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Summary: methods and major findings
Genotyping: DNA was isolated from  whole blood o f 1013 HIV-patients and genotyped commercially 

fo r 37 single nucleotide polymorphisms (SNPs) and one 3-basepair insertion in genes o f relevance fo r 

drug interactions: NR1I2 (PXR), CYP3A4, CYP2B6 and ABCBl (M DR l). An in-house quality contro l was 

carried out by PCR-RFLP. 22 polymorphisms (out o f 29 detected) were found at significantly d iffe ren t 

(P < 0.05) allele frequencies between Caucasians and Sub-Saharan Africans (chi-square w ith  Fisher's 

Exact Test). A comparison o f our Sub-Saharan African population w ith  available data from  other 

studies o f African American subjects revealed significantly d iffe ren t allele frequencies o f four SNPs. 

Antiretroviral (ARV) induction of nuclear receptor-mediated transcription of cytochrome P450 

(CYP450) enzymes: The inductive ability o f sixteen ARVs on CYP3A4 and CYP2B6 p rom oter activ ity via 

pregnane X receptor (PXR) or constitu tive  androstane receptor (CAR) was explored in v itro  using 

luciferase reporter assays w ith  HepG2 cells. Normalised results were compared to  untreated cells by 

one-way ANOVA w ith  Dunnett's post hoc analysis, P < 0.05 indicated significant difference. PXR- 

m ediated CYP3A4 p rom oter activity was induced by (mean fold change ± S.E.M): Fosamprenavir (13.5 

± 3.9), lopinavir (7.5 ± 2.7), nelfinavir (5.6 ± 2.3), tip ranavir (9.9 ± 3.4) and efavirenz (5.7 ± 3.3). PXR- 

m ediated CYP2B6 p rom oter activ ity was increased by lopinavir (11.4 ± 10.0), darunavir (6.1 ± 0.4), 

efavirenz (4.7 ± 2.3) and abacavir (2.3 ± 0.6). CAR-mediated CYP3A4 p rom oter activity was induced 

only by abacavir (2.5 ± 1.0), while  CAR-mediated CYP2B6 p rom oter activ ity was increased by 

fosam prenavir (3.4 ± 3.2), lopinavir (3.0 ± 1.3) and tip ranavir (4.8 ± 2.4).

Impact of NR1I2 (PXR) polymorphism on PXR-mediated CYP3A4 transcription: To assess the 

influence o f four coding NR1I2 (PXR) polymorphisms detected in the cohort, m uta tion constructs of 

PXR were employed in reporter assays as described above. Transfection o f HepG2 cells w ith  V140M 

and A370T m utation constructs both resulted in low er rifam picin-, fosamprenavir- and lopinavir- 

stim ulated CYP3A4 p rom oter activ ity in comparison to  the PXR reference sequence construct.

ARV effect on CYP450 mRNA and protein expression in primary human hepatocytes: Cells were 

exposed to  lopinavir, efavirenz and abacavir fo r 48h, a fte r which RNA and protein was isolated. Real 

tim e  PCR was carried out w ith  primers fo r CYP3A4, CYP2B6 and internal standard (3-actin (ACTB). 

Normalised results were compared to  vehicle controls by one-way ANOVA w ith  Dunnett's post hoc 

analysis, P < 0.05 indicated significant difference. CYP3A4 mRNA expression was increased by 

efavirenz (mean fo ld  change ± S.E.M 2.8 ± 0.7), while  both efavirenz (30.1 ± 12.8) and abacavir (3.2 ± 

0.4) increased CYP2B6 mRNA expression. Determ ination o f protein content by Western b lot showed 

increased CYP3A4 by efavirenz (7.6 ± 4.7) and CYP2B6 by lopinavir (1.8 ± 0.4).

In silica evaluation of ARVs as nuclear receptor ligands: Docking studies and molecular descriptor

filte ring  parameters were used to  evaluate the potentia l o f ARVs to  act as ligands o f liver X receptors
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(LXRa/P), estrogen receptors (ERa/3) and glucocorticoid receptor (GR). From a library of 26 ARVs, the 

following compounds were predicted as potential ligands of LXRa/P: darunavir, tipranavir, efavirenz, 

maraviroc, TAK-779 and flavopiridol. Efavirenz and flavopiridol w ere predicted ligands of GR, while 

only the form er fit the criteria of an ERa/P ligand.

Direct ARV interactions w ith  nuclear receptor ligand binding domains (LBDs): TR-FRET fluorescence 

LXRa and ERa co-activator assays were adopted to assess direct LBD interactions and co-activator 

recruitm ent by ARVs. The selection of drugs was guided by the in sitico pre-screening, some additional 

compounds were included based on confirmed PXR induction or indication of target gene effects in 

the literature. LXRa agonist effects w ere confirmed for darunavir (ECso= 21 .7^ M ), maraviroc (ECso = 

16.8piM) and tipranavir (EC5 0  = 30 .0 |iM ). LXRa antagonistic effects w ere verified for efavirenz (ICjo^ 

45.2nM ), TAK-779 (ICso= 206nM , outside tested range) and flavopiridol (iC5 o= 26.4nM ).

ARV activation of LXRa/P, ERa/P and GR: Reporter assays were utilised to assess ARVs as ligands of 

these nuclear receptors in vitro, transfecting HepG2 with nuclear receptor expression plasmids as well 

as luciferase constructs of their respective responsive elements followed by 24h drug exposure. 

Normalised results w ere compared to vehicle controls by one-way ANOVA with Dunnett's post hoc 

analysis, P < 0.05 indicated significant difference. LXRa and LXRP activity was increased by atazanavir 

(mean fold change ± S.E.M for LXRa 2.8 ± 0.5; P 2.5 ± 0.9), darunavir (LXRa 1.8 ± 0.2, P 2.0 ± 0.2) and 

ritonavir (LXRa 3.5 ± 1.3, P 2.7 ± 1.4). Efavirenz on the other hand reduced the activity of LXRP to 7 ± 

4% of basal levels. Transcriptional activity of ERa was increased by efavirenz (mean fold change ± 

S.E.M 13.6 ± 5.9) and tipranavir (5.5 ± 3,8). None of the ARV drugs tested had an effect on ERP or GR. 

Efavirenz effect on ABCAl and ApoE gene expression using hum an SH-SY5Y neuroblastom a cells 

and prim ary rat cortical cultures: Cells w ere exposed to efavirenz and/or LXR agonist T0901317 for 

24h followed by RNA isolation. Real tim e PCR was perform ed with primers for LXR target genes 

ABCAl and ApoE. Efavirenz reduced ABCAl in SH-SY5Y (one-way ANOVA with Dunnett's post hoc 

analysis, P < 0.05) and additionally attenuated T0901317-m ediated ABCAl induction (IVIann-W/hitney 

t-test, P < 0.05). No significant effect was seen on human APOE w ith either efavirenz or T0901317, 

while a trend to reduced A bcal and ApoE was noted in primary rat cortical cultures (however non­

significant).

Efavirenz effect on amyloid precursor protein (APP) expression in a human neuroblastom a cell line 

and prim ary rat cortical cultures: Western blots w ere perform ed with whole cell RIPA lysates of SH- 

SY5Y cells and primary rat cortical cultures, however no significant effect was seen with either 

efavirenz or LXR agonist T0901317 on APP expression (normalised to internal standard P-actin).
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C hapter 1: Introduction

1 Introduction
The focus o f this thesis is on th e  activation  o f nuclear receptors,  w hich are im p o rtan t regulators of 

gene expression, by drugs designed to  suppress replication  o f th e  hum an im m unodefic iency virus 

(H IV ). In th is in trod u cto ry  ch ap ter, th e  basic characteristics o f HIV infection and m ode o f action by 

an tire tro v ira l (ARV) com pounds w ill be described and an outline given o f som e o f the  

pharm acological challenges in HIV tre a tm e n t; including d eve lo p m e n t o f drug resistance, adverse  

effects , th e  im p ortan ce o f achieving th era p e u tic  drug plasm a concentrations, drug interactions and  

th e  im pact o f pharm acogenetics. Finally, th e  nuclear recepto r fam ily  w ill be in troduced, and th e ir  

fu n d am en ta l role in th e  regu lation  of endogenous processes highlighted. In particu lar, th e  

significance o f pregnane X re ce p to r (PXR) fo r ARV drug b ioavailab ility  and drug interactions w ill be 

discussed.

1.1 Human immunodeficiency virus (HIV)

A fte r th e  em ergence o f acqu ired  im m unodefic iency syndrom e (AIDS) disease in th e  United  States in 

19 81 , m anifested  by a high prevalence o f rare opportun istic  infections and Kaposi's sarcom a am ong  

young hom osexual m e n \  intensive research was carried out to  identify  th e  causative agent. Tw o  

years la te r a research group led by M o n ta g n ie r a t Institu t Pasteur in Paris^ published a repo rt of 

isolation o f a T -lym p ho tro p ic  re trovirus, subsequently nam ed HIV by an in te rn ation al n om enclature  

co m m itte e . This was la te r co n firm ed  as th e  causative ag en t o f AIDS by Gallo and co-w orkers a t th e  

N ational Ins titu te  o f Health  in M ary lan d , USA^'®. A d iffe re n t strain o f H IV  was la te r discovered in W est 

Africa by M o n ta g n ie r^  leading to  th e  distinction b e tw ee n  H IV -1 and H IV -2. The less com m on H IV -2 is 

associated w ith  a slow er disease progression® and d iffe ren tia l responses to  standard H IV -1 drug  

regimens®.

HIV  has, since its discovery, deve lop ed  into  a global pandem ic w ith  tw o  m illion deaths annually  due to  

AIDS. Today m o re  th an  33 m illion people are  living w ith  th e  infection (Figure 1.1). Cases o f H IV  are  

found th ro u g h o u t th e  w orld  but th e  p revalence is highest on th e  Sub-Saharan African continen t. 

Swaziland is th e  w orst a ffected  country  w ith  25 .9%  o f its adu lt population  (1 5 -4 9  years) being  

in fected . High H IV  prevalence is also found in Botswana (24.8% ) and Lesotho (23 .6% ) (UNAIDS  

O utlook R eport 2010 ).
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Figure 1.1 Adults and children estimated to  be living w ith  HIV. UNAIDS Report on the Global AIDS Epidemic 

2010 (data from 2009).

HIV is transm itted through blood and sexual contact and principally infects CD4+ T-cells, although 

many other cell types such as monocytes/macrophages and hematopoietic progenitor cells have also 

been shown to  function as viral reservoirs^®. The virus enters the cell by attaching to antigen 

presenting cell co-receptor CD4 and either CCR5 or CXCR4 chemokine receptors on the cell surface 

(Figure 1.2). In the cell cytoplasm the viral particle is uncoated and its RNA genome reverse 

transcribed to DNA by viral reverse transcriptase, w/hich subsequently enters the nucleus and is 

incorporated in the host cell genome. This enables the virus to  utilise the DNA replication and 

translation machinery of the host for production and release of new virus particles for propagation of 

infection^'
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Figure 1.2 HIV life cycle (from www.clinicaloptions.com).
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The early stages of HIV infection are characterised by a sharp rise in plasnna viral load (= 5 logio RNA

copies/ml)^^ (Figure 1.3). A fter the acute phase the viral load recedes somewhat following a response

from  HIV-specific 'effector' CD8+ T cells '̂*. Both viral RNA kinetics during the first year, as an

indication of the magnitude of the initial immune response, as well as viral load, are predictive of

AIDS progression^^. Another im portant prognostic m arker is CD4+ cell count which decreases over

tim e as a consequence o f apoptosis^®; the rate of decline which can range between 47 cells per

m l/year (non-progressors, symptom-free >5 years) to  192 cells per m i/year (progressors, mean time

to AIDS 47 months)^^ Furthermore, there is an increase in markers of im mune activation such as

polyclonal B cell activation, higher turnover and term inal differentiation of T cells as well as increased

levels of pro-inflam m atory mediators, suggesting a chronic inflam m atory state^^. In addition to

depletion, activated CD4+ T cells are more susceptible to infection^®. If HIV infection is allowed to

proceed untreated, the patient becomes highly likely to  develop opportunistic infections (examples

are Pneumocystis carinii, tuberculosis, herpes etc) and other malignancies^®. This is characteristic of

AIDS and will inevitably lead to  death if untreated.

a)

HIV-1 iniec?ion

Infection Time m years
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HIV-1 Infection
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Figure 1.3 Progression of HIV-1 infection. A) Patient without access to antiretroviral treatment. B) Patient 

starting antiretroviral treatm ent at year six (from Montagnier 2009^°).
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Consequently, the prognosis for early cases was very poor: before 1997 the estimated proportion of 

AIDS-free survivors 10 years following seroconversion was 39% among 25-34 year-olds (data from  22 

cohorts in Europe, Australia and Canada^^). The situation changed dramatically with the developm ent 

of effective ARV drugs; the corresponding num ber from 1999-2001 was 95%.

1.2 Antiretroviral drugs and HAART

The first anti-HIV agent to  be licensed for clinical use was zidovudine (AZT) in 1987^^. It is a thymidine 

analogue inhibiting the viral reverse transcriptase and preventing elongation of the DNA strand as it 

lacks a 3'-hydroxyl group, therefore viral replication is obstructed. Subsequently, more nucleoside 

reverse transcriptase inhibitors (NRTIs) were developed, such as didanosine (ddl), zalcitabine (ddC), 

stavudine (d4T), lamivudine (3TC), abacavir (ABC) and emtricitabine (FTC). These require intracellular 

phosphorylation in order to interact with the substrate-binding site of the enzyme^^ In 1993, a 

nucleotide reverse transcriptase inhibitor; tenofovir (TFV), was described^'’ and has since become 

widely used. Non-nucleoside reverse transcriptase inhibitors (NNRTIs) bind allosterically to a site 

located closely to the catalytic site, causing a conformational change which disturbs the enzymatic 

activity. Examples are nevirapine (NVP), delavirdine (DLV), efavirenz (EFV) and etravirine (TMC125). 

