV-DP 10 6.9 99.8 6.2 94.7
100 9.5 93.2 3.3 97.0

10 N/A N/A N/A N/A

ZDV-MP 100 14.1 105.1 13.1 110.1
1,000 6.5 98.8 N/A N/A

10 19.8 91.1 13.6 89.2

ZDV-TP 100 19.2 86.5 19.4 92.8
1,000 6.2 104.8 11.4 98.3

1 10.7 91.7 7.4 98.7

(-)-FTC-TP 10 13.5 99.9 13.0 112.9
100 12.9 95.7 3.6 110.8

1 12.3 94.5 6.0 111.2

CBV-TP 10 9.8 115.4 8.1 99.2
100 20.0 97.7 4.2 95.8

10 16.9 87.0 19.2 89.4
[PC N]dATP 100 13.6 106.6 6.6 102.6
1,000 5.4 97.5 3.9 95.6

10 11.9 100.9 11.4 99.1

[PCPN]dGTP 100 10.5 108.4 5.1 103.7
1,000 2.6 97.8 2.9 96.0

10 10.1 108.6 10.6 108.3

[PCPN]dGTP 100 16.4 101.6 5.3 74.8
1,000 5.9 103.1 2.9 108.8

10 N/A N/A N/A N/A

["CPNITTP 100 16.4 114.1 5.3 103.8
1,000 6.0 104.0 3.0 125.0
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A reconstituted ion chromatogram illustrates the separation obtained for all the

calibration standards (Figure 31).

Figure 31: Typical reconstituted ion chromatograms (RIC) displaying all the standards used for the

partial validation spiked in a PBM cells matrix containing 10° cells/100 pL mobile phase. The RIC
shows the peaks obtained for DXG, DXG-MP, DXG-TP, TFV, TFV-DP, ZDV-MP, ZDV-TP, (-)-
FTC-TP, CBV-TP, [C"*N]dATP, [*C"”N]dGTP and ["C"N]dCTP at 100 nM, and [*C"’N|]TTP at
500 nM. Internal standards, 3TC, 3TC-MP and 3TC-TP were at 100 nM.
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ZDV-MP was eluted 1 min after an interfering peak, which could be dGMP, AMP or a
co-elution of both. Lower limits of quantification were 1 nM for DXG, DXG-MP, DXG-TP,
TFV, TFV-DP, (-)-ETC-TP, CBV-TP, 10 nM for [*C"*N]dATP, [*C'°N]dGTP, [*C"*N]dCTP,
ZDV-TP and 100 nM for [*C'°N]TTP, ZDV-MP, which was sensitive enough to quantify all
NRTI-TP in PBM cells and in macrophages (Figure 31) as well as endogenous dNTP.

Sensitivity and specificity of the method developed was achieved by the intensity and the

specificity of the MS/MS product formed in positive ionization mode.*”’

Figure 32: a. Typical RIC for NRTI-TP, obtained from macrophages. The left chromatograms
represent five background signals obtained from a single injection of untreated macrophage
extract; these chromatograms are marked as “blank”. The right chromatograms represent the five
signals obtained for ZDV-TP, ZDV-MP, DXG-TP, (-)-FTC-TP, CBV-TP, TFV-DP and TFV
respectively from five separate LC-MS/MS injections of treated macrophages extracts, with five
drugs ZDV, DXG, (-)-FTC, ABC and TDF at 10 uM, for 4 hr. The sample incubated with TDF was
diluted 20 times. b. Typical chromatograms of endogenous dNTP obtained from a single

macrophage extract.
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4.2 Application: Measurement of NRTI-TP and endoegenous nucleotides in PBM

cells and in macrophages 2

4.2.1 Method cross-validation by comparison to previous published results
In order to have confidence in the validity of the overall methodology, the NRTI-TP
levels obtained by our group in activated PBM cells were compared to the one of previous
published studies, in which similar assays were used. The values found following NRTI
incubations were in the expected range for ZDV-TP, CBV-TP, TFV-DP and DXG-TP. However,
the (-)-FTC-TP levels were 4-fold higher than those previously reported, which may be due to
44,105

variable assay condition (Table 05).

