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ABSTRACT

Infectious diseases such as HIV, tuberculosis and malaria are endemic in
Africa and often require concomitant treatments that may result into
subsequent drug-drug interactions. Inter-individual variability in the
pharmacokinetics and pharmacodynamics of drugs used in infectious
diseases, as a result of genetic polymorphism, has been reported.
Pharmacogenetics of HIV, TB and malaria treatments is inadequately
described in the African population. This thesis describes the
pharmacogenetic aspects of HIV, TB and malaria treatment focusing on
the Ugandan population.

Studies were conducted among Ugandan adult healthy volunteers (n=161)
and HIV patients (n = 263), some of whom were co-infected with TB.
Healthy volunteers were examined for the effect of sex and different single
nucleotide polymorphisms (SNPs) in ABCB1, CYP2B6 and CYP3A5 genes
on single dose pharmacokinetics of efavirenz (n=30) and quinine (n=20).
Patients were examined for effects of rifampicin and CYP2B6 (*6 &*11),
CYP3A5 (*3,*5 & *7) and ABCB1 (c.3435C>T & c.4036A>G) on
enzyme induction, efavirenz clearance and efavirenz related CNS

toxicities.

Apparent efavirenz oral clearance in subjects homozygous to CYP2B6*6
and *11 was 21 and 20% lower than extensive metabolizers respectively,
while efavirenz relative bioavailability was 26% higher in subjects
homozygous for ABCB1 (rs3842). A two-fold increase in apparent
peripheral volume of distribution was associated with female sex.
Comparisons of efavirenz pharmacokinetics between HIV and healthy
volunteers revealed 30% decrease in its bioavailability with HIV/AIDS
disease. Long term enzyme induction during efavirenz treatment was
greater without rifampicin than during rifampicin co-treatment and it was
majorly driven by CYP2B6 polymorphism rather than rifampicin
treatment. Rifampicin co-treatment influenced neither efavirenz plasma
concentrations nor incidence of efavirenz CNS toxicities (p = 0.8).
Additionally, efavirenz plasma concentration dependent CNS side effects

are common in HIVV/AIDs patients.



Thirty and thirteen fold variations in plasma quinine concentrations and
quinine-to-3-hydroxyquinine metabolic ratio respectively, were observed.
Plasma quinine concentration was significantly influenced by ABCB1
haplotype, CYP3A5 genotype / haplotype as well as sex.

CYP2B6 is the major predictor of efavirenz pharmacokinetics and
pharmacodynamics with or without rifampicin co-treatment. CYP3A5
influences quinine but not efavirenz disposition while ABCBL1 plays a role
in disposition of both drugs. Pharmacogenetics rather than rifampicin co-
treatment may determine efavirenz treatment outcomes in TB co-infected

HIV patients treated with efavirenz and rifampicin based regimens.
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1.0 INTRODUCTION

1.1 BACKGROUND

Infectious diseases remain the biggest killer and accounts for more than 25% global
disease burden. The African, Southeast Asian, and eastern Mediterranean regions
bear the most burden(1). HIV, Malaria, Tuberculosis, Lower respiratory tract
infections constitute most of the world’s infectious disease burden. Nearly all of the 15

million people who die each year from infectious diseases live in developing countries.

1.2 THE HIV BURDEN AND TREATMENTS

UNAIDS estimates that there were 33.3 million [31.4 million—35.3 million] people
living with HIV at the end of 2009 compared with 26.2 million [24.6 million— 27.8
million] in 1999 indicating 27% increase. Although the annual number of new HIV
infections has been steadily declining since the late 1990s, this decrease is offset by
the reduction in AIDS-related deaths due to the significant scale up of antiretroviral
therapy over the past few years. Sub-Saharan Africa still bears an inordinate share of
the global HIV burden. In 2009, 68% of the global total number of HIV infected
people was living in Africa 22.5 million [20.9 million—24.2 million]. The estimated
1.3 million [1.1 million-1.5 million] people who died of HIV related illnesses in sub-
Saharan Africa in 2009 comprised 72% of the global total of 1.8 million [1.6 million—
2.0 million] deaths attributable to the epidemic. While HIV infection was, globally
estimated in about 15% of TB cases (2), in some countries particularly in sub-Saharan
Africa, which accounts for 78% of HIV related TB, the HIV prevalence among

people with TB was often as high as 80%.

Highly active antiretroviral therapy (HAART) utilizes three main classes of drugs to
neutralize the functions of the virus’ reverse transcriptase; nucleoside/nucleotide
reverse transcriptase inhibitors (NRTIs) and non-NRTIs (NNRTIs) and protease
inhibitors (PIs). Most current national HIV treatments guidelines recommend,;
zidovudine (AZT) + lamivudine (3TC) + efavirenz or nevirapine (NVP), tenofovir
(TDF) + 3TC or emitricitabine (FTC) + efavirenz or NVP although the relatively
inexpensive stavudine (d4T) based regimens are still being used particularly in some
developing countries. Due to its potentially life-threatening toxicity, use of d4T has
been discouraged according to both WHO 2010 and CDC 2011 HIV treatment



guidelines. Recommended second line ART regimens include TDF + 3TC (or FTC) +
atanazavir / ritonavir (ATV/r) or lopinavir / ritonavir (LPV/r) and AZT + 3TC (or
FTC) + ATV/r or LPV/r for patients whose first line ART included d4T or tenofovir
respectively. During TB co-treatment, AZT or TDF + 3TC (or FTC) + EFV is
recommended as first line ART while TDF + 3TC (or FTC) + ATV/r or LPV/r and
AZT + 3TC (or FTC) + ATVI/r or LPV/r are used accordingly with or without dose
modification of the protease base depending upon whether the rifamycins co-

administered is rifabutin or rifabutin.

1.3 THE MALARIA BURDEN AND TREATMENTS

Approximately 40% of the world is at risk for malaria infection, rendering it an
internationally devastating disease. Nearly 600 million new malaria infections occur
each year, with at least 1 to 3 million of them resulting into death(3, 4). The burden of
malaria disease falls heaviest on sub-Saharan Africa. Nearly 30% of the annual
mortality in this population is attributable to malaria.

Malaria is caused by four species of a unicellular protozoan plasmodium including P.
falciparum, P. Malarie, P.Vivax and P. ovale. Of these species, P. falciparum accounts
for the preponderance of morbidity and mortality globally. The protozoan is transmitted
through the bite of the female anopheles mosquito. Although the proportion of the
population at risk of malaria infection has reduced from 77% to 50% over the years
1900 to 2000, the absolute numbers of people estimated at risk for malaria increased
steadily from 0.8 billion to 3.4 billion because of population increases in malaria-
endemic regions (5).

By the end of 2009, artemisinin-based combination therapies (ACTs) had been
adopted as national policy for first-line treatment of malaria in 90% and 97.6% of
countries endemic to P. falciparum worldwide and in Africa respectively. ACTs are
recommended for treatment of all uncomplicated malaria with an additional primaquine
single dose as a gametocidal agent. For severe malaria, a parenteral artemisinin
derivative or quinine, followed by a complete course of an effective ACT may be used.
Due to fairly high costs and possible spread of the already reported artemisinin
resistance (6, 7), however, quinine continues to play a critical role in treatment of

malaria.



1.4 UGANDA

Uganda, a country located in the East African region is inhabited by at least 17
different tribes with Bantu or Nilotic origin. People of the Bantu and Nilotic origin
constitute majority of the current African tribes in addition to the Khoi-san and the
Niger —cong tribes of south western and West Africa respectively. Uganda’s population
is estimated at 32 million with a population growth of 3.4% and a total fertility rate of
about 6.7 in 2006. Uganda’s healthcare system works on a referral basis beginning
with a village heath team to health centers Il, IlI, IV, district, regional referral and
national hospitals. Ugandan Government invests about US$19 per capita on health (7 -9
% of the national budget)(8). The biggest burden of disease in Uganda remains
predominantly infectious diseases although there are increasing trends in burden of
non-communicable diseases (NCDs) over the years. HIV, malaria and TB are among
the five commonest causes of death in Uganda.