The next group of antiretrovirals (ARVs) to  be developed targeted a different part of the HIV 

replicative cycle: the protease enzyme. This enzyme cleaves the viral precursor polyprotein into 

functional and structural proteins. HIV protease inhibitors (Pis) are peptidomim etic compounds (with  

the exception of tipranavir (TPV) which has a coumarin scaffold), designed to bind to the enzyme but 

cannot themselves be cleaved. The first PI saquinavir (SQV) was launched in 1995, followed by 

ritonavir (RTV), indinavir (IDV), nelfinavir (NFV), amprenavir (APV), lopinavir (LPV), atazanavir (ATV), 

fosamprenavir (FOS), tipranavir (TPV) and darunavir (DRV).

In 1997, it was established that a combination drug regimen consisting o f three ARV drugs from  at 

least tw o drug classes is the best way to suppress HIV viral load and restore CD4+ T cell counts: the  

ACTG320 study^^ as well as Gulick e t o/̂ ® independently dem onstrated superiority of indinavir, 

zidovudine plus lamivudine compared to zidovudine/lam ivudine alone. This was term ed highly active 

antiretroviral therapy (HAART) and has significantly reduced morbidity and m ortality for HIV-infected  

patients: A study by Murphy et dem onstrated a crude death rate of 0.24 event per person and 

year among patients taking HAART while the corresponding num ber among those not taking HAART
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was 0 .88 , The ra te  o f n on -C M V  disease w e re  0 .1 5  even t per person and year a fte r HAART com pared  

to  0 .4 5  befo re  HAART. HAART has also proven to  be a highly cost-e ffective m edical intervention^®'^®. 

European guidelines^® cu rren tly  reco m m en d  an NNRTI (efavirenz or nevirap ine) o r a PI w ith  low  dose 

rito navir in com bination  w ith  tw o  NRTIs (ten o fo v ir /e m tric ita b in e  or abacav ir/lam ivu d in e).

M o re  recently, n ew er drug classes have been added to  th e  list o f ARV drugs: th e  en try  inh ib itor 

m araviroc (M V C ) specifically inhibits co -recepto r CCR5, utilised by th e  virus during th e  cell en try  

process. A lim ita tio n  o f this drug is th a t it is only active against RS strains (m acrophage-tropic , 

requiring co -recepto r CCR5), p o ten tia lly  leading to  selection o f X4 strains (lym phocyte tropic, 

requ iring  co -recepto r CXCR4) in m ixed infections. To d ate , no CXCR4 antagonist has been licensed for 

ARV th erap y  although som e prom ising results have been o b ta in ed  in vitro^^. The fusion inh ibitor 

en fu v irtide  (T -20) form s a coil-coil in te rac tion  w ith  th e  viral g lycoprote in  gp41, blocking th e  fusion of 

th e  viral particle w ith  th e  o u te r cell m em brane^^ An advantage is its effectiveness against strains 

w hich are resistant to  o th e r drug classes (TOROl^^ and T0R02^'* studies). H ow ever, being a 

polypeptid ic com pound en fu v irtide  is not orally b ioavailab le and m ust be in jected subcutaneously; 

hence it is essentially used as salvage th erap y  in tre a tm e n t-e xp erie n c ed  patients. Raltegravir (RAL) is 

th e  first integrase inh ib itor to  be approved; this drug targets  and irreversibly inhibits th e  integration  

o f H IV  DNA into  th e  host genom e. Random ised contro lled  trials have d em o n stra ted  this com pound to  

be a highly p o te n t ARV: addition  o f 40 0m g  ra ltegravir tw ice  daily to  optim ised background tre a tm e n t  

led to  a 2 logio decrease in viral load accom panied by m ean CD4+ cell count increases of 

ap p roxim ately  100  cells /p l in both  th e  Protocol 005^^ and BENCHMRK^® studies, w ith  no significant 

adverse effects. A num ber of NRTIs, NNRTIs and CCR5 antagonists as w ell as n ew  types of ARVs 

targeting  viral assembly, latency and m RNA production are  presently  in development^^.

The tim e -to -s ta rt-tre a tm e n t, usually described by CD4+ cell count o r viral load, is o ften  debated. 

Previously, th e  established s trategy w as to  w a it until th e  p atien t's  CD4+ cell count fell b elow  350/^1  

w ith  th e  objective o f avoiding HAART toxicity and drug resistance d eve lop m ent. H o w ever, recent 

studies have concluded th a t d eferra l o f tre a tm e n t in itia tion  leads to  a g rea ter degree o f im m une  

senescence (d eterio ra tio n  o f th e  im m u n e system)^^ poorer im m u n e recovery^^ g rea te r risk o f long­

te rm  virological failure^® and increased m orta lity '''’, as w ell as drug increased drug resistance w hen  

tre a tm e n t is failing'‘\  W h a t was fo rm e rly  perceived as an "asym ptom atic" period m ay in fact be one  

of slow-progressing long-term  damage'*^. W h ile  th e  efficacy o f ARV tre a tm e n t in reducing o f m o th er-
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to-child transmission is well established, studies have also demonstrated that HAART significantly 

reduces the risk of sexual transm iss io n '*^ 'Th is  evidence provoked revised recommendations from  

the International AIDS Society-USA in 2010, advising treatm ent initiation for patients Vi îth CD4+ ceil 

counts of 500/pil or less''^. European recommendations remain at 350/^1 for asymptomatic patients 

but are awaiting revision.

Combination ARV therapy is now standard of care. Despite a long list of approved ARV drugs and a 

theoretically large num ber of possible combinations, a num ber of challenges exist which will limit 

these possibilities in reality. First of all, HAART may be successful in suppressing viral load and 

restoring immune function, but it does not constitute a cure and treatm ent is life-long. A patient's 

drug regimen may work well initially but will undoubtedly require re-evaluation and alteration over 

tim e, most commonly due to intolerance, poor adherence, loss of efficacy or toxicity''®. There are a 

num ber of pharmacological challenges which influence and encum ber the choice and sustainability of 

a given drug regimen:

1.2.1 ARV drug resistance

The HIV reverse transcriptase is error-prone, frequently introducing mutations and recombination 

events during replication. As a result, the virus population in each HIV-infected individual consists of 

different but genetically related viral variants'’^ W hen subjected to drug pressure, mutants with a 

fitness advantage in the presence of therapy will become more predom inant'’®.

W ithin a few years of the launch of the first ARV drug zidovudine, researchers reported evidence of 

resistance development: viral isolates in individuals on long-term zidovudine treatm ent displayed 

lower drug susceptibility'*®' After the introduction of other drug classes new mutations emerged, 

sometimes conferring cross-resistance within classes: for example m utation L90M in the viral 

protease gene (arising in 18% of patients with viral failure following nelfinavir as the first PI 

treatm ent^ ) increases resistance to all other Pis except tipranavir and darunavir“ . NRTIs iamivudine 

and emtricitabine and ail NNRTIs except etravirine are classified as having a "low genetic barrier" as 

only a single mutation is required to gain high-level phenotypic resistance, while Pis used in 

combination with low dose ritonavir require the accumulation of multiple mutations®^.

24



Chapter 1: Introduction

Although combination ARV therapy reduces the risk of emerging drug resistance^® through enhanced 

viral suppression and the unlikely pre-existence of viral variants with resistance mutations to three  

drugs, other factors such as patient adherence^'* and host genetics^^ may influence ARV plasma drug 

concentrations and consequently the development of drug resistance (discussed in section 1.3).

1.2.2 Adverse effects

Although effective in inhibiting viral replication, ARV treatm ent is not w ithout drawbacks. There is a 

high prevalence of adverse events associated with most ARV drug regimens in use that may lead to  

trea tm en t switch or discontinuation (15.8% in the Swiss HIV Cohort Study^^). The m ajor categories of 

undesired effects are described below.

1.2.2.1 Hypersensitivity reactions

Several ARVs can give rise to hypersensitivity reactions. Examples are nevirapine and efavirenz 

hypersensitivities which can present as hepatitis, skin rash and eosinophilia^^ Abacavir 

hypersensitivity is a multiorgan reaction resulting in fever, rash, malaise and gastrointestinal 

symptoms^®. The latter can be fatal but has been linked to HLA B*5701^^; im plem entation of a 

screening process to detect this polymorphism prior to  initiating therapy has proven both cost- 

effective®” and successful in reducing the incidence of abacavir hypersensitivity^.

1.2.2.2 M itochondrial toxicity

Although nucleoside analogues are designed to  inhibit the viral reverse transcriptase, NRTIs can also 

be substrates for mitochondrial DNA polymerase-y, resulting in DNA chain term ination and 

mutations. Mitochondrial dysfunction decreases ATP (adenosine triphosphate) and increases lactate 

production, oxidative stress and potentially apoptosis“ . W ell-docum ented clinical consequences 

include hepatic steatosis, lactic acidosis and myopathy®^ In addition, mitochondrial toxicity may also 

contribute to changes in body fat composition and nephrotoxicity®^ (see sections 1.2.2.3 and 1.2.2.6). 

As the tri-phosphate forms of zalcitabine, didanosine and stavudine are more easily incorporated into 

the mitochondrial DNA strand, these NRTIs are more prone to cause adverse effects than tenofovir, 

zidovudine and abacavir®^ Lamivudine appears to be efficiently removed by the proof-reading
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mechanism of DNA polymerase-y®^ and hence falls into the category of NRTIs with low er risk of 

mitochondrial toxicity.

1.2 .2 .3  M etabolic and cardiovascular abnormalities

In 1998 -  2 years after the use of HIV Pis came into clinical practice -  a comprehensive description of 

Pl-associated fat redistribution was published by Carr et af^. This was term ed HIV-associated 

lipodystrophy syndrome and is characterised by peripheral limb fat loss and central abdominal fat 

accumulation. Subsequent studies showed that NRTI therapy could also cause a form of lipodystrophy 

with peripheral fa t wasting as its most prom inent feature®^' However, a lack of consensus in 

defining the critical characteristics of HIV lipodystrophy resulted in substantial variation in reports of 

prevalence. Following a multinational case-control study®®, an objective case definition was published 

in the Lancet in 2003 and is still used today. The variables included in this model are; age, sex, 

duration o f HIV infection, HIV disease stage, waist to hip ratio, anion gap (as a measure of metabolic 

acidosis), serum high-density lipoprotein (HDL) cholesterol, trunk to peripheral fat ratio, percentage 

leg fat, and intra-abdominal to extra-abdominal fat ratio. The syndrome may also be accompanied by 

other metabolic features such as insulin resistance and dyslipidemia (characterised by 

hypertriglyceridemia, increased low-density lipoprotein (LDL) and decreased levels of HDL 

cholesterol)™. The 2NN triaP^ compared lipid profiles o f NNRTIs efavirenz and nevirapine during a 48 

week follow up and found greater increases in both triglycerides and non-HDL cholesterol with 

efavirenz. Within the PI group differential effects have also been observed; In a prospective study by 

Calza et al^  ̂ w ith a 1-year follow-up period, the incidence of hypertriglyceridemia among ritonavir 

and ritonavir/lopinavir-treated HIV patients was significantly higher than with other Pis (amprenavir, 

indinavir, nelfinavir, saquinavir). Both Pls^  ̂and stavudine^'’ have been associated with reduced insulin 

sensitivity.

These metabolic abnormalities place patients at increased risk of cardiovascular disease and type 2 

diabetes mellitus” . A case-control study by Lorenz et a f^  identified both long-term HIV infection and 

HAART as independent risk factors for atherosclerosis; the carotid bifurcation intima media thickness 

(IM T) was 24.4% higher for HIV-infected patients than age- and sex-matched HIV-negative controls. A 

comparison between HAART-naive subjects and patients treated with HAART for more than 2 years 

revealed 19.7% higher carotid bifurcation IM T in the latter group. Furthermore, an association

26



Chapter 1: Introduction

between recent use of NRTIs abacavir or didanosine and increased risk of myocardial infarction was 

identified in the D:A:D study (relative rates o f myocardial infarction: 1.49 for didanosine, 1.89 for 

abacavir) compared with no recent use” . The SMART study^® supported the association between  

abacavir and myocardial infarction, but found no effect of didanosine use on the overall risk of 

cardiovascular disease. It has been suggested that increased platelet adhesiveness and reduced 

endothelial reactivity^® in addition to elevated levels of pro-inflam m atory cytokines’ ® may be the  

underlying mechanisms behind this potential adverse effect by abacavir. However, in a pooled 

analysis of 50 clinical trials by Brothers et al^° no additional link between abacavir and myocardial 

infarction was identified.

The use of Pis was associated with a three-fold increase in incidence of diabetes mellitus in a large 

cohort of HIV-positive wom en, while no change in incidence was noted between NRTI/NNRTI-treated  

and HAART-naive patients (individual drugs were not specified)®\ However, the CREATE2 study®^ 

found an association between efavirenz and incidence of metabolic syndrome, while nevirapine use 

was more common in the non-metabolic syndrome group.