Table 05. NRTI-TP levels (pmol/10° cells) in 72 hr-PHA stimulated human PBM cells, following a 4

hr incubation of 10 pM NRTI, in comparison with previously published data using similar assay

conditions.
NRTI-TP Previous publications
ZDV-TP 1.13+0.27 ~1.1°%
CBV-TP 0.16 £ 0.002 0.12 £ 0.07""
TFV-DP 0.05 + 0.03 0.038 - 0.11'"
(-)-FTC-TP ~16 2.74 - 4.14'°
DXG-TP 0.05 + 0.03 ~0.015%

4.2.2 The levels of NRTI-TP are lower in macrophages than in PBM cells
4.2.2.1 Rational for experimental design
Previous data have established that NRTI are not effective in chronically infected
macrophages. Recent reports have demonstrated that reactivated virus found in the plasma of
individuals previously maintaining viral loads below the limit of detection mapped to non-T cell

compartments, further implicating and defining macrophages as a causative reservoir for latent

HIV-1.%
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To measure the levels of active NRTI-TP in macrophages, the NRTI of interest were
incubated at 10 puM, which approximates the Cpax in plasma for most NRTI after oral

.. . 49,79
administration.””

Macrophages are present at various activation states within multiple tissue
microenviroments. Lymphocytes, in turn, confer either a “resting” or “activated” phenotype upon
exposure to pathogen, and are present in both subsets in the periphery throughout the course of
infection. Based on these activation states, and their relevance to HIV-1 infection and ART, both
macrophages and lymphocytes were activated or left unactivated to assess their cellular

221 NRTI-TP levels were expressed in pmol/L of cytoplasm to take into

pharmacological profile.
account the cell volume, assuming cell volumes of 0.320 pL for activated PBM cells, 0.186 pL
for resting PBM cells and 2.660 pL for macrophages."’

The method described in 4.1 was modified to allow for 3TC-TP quantification, by
replacing 3TC-TP with ddATP as an internal standard. The significance of the differences in
NRTI-TP levels and NRTI-TP/ANTP ratio were determined by two-way anova followed by
multiple comparison analysis with a 95% confidence interval.

4.2.2.2 NRTI-TP levels

The levels of all NRTI-TP were significantly higher in PBM cells than in macrophages (p
< 0.05). However, in general, activation states (resting or dividing) did not significantly affect
NRTI-TP levels macrophages, with the exception of the cell cycle dependent ZDV (Figure 33),
ZDV-TP levels were higher in activated than in unactivated PBM cells and macrophages.'* No
significant difference was observed between activated and unactivated PBM cells for (-)-FTC-TP

and 3TC-TP. Surprisingly, TFV-DP, DXG-TP and CBV-TP were significantly higher in

unactivated than in activated PBM cells (p < 0.001) (Figure 33).
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Figure 33: Levels of NRTI-TP after incubation of DXG, ABC, (-)-FTC, 3TC, TDF and ZDV in

activated and unactivated human PBM cells and macrophages.
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Lower NRTI-TP levels observed in macrophages compared with PBM cells might result
from differing cellular uptake or the expression of phosphorylating enzymes. For instance,
certain enzymes of the salvage pathway, such as TK1 and dCK, are not expressed in resting cells
(Figure 21) '7**** Nucleotide synthesis in macrophages is only performed via salvage pathway,

2y, -
74,17 It is

since they primarily remain in a resting, G1 state and undergo limited DNA synthesis.
also possible that differential expressions of nucleoside transporters influence the accumulation
of NRTI in macrophages versus PBM cells.”** *** The surface area of macrophages is
proportionally larger than PBM cells due to their phagocytic protrusions and convolutions
(Figure 34), which could also be involved in drug absorption. We demonstrated that levels of
NRTI-TP were greater than the K; for all drugs tested in lymphocytes, independent of activation
state. In macrophages, 3TC-TP and CBV-TP are < K; , DXG-TP and (-)-FTC-TP were

approximately equal to the K; and ZDV-TP and TFV-DP were > K;, implicating ZDV and TDF

as optimal drugs to deliver adequate concentrations of drug to macrophages (K; values
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previously summarized in Schinazi, et al).*’ Subsequent comparison to the K; for the
corresponding NRTI-TP links intracellular drug levels and concentration of drug required to
inhibit HIV-1 RT.

Figure 34: Shape of a macrophage in phagocytosis (size 25 pm in diameter). Source: www.atm2.fr

4.2.2.3 dNTP levels
NRTI compete with endogenous dNTP for binding and incorporation by the HIV-1 RT.
Therefore, it was important to measure both endogenous dNTP and NRTI-TP levels (Table 06).

7199 and were significantly

Endogenous dNTP levels were comparable to previous publications,
lower in macrophages than in PBM cells (Table 06). The ratios NRTI-TP/dANTP are shown in
Figure 35.