Uganda is often held up as a model for Africa in the fight against HIV and AIDS as a
result a of successful reduction of the HIV prevalence from > 30% in 1990s to the
current 6% to 7%. Estimates from the MoH HIV/AIDS epidemiological surveillance
system indicate that there were approximately 1.2 million HIV-infected individuals in
Uganda by December 2009. Of these, 43% are male and 57% females. Overall
children (0 -14 years) contribute 12.5%. By March 2010, there were 398 active
accredited facilities providing ART services in the public and private sector in
Uganda. A total of 218,359 were by 2010 active on ART, 97.2 % of them on
standard first-line ART regimens. Another 432,986 individuals were estimated to be
in need of ART in the country, based on a cluster of differentiation (CD)-4 T-cell
count cut off of < 250 CD-4 T-cells /ul. This figure increases to 528,172 individuals
if the <350 CD-4 T-cells /ul WHO-recommended ART eligibility criteria is used.

Being a country endemic of infectious diseases, with a TB incidence rate is 402 in
100,000, HAART is often given concomitantly with anti-tuberculous and other
antimicrobial agents in Uganda. The recommendations for HIV treatment ensure that
the first-line regimen for adults and adolescents contain two NRTIs plus one
NNRTI(9). Efavirenz remains a major constituent of first line ART with or without
rifampicin co-treatment in Uganda (Table 1)
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Figure 1: Map of Uganda indicating the country’s district as of 2010. Districts where study

participants were recruited are marked with arrows on the map.



Table 1: The preferred first and second line ART regimens as recommended by

Uganda’s National antiretroviral treatment guidelines of 2009

Preferred ART Regimens

First line ART Second line ART
Patients not being ZDV/3TC + NVP or EFV TDF+3TC+LPVIr
co-treated for TB TDF+3TC or FTC + NVP or EFV ZDV+3TC + LPV/r
Patient co treated ZDV/3TC/EFV TDF+3TC+*LPVIr
with rifampicin for
B TDF/3TC/EFV ZDV+3TC +* LPVIr

*Lopinavir 400mg/ritonavir400mg twice daily or SQV 400 mg/RTV 400mg with close laboratory

monitoring for hepatotoxicity

Malaria remains Uganda’s number one killer disease particularly among children less
than 5 years killing 70,000 to 100,000 annually. Overall, malaria prevalence rate in
Uganda is 250 in 100,000. All four human plasmodia species occur in Uganda
although Plasmodium falciparum is by far the most common contributing 90-98% of
the parasite population. The second most common species is P. malariae with 1-3%
as mono-infection but is more commonly found as a mixed infection with P.
falciparum (up to 16% of childhood infections in highly endemic areas). Both P.
vivax and P.ovale are rare and do not exceed 1-1.5% of malaria cases.

Following reports of malaria resistance to chloroquine(10) and sulphadoxine-
pyrimethamine (SP)(11-13) in Uganda and the entire region, a national artemisinin
combination therapy (ACT) policy was launched in 2006, using artemether-
lumefantrine (AL) as first-line treatment for uncomplicated malaria. In spite of all
efforts to reduce malaria infections and prevent progression of uncomplicated malaria
to complicated forms of the disease, severe malaria requiring treatment with quinine

still occur in Uganda.



1.5 PHARMACOKINETICS

Pharmacokinetics entails the quantitative analysis of the processes of drug absorption
and mechanisms of absorption, distribution, metabolism and excretion [ADME].
Pharmacokinetics forms basis for optimization of drug outcomes both in terms
outcomes efficacy and dose related adverse drug reactions. Pharmacokinetics
however, can differ substantially between individuals. Drug-metabolizing enzymes
(e.g., cytochrome P450 enzymes) and transport proteins (e.g P-glycoprotein) have an
important role in breakdown, intestinal absorption, distribution, and renal or hepatic
excretion of drugs. Inherited determinants of drug disposition due to genetic
polymorphism in drug metabolizing enzymes and transporters, or drug targets, remain
the major cause of inter-individual differences and thus form basis for individual
characterization such as poor metabolizers, extensive metabolizers, Ultra rapid
metabolizers and the associated clinical consequences. Variation in pharmacokinetics
and pharmacodynamics with genetic make-up, currently constitute most of
pharmacogenetics. Differences by ethnicity may have a profound impact on important
drug pharmacokinetic parameters such as clearance (CL) and bioavailability (F) that
may in turn affect drug efficacy, drug interactions and effectiveness sometimes
necessitating dose or regimen modification. In the context of Africa, the situation may
be even more serious due to the genetic heterogeneity and co-infections with endemic

infectious diseases that require multiple drug therapies.



2 PHARMACOGENETICS

2.1 COMMON TERMINOLOGY

Deoxyribonucleic acid (DNA) consists of four bases: adenine (A), guanine (G),
thymine (T), and cytosine (C). Any combination of three nucleic acids can form a
codon, which is transcribed into messenger RNA and translated into a particular
amino acid (e.g., ACG encodes for threonine). The stop codon, TAG, terminates
protein synthesis. An incorrectly placed stop codon in a gene, caused by mutation,
prematurely truncates an amino acid chain and may form a nonfunctional protein.
Many of the variations in the human genome are single base changes, termed single
nucleotide polymorphisms (SNPs). A mutation of one nucleotide of a codon may
result in either a change in the coded amino acid (nonsynonymous SNP) or no change
(silent polymorphism or synonymous SNP). Since each person has a pair of each
chromosome, he or she has two alleles for each gene, one on each chromosome. Two
identical alleles result in a homozygous dominant or homozygous recessive trait of
that gene. A combination of two different alleles leads to a heterozygous trait thus the
three possible genotypes for a particular character. On the contrary phenotype refers
to the outward appearance of an individual in all of their anatomical, biochemical,
physiological and behavioral characteristics as dictated by their genetic and
environmental influences. Pharmacogenetics was first defined by Friedrich Vogel as
the study of variability in drug response due to heredity(14), while pharmacogenomics

is a relatively newer term that refers to whole genome effect on drug response.

2.2 THE CYTOCHROME P450 SYSTEM

The cytochrome P450s (CYPs), are heme-containing membrane bound metabolic
enzymes. CYPs are localized on the cytosolic side of the endoplasmic reticulum with
a few located on the matrix of mitochondrial inner membrane. In humans xenobiotic
and drug metabolizing CYPs are mainly located in the liver and intestines but can
also be found in the kidney, skin, brain and lungs. CYPs utilize NADPH as an
electron source whose transfer is mediated by the co-enzyme NADPH- cytochrome

P450- reductase (equation 1).

DH+ NADPH +H*+0, — > DOH + NADP" + H,0 (equation ...1)



Overall twelve CYP families in humans have been described so far. However, most
drug metabolizing enzymes belong to the highly polymorphic CYP1, CYP2, and
CYP3 which are responsible for up to 80% of all phase 1 metabolism of drugs in
clinical use. Human CYPs constitutes several subfamilies with varying expression,

activity and substrate specificity (Table2).

Table 2: Substrates and functions of human CYP gene families

Family Number of Number substrates and functions

sub-families of genes

CYPL 2 3 Drugs, foreign chemicals, arachidonic acid,
eicosanoids

CyP2 13 16 Drugs, foreign chemicals, arachidonic acid,
eicosanoids

CYP3 1 4 Drugs, foreign chemicals, arachidonic acid,
eicosanoids

CYP4 5 12 Fatty acids, arachidonic acid, eicosanoids

CYP5 1 1 Thromboxane A; synthase

CYP7 2 2 Cholesterol, bile acid synthesis

CYP11 2 3 Steroidogenesis

CYP17 1 1 Steroid 17a-hydroxylase, 17/20-lyase

CYP19 1 1 Aromatase to form oestrogen

CYP21 1 1 Steroid 21-hydroxylase

CYP24 1 1 Vitamin D3 24-hydroxylase

CYP26 3 3 Retinoic acid hydroxylation

2.2.1 CYP2B6

CYP2B6 which catalyses up to about 70 structurally different xenobiotics and drugs
including pro-carcinogens (15) and antiretroviral drugs (16) has been mapped to the
CYP2 gene cluster on chromosome 19. Due to its low hepatic composition (2 - 10%),
CYP2B6 was until recent mistakenly regarded to be of minor importance in drug
metabolism (17, 18). To date CYP2B6 is the primary metabolizing enzyme for
efavirenz and nevirapine. In addition, CYP2B6 is involved in the metabolism of other

drugs and environmental factors such as artemisinin and derivatives (19), vitamin D



and its analogues (20), bupropion (21), methadone (22, 23), nicotine (24), and
propofol (25). Overall, it is involved in the metabolism of approximately 4% of the

most used drugs(26)

Other CYP2 sub-families that play a key role in human drug metabolism include
CYP2C9, CYP2C19 and CYP2D6.