1.2.2.4 Central nervous system (CNS) effects

Although the incidence of HIV-associated dementia (a neurological disorder associated with HIV 

infection) has declined in response to HAART, neurocognitive im pairm ent may persist, probably due 

to viral reservoirs®^. This is supported by the finding that better neurological recovery was associated 

with treatm ent combinations of three or more highly CNS-penetrating ARV drugs® .̂ Examples of those 

are zidovudine, nevirapine, indinavir/ritonavir (grade 4/highest penetration on a scale of 1-4) or 

abacavir, em tricitabine, efavirenz, darunavir/ritonavir (grade 3 penetration)®^. Despite the beneficial 

effect of viral suppression, ARV drugs may also cause CNS side effects: there have been case reports 

of neuropsychiatric complications in conjunction with zidovudine (psychosis), abacavir (headache, 

depression) and nevirapine (cognitive im pairm ent, depression) use® .̂ However, efavirenz is the ARV 

drug most commonly associated with CNS toxicity. M ore than 50% of patients initiating treatm ent 

with efavirenz experience neuropsychiatric disturbances, manifesting as dizziness, impaired  

concentration, insomnia, and abnormal dreams®®. These symptoms which may persist beyond tw o  

years of treatment®’ can sometimes be the cause of efavirenz discontinuation (25.1% of patients in 

the TRT-5 Group®® and 16.4% in the EuroSlDA Study®®).
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1.2.2 .5  Bone abnormalities

HIV infection is associated with reduced bone mineral density (BMD)®°, however several studies 

indicate that loss of BMD may be worsened by HAART. Fernandez-Rivera e t al^  ̂ showed a correlation 

between PI therapy and loss of BMD -  although in this study osteopenia did not progress beyond 1 

year of continued HAART. The SMART Body Composition substudy®^ found a more rapid and 

progressive decline in BMD in patients on continuous compared to  in term ittent HAART, with a mean 

follow-up tim e of 2.4 years. Association between HAART and lower BMD was also demonstrated in a 

paediatric study by M ora et a f^  where no difference was seen between naive HIV-infected controls 

and healthy children. A meta-analysis by Brown & Qaqish®^ of 20 individual studies showed a 3-fold 

increased prevalence of reduced BMD among HIV-infected subjects compared to non-infected 

controls, as well as a 2.5-fold increased prevalence among HAART-exposed patients compared to 

HAART-naive patients. Furthermore, Pl-treated patients had increased odds o f reduced BMD and 

osteoporosis compared to patients on non-PI containing regimens. However, the impact of HAART 

remains controversial; Cazanave et and Garcia Aparicio et o/®® both suggest there is no 

relationship between the use of HAART and osteopenia or osteoporosis.

Vitam in D deficiency is a risk factor for osteopenia; both PI-®® and NNRTI-containing^^ therapy have 

been associated with decreased vitamin D levels. Interestingly, in vitro studies have shown 

im pairm ent of vitamin D bioactivation through 25-hydroxylase inhibition by both efavirenz®® and Pis®®.

1.2 .2 .6  Nephropathy

HIV-associated nephropathy is common, especially among Africans^” . W hile administration of 

effective HAART generally leads to improved renal function“ \  certain ARV drugs can cause renal 

dysfunction: Pis indinavir^°^ and atazanavir^°^ are partly excreted through the kidney and may 

precipitate, leading to nephrolithiasis and crystaiuria in general. Indinavir has however been replaced 

with newer Pis and atazanavir-mediated nephrotoxicity is exceedingly rare. A systematic review of 

renal safety of the widely used NRTI tenofovir found an association w ith decreased creatinine 

clearance, but no evidence of increased risk of severe proteinuria^°^ Disruption of mitochondrial 

function (see section 1.2.2.2) is the presumed cause of tubular necrosis and reduced glomerular 

filtration rates“ .̂ Abated renal function may have a significant impact on the clearance of co­

administered drugs.
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1 .2 .2 .7  M other-to-child  transmission and teratogenicity

An estimated 370,000 children were infected with HIV in 2009 through mother-to-child transmission 

(UNAIDS Global Report 2010). W hile in high-income countries ARV drugs are used during pregnancy 

to  prevent this, limited access to therapy in low-income settings may result in nevirapine single-dose 

intrapartum  and neonatal treatm ent only^°®. The W orld Health Organization recommends nevirapine 

as first-line treatm ent in pregnancy because of proven safety and efficacy in reducing mother-to-child  

transmission^^ Evidence from animal and cohort studies indicates potential teratogenicity of 

efavirenz, zidovudine and delavirdine, limiting their use in pregnant women^°®. However, zidovudine 

monotherapy is also commonly used“ ®. A study investigating birth defects in infants born to HIV- 

infected mothers in UK and Ireland found no association with ARV drug exposure^®, but more 

research into this field is required. The prevailing opinion is however that the massive benefits of ARV 

prophylaxis for prevention of m other-to-child transmission far outweigh the potential for adverse 

effects“ ^ treatm ent in combination with elective caesarean delivery and avoidance of breast-feeding  

can reduce mother-to-child-transmission from 25-40% (developing countries) to  1-2% (well-resourced 

health care systems)“ .̂

1.3 The importance of achieving adequate ARV drug plasma concentrations

Successful HAART is dependent on maintaining sufficient plasma concentrations of the ARV drugs. 

M inim um  effective concentrations (MECs) have been established for each individual drug to achieve 

adequate viral suppression. The inhibitory quotient (IQ) describes the relationship between drug 

plasma levels and drug resistance; for a given individual, it is calculated as the ratio of the trough drug 

concentration (Qrough) over the inhibitory concentration (IC50) for that individual's HIV variant. IQ has 

been used to improve predictions of virological response^^^. Once viral loads are reduced, immune 

recovery normally follows. In addition to the primary goal of viral suppression with the aim of 

improving patient health, there are additional long-term benefits related to avoiding development of 

drug resistance. By maintaining drug plasma concentrations above the MEC, the risk of resistance 

developm ent is decreased through two mechanisms: both by inhibition of viral replication and hence 

diminishing the opportunity for mutations to arise, but also by not allowing minor genetic variants 

already present - which may have a fitness advantage - to  proliferate. Preventing development of 

drug resistance and cross-resistance may help conserve treatm ent options for the future. 

Furthermore, it has been demonstrated that adequate viral suppression significantly reduces both
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mother-to-chilcl^°^' and sexual'*^' transmission, resulting in a community or even global benefit in 

addition to personal gain.

It is also desirable to avoid excessively high drug plasma concentrations in order to  reduce the risk of 

toxicity. For these reasons, therapeutic drug monitoring (TDM)^^'’ has been recommended for optimal 

HIV care, in particular for Pis which show a high degree of pharmacokinetic variability: for example a 

12-fold variability in saquinavir AUCo.8h^^  ̂ a 3.5-fold variability in lopinavir AUCo-uh^^  ̂ and 63%  

coefficient of variation of nelfinavir trough levels“  ̂have been demonstrated.

Factors influencing ARV plasma drug concentrations include adherence^®, food intake^^®, w eight“ °'^^  ̂

and gender^^^. Poor adherence is a common issue in HIV treatm ent and a crucial confounding factor 

for any clinical ARV study. Reasons may include affordability of medication^®, side effects or a high 

pill burden“ ^ of which the latter has been addressed by the developm ent of combination pills 

incorporating tw o  or three ARV drugs, making the "one pill a day"-approach a reality. Psychosocial 

factors including mental illness, depression, substance abuse, or a history of sexual or physical abuse, 

are also barriers to ARV adherence^^^

Pis with the exception of indinavir are highly protein bound (>90%) in plasma, mainly to ai-acid  

glycoprotein. Efavirenz is more than 99% bound, prim arily to albumin, while NRTIs are not highly 

protein bound. This may affect the volume of distribution (Vp) of a drug as only the free (unbound) 

fraction can enter ceils. Plasma protein binding is also an issue for accurately establishing drug 

concentrations using in vitro pharmacological methods; in general bovine serum is used in assay 

media and unbound concentrations are not directly measured^^^.

O ther major factors influencing ARV plasma drug concentrations are drug interactions, which are 

commonly encountered as part of HIV therapy, and pharmacogenetics, both of which are discussed 

below.

1.4 Drug interactions

ARVs have high potential for drug interactions, complicating the choice of medication. This is mainly 

due to either inhibition of the activity of metabolising enzymes and drug transporters, or induction of
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gene expression of metabolising enzymes and drug transporters through nuclear receptor activation. 

All o f these factors may have a significant impact on the pharmacokinetics of ARV or co-administered  

drugs. Reduced drug plasma levels below the MEC may lead to lack o f therapeutic efficacy, while  

higher-than-norm al drug plasma levels increase the risk of drug toxicity. The individual mechanisms of 

drug interactions are outlined below.

1.4.1 Cytochrome P450 inhibition

O f the Pis, ritonavir is the most potent inhibitor of cytochrome P450 (CYP450) enzymes (CYP3A4^^®, 

CYP3A5^” , CYP3A7^”  CYP2B6^^®' CYP2C9^^® and CYP2D6^^°). CYP3A4 is the most abundant

hepatic^^^ and intestinal^^^ CYP450 enzyme and a major contributor to  the metabolism of more than  

50% of commonly prescribed pharmaceuticals^^^ including Pis and NNRTls. Nowadays, ritonavir is 

only used in low dose as a pharmacoenhancer, "boosting" the bioavailability of a concomitantly 

administered PI. This gives the benefit of increased bioavailability of the partner PI w ithout significant 

ritonavir-associated side effects^” ' CYP450 enzymes which may also be inhibited by other ARVs 

(how ever with low er potency than ritonavir) include CYP3A4^^®' (in order of decreasing potency: 

indinavir > nelfinavir > amprenavir > atazanavir > saquinavir), CYP3A5'”  (nelfinavir > am prenavir > 

saquinavir > indinavir), CYP3A7^^^ (nelfinavir < amprenavir < saquinavir < indinavir), CYP2B6 

(nelfinavir > efavirenz) and CYP2C9^^® (saquinavir > indinavir).

1.4.2 Inhibition of drug transporters

Additionally, many Pis are also inhibitors (ritonavir > nelfinavir > indinavir »  saquinavir) of P- 

glycoprotein (P-gp)^^^. This drug efflux pump, belonging to the ATP-binding cassette (ABC) transporter 

family, is highly expressed at barrier sites such as the intestine, blood-brain barrier, renal tubules and 

placenta^^®. There is additional evidence of PI inhibition of other ABC transporter efflux pumps; 

multidrug-resistance associated proteins MRPl^^^ (saquinavir, ritonavir, nelfinavir and indinavir) and 

MRP2^^® (saquinavir, ritonavir and atazanavir). Inhibition of organic anion transporting polypeptides 

(OATPs; influx transporters)^'*® has also been demonstrated by tipranavir, ritonavir, lopinavir, 

nelfinavir and atazanavir. These transm em brane carrier systems all have im portant roles in drug 

distribution and modulation of their activity can significantly affect absorption, com partm ent 

penetration and intracellular drug concentrations.
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1.4.3 Induction of pregnane X receptor (PXR)

In 2001, Dussault et identified ritonavir as a ligand of pregnane X receptor (PXR). This nuclear 

receptor is an innportant regulator of xenobiotic metabolism-related gene expression. Target genes 

include several CYP450 enzymes and drug transporters, for example CYP3A4^‘̂ ,̂ CVP2B6^^^, 

A B C B l/M D R l (P-gp)^'’̂  and MRP2^‘̂ .̂ Dussault et could also dem onstrate increased protein  

expression of CYP3A4, P-gp and MRP2 after ritonavir exposure in prim ary human hepatocytes. A 

subsequent study by Gupta et revealed a num ber of additional Pis (amprenavir, lopinavir, 

tipranavir, saquinavir, atazanavir, indinavir) to also be PXR activators (Figure 1.4) and capable of 

inducing transcription o f CYP3A4 and A B C B l/M D R l. Hariparsad et showed that NNRTI efavirenz 

similarly has PXR-inducing abilities with corresponding increases in CYP3A4 activity.
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Figure 1.4 PXR activation by HIV protease inhibitors (reporter assays, from Gupta et al 2008 ). LS180 intestinal
human colon adenocarcinoma cells were transfected with PXR expression plasmid and CYP3A4 responsive 
element-luciferase construct followed by treatment with test drugs (lOuM) for 48h. Luciferase activity was 
measured and normalised to (i-galactosidase activity (mean ± standard deviation, n = 3).

These effects of metabolic enzyme or drug transporter inhibition as well as induced gene expression 

of the same can have a profound impact on ARV drug bioavailability. M ost ARVs are metabolised 

primarily by CYP3A4^'’® or in the case of efavirenz; CYP2B6^‘*®. In addition, the m ajority of as

well as NRTI abacavir^^^ and newer ARV compounds maraviroc^^"* and raltegravir^^^ are substrates of
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P-gp. Consequently, altered activity or expression of CYP3A4, CYP2B5 and P-gp will affect plasma and 

intracellular concentrations of ARV drugs.

1.4.4 Non-ARV co-medications

As co-infections and co-morbidities are frequent among HIV-infected patients, concomitant 

medication in addition to HAART is common. In the Swiss HIV Cohort Study^^®, 68% of the patients 

w ere receiving non-ARV co-medications. These w ere mainly central nervous system (CNS) drugs (e.g. 

antidepressants, anxiolytics), cardiovascular drugs (e.g. lipid-lowering agents) and m ethadone. The 

pharmacokinetics of any drug metabolised through the CYP450 system is likely to be affected by co­

administration of ARVs, due to their inhibiting or inducing effects and additionally as they are 

competing substrates. For example, Clarke et showed significant reductions in m ethadone  

plasma concentrations in form er intravenous drug-using HIV patients initiating treatm ent with  

efavirenz. These patients also experienced opioid w ithdrawal symptoms. In the Swiss HIV Cohort 

Study m entioned above, 40% of the patients had one or more potential drug-drug interactions. In a 

Kenyan cohort^^® 33.5%  of patients were at risk of clinically significant drug-drug interactions; in this 

setting these involved mainly medication for tuberculosis and fungal infections, steroids and 

antimalarials.

Drugs such as macrolide antibiotics (e.g. erythromycin, clarithromycin)^^®' and azole antifungals 

(e.g. ketoconazole, fluconazole)^®^ are usually avoided in HAART patients as they are themselves 

inhibitors o f CYP3A4^“ . Rifampicin, although sometimes used for treatm ent o f tuberculosis co- 

infection^®^ is a highly potent PXR inducer^®'* and hence rifabutin is preferred. O ther therapeutics  

which can exacerbate the risk of drug interactions include cisplatin, an inducer of P-gp expression 

through PXR̂ ®̂ . However, cisplatin has been included in chemotherapy of anal carcinomas^®® and non- 

Hodgkin's lymphoma^®^ in HAART-treated patients.