Table 06: Levels of dNTP in activated and unactivated human PBM cells and macrophages.

dCTP dGTP dATP TTP
M
Activated PBM cells 3.67£2.65 152+1.01 922+45 321+£1.24
Activated macrophages 0.15+0.10 0.05+0.03 0.10+£0.07 0.30+£0.15
Unactivated PBM cells 446+2.86 091+035 532+£2.18 2.87+0.48
Unactivated macrophages 0.07+0.05 0.07+0.05 0.04+0.03 0.24 +0.08
pmol/10° cells
Activated PBM cells 1.17+0.85 0.49+032 295+1.46 1.03+0.40
Activated macrophages 0.39+0.26 0.13+£0.08 0.27+£0.19 0.80+£0.40
Unactivated PBM cells 0.83£0.53 0.17£0.07 099+0.41 0.54+0.09
Unactivated macrophages 0.19+0.13 0.18£0.13 0.10£0.07 0.63 +£0.20
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4.2.2.4 NRTI-TP/dNTP ratio

Figure 35: NRTI-TP/ANTP after incubation of DXG, ABC, (-)-FTC, 3TC, TDF and ZDV in
activated and unactivated human PBM cells and macrophages.
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The DXG-TP/dGTP ratio was significantly higher in activated macrophages and in
unactivated PBM cells than in activated PBM cells (p = 0.009). The TFV-DP/dATP ratio
remained unchanged across groups. Results of the experiments performed with TDF should be
interpreted with caution. TDF delivers super physiological concentrations of TFV-TP in vitro
compared with in vivo since the vast majority of the drug is observed as PMPA in the systemic
circulation (see § 1.3.1.1). The 3TC-TP/dCTP ratio was significantly higher in unactivated PBM
cells than in activated macrophages (p = 0.01). 3TC-TP/dCTP ratio was higher in activated
versus unactivated PBM cells as previously published (p = 0.04, two tailed, unpaired Student’s
T-test).'* The ZDV-TP/TTP ratio was higher in activated than in unactivated PBM cells or
macrophages. Therefore, when looking at the ratio between NRTI-TP/dANTP, DXG may be more
potent for inhibiting viral replication in macrophages and in resting lymphocytes than other

NRTI.
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4.3 Conclusions

This novel LC-MS/MS method provides an accurate, rapid, simultaneous and selective
quantification of most clinically relevant nucleoside and nucleotide analogues. The sensitivity of
this method was sufficient to measure NRTI-TP and endogenous dNTP in primary human PBM
cells and macrophages. Adequate delivery of ZDV-TP and TFV-TP in macrophages relative to
their K; was demonstrated. However, DXG-TP would offer an enhanced competition versus
dGTP for binding to the HIV-1 RT in macrophages. Together, these data may explain previous
reports that nucleoside analogues are more potent in acutely infected macrophages than

lymphocytes.'™ 226

On the basis of the previously published studies ** and the clinical study evaluating
DAPD in combination with ZDV, this combination has the potential to provide benefit as
an important nucleoside option, particularly in delaying the emergence of NRTI
resistance.”> The low cytotoxicity, large therapeutic window, resistance profile and
potentially enhanced competition versus dGTP in unactivated PBM cells and in
macrophages also make DXG an attractive drug (Figure 35). Therefore, DXG metabolism

was studied in PBM cells relative to natural purine metabolism.
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5 CHAPTER 2: Study of DXG phosphorylation and endogenous nucleotide pool in

human peripheral blood mononuclear cells

In this study, the anabolism of DXG was investigated in peripheral blood mononuclear
(PBM) cells. Despite a good antiviral activity,”> DXG-TP levels are significantly lower than
other NRTI-TP such as 3TC-TP and (-)-FTC-TP (Figure 32). A high competition with enzymes
of the purine phosphorylation pathway might be limiting DXG anabolism. Feng et al. suggested
that both the first and the second step for DXG phosphorylation may be rate limiting (Figure
36).%

Figure 36: Representation of the overlap between DXG and Gua, dGuo and Guo phosphorylation
80, 227

pathways.
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DXG demonstrated antiviral synergy with ZDV in vitro and in humans, with 3TC in vitro
and may also be tested together with (-)-FTC for potent combination antiretroviral agent. A
previous study demonstrated the lack of interference between ZDV and DXG at the
phosphorylation level.*” However, the combinations DXG and 3TC or (-)-FTC have not been

assessed yet and their lack of interaction at the phosphorylation level is demonstrated here. To
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explain antiviral synergy between DXG and ZDV, we will focus on the ratio between DXG-TP

and dGTP since it might play a role in antiviral activity.'**

5.1 DXG phosphorylation is limited by competition with all guanine nucleosides

Several purines, and more particularly guanine nucleosides and nucleobases were used in
an a