2.2.2 CYP3A

CYP3A sub-family participates in the metabolism of about 50% of all marketed
prescription drugs (27, 28). Four identified members in the CYP3A sub-family that
contribute to its overall activity include CYP3A4, CYP3A5, CYP3A7 and CYP3A43.
Of these CYP3A4 and CYP3A5 are the major enzymes responsible for drug
metabolism in human adults (29-31). Although CYP3A4 is considered the major
enzyme expressed in human liver (31), up to 50% metabolic activity contribution is
associated with the highly polymorphic CYP3A5 (32-34) that significantly contributes

to both inter-individual and population differences in metabolism of CYP3A substrates.

2.3 DRUG TRANSPORTERS

Adenosine triphosphate (ATP) — binding cassette (ABC) proteins and solute-linked
carrier (SLC) proteins, are responsible for transportation of majority of drugs as well as
endogenous substrates. ABC transporters are generally efflux pumps, that naturally
offer protection to the body by limiting entry of xenobiotics (35) and drugs while solute
carrier (SLC) proteins are typically influx transporters that mediate facilitated diffusion
of their substrates(36). The mammalian ABC super family of transporters comprises a
large number of functionally diverse transmembrane proteins which have been
subdivided into seven families designated A to G constituting 48 sub-families.
Activity or substrate efflux capacity of ABC-transporters is highly variable with
different genotypes of the protein

2.3.1 ABCB1

ABCB1 sometimes referred to as MDR1, which is so far the best characterized, was
the first of the ABC transporters to be cloned. ABCB1 gene encodes the transporter
protein P-gp. It transports xenobiotics from the cytoplasm to the extracellular space
thus, providing a barrier against accumulation of drugs and xenobiotics inside the

cells and entire body. Although it was first recognized in tumor cells, P-gp was



recently identified in many normal tissues as part of a mechanism to prevent the
intracellular concentration of potential harmful substances (38). It is particularly
located at the apical membrane of many secretory cell types such as kidney, liver,
intestine, adrenal gland, and the blood—brain barrier where the normal function
involves the excretion of drugs and their metabolites (39).

ABCBL1 transports several classes of drugs, including antiretroviral drugs such as
efavirenz. Genetic differences of ABCBlare known to exist, and more than 100
variations have been identified, most of them, single nucleotide polymorphisms
(SNPs). These single nucleotide polymorphisms are associated with altered oral
bioavailability of ABCB1 substrates, drug resistance, and susceptibility to some human
diseases(40-42).

2.4 ABCB1, CYP3A AND CYP2B6 GENE POLYMORPHISM

ABCB1 is polymorphic and a number of SNPs have been documented with varying
allelic frequencies in different ethnic groups. Although population specific ABCB1
SNP have been reported, overall, ABCB1 SNPs are found in all studied populations
(43-45).Chances of carrying particular mutant alleles however vary between different
populations (46). Effects of some of the widely studied ABCB1 SNPs such as
3435C>T, G2677T/A and C1236T on individual drug pharmacokinetics including
digoxin, fexofenadine, cyclosporine, efavirenz and protease inhibitors are well
documented (47-49). Additionally, ABCBL1 is expressed in CD56, CD8, CD4, CD19,
and other subpopulations in peripheral blood monocytes (50). Because CDA4cells are a
major target for HIV, their ABCBL activities can affect intracellular concentration of
many HIV protease inhibitors (47). In a Swiss study the clinical role of ABCB1
polymorphism was further highlighted by a significantly higher increase in CD4 cell
counts and marked improvement in viral infection among patients carrying ABCB1

3435TT genotype as compared to those with the CT or CC genotypes (51).

Both the wide substrate spectrum and the propensity to induction or inhibition of
CYP3A raise interest in its pharmacogenetics. . Although more than 40 CYP3A4
alleles have been defined by the Human Cytochrome P450 (CYP) Allele Nomenclature
Committee, the actual number of true haplotypes is much smaller and the most frequent
of them are common to all major ethnic groups (52, 53). Most variants of CYP3A4

have no functional consequences or are too rare to contribute significantly to the

10



CYP3A4 variability(54, 55) except the relatively frequent CYP3A4 variant,
CYP3A4*1B, which is associated with higher grade prostate cancer (56).

The polymorphic expression of CYP3A5 becomes detectable for some CYP3A
substrates with decreasing concomitant expression of CYP3A4 (32, 57). Overall,
CYP3A5 is a highly polymorphic enzyme as a consequence of mutations that
severely reduce the synthesis of functional CYP3AS5 protein (CYP3A5* 3, *6 and *7)
(34, 58). CYP3A5*3 is the most common defective allele with an allele frequency of
about 90%, 75% and 20% in Caucasians, Asians and Africans, respectively, whereas
CYP3A5*6 and CYP3A5*7 are not present in Caucasians and Asians and have a 17%
and 8% frequency in Africans, respectively(59). Unlike, CYP3A4, the hepatic
expression of CYP3AS is bimodal, with ‘high expressors’ exhibiting 10 — 30 higher
CYP3AS protein expression levels than CYP3AS ‘low expressors’ (34, 58, 60).

The CYP3A5*3 variant which disrupts the correct splicing of CYP3AS5 transcripts is
common to all ethnic groups. CYP3A5*6(34), and the frameshift mutation,
CYP3A5*7(58), have been identified in Africans and African-Americans. Due to the
considerable allelic frequencies of 10 — 20%, CYP3A5*6 and -*7 need to be considered
together with CYP3A5*3 via haplotypes analysis to achieve an accurate prediction of
CYP3A5 expression in these ethnic groups (61). The frequency of CYP3AS5 ‘high
expressors’ generally decreases with the distance from the equator; thus, the highest is

observed in Africans (70%) and the lowest in European Caucasians (10%) (52, 62).

CYP2B6 is a member of the cytochrome P450 family that constitutes approximately 2—
10% of the total hepatic CYP content(18). It is also expressed in the brain, and may be
an important factor in the metabolism of drugs acting on the central nervous system
(CNS) and neurological side effects of drug treatments(63). CYP2B6 is responsible for
the metabolism of 4% of the most commonly used 200 drugs (26) and is highly
inducible by several drugs and other xenobiotics(64). There is high inter-individual
variation in CYP2B6 mRNA expression, ranging from 20 to 250-fold, which may be
attributed to differential transcriptional regulation and inherited genetic variation (19,
26, 65, 66). A large number of variants have been reported, including many that are
present at high frequencies and several that show linkage resulting in multiple
haplotypes. Both CYP2B6 haplotypes and genotypes exhibit high racial and ethnic
population frequency differences(67). The enzyme metabolic activity varies with the
different allelic variants. Subjects homozygous for combinations of the alleles
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CYP2B6*6, CYP2B6*16 and CYP2B6*18 may exhibit lower capacity for metabolism
of CYP2B6 substrates, like efavirenz, than expected from a linear gene—dose
relationship (68, 69).

2.4.1 CYP2B6 and CYP3A enzyme induction

CYP enzymes are generally inducible through a process involving de novo RNA and
protein synthesis that has been demonstrated in studies using transcription and
translation inhibitors (70). The commonest mechanism of induction is by ligand
activation of key receptor transcription factors including pregnane X receptor (PXR)
and constitutive androstane receptor (CAR) leading to increased transcription. PXR
and CAR were originally established as the predominant regulators of xenobiotic-
induced CYP3A and CYP2B hepatic expression, respectively. More recent reports
suggest cross-talk between PXR and CAR resulting in reciprocal activation of rodent
and human CYP2B and CYP3A genes (71, 72) but with preferential induction of
CYP2B6 over CYP3A4 by hCAR activation (73)

2.5 PHARMACOGENETICS OF INFECTIOUS DISEASES TREATMENTS

Pharmacogenetics of drug therapy of infectious diseases constitute the basis of the
subject with modern pharmacogenetics having its origin in the 1950s (74) when genetic
factors were found to play a role in the pharmacodynamics and pharmacokinetics of
the anti-malarial primaquine and the anti-TB isoniazid respectively (75, 76). Recently
pharmacogenetic studies have been conducted on antiretrovirals and other drugs with
particular focus on metabolizing enzymes and transporter proteins in the cell

membrane.