Herbal remedies can also contribute to drug interactions. For example, St John's W ort has been 

identified as a potent inducer of CYP3A4^®® and P-gp expression^®®, and patients are recommended to  

avoid it. Some herbal medicines commonly used among HIV patients in Africa^^®'^^  ̂ or in Chinese 

traditional medicine^^^’^̂  ̂ have also been identified as PXR inducers or inhibitors of CYP450 and/or P- 

gP-
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As a result of HAART, the life expectancy for HIV-infected patients in the developed world has 

increased substantially: according to the ATHENA study^^® conducted in the Netherlands between  

1998 and 2007, the tim e to death for an individual diagnosed w ith HIV at age 25 is now approaching 

that of the general population. Older patients are more likely to require treatm ent for conditions such 

as cardiovascular disease, arthritis and diabetes^^^' leading to polypharmacy and further increasing 

the risk of drug interactions.

1.5 Pharmacogenetics

Considerable interindividual variability in antiretroviral drug concentrations and responses has been 

observed in clinical settings. In a Spanish study^^® about 70% of patients had plasma concentrations 

within the therapeutic range and in their analysis poor adherence only explained 35% of 

subtherapeutic concentrations. In an Italian cohort^®“ suboptimal drug levels w ere found in 17% of 

patients and were also associated with virological failure -  unfortunately as this was a retrospective 

study no information on adherence was available. HIV infection itself has been linked to decreased 

CYP3A4 activity as well as increased variability in the activity of CYP2D6 and CYP1A2, most likely due 

to immune activation and cytokine exposure^®^ Genetic polymorphism in metabolising enzymes and 

drug transporters may also account for variability in plasma drug levels. A substantial am ount of 

research has been dedicated to this field, revealing genetic markers of ARV drug efficacy with varying 

prevalence across ethnic groups. Examples of identified single nucleotide polymorphisms (SNPs) with 

relevance for ARV pharmacokinetics are given below and summarised in Table 1.1.

1.5.1 Genetic polymorphism in CYP450 metabolising enzymes

Surprisingly few  polymorphisms in CYP3A4, the most abundant hepatic CYP450 isoform, have been 

associated with altered expression or activity of the enzyme, despite substantial evidence of 

interindividual differences in metabolism^®^. Some examples of CYP3A4 SNPs with impact on enzyme 

activity exist: prom oter polymorphism -392A >6 results in significantly decreased CYP3A4 activity^®^ It 

has been associated w ith decreased absorption of indinavir^®'’ and low er clearance of efavirenz^®^ 

however other researchers found no effect on ARV drug levels^^' CYP3A4 566T>C also exhibits 

decreased enzyme activity, whereas 878T>C increases enzyme activity^®®. Although a Japanese
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study^®® showed no effect of 878T>C on efavirenz levels, only tw o patients included in this study 

carried this poiynnorphism.

Even though CYP2B6 is not as highly expressed as CYP3A4, polymorphism in this gene may be of 

greater importance to ARV pharmacokinetics as it displays large interindividual, inter-ethnic and 

gender differences in expression^®”. Additionally, it is involved in the metabolism of NNRTIs efavirenz 

and nevirapine. The CYP2B6 516G>T polymorphism has been associated with raised plasma 

concentrations of both drugs^® '̂ as well as increased risk of efavirenz toxicity^®'*' A higher 

proportion of homozygotes for this allele has been found in African Americans in comparison to 

Americans of European ancestry^®"*.

CYP3A5 6986A>C is a common splice defect resulting in a prem ature term ination of the transcript and 

severely reduced enzyme activity, in fact the frequency of the functional w ild-type allele is only 5% in 

Caucasians while in African Americans it is 73%^®®. CYP3A5 deficiency may not be of great clinical 

im portance as most drugs metabolised by this enzyme are also substrates of CYP3A4. Nevertheless, 

lower clearance of atazanavir^®^ indinavir^®® and saquinavir^®® has been reported among CYP3A5 non­

expressors.

Table 1.1 Examples of genetic polymorphism in metabolising enzymes and drug transporters w ith effects on 

antiretroviral drug plasma concentration. SNR = single nucleotide polymorphism, ARV = antiretroviral, IDV = 

indinavir, EFV = efavirenz, NVP = nevirapine, ATV = atazanavir, SQV = saquinavir, NFV = nelfinavir, LPV = 

lopinavir, N.A. = not available.

CYP3A4 -392A>G Promoter polymorphism 4-IDV^ , I'E FV  (controversial)

CYP2B6 516G>T Q172H tN V P ,

CYP3A5 6986A>C Splice defect tA T V ^” , tS Q V ^”

A B C B l/M D R l 3435C>T 111451 (synonymous) sl/EFV, 4-NFV^“  ̂(controversial)

O M P IB I/S L C O IB I 521T>C N.A. tL P V “ “
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1.5.2 Genetic polymorphism in drug transporters

As transm em brane transport proteins (mainly of the ABC family) are essential for the absorption, 

distribution and clearance of drugs, mutations in these genes can also affect ARV plasma drug levels. 

Furtherm ore, ABC transporters and OATPs can facilitate drug permeation into sanctuary sites fo r HIV 

such as brain, testis, lymphocytes and macrophages^^' W ith  lymphocytes being the main target 

cells of HIV, variation in expression of P-gp (A B C B l/M D R l), which is naturally abundant in this cell 

type, can have a profound effect on intracellular ARV pharmacokinetics^®^'

Although the A B C B l/M D R l polymorphism 3435C>T is synonymous and does not result in an amino  

acid switch, the T allele is associated w ith a loss of mRNA stability^°^. There has been a considerable 

am ount of research into the impact of this SNR on ARV therapy, however with some conflicting 

results: one study reported decreased efavirenz and nelfinavir plasma drug levels but greater immune 

recovery^*®, whereas other researchers found no influence on the concentration o f these drugs^®®' 

or others (atazanavir^“ , indlnavir^°^ boosted lopinavir^°®, ritonavir^®® and saquinavir^^°). In fact, 

experim ents indicate that efavirenz is not a substrate of P-gp: uptake of efavirenz was not affected by 

P-gp inhibitors in v/tro^“  and in rat and mouse brain^^^. On the other hand. Solas et found 

evidence of a higher absorption rate of indinavir in patients heterozygous for this polymorphism  

(3435CT genotype) compared to CC homozygotes.

Genetic polymorphism in MRPs and OATPs are less well studied in the  context of ARV plasma drug 

concentrations. However, an inverse correlation between MRP2/ABCC2 expression and intracellular 

concentration of zidovudine in peripheral blood mononuclear cells has also been observed^^'* and a 

polymorphism in the gene encoding O A T P IB I (SLCOIBI 521T>C) has been associated with higher 

trough levels of lopinavir^“ .

Despite the fact that the Sub-Saharan African continent carries the biggest burden of HIV disease with  

over tw o  thirds of the world's infected population, most clinical trials investigating efficacy and 

toxicity of ARV drugs and likewise pharmacogenetic studies are carried out w ith  predominantly 

Caucasian subjects, and Sub-Saharan Africans are underrepresented. M any American studies include 

African American patients (however their participation tends also not to  be in proportion to the  

overall disease population^^^' ^̂ ®) and results are often extrapolated to native Africans in spite of
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potentially great genetic diversity. Further research into pharnnacogenetic differences between ethnic 

groups in the context of ARV treatment is warranted.

1.5.3 Genetic polymorphism in nuclear receptors

Although substantial research has been conducted into the impact of polymorphisms in metabolising 

enzymes and drug transporters on ARV plasma drug concentrations, only one association to date has 

been identified w ith genetic variability in NR1I2 encoding nuclear receptor PXR, a major regulator of 

CYP450 and ABC transporter expression: Siccardi et found that 63396T>C was associated with 

concentrations of unboosted atazanavir below the MEC and Schipani et confirmed higher 

clearance in homozygous individuals. A recent pharmacogenetics study by Lamba et al (2010)^^® 

highlights the impact of nuclear receptor polymorphism on CYP3A4 expression: along with sex and 

genetic variation in the CYP3A4 promoter and ABCBl/MDRl sequences it can account for as much as 

24.6% of the variation in hepatic CYP3A4 expression.

1.6 Nuclear receptors

The key theme of this thesis is interactions between ARV drugs and nuclear receptors. As important 

regulators of gene expression, nuclear receptors are implicated in a multitude of biological processes 

such as cell growth, inflammation, energy homeostasis, and drug metabolism. Here we outline their 

discovery and characterisation. W ith focus on pregnane X receptor (PXR), its endogenous and 

xenobiotic functions are described as well as cross-talk w ith other nuclear receptors, and finally its 

relevance for ARV drug bioavailability.

1.6.1 Structure, function and classification

Over the last 40 years remarkable advances have been made in the research field of nuclear

receptors, revealing their importance in the regulation of various diverse processes necessary for the

survival of the organism: reproduction, growth, energy metabolism, detoxification of xenobiotics and

inflammation^™. Estrogen receptor (ER) was first identified as a mediator of steroid action^^\ and

subsequent work indicated the involvement of transcriptional activity in the nucleus by the

glucocorticoid receptor (GR)^^ .̂ cDNA of the latter was cloned in 1985, enabling the discovery of

related sequences through low stringency hybridisation^^^ In the 90s, the favoured method of
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identification shifted from in vitro to in silico when new "orphan" receptors (so-called because their 

ligands w ere unknown) w ere identified in Expressed Sequence Tag (EST) or genome databases 

through sequence homology. The publication of the human genome in 2001^^'*' surprisingly yielded 

only three new nuclear receptor candidates, all of which however contained multiple stop codons 

within the ir coding regions^^®. 48 human nuclear receptors have been identified to date (Table 1.2).

in 1999, a unified nuclear receptor nomenclature system was suggested by an international 

committee^” . The receptors are divided into subfamilies and groups based on sequence alignment 

and known functional groups of receptors, designated by a num ber and a letter, respectively (i.e. 

NR1H3 corresponds to nuclear receptor subfamily 1, group H, m em ber 3). This system is similar to  

one which was developed for the cytochrome P450 enzymes^^®.

Figure 1.5 Common domain structure of nuclear receptors (modified from Nagy & Schwabe 2004^^®). The N- 

and C-terminals are indicated. AF-1 = activation function 1 (ligand independent); AF-2 = activation function 2 

(ligand dependent), DBD = DNA binding domain, LBD = ligand binding domain.

Structural characterisation revealed some distinguishing features of the newly identified nuclear 

receptor family: a central DNA-binding domain (DBD) accommodating tw o highly conserved zinc 

fingers; a ligand-binding domain (LBD) at the C-terminal end conferring receptor specificity and 

selectivity^^”; an activation function domain at the N-term inal (ligand independent, AF-1) as well as an 

activator function domain within the LBD (ligand dependent, AF-2)^^® (Figure 1.5). There is a high 

degree of conservation between mammalian species, and the presence of multiple nuclear receptor 

orthologs between vertebrates and invertebrates suggests early developm ent of these receptors in 

evolution^^^'^^^. The amino acid sequence identity between human and rodent DBDs and LBDs often  

exceeds 95% and 85%^^^ respectively, however there are tw o  exceptions to  this rule: pregnane X 

receptor (PXR) and constitutive androstane receptor (CAR), which are both xenosensors. A 

comparison of LBD amino acid sequences between human and mouse PXR shows only 77%

<- AF-2
N - DBD
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homology^^** (Figure 1.8A), while for CAR it is as low as 73%^^^. Hence, these nuclear receptors show a 

greater species diversity of ligand specificity. This could reflect an adaptive response to  different 

environmental xenobiotic challenges or differences in endogenous ligands between species^^®.

In the absence of a ligand, the receptors e ither reside in the cytoplasm and translocate to the nucleus 

upon ligand binding, or stay in the nucleus constitutively bound to DNA and repressing transcription 

until binding of a ligand. This occurs through a conformational change resulting in the dissociation 

from co-repressors (such as nuclear receptor co-repressor, NCoR, or silencing m ediator for retinoic 

acid and thyroid hormone receptor, SMRT) and the association with co-activators (for example 

receptor-interacting proteins, RIPs)^^^ The activated receptor binds to response elem ents usually 

located distal to  the promoters of target genes^^®. They consist of direct (DR), everted (ER) or inverted 

repeats (IR) of a core hexamer (AGGTCA, some variations exist) separated by a small number of 

nucleotides; the number designating receptor specificity^^®' (Figure 1.6). For example, the liver X 

receptor (LXR) response elem ent is DR-4, i.e. the direct repeats are separated by four nucleotides^''^'

242

Homodimer Heterodimer Heterodimer Monomer

GR I GR

Inverted repeat Everted repeat Non-repeatDirect repeat

Figure 1.6 Nuclear receptor dimerisation and binding to ONA response elements (examples). Modified from  

Sonoda et al 2008^^^. GR = glucocorticoid receptor, RXR = retinoid X receptor, PXR = pregnane X receptor, CAR = 

constitutive androstane receptor, ERR = estrogen-related receptor, n = number of spacer nucleotides between 

consensus sequence.

Based on their physiological ligands and potential functions, the nuclear receptor superfamily can be 

broadly categorised into three subgroups (Sonoda et see Table 1.2): endocrine receptors 

including steroid receptors which have high affinity for lipophilic hormones, and vitamin receptors; 

adopted orphan receptors identified through sequence homology with endocrine receptors and
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subsequently "adopted" as their naturally occurring ligands were determ ined; and "true" orphan 

receptors w ithout known ligands, neither natural nor synthetic^^^. "True" orphan receptors appear to 

be activated by co-activator availability and will not be discussed in this thesis.

1.6.2 Endocrine nuclear receptors

Receptors of steroid hormones typically homodimerise and bind to inverted repeats upon activation 

by nanomolar concentrations of glucocorticoids (GR/NR3C1), mineralocorticoids (mineralocorticoid 

receptor, MR/NR3C2), progesterone (progesterone receptor, PR/NR3C3), androgen (androgen 

receptor, AR/NR3C4) and estrogen (ERa/NR3Al and ER^/NR3A2). The group of endocrine nuclear 

receptors also includes thyroid hormone receptors (TR a /N R lA l ,  JR^/NR1A2) and vitamin D receptor 

( \ /D R /N R ll l ) .  TRa and TR(3 m ediate the activity of thyroid hormone (triiodothyronine, T3), influencing 

diverse metabolic pathways im portant in lipid and glucose metabolism, lipolysis and regulation of 

body weight^'*^. VDR responds to calcitriol (vitamin D) and regulates calcium and phosphate 

homeostasis and consequently bone mineralisation. The more recent discovery that bile acids are 

also potent VDR ligands indicates a supplementary function in protection against their toxic effects in 

the gastrointestinal tract^^^. TRs and VDR are heterodimerisation partners of retinoid X receptors 

(RXRa/NR2Bl, RXRP/A/R2B2, RXR\/NR2B3), which bind to direct repeats in the DBD. The RXR 

heterodim er-form ing receptors can be permissive or non-permissive, indicating w hether or not the 

complex can be activated by RXR agonists alone^"*®.

1.6.3 Adopted orphan receptors

RXR was the first described "adopted" orphan receptor responding specifically to vitamin A 

metabolites^'*^. However, further research also revealed its unique and essential role as a heterodim er 

partner to  several other nuclear receptors^'*®' It can also form homodimers, indicating the 

presence of an independent RXR signalling pathway^“ ' I n  addition to promoting transcription of 

target genes when bound to ligands, RXRs as well as retinoic acid receptors (R AR a/N RlB l,  

RAR^/NR1B2, RAR\/NR1B3) can inhibit transcription by recruitm ent of co-repressors in their 

unliganded state^” . Another RXR heterodimerisation partner primarily activated by bile acids is FXR 

(NR1H4), which is highly expressed in liver, intestine and kidney^^^ it is the major regulator of bile 

salts largely through transcriptional regulation of cytochrome P450 7A1 (CYP7A1), an enzyme that 

performs the rate-lim iting step in their synthesis^^^ but also through control of bile acid export from
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the liver^^^. FXR shares several target genes w/ith the structurally related LXRs (LXRa and LXRP, NR1H2  

and NR1H3)  including CYP7A1 and the lipogenic transcription factor sterol regulatory elem ent binding 

protein-1 (SREBP-1), however w/hereas the LXRs activate these genes directly FXR acts indirectly by 

induction of the snriall heterodim er partner (SHP, W/?062)^” . SHP is an atypical nuclear receptor w/hich 

lacks DBD and appears to  have no endogenous ligand but rather behaves as a constitutive repressor 

of other nuclear receptors^^^. Endogenous ligands of LXRa and LXR(3 include oxysterols, derivatives of 

cholesterol. They form  an essential part of the body's governing mechanism of absorption, transport, 

storage and metabolism of cholesterol, as illustrated by Lxra knockout mice which are unable to 

to lerate dietary cholesterol and soon develop hypercholesterolemia^^®. The peroxisome-proliferator 

activated receptors (PPARa/NRlCl ,  PPARP/A//7JC2, PPARv/W/?JC3) respond to fatty  acids and are 

clinically im portant in treatm ent of hyperlipidemia (fibrates, acting on PPARa/NRlCl )  and type II 

diabetes (thiazolidinediones, acting on PPAR\/NRlC3f^^,  although several therapeutics from the 

latter group ("glitazones") have been retracted from the m arket due to adverse effects. CAR (NR1I3) 

and PXR (NR1I2) are of clinical significance due to their activation by xenobiotics (potentially toxic 

foreign compounds), leading to induced metabolism and excretion from  the body. Of these tw o, PXR 

has been more often implicated in mediation of drug interactions and genetic polymorphism in this 

gene has been associated with certain disease states.
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Table 1.2 Human nuclear receptors. Modified from Germain et Additional response element information 

and categorisation: Sonoda et and Wilson et H = homodimer, M = monomer, RXR = RXR heterodimer, 

Het = heterodim er w ith other nuclear receptors, DR = direct repeat, IR = inverted repeat, NR = non-repeat.

TRa N R lA l Thvroid hormones H AGGTCA. DR-4 Endocrine
TRB NR1A2 Thvroid hormones H AGGTCA, DR-4 Endocrine
RARa N RIBI Retinoic acid RXR AGGTCA. DR-2, DR-5 Endocrine
RARB NR1B2 Retinoic acid RXR AGGTCA, DR-2, DR-5 Endocrine
RARv NR1B3 Retinoic acid RXR AGGTCA, DR-2, DR-5 Endocrine
PPARa NRICI Fattv acids, leukotriene Ba, fibrates RXR AGGTCA. DR-1 AdoDted
PPARB/6 NR1C2 Fattv acids RXR AGGTCA, DR-1 Adopted
PPARv NR1C3 Fattv acids. PG J,. thiazolidinediones RXR AGGTCA. DR-1 Adopted
Rev-erba NRID I ? M AGGTCA. NR, DR-2 Orphan
Rev-erbB NR1D2 ? M AGGTCA. NR. DR-2 Orphan
RORct NRIFI Cholesterol, cholestervi sulphate M WWCWRGGTCA, NR Adopted
RORB NR1F2 Retinoic acid M WWCWRGGTCA. NR Adopted
RORv NR1F3 ? ? WWCWRGGTCA, NR Orphan
LXRa NR1H3 Oxvsterols. T0901317. GW3965 RXR RGKTCA. DR-4 Adopted
LXRB NR1H2 Oxvsterols, T0901317, GW3965 RXR RGKTCA. DR-4 Adopted
FXRa NR1H4 Bile acids, fexaramine RXR AGGTCA. IR-1. DR-5 Adopted
VDR N R lIl Vitamin D. 1.25-dihvdroxwitamin Dq RXR AGGTCA. DR-3 Endocrine
PXR NR1I2 Xenobiotics, 16a-cvanoDreenenolone RXR RGKTCA, DR-4 Adopted
CAR NR1I3 Xenobiotics, ohenobarbital RXR RGKTCA, DR-5 Adopted
HNF4a NR2A1 7 ? AGGTCA. DR-1 Orphan
HNF4V NR2A2 ? ? AGGTCA. DR-1 Orphan
RXRa NR2B1 Retinoic acid RXR/Het AGGTCA, DR-1 Adopted
RXRB NR2B2 Retinoic acid RXR/Het AGGTCA, DR-1 Adopted
RXRv NR2B3 Retinoic acid RXR/Het AGGTCA, DR-1 Adopted
TR2 NR2C1 ? 7 AGGTCA, DR-1 Orphan
TR4 NR2C2 ? ? AGGTCA. DR-1 Orphan
TLL NR2E2 7 ? AGGTCA. NR Orphan
PNR NR2E3 7 ? ? Orphan
COUP-TFI NR2F1 ? ? RGGTCA, DRs, IRs Orphan
COUP-TFII NR2F2 ? ? RGGTCA, DRs. IRs Orphan
EAR2 NR2F6 ? ? ? Orphan
ERa NR3A1 Estradiol-176, tamoxifen, raloxifene H AGGTCA, IR-3 Endocrine
ERB NR3A2 Estradiol-176 H AGGTCA, IR-3 Endocrine
ERRa NR3B1 ? M TCAGGTCA, NR Orphan
ERRB NR3B2 DES. 4-OH tamoxifen M TCAGGTCA, NR Adopted
ERRv NR3B3 DES. 4-OH tamoxifen M TCAGGTCA, NR Adopted
GR NR3C1 Cortisol, dexamethasone. RU486 H AGAACA, IR-3 Endocrine
MR NR3C2 Aldosterone, soironolactone H AGAACA. IR-3 Endocrine
PR NR3C3 Progesterone, MPA, RU486 H AGAACA, IR-3 Endocrine
AR NR3C4 Testosterone, flutam ide H AGAACA, IR-3 Endocrine
NGFI-B NR4A1 ? M AAAGGTCA, NR Orphan
NURRl NR4A2 ? ? ? Orphan
NORl NR4A3 ■? ? ? Orphan
SFl NR5A1 ? M ? Orphan
LRH-1 NR5A2 ? ? ? Orphan
GCNF NR6A1 ? ? 7 Orphan
DAX-1 NROBl ? ? ? Orphan
SHP NR0B2 M 7 Orphan
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1.7 Pregnane X receptor: a guardian against toxicity

Pregnane X receptor (PXR) was discovered through searching public mouse EST databases, on the  

basis of its homology with other nuclear receptors. Its name stems from  the initial finding that it 

could be activated by pregnanes (natural steroid derivatives)^^®, however some researchers maintain 

it should be called SXR (steroid and xenobiotic receptor) to  better describe its function^®®. Among all 

the members of the nuclear receptor family PXR is the most promiscuous, binding a considerable 

num ber of structurally diverse compounds. This is reflected by its large and flexible ligand-binding 

pocket allowing interactions with a wide range of hydrophobic molecules^®^' Despite this flexibility, 

the ligand specificity is remarkably divergent across species, owing to  lower sequence similarities in 

the LBD compared to  most other nuclear receptors (as described in section 1.6.1). For example, the 

antibiotic rifampicin is a potent inducer of human and rabbit PXR, but has a negligible effect on 

mouse or rat PXR. By contrast, rabbit and rat PXR can be effectively induced by pregnenolone 16a- 

carbonitrile (PCN) whereas induction of the mouse receptor is more modest and the human receptor 

nearly unaffected (Figure 1.88)^^®' The difference between human and mouse PXR ligand 

specificity has been isolated to four amino acids in the LBD, elegantly illustrated through a quadruple 

m utation of the mouse PXR-LBD conveying a human-like response^®\

1.7.1 Xenobiotic function of human PXR

A large number of genes, mainly expressed at im portant physiological barriers such as the liver, 

intestine, placenta and blood-brain-barrier are subjected to transcriptional regulation by PXR (Figure 

1.7). Many of these are also co-regulated by CAR, and considerable cross-talk exists between the tw o  

xenobiotic receptors^®^.

1.7.1.1 PXR target genes: metabolising enzymes

Target genes o f PXR include both phase I and II metabolic enzymes. The CYP450 family is responsible 

for both chemical modification of endogenous substrates as well as the detoxification o f many 

xenobiotics, predom inantly through oxidation of organic substances. CYP3A4 is highly expressed in 

the liver and small intestine, and is the subtype implicated in the metabolism of most (>50%) 

commonly used pharmaceuticals^^^ The CYP2B family is responsible for another 25-30% of drug and 

xenobiotic metabolism, and is likewise highly regulated by PXR and CAR^®  ̂ The combined versatility
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of the CYP3A and CYP2B subfamilies are of particular medical significance as modulation of these 

enzymes constitutes the basis of many drug-drug interactions; CYP3A4 inducers rifampicin^®®, 

phenytoin^®^' and CYP3A4 inhibitor ritonavir^®® as well as CVP2B6/CYP3A4 inducer phenobarbital^^®' 

have all been shown to affect the clearance of co-medication also metabolised by these enzymes. 

In addition to the phase I metabolising enzymes, PXR is also a regulator of phase II conjugation 

enzymes such as glutathione-S-transferases (GSTs), UDP-glucuronosyltransferases (UGTs) and 

hydroxysteroid sulfotransferases (SULTs)^^ .̂

Phase I metabolism: CYP3A family 
CYP2B6

Phase II metabolism: GSTs 
UGTs 
SULTs

Drug transporters: ABCBl/MDRl
P X l^  ABCC2/MRP2

(I)k-3) (I)R-4KKR-6i(Kk-S) 0ATP1A2/SLC01A2

Figure 1.7 PXR-induced gene expression of metabolising enzymes and drug transporters (modified from

Edwards et al 2002^’ )̂. PXR = pregnane X receptor, RXR = retinoid X receptor, 9-cis RA = 9-cis retinoic acid, Pis =

protease inhibitors, CYP3A = cytochrome P450 3A, CYP2B6 = cytochrome P450 2B6, GSTs = glutathione-S-

transferases, UGTs = UDP-glucuronosyltransferases, SULTs = hydroxysteroid sulfotransferases, ABCBl = ABC

transporter B l, M D R l = multidrug-resistance gene 1, ABCC2 = ABC transporter C2, MRP2 = multidrug

resistance-associated protein 2, 0ATP1A2 = organic anion-transporting polypeptide 1A2, SLC01A2 = solute

carrier organic anion transporter 1A2.

1.7.1.2 PXR target genes: drug transporters

In addition to governing the expression of metabolising enzymes, PXR (and to some extent CAR) play 

a central role in regulation of drug transporters: Membrane efflux transporter P-gp (MDRl/ABCBl) 

has a pivotal function in absorption, renal secretion, biliary excretion and CNS delivery of a wide 

range of hydrophobic substrates such as HIV Pls^^°. MRP2/ABCC2 facilitates excretion of conjugated 

anions (glucuronide, glutathione, sulphate) from hepatocytes into the bile^’ .̂ OATPlA2/SZ.COJ/42^^® is
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a bile acid transporter primarily expressed in the brain but also in liver and other organs. Similarly to 

P-gp, substrates o f MRP2 and 0ATP1A2 include and NRTIs^^^ Drug efflux by P-gp and MRPs,

along V(/ith drug influx by OATPs, modulate intracellular concentrations. Consequently, PXR activity 

could have a significant effect on drug transporter-m ediated ARV bioavailability.
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A. PXR sequence homology between species
DBD

Percent Identity

1 2 3 4___
1 m 92.5 92.5 94.0 1

2 7.9 ■ 100 95.5 2

3 7.9 0.0 ■ 95.5 3

4 6.2 4.6 4.6 4

1 2 3 4

LBD
Percent Identity

1 2 3 4

1 HI 76.6 78.3 82.0 1

2 27.7 ■ 96.6 75.9 2

3 25.3 3.1 ■ 77.3 3

4 18.9 27 4 25.4 ii 4

1 2 3 4

B. Xenobiotic activation of PXR between species

c
o
CO
>
u
R3

o
u.