2.5.1 Pharmacogenetics of antiretroviral drugs

Since the approval of the first antiretroviral drug, zidovudine in 1987, more than 20
drugs have been approved for the treatment of HIV infection. Although use of
antiretroviral drugs as combination regimens leads to complete suppression of viral
replication in most cases, inter-individual differences have been cited in their
pharmacokinetics and pharmacodynamics possibly accounting for variations in ART
outcomes: incidence of drug-related toxicities, drug-drug interactions and treatment

failure. Given that HIV infection remains incurable requiring life-long treatment once
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initiated, the genetic factors determining the inter-individual variability in drug
exposure, drug interactions and efficacy need to be explicitly described.

The CYP enzyme system is the main metabolizer involved in liver clearance of two
major categories of antiretroviral drugs; non-nucleoside reverse transcriptase
inhibitors (NNRT]I) and protease inhibitors (PI). Several polymorphisms at different
CYP isoenzymes are known to influence the metabolism of drugs, including ARVS,
causing increased or decreased clearance. In addition, the activity of the P-
glycoprotein (P-gp) cell membrane efflux pump influences the intracellular
disposition of some antiretroviral drugs. Polymorphisms at the genes encoding
protein transporters are known to influence both their expression and activity (46, 77,
78).

2.5.1.1 Efavirenz

Efavirenz is a widely used NNRTI in the treatment of HIV infected patients as a
result of its potency and convenience. Efavirenz however, exhibits a narrow
therapeutic window, as plasma drug levels greater than 4 pug/ml have been associated
with more central nervous system (CNS) toxicity while the rate of virologic failure
increases with concentration below 1 pg/ml (79) . Inter-patient variations in efavirenz
hepatic metabolism and P-gp mediated movement across plasma membranes are
some of the main causes of important inter-individual variations in the plasma
concentration of the drug. Efavirenz undergoes oxidative hydroxylation primarily by
CYP2B6 to 8-hydroxyefavirenz, which is its major metabolite, and to 7-

hydroxyefavirenz, which is the minor metabolite (80).

CYP2B6 516 G>T polymorphisms has been associated with differences in efavirenz
plasma exposure and CNS toxicities in most populations suggesting that prescription
of lower efavirenz doses could be warranted in subjects harboring the T/T genotype
in order to minimize side effects without compromising the efficacy of the drug.
CYP2A6, CYP3A4/3A5, and uridine-glucuronyl-transferases constitute minor
efavirenz metabolic pathways (81) with both CYP2A6 and CYP3A4/A5 accessory
pathways influencing efavirenz elimination independent of CYP2B6 (82).

Although there are conflicting reports on whether efavirenz is a substrate for P-gp
(51, 83), lower efavirenz plasma levels, better immune recovery in Caucasians who
carried the 3435T/T genotype and lack of EFV resistance have been associated with
polymorphisms in the ABCBL1 gene (51, 84).
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2.5.1.2 Efavirenz — rifampicin interactions

Rifampicin induces expression and activity of CYP2B6, the main metabolic enzyme
for efavirenz. In primary human hepatocytes, the increase in CYP2B6 activity due to
rifampicin varies widely from 2.5 fold to 13-fold (85) (86). In vivo, co-administration
of efavirenz with rifampicin may lead to 22 — 26% reduction in efavirenz plasma
exposure (87-89) , although more recent studies report no significant differences in
efavirenz concentrations with or without rifampicin co-treatment (90, 91). Inter-
individual differences in the inducibility of efavirenz metabolizing enzymes by co-
administered rifampicin have also been reported (92). The variability in efavirenz
concentrations was found to be greater in the presence of rifampicin than without
rifampicin (93, 94), a probable manifestation of inherent differences in the
inducibility of CYP2B6 variants. The possible inter-individual differences in enzyme
induction on the clearance of efavirenz when co-administered with rifampicin further
complicate decisions about dose adjustments of efavirenz in the setting of concurrent
rifampicin-containing TB therapy (92). Efavirenz dose adjustment has been
suggested, particularly during co-administration with rifampicin among patients
weighing >50 kgs, in order to maintain optimal therapeutic concentrations. However,
the need for balance to avoid supra-therapeutic efavirenz plasma concentrations in
individuals who are genetically predisposed still challenges the practice of the
recommendation, particularly among the African populations who are known to

exhibit significant intra-population genetic differences.

2.5.2 Pharmacogenetics of other infectious disease treatments

Although HIV pharmacogenetics has undergone tremendous development and
attracted most research in the field, it was treatment with anti-malarial drugs that led
to wider recognition of the importance of the subject. During World War 2, African—
American soldiers developed more acute haemolytic crises following treatment with
primaquine compared to their white counterparts. Pharmacogenetic research into anti-
malarial drugs however has remained at its infancy with their metabolic pathways
being established only recently, while their efflux and uptake mechanisms remain

largely unexplored.
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2.5.2.1 Quinine

Quinine, one of the oldest and commonly used anti-malarial, is metabolized by
CYP3A4/-A5 to its primary metabolite, 3-hydroxyquinine (95, 96), which has been
shown, ex vivo, to contribute 5-10% of the anti-malarial activity (97). Quinine has a
narrow therapeutic window (98) indicating the need for dose optimization through
evidence based population tailored dose adjustments or therapeutic drug monitoring.
Cinchonism a syndrome characterized by tinnitus, high-tone hearing loss, nausea,
dizziness and dysphoria, resulting from quinine use, is a major cause for poor
adherence and related treatment failures (98).

In-vitro studies suggest that quinine at therapeutic levels is an inhibitor and substrate
of ABCBL1 (99, 100). Increased brain concentrations of quinine has previously been
reported in ABCBL1 -knockout mice and in wildtype mice after inhibition of P-
glycoprotein with cyclosporine, verapamil, and mefloquine (101). Inter-individual
variation in quinine disposition exist among malaria patients as well as among
healthy volunteers with the CYP3A5*3/*3 exhibiting substantially lower 3-
hydroxylation (96) .
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3 THIS THESIS
3.1 RATIONALE OF THESIS

Several studies have demonstrated the critical role played by gene based ethnic
differences in HIV treatments outcomes. Over the past few years however, as a result of
reduced costs of antiretrovirals and the global initiative to improve access, marked
ART program up scaling has occurred resulting into at least 40% of people in need
receiving ART by end of 2010. Majority of the new entrants into the ART program are
found in the developing countries particularly the sub-Saharan African region. ART
scale up is based on the experiences from the developed countries in Europe and North
America yet genetic variations relevant to ART have been reported between
populations. As a result, differences in terms of drug pharmacokinetics,
pharmacodynamics, drug interaction and toxicity profiles are expected to occur. This
may indicate a possible need for population based modifications of the existing HIV

treatments.

Some gene polymorphisms of great relevance to antiretroviral therapy, and particularly
efavirenz such as CYP2B6 have been highlighted. CYP2B6 polymorphism may
substantially explain inter-individual differences in the pharmacokinetic and dynamics
of efavirenz. However, clinical relevance of the efavirenz pharmacogenetics has not
been adequately demonstrated in Africans, a population that is uniquely different in
terms of: SNP frequency, intra-population variability, spectra of co-morbidities and

associated co-treatments, socio-economic and environmental factors.

On the other hand the pharmacogenetics of quinine an important anti malarial drug has
not been well described, particularly in the sub-Saharan Africa population where

malaria disease is most endemic.

This thesis offers relatively comprehensive explanation for inter-individual efavirenz
pharmacokinetics using a population pharmacokinetic / pharmacogenetic modeling
and simulation approaches that integrate of 30 SNPs in CYP2B6, 3A5 and ABCBL1
genes, including six novel ones, HIV disease, demographic and biochemical factors as
covariates. While the study contextualizes role of pharmacogenetics in efavirenz
pharmacokinetics among Ugandans, findings of this study may be extrapolated to

communities with similar characteristics.
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Majority of the drugs used during HIV/AIDS disease are evaluated in clinical trials
conducted among healthy volunteers. Little is known on whether they exhibit normal
pharmacokinetics in HIV patients. This thesis demonstrates the need for caution when
extrapolating pharmacokinetic findings from healthy volunteer trials to HIV/AIDS
patients. The thesis, in addition explores efavirenz clearance as well as the clinical
relevance of genetic and demographic factors on efavirenz treatments by linking the

effects of such factors and the drug’s pharmacokinetics to CNS toxicities.

Additionally, the thesis describes the role of pharmacogenetics and key demographic
factors such as sex on quinine disposition among in the Ugandan population.

Conduct of the current study among Ugandans, a diverse population in terms of
ancestry may form basis for the wide application of findings of these studies
especially in people from sub-Saharan African region that share similar

characteristics with Ugandans.

3.2 OBJECTIVES

3.2.1 General objective
To describe the pharmacogenetic aspects of TB-HIV/AIDS and malaria treatments in
Ugandans

3.2.2 Specific objectives

1. To assess the effect of CYP3A5, CYP2B6 and ABCB1 polymorphisms on
efavirenz population pharmacokinetics

2. To examine the effect of ABCB1 and CYP3A5 gene polymorphism on quinine
deposition

3. To assess the effect of HIV disease on efavirenz pharmacokinetics

4. To assess the effect of rifampicin co-treatment and CYP3A5, CYP2B6 and
ABCBL gene polymorphisms on CYP2B6 enzyme induction during efavirenz

5. To assess the effect of rifampicin co-treatment and CYP3A5, CYP2B6 and
ABCB1gene polymorphisms on efavirenz related CNS toxicity
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4 MATERIALS AND METHODS

4.1 STUDY DESIGN

The study was conducted among healthy volunteers and HIVV/AIDS patients. A link
sub-study was integrated into the design to enable comparative analysis of efavirenz
pharmacokinetics between HIV/AIDS patients and healthy volunteers. All healthy
volunteer sub-studies (Paper 1) (Paper Il) and (Paper I11) were cross-sectional while
sub-studies involving TB-HIV/AIDS patients were prospective cohort studies with a
follow up period of twelve weeks (Paper V) thirty two weeks (Paper 1V) (figure 2)

Healthy volunteer study
Effect of CYP3A5, CYP2B6 and ABCB1
polymorphisms, and sex on efavirenz PK (Paper I)

Effects of genetic variations in ABCB1 and CYP3A5
genes and sex on quinine disposition (Paper I1)

Link study
The role of pharmacogenetics in Comparison of single dose detailed efavirenz kinetics in
treatment of infectious diseases: With healthy volunteers and HIV patients (Paper 111)
emphasis on Ugandan Population

Patient study

Effect of rifampicin co-treatment and CYP3A5,
CYP2B6 and ABCB1gene polymorphisms on CYP2B6
enzyme induction during efavirenz treatment (Paper
V)

Effect of rifampicin co-treatment and CYP3A5,
CYP2B6 and ABCB1gene polymorphisms on efavirenz
related CNS toxicity (Paper V)

Figure2: A schematic presentation of the study design indicating healthy volunteer, the link and

patient sub-studies
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4.2 STUDY AREA AND POPULATION

The study was conducted in three districts including two urban districts (Kampala and
Mukono) and one rural district (Kasese) as shown in figure 1. Kampala and Mukono
districts are located in central Uganda. Kampala District hosts the administrative
headquarters of the central Government of Uganda. It also hosts two national referral
hospitals. The population in Kampala and Mukono districts is estimated at 3.0 and
1.07 million people respectively. The population in both districts is largely drawn
from the various rural parts of Uganda, bringing all tribes together. Kasese district,
iIs on the other hand located in western part of the country bordering with the
Democratic Republic of Congo. The district population that is estimated at 660,000
people is largely of the Konjo tribe.

4.3 DATA COLLECTION

4.3.1 Healthy volunteer studies

Adult healthy volunteers (n = 161) including Bwera and Mulago Hospital staff,
medical students and local residents were recruited from Kasese, Mukono and
Kampala districts. Clinical examination combined with HIV and hepatitis B serology,
liver and renal function tests were performed to establish the participant’s health
status. Participants were advised to abstain from medications including herbal
preparations a week before and throughout the study period. Participant ancestral
tribes, and age were recorded as self declared. Eligible participants were each
requested to give a blood sample for genotyping before receiving quinine 600mg and
efavirenz 600mg as single oral doses at least two days apart. Sixteen hour blood
samples were collected following quinine administration for determination of plasma
concentrations of quinine and its major metabolite; 3-hydroxy quinine (Paper II).
Following efavirenz administration, all participants contributed sparse efavirenz plasma
samples at 4 and 24 hours. Thirty two of the participants were in addition intensively
sampled for efavirenz up to 72 hours.

Plasma samples for quinine, 3-hydroxy quinine and efavirenz determination and whole
blood samples were stored at -70°C until laboratory analysis was performed at
Karolinska Institute, Stockholm. Participants were genotyped for selected SNPs in
CYP3A5, CYP2B6 and ABCB1 genes (table 3)
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Table 3: 30 single nucleotide polymorphisms in ABCB1, CYP2B6 and CYP35A genes

determined in 161 healthy volunteers.

Gene Position rs number Allele Relevance
CYP2B6*4, *6, *7, Reduced expression and
CYP2B6 c.785 A—G rs2279343 *13, *16 *19, *20 activity
CYP2B6*6, *7, *9, Reduced expression and
¢.516 G—T rs3745274 *13, *19, *20 activity
c.136A—G rs35303484 CYP2B6*11 Phenotypic null allele
c.983 T—C rs28399499 CYP2B6*16, *18 Phenotypic null allele
c.64 C—T rs8192709 CYP2B6*2 Phenotypic null allele
c.1282 C—T rs35010098 CYP2B6*21 Phenotypic null allele
exon 8/—6 C—T rs35449271 New SNP Undetermined
296 G—A rs36060847 CYP2B6*12 Reduced expression
1375 A—G rs3211369 CYP2B6*23 Unknown
c.1172 T—A rs35979566 CYP2B6*15 Reduced expression
CYP3A5 2.27289C—A rs28365083 CYP3A5*2 Unknown
2.6986A—G Is776746 CYP3A5*3 Phenotypic null allele
2.14665A—G CYP3A5*4 Unknown
2.14690G—A CYP3A5*6 Phenotypic null allele
0.27131-27132insT  rs241303343 CYP3A5*7 Phenotypic null allele
2.3699C—-T rs28371764 CYP3A5*8 Phenotypic null allele
2.19386G—A rs28383479 CYP3A5*9 Decreased activity
ABCB1  ¢.1236 C—T rs1128503 Phenotypic null allele
c.2677 G/A—T rs2032582 Phenotypic null allele
c.3435T/C rs1045642 Phenotypic null allele
€.4036 A/G rs3842 New SNP Undetermined
c.1659 G—C rs2235012
exon 6/+139 C—T rs1202168 New SNP Undetermined
exon 19/-88 T—C rs4728699 New SNP Undetermined
c.781A—G rs36008564
€.239C—A rs9282565
exon 12/+44 C—»T  rs20328588 New SNP Undetermined
c.1199G—A rs2229109
c.1795C—T rs2235036
exon 20/+24 G—A 152235040 New SNP Undetermined
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4.3.2 Patient studies

ART naive HIV/AIDS patients were recruited at the HIV clinics at Butabika National
referral hospitals in Kampala (n= 60) and Bwera Hospital, Kasese (n=47). 152 TB co-
infected HIV patient’s naive to both ART and anti-TB therapy were recruited from the
TB-HIV clinic at Mulago National Referral Hospital. All patients were treated for HIV
with efavirenz 600mg daily doses in combination with zidovudine and Lamivudine.
Follow up period was 32weeks. Patients co-infected with TB received rifampicin based
anti-TB regimen for 6 month (2EHRZ/4HR) in addition to ART. CD4 analysis was
performed to ensure eligibility for HIV treatment. All patient participants were
genotyped for CYP2B6 (*6 and *11), CYP3A5 (*3,*6 and *7) and ABCBL1 (rs 3842
and 3435C>T). Mid-dose plasma efavirenz concentrations samples were drawn on days
1 and 3 then weeks 1, 2, 4, 6, 8, 12, 16, 20, 24, 28 and 32. Twenty nine of the patients
were intensively sampled within 24 hours of treatment initiation and compared with
healthy volunteers (Paper Il1). Patients were also evaluated for adverse events including

neuropsychotic ones (sleep disorders, hallucinations and cognition impairment)