H human 
□ rabbit 
■ rat 
s mouse

(X>co
CO£

*5e
CO
Xo■o

k
oN
CO
E
o
o

I
^  o

o 
COc o c
<0 c 
CO

CO

CO

oc
0)

JiS -
0)co
N
iS
"5)o

Figure 1.8 PXR species differences: comparison between human, rabbit, rat and mouse PXR (from Jones et al 

2000^^^). A) Comparison of sequence identity in DNA binding domains (DBDs) and ligand binding domains 

(LBDs). B) Assessment of xenobiotic activation of PXR by reporter assays In CV-l cells. PXR = pregnane X 

receptor, PCN = pregnenolone 16 :v-carbonitrlle, RU486 = synthetic steroid, CPA = cyproterone acetate.
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1.7.2 Endobiotic function of human PXR and crosstalk with other nuclear receptors

Despite the early hypothesis that PXR functioned merely as a sensor of foreign and potentially 

harmful chemicals, it is now clear that it has an equally im portant role as an "endobiotic" receptor 

and often acts in orchestration with other nuclear receptors to regulate transcription of various 

physiological processes. Endogenous ligands include bile acids such as litocholic acid, which normally 

activate FXR leading to blocked catabolism of cholesterol, and bilirubin. W hen concentrations of 

these rise beyond normal levels - threatening to  cause cholestasis and hyperbilirubinemia -  PXR is 

activated. It promotes transcription of genes central to  the conjugation and clearance of these 

potentially toxic products, forming a hepatoprotective pathway^^®' LXRs on the other hand 

prom ote cholesterol breakdown and fatty acid synthesis in the liver upon activation by oxysterols and 

upregulate cholesterol efflux in other peripheral tissues. Their action is m ediated mainly via 

expression of the transcription factor SREBP-lc^^'*. PXR can m odulate this pathway as well as induce 

lipogenesis independently of SREBP-lc involving upregulation of the free fatty  acid uptake 

transporter CD36^®\ CD36 has also been associated with secretion of the anti-inflam m atory cytokine 

interleukin-10 (IL-10)^®^ and is under transcriptional control by PPARy^® .̂ This nuclear receptor plays a 

role in adipogenesis and insulin sensitisation and as such is an im portant drug target for treatm ent of 

diabetes by thiazolidinediones. PPARy additionally antagonises the pro-inflam m atory effect of NF-kB 

through transrepression, an effect also exerted by PXR. This PXR/NF-kB crosstalk provides an 

explanation for immunosuppressing effects by certain PXR activators and likewise the suppression of 

CYP450 expression by inflammatory stimuli^®“. Impaired hepatic drug metabolism during 

inflammation and infection is a well-known phenomenon, and has been linked to repression of NR1I2 

(PXR) and NR1I3 (CAR) expression by interleukin-6 (lL-6)^®^. Furthermore, polymorphisms in NR1I2 

(PXR) have been associated with susceptibility to  inflam m atory bowel disease^®®.

PXR plays a role in homeostasis of adrenal steroid hormones as demonstrated by increased levels of 

corticosterone and aldosterone following rifampicin treatm ent in humanised mice^® ,̂ and conversely 

activation of GR can induce expression of CYP3A4^®*. Furthermore, PXR has been suggested to have 

an impact on bone metabolism through indirect binding to  VDR response elements in the prom oter 

sequence of CYP24, a major vitamin D degradation enzyme^®®' There is also evidence of PXR 

regulation of genes involved in osteoblastic differentiation following activation by vitamin
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In summary, PXR forms part of the regulation of many biological processes in concert w ith other 

nuclear receptors. PXR agonists could potentially be used in trea tm en t of bile acid-associated 

cholestasis, hyperbilirubinemia and inflam m atory bowel disease while PXR antagonists may be useful 

for preventing drug-drug interactions. Its broad role in both xenobiotic metabolism and endogenous 

pathways may however lim it their application as therapeutic candidates” '̂

1.7.3 Implications of genetic variation of human PXR

The genomic structure of the NR1I2 (PXR) gene, expressed in liver, colon and small intestine^®^'^®^ was 

explored in 2001 by Zhang e t who deposited its sequence in GenBank under accession number 

AF364606: it is located on chromosome 3 q l3 -2 1  and consists of nine exons. The researchers 

hypothesised that there may be genetic variation in this gene of im portance for CYP3A4 expression 

and activity based on the following; I) there is not enough polymorphism in the coding sequence of 

CYP3A4 nor in PXR binding sites in distal and proximal 5' regions of CYP3A4 to explain interindividual 

differences in CYP3A4 activity^®'’, and II) significant variation of rifampicin inducibility of human 

hepatic and intestinal CYP3A4 and P-gp has been demonstrated^®^. 38 SNPs were identified and 

indeed several o f these w ere correlated to changes in CYP3A4 expression or activity. Examples 

include -25564G>A located in a putative transcription binding site in the prom oter sequence which 

was found in tw o  individuals with the lowest hepatic CYP3A4 expression and nifedipine clearance, 

respectively. Subjects with -25385C>T had significantly higher erythromycin breath test values after 

rifampicin treatm ent. 7635A>G and 8055C>T in introns were associated with increased intestinal 

rifampicin inducibility. individuals with at least one 11156A>G allele had lower P-gp levels in gut 

biopsies. Three exonic SNPs w ere also identified, P27S and G36R which increased PXR-RXR complex 

form ation with responsive elements, and R122Q which drastically reduced the same.
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Figure 1.9 Transactivation of NR1I2  (PXR) variants (from Hustert et al 2001^®®). Effects on basal (A and B) or

induced (C and D) transactivation in reporter assays in LS174T cells transfected with either a DR3 motif 

construct or the CYP3A4 promoter region. C and D: treatm ent with lOpM  rifampicin {black bars) or lOpM  

corticosterone (open bars). ♦ = P < 0.05, * *  = P < 0.01, * * *  = P < 0.001. PXR = pregnane X receptor, PXR-2 = 

splice variant.

A subsequent study by Hustert et revealed additional coding SNPs of which V140M , D163G and 

A370T displayed altered basal or induced CYP3A transactivation as well as an alternatively spliced 

form (PXR-2) w ith near negligible basal and inducible activity (Figure 1.9). Lamba et further 

exannined sequence diversity in N RH 2  cis-regulatory regions and identified some novel prom oter and 

intron polymorphisms which likewise had effects on CYP3A4. These included 63396T>C, which has 

subsequently been associated w ith unboosted atazanavir plasma concentrations^^^, as described in 

section 1.5.3. However, no other studies to date have been published investigating the impact of 

NR1I2 (PXR) polymorphism on ARV pharmacokinetics. Furthermore, a more comprehensive 

investigation into the implications of nuclear receptor activation by ARV drugs is warranted.
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1.8 HIV in Ireland and the Dublin HIV Cohort

Prior to the year 2000, HIV patients in Ireland were primarily of Irish origin and equally distributed 

across the main risk categories: intravenous drug users (IVDU), men who have sex with men (M SM ) 

and heterosexuals. Since then there has been considerable immigration to Ireland, especially from  

Sub-Saharan Africa. Between 2000 and 2002 the num ber of annual newly diagnosed cases of HIV 

tripled, almost exclusively w ithin the heterosexual category. M ore recently, however, there has been 

a decrease in heterosexual newly diagnosed HIV cases from  nearly 200 in 2008 to around 150 in 2009. 

On the contrary, the MSM category has increased to nearly the same levels as heterosexuals while 

only 30 IVDUs were diagnosed with HIV in 2009.
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Figure 1.10 Newly diagnosed HIV infections in Ireland 1995-2009 by exposure category. "HIV and AIDS in 

Ireland 2009", Health Protection Surveillance Centre, Health Services Executive, May 2010.

in order to improve understanding of the HIV epidemic in Ireland, the Dublin HIV Cohort was 

established in 2005 through a research grant from the Irish Health Research Board. Developm ent of 

the cohort represents a collaboration between all the Dublin Hospitals involved in treating patients
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with HIV disease; including St James's Hospital, The M ater Misericordiae and Beaumont Hospital. The 

aim of the cohort is to collate clinical and epidemiological information regarding the care of HIV 

infected individuals within the Irish health care system for the purpose of improving the standard of 

care provided, enhancing knowledge and delivery of a cohesive national HIV care strategy.

A database was set up incorporating both clinical and epidemiological inform ation such as 

demographics, HIV exposure history, social and medical history as well as laboratory data. To date, a 

total of 1748 patients have been enrolled. Of these, about a third originated from Sub-Saharan Africa 

while the rem ainder are mostly Irish Caucasians. The total gender distribution is 59% male, 41%  

fem ale. The cohort also contains a biobank stored at the M ater Misericordiae Hospital in Dublin and 

at the National Virus Reference Laboratory in University College Dublin.

The cohort data provides a rich opportunity to study the natural history of the disease and the effects 

of treatm ent, indicators of quality o f care as well as the prevalence of co-morbid conditions such as 

cardiovascular disease associated with HIV infection. From a pharmacological perspective cohort data 

facilitates investigation of treatm ent-related  adverse effects, the effects of ethnicity on viral 

evolution, drug resistance and drug metabolism. The Dublin HIV Cohort provides a unique platform  

for pharmacogenetic studies to investigate differences of potential relevance for antiretroviral 

treatm ent response between these ethnic groups. In the first study of this thesis, we had the benefit 

of gaining access to biological samples from the cohort for genotypic analysis.
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2 Aims and objectives

Despite considerable advances in HIV therapy, major challenges remain in maintaining patients on 

life-long antiretroviral (ARV) treatm ent. Drug interactions and adverse effects are common; the  

form er may have a substantial influence on drug plasma concentrations and the latter is a 

consequence of elevated drug concentrations and off-target effects. The predisposition for drug 

interactions^^®' and adverse effects^®® may vary across ethnic groups, indicating an im portant role 

of pharmacogenetics. It is notable that ethnic subpopulations, specifically African and Asian patients, 

are underrepresented in ARV clinical trials and likewise in pharmacogenetics studies despite 

constituting the largest HIV infected groups globally.

The them e of this thesis is an investigation of interactions between ARV drugs and nuclear receptors. 

This superfamily of ligand-dependent transcription factors are im portant regulators of gene 

expression, w ith both xenobiotic and endobiotic functions. Induction of pregnane X receptor (PXR) is 

a well-known cause of drug interactions, as PXR governs the expression of cytochrome P450 (CYP450) 

metabolising enzymes and drug transporters such as P-glycoprotein (P-gp), of which many ARV drugs 

are substrates. Some previous evidence exists of activation of PXR by HIV protease inhibitors (PIs) "̂' '̂ 

146, 300 non-nucleoside reverse transcriptase inhibitor (NNRTI) efavirenz^"*^. A closely related  

nuclear receptor, constitutive androstane receptor (CAR), is also involved in the regulation of 

xenobiotic metabolism and cross-talk occurs between PXR and CAR. The aim of the first study had 

three components; Firstly, to compare the prevalence of polymorphisms in genes of relevance for 

drug interactions {NR1I2 (PXR), CYP3A4, CYP2B6, A B C B l/M D R l) between Caucasians and Sub- 

Saharan Africans from the Dublin HIV Cohort. Secondly, a comprehensive investigation of the ability 

of a w ide range of ARV drugs to activate PXR and CAR and induce transcription of CYP3A4 and 

CYP2B6, the tw o  principal ARV metabolising enzymes, using luciferase reporter assays and also by 

quantifying mRNA and protein expression. Thirdly, an analysis of the impact of genetic polymorphism  

in the NR1I2 (PXR) gene detected in the cohort, on nuclear receptor activation by ARVs.

Given the confirmed activation by several ARV drugs of PXR and CAR, and the well-docum ented ligand 

overlap and cross-regulation betw een nuclear receptors, it is plausible that ARVs could activate other 

related receptors. Metabolic abnormalities, for example lipid disturbances, fat redistribution, insulin 

resistance, atherosclerosis, osteopenia and neuropsychiatric symptoms are frequently experienced by
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HIV patients on combination ARV therapy^°. These observations suggest off-target effects by the ARV 

compounds. Nuclear receptors such as liver X receptors (LXRs), estrogen receptors (ERs) and 

glucocorticoid receptor (GR) are likely candidate targets due to their involvem ent in lipid and 

cholesterol homeostasis^°\ adipocyte differentiation, bone rem od ellin g ^® ^ 'g lu cose sensitisation^®^' 

and central nervous system (CNS) function“ ®'̂ °̂. Very few  studies have investigated this possibility, 

and most investigations of direct nuclear receptor interactions have only included a small number of 

drugs. The aim of the second study was therefore to undertake an extensive evaluation of the ability 

of a wide range of ARV compounds from different drug classes to act as ligands of nuclear receptors 

LXRa/p, ERa/P and GR, by a combined in silica and in vitro approach: Screening of a library of ARV 

compounds to identify possible ligands through docking and molecular descriptor analysis, followed  

by detection of direct interactions with receptor ligand binding domains (LBDs) in a cell-free TR-FRET 

system, and finally assessment of nuclear receptor activation in cell-based reporter assays.

Efavlrenz displayed a potent antagonistic effect on both LXRa and LXRp. Being regulators of 

cholesterol homeostasis, these nuclear receptors have been implicated in neuronal function: LXR 

double knockout mice suffer from neurodegeneration^“  while LXR agonists have been demonstrated  

to  reduce levels of P-amyloid^^^‘^̂  ̂ a suggested marker for Alzheimer's disease (AD) progression^^^ A 

proposed mechanism for this neuroprotective effect of LXR is upregulation of ATP-binding cassette 

transporter A1 {ABCAl), a cholesterol efflux transporter^^®. Cholesterol homeostasis is required for 

the integrity of the neuronal cell m em brane and optimal neuronal function. A genetic variant of 

apolipoprotein E (APOE), another LXR target gene and a facilitator of cholesterol efflux, is associated 

with an increased risk of late-onset AD^^ '̂ Efavirenz is recognised to  cause CNS toxicity 

characterised by depression, sleep disturbances, mem ory deficits and neurocognitive impairment. 