4.4 LABORATORY ANALYSIS

4.4.1 HPLC quantification of drug levels

4.4.1.1 HPLC determination of efavirenz (Paper I, 111, 1V &V)

Plasma was prepared from blood samples by centrifugation at 3000 g for 10 min and
stored at -70°C until high performance liquid chromatography (HPLC) analysis was
performed. Plasma efavirenz was determined by reverse-phase with ultraviolet (UV)
detection. The HPLC machine, Agilent series 1100, consisting of column
compartment G1316A, Degasser G132A, Quat pump G1311A, an auto-sampler ALS,
G1329A, and G1315B diode array detector was used. The mobile phase consisted of
30% acetonitrile, 30% methanol, 4 mmol I potassium hydroxide and 10 mmol I*
acetic acid (pH 4.3). Plasma proteins were precipitated with acetonitrile before
centrifuging. Elution was performed at 0.80 ml min-1 for 3.5 min. The retention time
for efavirenz was 2.42 min as detected at UV-VIS 1, 210 nm, UV-VIS 2,220 nm. The
method was linear, with a within-day coefficient of variation of 3.2, 3.3 and 5.1% at
concentrations of 2.0 mM (n = 17), 8.0 mM (n = 17), and 20 mM (n = 16),
respectively, and a between-day coefficient of variation of 4.1% (n = 50). The limit of

quantification for the method was set at 0.35 mM.
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4.4.1.2 HPLC determination of Quinine and 3-Hydroxy quinine (I1)

HPLC determination of quinine and its metabolite 3-hydroxy quinine was performed as
previously reported (102) by mixing 100pl of plasma with 200 pl of cold methanol and
vortexing the mixture for 10 seconds before centrifugation at 3000g for 10 minutes.
The supernatant was transferred to HPLC injection vials. 10 pl to 30 pl was injected
into an HPLC system consisting of a rheos 4000 gradient pump (Flux Instruments AB
Karlskoga, Sweden) a Gilson 231 XL injector (Pretech Instruments, Stockholm,
Sweden) a waters 474 detector (Millipore, Milford, MA, USA) and a computer with
Chemstation software for data registration and calibration (Agilent Technologies,
USA). Excitation and emission wavelengths were set at 350 and 450 nm respectively.
Zorbax Eclipse XDB phenyl 150 X 4.6 mm 1.D. 5um (Chrom Tech, Hagersten,
Sweden) was used. Gradient elution was performed with two mobile phases A
(consisting of 8% acetonitrile in 0.1M acetate buffer, pH 3.9) and B (consisting of
24% acetonitrile in 0.1 M acetate buffer, pH 4.2).

4.4.2 Genotyping

4.4.2.1 Restricted Fragment Length PCR
RFLP was used to genotype for C3435T, C1236T and G(A)2677T in the ABCB1
gene according to Tang et al and Cascorbi et al (103) (104). PCRs were performed in
a reaction mixture (25 ml) containing buffer X10, 0.125 ml Smart Tag hot DNA
polymerase, 1.6-2.0 ml MgCI2 (25 mM I-1), 6.25 mM dNTPs, and primers.
Endonucleases Bspl1431, Eco01091 (Drall) and BshNi(HgiCl) were used to digest
PCR products for C3435T, C1236T and G(A)2677T, respectively, followed by gel
electrophoresis.

4.4.2.2 Micro-array Assay
Genomic DNA was isolated using QIAgen kit was genotyped for SNPs in the three
genes: CYP2B6, CYP3A5 and ABCB1 by minisequencing using micro-tag arrays
method (105). Cyclic minisequencing reactions with fluorescently labeled
dideoxynucleotides were performed using multiplex polymerase chain reaction (PCR)
product as template and detection primers, designed to anneal immediately adjacent
to and upstream of the SNP site. Primer sequences are available upon request. The
microarrays were prepared using detection primers carrying unique 5’ tag sequences
and oligonucleotides complementary to the tag sequence of the minisequencing

primers, immobilized on a microarray. Hybridization was performed as according
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Lindroos et al and Lovmar et al (105, 106). The QuantArray file was exported and
analysed using the SNPSnapper analysis software, version 4.0 beta.
4.4.2.3 TagMan Methods

SNPs identified to be of clinical importance by the healthy volunteer sub-studies (1)
and (Il), including CYP2B6 (*6 and *11), CYP3A5 (*3,*6 and*7) and ABCBL1
(rs3842 and 3435C>T) were determined on patient genomic DNA using this method.
Allelic discrimination reactions were performed using TagMan (Applied Biosystems,
CA, USA) genotyping assays: (C__ 7586657 20 for ABCB1 3435C>T,
C__ 7817765 _60, for ABCB1 rs3842T>C, C_ 29560333 20, for CYPB6 516G>T
[CYP2B6*6 ], for CYP2B6 136A>G [CYP2B6*11], C_ 26201809_30 for CYP3A5
6986A>G [CYP3A5*3], C__ 30203950 10 for CYP3A5 14690G>A [CYP3A5*6]) and
C__ 32287188 10 for CYP3A5 g.27131_27132insT [CYP3A5*7] on ABI 7500 FAST
(Applied Biosystems, Foster City, CA). The final volume for each reaction was 10ul,
consisting of 2x TagMan Universal PCR Master Mix (Applied Biosystems), 20 X
drug metabolising genotype assay mix and 10 ng genomic DNA. The PCR profile
consisted of an initial step at 50°C for 2 min and 50 cycles with 95°C for 10 minutes
and 92°C for 15 sec

4.5 DATA MANAGEMENT AND ANALYSIS

4.5.1 Data management

Data was entered into an excel sheet. Primary sources of data were also kept in
electronic form for reference. Prior to data modeling using Nonlinear Mixed Effect
Modeling (Paper | & I11) data was exported to SAS for cleaning. Before analysis with
Statistica, Graph Pad Prism version 5.0 for Windows or SPSS version 9 (Paper II, IV & V),

appropriate data was extracted cleaned and formatted

4.5.2 Nonlinear mixed effect modeling (NONMEM)

NONMEM, a one-stage analysis that simultaneously estimates mean parameters,
fixed effect parameters, individual variability and residual random effects was used
for the population pharmacokinetic analysis. First-order conditional estimation in
NONMEM VI (Icon Development Solutions, Ellicott City, MD, USA) was applied
(Paper | & I11) and the resulting models and model output were managed using the
Census software. The structural model was parameterized in terms of apparent oral

clearance (CL/F), apparent central and peripheral oral volumes of distribution (Vc/F
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and Vp/F), apparent inter-compartmental clearance (Q/F), first-order absorption rate
constant (ka), duration of zero-order input (D) and lag times for first- and zero-order
absorption (ALAG). To be included in the model at the exploratory stage, a covariate
had to account for a significant difference, P < 0.05. All retained covariates were
then removed from the full model in stepwise backward manner using a more

stringent criterion of P < 0.01

4.5.3 Statistical analysis

All data was initially entered into excel spreadsheets. For sub-studies I and 111 data
was exported to SAS software and processed into a NONMEM format. For sub-study
I, CYP3ADS activity was determined using the 16-hour plasma molar concentration of
quinine to that of 3-hydroxyquinine ratio as an index. Analysis of covariance was
used to determine covariate effects on drug pharmacokinetics parameters (V) and its
metabolic ratio (11) while path analysis using ANOVA was employed to determine
associations of genotypes, rifampicin treatment, efavirenz concentrations and various

demographic factors on CNS toxicity (V).

4.6 ETHICAL CONSIDERATIONS

Studies were conducted in conformity with the Helsinki declaration and the
International Conference on Harmonization (ICH) recommendations. Written informed
consent were sought and obtained from all participants (Paper 1 - V). No incentives
were given for participation while withdrawal from the studies was voluntary without
retribution.  Participant identities were kept anonymous accept to the principal
investigator and primary study team. Ethical clearance was sought from the Higher
Degrees Research Committee of Makerere University, the Uganda National Council for
Science and Technology (Paper | - V) and the Ethical Review Board at Karolinska
Institute, Stockholm Sweden (Paper I, 111, IV & V)
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5 RESULTS

5.1 EFFECT OF SEX AND CYP2B6, CYP3A5 AND ABCB1 GENE
POLYMORPHISM ON SINGLE DOSE EFAVIRENZ
PHARMACOKINETICS (PAPER I)

SNP frequencies among Ugandans were comparable to what has been reported for

other African populations. CYP2B6*6 and *11 influenced apparent oral clearance

(CL/F) of efavirenz with slower metabolizers exhibiting 21% and 20% less than the

faster metabolizers respectively. Efavirenz relative bioavailability was 26% higher in

persons homozygous to ABCB1 (c4036A>G). The three SNPs found to influence
efavirenz pharmacokinetics: CYP2B6 *6 and *11 and ABCB1 c.4036A>G SNPs
were observed at frequencies of 55%, 13.6% and 16.8% respectively

5.1.1 Sex effect on efavirenz pharmacokinetics

The study reports two fold higher apparent volume of distribution (Vp/F) among
women compared to men signifying an increased likelihood of efavirenz toxicity or
treatment failure among females than men respectively. Efavirenz lipophilicity offers a
plausible explanation for the higher Vp/F among women who are known to have bigger

fat deposits compared to their male counterparts (107).