This efavirenz-LXR link informed the aim of the third study: to investigate the effect of efavirenz 

exposure on A B C A l/A bcal and APOE/Apoe mRNA expression in a human neuroblastoma cell line and 

prim ary rat cortical cells. In addition, to examine the impact of efavirenz on (J-amyloid processing in 

the same in vitro systems by W estern blots.
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3 Nuclear receptor-mediated induction of CYP450 by ARVs: 

functional consequences of NR1I2 (PXR) polymorphisms and 

differential prevalence in Caucasians and Sub-Saharan Africans

3.1 Introduction

A num ber of pharmacological factors influence drug metabolism, including genetic variability in 

metabolising enzymes and their regulators as well as exposure to various xenobiotic compounds 

which possess the capacity to  modulate enzyme activity and/or expression. These factors become 

particularly im portant when complex drug regimens are used as is the case in HIV treatm ent. 

Knowledge of these risk factors for drug interactions is essential, especially in resource-poor settings 

where the infection is widespread but treatm ent options are limited^^\

Nuclear receptors pregnane X receptor (PXR) and constitutive androstane receptor (CAR) have in 

recent years emerged as coordinators of cholesterol^^^ glucose and lipid homeostasis, as well as 

inflam m atory response^^^. However, their roles as xenosensors and regulators of cytochrome P450 

(CYP450) metabolising enzymes remain of importance in pharmacokinetics, as several 

pharmaceuticals have been reported as activators of nuclear receptors (mainly PXR) with implications 

for drug interactions. Some HIV protease inhibitors (Pis), fall into this category: Ritonavir is a 

confirmed ligand of PXR^ '̂*' and increased hepatic expression of PXR target genes of the CYP3A 

subclass has been demonstrated in amprenavir- and neifinavir-treated rats^^®. Gupta e t af'^^ 

employed a reporter assay-based approach in an intestinal cell line for a num ber of single­

concentration (lO u M ) Pis, which all gave rise to significantly increased CYP3A4 prom oter activation 

when co-transfected with PXR. Hariparsad et dem onstrated also that the  non-nucieoside reverse 

transcriptase inhibitor (NNRTI) efavirenz can induce CYP3A4 prom oter activity via PXR, and indeed an 

increase in CYP3A4 activity is seen in patients on efavirenz treatment^^®.

Studies of naturally occurring polymorphic variants o f the PXR encoding gene (NR1I2) have revealed

not only changes in PXR expression and activity, but also effects on CYP3A4 expression and

inducibility as demonstrated by Zhang e t al (2001)^“  King et a l (2007)^^^ and Lamba e t a l (2008)^^^

Hustert e t al (2001)^^^ assessed the impact of six non-synonymous coding polymorphisms and found

significant changes in basal and/or induced transcriptional activity after treatm ent with rifampicin or
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corticosterone in four of them ; G36R (106G>A), V140M  (4374G>A), D163G (4444A>G) and A370T 

(8528A>G). Only one single nucleotide polymorphism (SNP) in NR1I2 has been associated with  

alterations in antiretroviral (ARV) drug plasma concentrations; patients homozygous for -6994T  

(position 63396 relative to GenBank Accession AF364606 origin) had atazanavir trough levels below  

the minimum effective concentration^^'*. These NR1I2  polymorphisms, in combination with  

polymorphisms in target CYP450 and drug transporter genes could have a great influence on 

interindividual variation in ARV drug metabolism: several SNPs in the coding regions of CYP3A4 have 

shown association with altered enzyme activity and/or expression levels. Furtherm ore, some 

researchers have dem onstrated changes in efavirenz plasma levels among subjects w ith the -392A>G  

p o ly m o rp h is m ^ ^ ^ 'w h e re a s  other studies reported no effect on either efavirenz or nelfinavir” '̂

In the CYP2B6 gene, a num ber of SNPs such as the well studied 516G>T (Q172H)^^^' have been 

correlated to changes in plasma drug concentrations of efavirenz and/or nevirapine in patients. In the 

ABCBl (M D R l)  gene encoding drug efflux pump P-glycoprotein (P-gp), a synonymous SNP (3435C>T) 

has been the subject of many ARV pharmacokinetic investigations. However, although this 

polymorphism has been associated with reduced efflux activity^'’  ̂ and in some studies correlated with 

changes in nelfinavir^'*^'^^® and efavirenz^'*^ concentrations, other contradicting results '̂* '̂ '̂*®' '̂*  ̂ render 

these findings controversial. Few studies have focussed on polymorphism in the gene encoding CAR, 

NR1I3, and only a small num ber of rare SNPs in this gene have been correlated to significant changes 

in nuclear receptor activity or expression^'*®.

Africans are underrepresented in clinical trials in general and likewise in genetic screenings of the  

above m entioned genes, and most ARV dosage recommendations are based on results from studies 

with Caucasian subjects. The functional consequence of SNPs in nuclear receptors and their target 

genes in the context of activation potential by ARV drugs has not been investigated. It is not clear 

w hether all Pis are inducers of PXR-mediated CYP3A4 expression, if this ability is shared by more 

NNRTIs other than efavirenz, by nucleoside reverse transcriptase inhibitors (NRTIs; generally not 

metabolised by CYP450 enzymes and hence not expected to influence their transcriptional regulation) 

or by new er classes such as entry inhibitors. Furthermore, it is not known if this effect is changed in 

any way in combination with low-dose ritonavir, used to "boost" the bioavailability of the partner PI. 

Additionally, many previous studies have used uniform concentrations although these may not reflect 

clinical plasma concentrations. ARV induction of CYP2B6 (metaboliser of NNRTIs) has not been 

explored, and neither has the importance of CAR as a CYP3A4/CYP2B6 induction pathway by ARVs.
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3.2 Aims

The aims of this study w ere to  1) investigate the frequency distributions of a wide range of SNPs in 

the NR1I2 (PXR), CYP3A4, CYP2B6 and ABCBl (M D R l)  genes in Caucasian and Sub-Saharan African HIV 

patients as well as comparing Sub-Saharan African SNP frequencies with published results from  

studies of African-American groups; 2) examine the ability of a wide range of ARVs across classes, 

both new and established and at concentrations derived from  Cmsx values from  clinical studies, to  

induce prom oter activity of CYP3A4 and CYP2B6 via nuclear receptors PXR or CAR pathways and to 

determ ine if the presence of low-dose ritonavir alters the response, and additionally validate these 

results in primary human hepatocytes by measuring mRNA and protein expression of CYP3A4 and 

CYP2B6 after exposure to  ARVs; 3) assess the impact of coding polymorphisms in NR1I2 (PXR) 

detected in the genotype screening on ARV induction of CYP3A4 prom oter activity.

3.3 Materials and methods

3.3.1 Study population and genotyping

1013 subjects from the Dublin HIV Cohort (established in 2005 after obtaining ethical approval and 

encompassing HIV-positive patients from  three major Dublin hospitals; St James's Hospital, M ater 

Misericordiae University Hospital and Beaumont Hospital) were included in the study (Table 3.2). The 

ethnicity distribution was approximately 65% Caucasians and 35% Sub-Saharan Africans. DNA was 

isolated from whole blood using QIAamp DNA Blood Midi Kit (Qiagen, W est Sussex, UK).

37 SNPs and one 3-basepair insertion in NR1I2 (PXR), CYP3A4, CYP2B6 and ABCBl (M D R l)  were 

selected for screening based on previous association with altered expression levels or activity of the 

respective proteins, or potential to affect the same by virtue of its location in regulatory regions, 

transcription factor binding sites or coding regions (see Table 3.3 and Table 3.4 in section 3.4). 

Genotyping was perform ed by KBioscience (Herts, UK) using patented KASPar technology 

(homogenous FRET-based system coupled with com petitive allele specific PCR, see 

http://www.kbioscience.co.uk/reagents/KASP.htm n.

Polymerase Chain Reaction-Restriction Fragment Length Polymorphism (PCR-RFLP) was carried out in- 

house with 9% of the DNA samples as a quality control. Previously described methods w ere used for

56



Chapter 3: Nuclear receptor-mediated induction o f CYP450 byARVs

one SNP per gene: N R 1I2  7635A>G^''®, AB CBl (M D R l)  3 4 3 5 0 1 ^ ^ °, CYP3A4 1221C>T^^^ and 

CYP2B6 516G>T^^^. PCR reactions w e re  p erfo rm ed  using a PTC-100 th erm ocyc ler (MJ Research Inc., 

W a lth a m , M A , USA) in 25^1 volum es w ith  0 .6 25U  T herm o -S tart Taq DNA polym erase, Ix  High 

P erform ance Buffer, l .S m M  MgCIa (Therm o Fisher Scientific, Dublin, Ire land), 4 0 0 |iM  dNTPs and 

O.SpiM each fo rw ard  and reverse prim ers (Sigm a-Aldrich, W icklow , Ire land). The PCR p ro gram m e was 

as fo llow s: 95°C IS m in  (hot start) fo llo w ed  by 30 cycles o f 95°C 20sec (d en atu ratio n ), 60°C  30sec 

(annealing), 72°C SOsec (extension) and a final extension step of 72°C  fo r 5m in . The PCR products  

w e re  subjected to  3h restriction digestion in 25^1 volum es (w ith  l ( i l  enzym e and Ix  buffers fro m  N ew  

England Biolabs, Herts, UK) fo llow ed  by gel e lectrophoresis (2% Agarose For Routine Use, Sigma- 

Aldrich) w ith  Ix  TAE buffer (4 0 m M  Tris-acetate , Im M  EDTA, Sigm a-Aldrich) and visualisation by 

Syngene gel imaging system (Synoptics Ltd, Cam bridge, UK). Prim er sequences and restriction  

digestion conditions fo r each SNP are found in Table 3 .1  (section 3 .4 ). Representative agarose gel 

images o f restriction fragm ents are shown in Figure 3.1 (section 3.4).

3.3.2 Plasmids

The XREM -CYP3A4 luciferase construct was a g ift from  Professor Chris Liddle (U n iversity o f Sydney, 

N ew  South W ales, Australia) and th e  CYP2B6-PBREM /XREM  luciferase construct was kindly donated  

by Professor Hongbing W ang  (U niversity o f M ary lan d , College Park, USA). Dr Steven Kliew er 

(University o f Texas, Dallas, USA) provided th e  pSG5-hCAR and pSG5-hPXR plasmids, w h ile  Dr O liver 

Burk (Dr. M arg a re te  Fischer-Bosch-lnstitute o f Clinical Pharm acology, S tu ttgart, G erm any) supplied  

th e  PXR varian t constructs in pcDNA3 ("PXRwt" i.e. th e  re ference sequence, P27S, G36R, V 1 4 0 M , 

A 370T). An internal standard, pRL-TK (expressing Reniiia  luciferase), was o b ta ined  fro m  Promega 

(M ad ison, W l, USA).

3.3.3 ARV drugs and controls

Abacavir and fo sam prenav ir w e re  gifts fro m  GlaxoSm ithKline (H ertfo rdsh ire , UK). Lopinavir,

nelfinavir, nevirapine and ten o fo v ir w e re  provided by A b b ott (A b b ott Park, IL, USA), Pfizer (G roton,

CT, USA), Boehringer Ingelheim  (Dublin , Ire land) and G ilead (Foster City, CA, USA), respectively.

Efavirenz was purchased from  LGM Pharm aceuticals (Boca Raton, FL, USA) and indinavir, rito navir and

saquinavir fro m  USP Reference Standards (Rockville, M D , USA). The fo llow ing  reagents w ere  obta ined

through th e  AIDS Research and Reference Reagent Program , Division o f AIDS, N IA ID , NIH: A tazanavir
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sulphate, maraviroc, lamivudine, tipranavir and zidovudine. Darunavir was provided by Tibotec, inc. 

through the same program. Positive controls rifampicin and CITCO were purchased from Sigma- 

Aldrich.

3.3.4 HepG2 cell culture and MTT cytotoxicity assays

Hep62 cells (kindly donated by Dr Stephen Gray, TCD) were cultured in Minimum Essential Medium 

Eagle supplemented with 10% foetal bovine serum (FBS), 2mM L-glutamine and lOOunits + O.lmg/ml 

penicillin-streptomycin (all from Sigma-Aldrich). To assess cytotoxicity of the ARV drugs used in 

subsequent assays, HepG2 cells were seeded into 96-well plates (8,000 cells per well). The following 

day dilution series were made of drugs for final concentrations of O.ljaM, IpM , 10(iM, 25^M and 

BOpiM and cells were exposed for48h. Concentration curves of vehicles; dimethylsulphoxide (DMSO) 

and ethanol, were also included (0.001%, 0.01%, 0.1%, 0.25% and 0.05%) as well as fixed 

concentrations of either ethidium bromide (EtBr) or doxorubicin (both from Sigma-Aldrich) as 

cytotoxic controls. 2h prior to the end of the experiments, 10^1 MTT (thiazolyl blue tetrazolium 

bromide Spig/ml in medium, Sigma-Aldrich) was added to each well. The culture medium was 

removed after 48h drug exposure and the purple formazan complexes produced by mitochondrial 

reductase were dissolved in DMSO. A Bio-Tek ELx808 Absorbance Microplate Reader (Vermont, US) 

was utilised for absorbance measurement at 540 nm, and values from drug-treated wells normalised 

to untreated controls.