5.1.2 Genotype - sex effects on efavirenz pharmacokinetics

While participants homozygous for all clinically relevant mutations (CYP2B6 *6, *11
and ABCBL1 ¢.4036A>G) exhibited 1.5 fold longer efavirenz half-life and about two
fold greater area under the curve (AUC) (943uMh™) than wild type participants
(475uMh™), complimentary sex effects resulted into a 3 and 2 fold increase in terminal
half-life among mutant women (108.9 hours) compared to typical wild type (37.3
hours) and mutant men (54.7 hours) respectively. A 24-h AUC (AUC24) for efavirenz
of 190-380 uMh; (60-120 mg h/l 1uM = 0.315 mg/l) represents the 50th to twice the
50th percentile of AUC24 values in adults receiving the recommended dose of 600
mg/day (108). High AUC (943uMh™) was reported for individuals homozygous for the

three functional alleles.

25



5.2 EFFECT OF GENE POLYMORPHISM ON QUININE DISPOSITION
(PAPER II)

Assessment of ABCB1 and CYP3AS5 gene and sex effect on weight normalized quinine
plasma concentrations revealed that while women metabolize quinine 1.2 times faster
than men (p =0.013), they also exhibit higher drug bioavailability resulting into
significantly higher 16-hour plasma quinine concentrations (5.98+ 0.28uMolL™)
compared to men (4.43+ 0.30pMolL™ ) (p= 0.0003). The findings also revealed that
ABCB1 polymorphism at Exon 6/ +138C>T (rs 1202168), c2677G/A>T (rs 2032582)
and Exon 20/+24G>A, that were observed frequencies 16.8%, 3.7% and 4.6%
respectively, significantly influenced and may partially explain the 30 fold variation in
plasma quinine concentrations reported by this sub-study. Individuals exhibiting wild
type haplotype (68.5%) for SNPs in ABCBL that were studied, had significantly low
weight-normalized quinine plasma concentration (mean + SE, 4.33 = 0.29 mmol/L)
compared with those heterozygous (mean = SE, 5.9 £ 0.49 mmol/L) or homozygous
(mean = standard deviation, 7.5 £ 0.64 mmol/L) (P = 0.0003). Similarly, individuals
with 2 CYP3AS functional alleles exhibited significantly low quinine MR followed
by those with one (P = 0.030).

5.3 EFFECT OF HIV INFECTION ON EFAVIRENZ BIOAVAILABILITY
(PAPER 1)

This study, in which single dose efavirenz pharmacokinetics was compared between

HIV/AIDS patients and healthy volunteers, confirmed a higher peripheral volume of

distribution (108%) and two fold longer half-life (78hours) among compared women to

men, while HIV/AIDS patients exhibited 30% lower relative bioavailability compared

to healthy volunteers.

5.4 EFFECT OF RIFAMPAICIN AND CYB2B6, CYP3A5, ABCB1 GENE
POLYMORPHISM ON ENZYME INDUCTION DURING EFAVIRENZ
TREATMENT (PAPER V)

In this study the CYP2B6, CYP3A5, ABCB1 gene polymorphism and rifampicin co-

treatment effect on enzyme induction in patients receiving efavirenz treatment was

assessed. Both short and long—term induction was predicted by CYP2B6*6 on all drug

analysis days (p <0.01) while CYP2B6*11 predicted efavirenz clearance on days 14

and 56; p = 0.002 and 0.019 respectively. Rifampicin co-treatment is associated with

short-term CYP2B6 enzyme induction in HIVV/AID patients receiving efavirenz and
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rifampicin co-treatment. Patients co-treated with rifampicin exhibited higher efavirenz
clearance on day 14 (p= 0.01) while effect of efavirenz auto induction on efavirenz

clearance was lower in patients co-treated with rifampicin.

5.5 EFAVIRENZ CENTRAL NERVOUS SYSTEM TOXICITY DURING
RIFAMPICIN CO-TREATMENT (PAPER V)

Evaluation of the effect of rifampicin and CYP2B6, CYP3A5 and ABCB1 gene
polymorphism on efavirenz related CNS toxicity: sleep disorders, hallucinations and
cognition, in HIV patients revealed that efavirenz CNS toxicity is a major problem in
Ugandan HIV-1 infected patients. At least 7 in every 10 of the patients (75.6%) suffer
some form of CNS toxicity during the initial twelve weeks of efavirenz treatment. The
commonest form of CNS disorder exhibited is sleep disorders 60.5% (n= 124),
followed by hallucination 30.7% (n = 63). Neither rifampicin co-treatment (p=0.7) nor
sex (p= 0.4) influence efavirenz CNS toxicity. CYP2B6 (*6 & *11) and ABCBL rs
3842 predict efavirenz concentrations, which in turn influenced CNS toxicity. CNS
toxicity is predicted by efavirenz concentrations on days 3, 28, 42 and 84 (p = 0.02,
0.023, 0.025 and 0.032).

5.5.1 Sleep disorders

Sleep disorders are a major symptom of efavirenz CNS toxicity whose incidence
increased 4 fold from 18.2% (n =36) at baseline, [15.2% (n =9) in non-rifampicin
treatment group and 19.7% (n=27) in rifampicin treatment group] to 60.5% (n= 124)
over the initial 12 weeks of efavirenz treatment. Incidence of sleep disorders was not
affected by rifampicin co-treatment [36.4% (n = 20) non-rifampicin versus 35.5% (n =
49) rifampicin treatment groups], p= 0.46. Efavirenz related sleep disorders were
neither determined by sex nor CYP2B6 (*6 & *11), ABCB1 (c.4036A>G &
€.3435C>T), CYP3A5*1 genotypes but rather by efavirenz plasma concentrations at
dayl (p = 0.01), day 14 (p = 0.035), day 28 (p= 0.003) day 42 (p =0.006) day 56
(p=0.17) and day 84 (p=0.02). Sleep disorders were evaluated in terms of insomnia,
sleep walking and vivid dreams. Majority of patients who suffered sleep disorders, 93
% (115) experienced vivid dreams. Insomnia and sleep walking were reported at rates
of 36.3% (n=45) and 8.1% (n= 10) respectively.
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5.5.2 Hallucinations

Efavirenz treatment increased incidence of hallucinations among HIV patients from
1.6% (n=3) before treatment to 30.7% (n=63) during 12 weeks of initial treatment. All
hallucinations except one occurred by week two of efavirenz treatment. Although
isolated cases of paranoid hallucinatory symptoms have previously been report as
symptoms for HIV/AIDS disease (109, 110), findings in this thesis associate

hallucinations with efavirenz HIV treatment.

5.5.3 Cognition

HIV/AIDS disease is associated with cognitive dysfunction. According to our study 73
% of HIV infected patients initiating ART have a cognition disorder, 23.3% (n =46)
exhibited severely impaired cognition, MMSE < 19. Although efavirenz is generally
associated CNS toxicity, cognition improved with efavirenz based antiretroviral
therapy, with the number of patients scored <19 on the MMSE reducing from 46
(23.3%) at ART initiation to 22 (10.7%) at twelve weeks of treatment. This finding is in
agreement with results from several studies including those conducted in Uganda,
Thailand Brazil and USA, which according Joska et al. (111) reported a significant

improvement in neurocognitive status profile with ART.
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6 DISCUSSION

In this thesis, the role of multiple SNPs (30) on efavirenz pharmacokinetics was
initially determined (Paper 1). The thesis further examined the effect of SNPs found to
play a role in efavirenz population pharmacokinetics and rifampicin co-treatment on
CYP2B6 enzyme induction and efavirenz clearance (Paper 1V) and efavirenz related
CNS toxicity (Paper V). Based on possible physiological and anatomical changes
associated with HIV infection, the effect of the disease on efavirenz pharmacokinetics
was also assessed. Furthermore, the thesis examined the effect of various SNPs in
CYP3A5 and ABCBL1 on quinine disposition. Findings from this first experiment apart
from further enriching scientific knowledge, guided the subsequent clinical studies with
regard to SNPs that were likely to be clinically important. CYP2B6 *6, CYP2B6 *11,
ABCB1 (c.4036A>G), sex and HIV/AIDS disease influenced efavirenz
pharmacokinetics (Paper | & I1II). Although, from the healthy volunteer study,
ABCB1 ¢.3435C>T did not significantly influence efavirenz pharmacokinetics (Paper
1) due to its previously documented role in HIV treatments (112), this thesis controlled
for its possible effect on efavirenz disposition during assessment of the effect of HIV
infection on efavirenz pharmacokinetics (Paper I11) and examined its possible role in

enzyme induction and efavirenz related CNS toxicity among HIV patients.

Overall sex plays a role in pharmacokinetics of both quinine and efavirenz. Given that
quinine has a narrow therapeutic window with its therapeutic and toxic concentration
profiles overlapping(98), women are more likely to experience acute cinchonism and
other quinine concentration related side effects. Higher quinine bioavailability in
women may explain the previously reported higher ototoxicity exhibited by
women(113). This result indicates need for steady state quinine pharmacokinetic—
pharmacodynamic studies that consider sex differences. On the other hand, the sex
effect on efavirenz pharmacokinetics seem to weaken at steady state conditions
implying that except in cases of existing complimentary factors, it may not have
significant pharmacodynamic implications (Paper IV & V). This is further supported
by the finding of no significant sex difference in efavirenz related CNS toxicity (Paper
V).
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In agreement with previous findings the results herein indicate that CYP2B6*6 predicts
both efavirenz pharmacokinetics as well as treatment outcomes. The thesis further
demonstrated the role of CYP2B6*11 and ABCB1 c.4036A>G in both efavirenz
pharmacokinetics (Paper | & 1V) and pharmacodynamics (Paper V). Although not as
significant as for CYP2B6*6, the demonstrated role of CYP2B6*11 and ABCB1
€.4036A>G in both efavirenz pharmacokinetics and pharmacodynamics signify their
clinical significance regarding HIV treatment with efavirenz. Furthermore CYP2B6*11
has been confirmed to influence intracellular efavirenz concentrations (114) a fact
that supports its clinical relevance considering that its antiviral activity is exhibited

intracellularly.

The thesis reports no effect of rifampicin co-treatment on long term efavirenz induction
as well as efavirenz related CNS toxicity. While the observed lack of rifampicin effect
on long term enzyme induction is in agreement with other recent reports, lack of
rifampicin effect on efavirenz related CNS toxicity reported by this thesis (Paper V)
may be attributed to similar efavirenz concentrations without and during rifampicin
co-treatment. According to findings of this thesis, the rifampicin / efavirenz
interactions that have long been speculated during co-treatment with the two drugs
may not have significant clinical relevance but rather the CYP2B6 genotypes. TB-
HIV co-infections remain the biggest challenge in HIV care, yet optimal treatment
regimens for HIV/TB co-infection are not yet clearly defined (115) largely due to fear
for sub-therapeutic drug concentrations resulting from possible alterations in the
activities of the hepatic metabolizing enzymes and protein transporters. While CYP2B6
genotypes might form basis for population specific efavirenz dosing
recommendations for HIV patients on or off rifampicin, CYP3A5, ABCB1 genotypes
and sex need to be considered for quinine dose recommendations although additional
studies are still required. Although clinical data available at conception of this thesis
suggest that, for the majority of individuals, rifampicin-based regimens could be
successfully combined with the non-nucleoside reverse transcriptase inhibitor
efavirenz, dosage modification was recommended. According to this thesis however,
rifampicin co-treatment neither affects steady state efavirenz plasma concentrations nor
modifies efavirenz related CNS toxicities. Conversely CYP2B6 and ABCB1
genotypes influence efavirenz pharmacokinetics as well as pharmacodynamics. These
findings support TB-HIV co-treatment with rifampicin and efavirenz based regimens
respectively.  Additionally, the primary role of CYP26 genotype in efavirenz
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disposition as well as dynamics demonstrated in this thesis and other reports, clearly
indicate a possibility to optimize efavirenz use in management of HIV with or without
rifampicin co-treatment by genotyping for the CYP2B6.

This thesis, further reports 30 % lower efavirenz bioavailability among HIV/AIDS
patients compared to healthy volunteers indicating the need for pharmacokinetic
studies of relevant drugs in HIV patients. Control for the effect of several biological
factors in determination of effect of HIV/AIDS disease on efavirenz bioavailability
render findings reported herein reliable although they may not directly apply for all
drugs used by HIV/AIDS patients. Notable is that similar findings have been reported
for other drugs including ketoconazole. Both physiological (116) and anatomical
changes related to HIV/AIDS disease(117) are probable causes for reduction in
bioavailability of efavirenz and other drugs among HIV patients. Although this finding
may not be generalized to all drugs, pharmacokinetic studies of existing and new drugs
in HIV/AIDS patients may be informative especially for drugs relevant for HIV care.
Finally, the genotype effect on both efavirenz, with or without rifampicin, and quinine
pharmacokinetics clearly indicate the critical role of pharmacogenetics in malaria, HIV
and TB treatments.

Although assessment of virological and immunologic recovery during rifampicin co-
treatment and with CYP2B6, CYP3A5 and ABCB1 gene polymorphism was outside
the scope of this thesis, findings herein clearly demonstrate the clinical relevance of
the studied genotypes. Importantly, equal sex participation in the studies (50 — 60 %
female representation) enabled assessment for possible sex differences in efavirenz and
quinine disposition and efavirenz pharmacodynamics. Furthermore, Ugandans among
whom the constituent studies of this thesis were performed are known to have a diverse

ancestry giving these findings wide application particularly in sub-Saharan Africa.

31



7/ CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

32

Quinine disposition is influenced by sex and ABCB1 (rs2235040, rs1202168
and rs36008564) and CYP3AS5 genotypes.

Both quinine plasma concentrations and metabolic ratios vary significantly in
Ugandans.

Women are faster quinine metabolizers and display higher quinine
bioavailability than men and exhibit than men

CYP2B6*6, CYP2B6*11, ABCBL (rs3842) and sex are major predictors of
efavirenz plasma exposure both after single-dose administration and at steady
state

Efavirenz auto induction effect on its own clearance is greater in patients off
than during rifampicin co-treatment.

CYP2B6 genotypes rather than rifampicin predict long—term enzyme
induction in patients treated with or without rifampicin

Rifampicin co-treatment predicts short term enzyme induction during co-
treatment with efavirenz

Efavirenz related CNS side effects are common among HIV/AIDS patients
receiving efavirenz based treatments

Efavirenz related CNS toxicity is not affected by rifampicin co-treatment but by

plasma efavirenz concentrations.



7.2 RECOMMENDATIONS

7.2.1 Quinine

1.

In the short term, pharmacogenetic research can help to better understand the
pharmacokinetics and pharmacodynamics of anti-malarial drugs and particularly
quinine. A prospective, randomized trial where comprehensive clinical data, from
large numbers of patients to systematically assess pharmacokinetics in relation to
dosage and clinical outcomes considering host genetic factors and sex need to be
conducted among Ugandan malaria patients. Replication of such a trial in
independent cohorts based on endemicity of malaria and likely differences in host

genetic factor may go a long way in optimization of quinine in malaria treatment.

7.2.2 Efavirenz

1. Dose prediction and pharmacokinetics of efavirenz and other such drugs that are

commonly used among HIV infected persons need to be conducted in HIV/AIDS

patients.

Integration of pharmacogenetics into patient care is important for HIV/TB
treatments. Genotyping CYP2B may particularly optimize efavirenz dosing and
treatment outcomes in both HIV and TB co-infected HIV patients. Resource
limited settings might benefit from dose stratification based on well designed

pharmacogenetics studies.

Efavirenz — rifampicin co-treatments may be administered to TB- HIV patients

without dose modification
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