3.3.5 Transfections, drug exposure and luciferase reporter assays

Cells were seeded into 24-well plates (40,000 cells per well) the day before transient transfection

using Lipofectamine LTX (Invitrogen, Paisley, UK) according to manufacturer's instructions with the

following DNA quantities (ng nuclear receptor /  reporter construct /  internal standard, optimised for

maximal positive control induction); PXR/CYP3A4/pRL-TK 2/400/10ng, PXR/CYP2B6/pRL-TK

10/400/25ng, CAR/CYP3A4/pRL-TK 10/400/50ng or CAR/CYP2B6/pRL-TK 2/400/10ng. The

transfections were allowed to proceed for 8-9h in serum- and antibiotic-free medium. The cells were

then washed with phosphate buffered saline (PBS, Sigma-Aldrich) and treatment initiated with drugs

diluted in phenol red-free Minimum Essential Medium (Gibco/lnvitrogen) with 10% charcoal-stripped

FBS, 2mM L-glutamine and lOOunits + O.lmg/ml penicillin-streptomycin (Sigma-Aldrich). Drug

concentrations used correspond to reported mean (median for nelfinavir, ritonavir and tipranavir)
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plasm a Cmax values fro m  clinical studies (PI concentrations w e re  ritonavir "boosted" as this is how  they  

are usually adm in is tered ): Pis a tazanavir 4 (iM  (3.211|ig/m i^^^), darunavir lOpiM (5.834ng/m l^^‘’), 

fo sam pren av ir 1 3 n M  {8.039|ig/m l^^^); ind inavir IS p iM  (10.65^ig/ml^^®), iop inavir 1 6 n M  (9 .69 |ig /m l^ ” ), 

nelfinav ir 6 |iM  (3.614^g/m P^®), ritonavir Ip iM  (1.08|ig/m i^^^), saquinavir 4 iiM  (3.064ng/m l)^®°, 

tip ran av ir 2 0 n M  (22.5^M^®^); NRTIs abacavir 5 |iM  (3.19pig/ml^®^), lam ivudine 7 iiM  (1.567|ig/ml^®^), 

ten o fo v ir l^ iM  (360ng/ml^®^) and zidovudine 4 n M  (1.067ng/ml^®^); NNRTIs efavirenz lO^iM  

(3.28ng/ml^®®) and nevirap ine 7.5|jIVI (1.93ng/ml^®^); and en try  inh ib itor m araviroc 0 .5 n M  

(144n g /m l^ “ ). A dditionally , th e  cells w ere  exposed to  a range o f concentrations (O .lu M , I t iM ,  5 |iM ,  

lO ^ M , 2 0 iiM ) o f selected CYP3A4 a n d /o r CYP2B6 inducers (Iop inavir, efavirenz and abacavir), fo r  

construction o f dose-response curves. Drugs w e re  e ith e r dissolved in e thano l, DM SO or H 2O. The 

fo llow ing  Pis w ere  also tes ted  in com bination  w ith  low -dose ( I j iM )  ritonavir: atazanavir, darunavir, 

fosam prenavir, Iop inavir and saquinavir. Rifam picin (1 0 |iM ) and CITCO (lO O n M ) w e re  included as 

positive controls fo r PXR and CAR respectively, as w ell as vehicle controls representing  th e  highest 

eth an o l (0 .17% ) and DM SO  (0 .1% ) final concentrations. A fte r 48 h , th e  cells w ere  harvested and the  

Dual-Luciferase R eporter Assay System (Prom ega) utilised to  m easure transcrip tion  levels w ith  th e  aid 

of a lu m in o m ete r (Therm o Fisher Scientific). R eporter construct responses (firefly) w e re  norm alised  

to  in ternal standard (Renilla) and fo ld increases calculated re la tive  to  u n trea ted  controls.

3.3.6 Assessing the effect of NR1I2 (PXR) polymorphisms on ARV induction of CYP3A4

Four N R 1I2  (PXR) polym orphism s, P27S ( 7 9 0 T ) ,  G36R (106G >A ), V 1 4 0 M  (4374G >A ) and A 370T  

(8528A >G ), w e re  selected fo r iri v itro  assessm ent of th e ir  functional im pact on ARV induction of 

CYP3A4 based on th e  fo llow ing  criteria: th ey  w e re  coding polym orphism s (resulting in an am ino  acid 

change) d etec ted  am ong th e  patients in th e  cohort; and have previously been  associated w ith  altered  

activity. H ustert e t  found increased corticosterone-induced PXR activ ity  w ith  th e  G36R variant 

and increased basal p ro m o te r activ ity  o f CYP3A4 w ith  V 1 4 0 M  and A370T, as w ell as a tren d  tow ards  

decreased rifam pic in -activated  expression w ith  th e  la tte r tw o  PXR variants and increased  

corticosterone activation w ith  P27S. This SNP has also been repo rted  in a p atien t w ith  reduced  

nifed ip ine clearance^^°.

The P27S, G36R, V 1 4 0 M  and A 370T  constructs along w ith  a PXR re feren ce sequence plasmid w ere  

subsequently used fo r co-transfections w ith  th e  XREM-CYP3A4 luciferase construct. Cells w ere
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exposed to  rifam picin, lopinavir, fosamprenavir, neifinavir, efavirenz and teno fov ir (to represent Pis, 

NNRTIs and NRTIs) at the same concentrations as in previous experim ents, and Dual-Luciferase 

Reporter assays were perform ed as described above.

3.3.7 Primary human hepatocytes: mRNA and protein expression of CYP3A4 and CYP2B6

Fresh prim ary human hepatocytes (from  tw o  male Caucasian donors, supplied by Biopredic 

International, Rennes, France) in 24-well plates (350,000 ce lls/w ell) were exposed in duplicate to  

0.1% DMSO, 10ti.M rifam picin, lOOnM CITCO, or varying concentrations o f lopinavir, efavirenz or 

abacavir (O .luM , l^ iM  and lO^iM), fo r 48h in phenol red-free W illiam ’s E incubation medium 

(Biopredic). Total RNA and protein was isolated using TRIsure (Bioiine, London, UK) according to  the 

manufacturer's instructions, l^ ig  RNA from  each sample was firs t trea ted  w ith  DNase! (Sigma-Aldrich) 

to  remove genomic DNA, and then reverse transcribed to  cDNA using random hexamers (Bioline) and 

M-MLV RT (Sigma-Aldrich). Real tim e PCR was subsequently perform ed w ith  QuantiTect SYBR Green 

PCR Kit and Primer Assays (Qiagen, W est Sussex, UK) fo r human CYP3A4, CYP2B6 and ACTB (P-actin, 

housekeeping gene) w ith  Applied Biosystems 7900HT.

Isolated protein was denatured by boiling in sample buffer (6% sodium dodecyl sulphate (SDS), 

lOOmM Tris-HCI pH 6.8, 20% glycerol, 0.4% brom ophenol blue) w ith  protease inh ib ito r cocktail 

(Sigma-Aldrich) and loaded onto 10% SDS-poiyacrylamide gels. W estern blots were carried out by 

semi-dry transfer (100mA, 1 hour) onto  Amersham Hybond-P membranes (GE Healthcare, 

Buckinghamshire, UK) which were subsequently blocked w ith  5% m ilk pow der (Marvel, PremierFoods, 

Ireland) in TBST (pH 7.5 lOm M  Trizma base, lOOmM NaCI, IM  HCI, 0.1% Tween-20) fo r 1 hour at 

room tem perature . Probing w ith  prim ary antibody was perform ed at 4°C overnight, fo llow ed by TBST 

washing and probing w ith  secondary antibody fo r  Ih  at room tem pera ture . Primary rabbit anti­

human CYP3A4 (CR3340, 1:1000 d ilu tion) and CYP2B6 (CR3290, 1:500 d ilu tion) were from  

Biomol/Enzo Life Sciences (Exeter, UK), whereas horseradish peroxidise (HRP)-conjugated swine anti­

rabb it secondary antibody was purchased from  Dako Denmark A/S (Glostrup, Denmark). Blots were 

visualised by enhanced chemiluminescence detection as described by Haan and Behrmann^®® using a 

Fuji LAS 4000 chem ilum inescent imager. Membranes were subsequently blocked once again w ith  5% 

m ilk powder in TBST, fo llow ed by re-probing w ith  internal standard p-actin (HRP-conjugated, Santa
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Cruz B iotechnology Inc., CA, USA). Band intensities w ere  m easured by d en sitom etry  using G eneTools  

so ftw are  (Syngene, C am bridge, UK).

3.3.8 Statistics

D ifferences in a lle le  frequencies b e tw ee n  Caucasians and Sub-Saharan Africans w e re  com pared  by 

th e  chi-square tes t (SPSS version 15 .0) and P-values w e re  calculated by Fisher's Exact Test (2-sided). 

Allele frequencies o f Sub-Saharan Africans w ere  also com pared  to  availab le frequency data from  

African Am ericans using th e  sam e m etho d . H aploview  version 4 .2  

(h ttp ://w w w .b ro a d in s titu te .o rg /m p g /h a p lo v ie w )^ ^ ° w as utilised fo r construction o f linkage  

disequilibrium  (LD) plots and H ard y-W einb erg  Exact Tests w ith  Bonferroni correction, p erfo rm ed  

w ith in  both ethn ic  groups. N R 1I2  (PXR) hap lo type analysis was p erfo rm ed  using HAP 

(h ttp ://re s e a rc h .c a lit2 .n e t /h a p /)^^\

Data fro m  re p o rte r assays, real tim e  PCR and W estern  blots w ere  norm alised to  in te rnal standards  

and analysed by o n e -w ay  analysis o f variance (ANOVA) w ith  D unnett's  post hoc  analysis, w h ile  results 

fro m  re p o rte r assays w ith  rito navir com binations w e re  com pared  to  single Pis by M a n n -W h itn e y  t-  

tests (G raphPad Prism version 5). EC50 values fro m  dose-response experim ents w e re  calculated using 

th e  sam e so ftw are  (n on -lin ear fit , sigmoidal dose-response curves). All re p o rte r assay experim ents  

w ere  p erfo rm ed  in duplicates a t least th re e  in d ep en d en t tim es and presented  as m eans ± S .E .M . P- 

values o f < 0 .05  w e re  regarded as indication of significant d iffe rence fo r all experim ents.

3.4 Results

3.4.1 Patient dennographics

The dem ographics o f th e  Caucasian and Sub-Saharan African subgroups in th e  cohort d iffe r in term s  

o f gender and p robable  ro u te  o f transm ission (Table 3 .2 ). Three quarters o f th e  Caucasian population  

are m ale, and th e  risk groups "m en w ho  have sex w ith  m en" (M S M ) and "intravenous drug users" 

(IVD U ) are w ell represen ted . Am ong th e  Sub-Saharan Africans - consisting m ain ly o f firs t-generation  

im m igrants - th e  gender d is tribution  is the opposite, and th e  rou te  o f transm ission is prim arily
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through heterosexual contact. The high proportion of women in this group reflects detection o f HIV 

infection through the national antenatal screening programme.

3.4.2 NR1I2 (PXR), CYP3A4, CYP2B6 and ABCBl (M D R l) polymorphism frequencies

Out o f 38 polymorphisms examined, 22 w ere found at significantly different (P < 0.05) allelic 

frequencies in Caucasians compared to Sub-Saharan Africans: in NR1I2; -25564G>A, -25385C>T, - 

24756G>A and -24381A>C in the prom oter region; 79C>T and 106G>A in exons; -6 9 9 4 0 T , 7635A>G  

and 8055C>T in introns as well as position 11156A>C in the 3' untranslated region (Table 3.3). P- 

values below 0.05 were also reached with CYP3A4 polymorphisms -11128insTGT (3 base-pair 

insertion), -392A>G and 683C>T, and similarly with CYP2B6 SNPs 516G>T, 785A>G, 983T>C and 

1 4 5 9 0 T  (Table 3.4). All A B C B l/M D R l  SNPs screened for (-129T>C, 61A>G, 1199G>A, 2677T>G, 

3435C>T) were present at significantly different allele frequencies between the tw o ethnic groups 

(Table 3.3). For all of these SNPs, homozygotes of the minor alleles w ere present (albeit often in small 

numbers) with the exception of NR1I2 106G>A, CYP3A4 683C>T and ABCBl {M D R l)  1199G>A. 

Remaining SNPs were either absent in the populations or found at a very low prevalence and any 

difference between Caucasians and Sub-Saharan Africans could not be determ ined.

Genotype distributions w ere in Hardy-W einberg equilibrium (HWE) w ith the exception of 7635A>G  

(NR1I2, PXR) and 2677T>G {A B C B l/M D R l)  among the Sub-Saharan Africans. In CYP2B6, positions 516 

and 785 w ere in LD among both ethnicities (r  ̂ = 0.82 and 0.91 for Caucasians and Sub-Saharan 

Africans, respectively) which is in accordance with other studies (Leger et al 2009^^^ Haas et al 

2009^” ) and shown in Figure 3.2. As were NR1I2  SNP pairs -25385 /-24381  (r^= 0.96) and 8055 /11156  

(r^ = 0 .96) in the Caucasian population, consistent w ith HapM ap data as well as Dring et Sub- 

Saharan Africans exhibited different LD patterns for the same gene; 52 /8 5 2 8  showed m oderate LD (r  ̂

= 0.70), however as HapM ap data is not available for position 8528 (rs59152710) this could not be 

confirmed. In ABCBl {M DR l),  2677G>T and 3435C>T displayed weak LD (r^= 0.50) among Caucasians 

in the cohort while the same was not seen in the Sub-Saharan African population (r^= 0.17), despite 

HapM ap data indicating a similar degree of LD for both Caucasians and Africans (r  ̂ around 0.5). 

However, similar to  our results, a larger (111 subjects) W est African study did also not find LD 

betw een these SNPs^’“. These ethnicity-specific patterns are reflected in their contrasting block 

structures of the haplotype reconstruction, shown in Table 3.6. None of the CYP3A4 polymorphisms
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detected displayed LD. Genotyping results were deemed reliable by absolute correlation with in- 

house PCR-RFLP controls.

3.4.3 Comparison of Sub-Saharan African allelic frequencies with African Americans

Four allelic frequencies of Sub-Saharan Africans observed in this study were found to be significantly 

different to those of African American subjects in other studies: -24756G>A and 8055C>T in NRH2 

(PXR) compared with a study by Zhang et as well as -392A>G in CYP3A4 and 3435C>T in ABCBl 

(M D R l) compared to data from a publication by Haas et (Table 3.5). The three minor allele 

frequencies of NR1I2 and CYP3A4 SNPs were higher among Sub-Saharan Africans than African 

Americans whereas ABCBl (M D R l) 3435T was less frequent in the former population. Of the 

remaining SNPs with available data on African American populations, four SNPs were not significantly 

different between the two groups whereas six SNPs failed to reach statistical significance due to low 

numbers of the minor allele.

3.4.4 MTT cytotoxicity assays

Ritonavir, lopinavir, saquinavir and efavirenz had cytotoxic effects (defined as cell survival less than 

80%) at 25nM, while nelfinavir was cytotoxic already at lOuM (Figure 3.3). In subsequent 

experiments concentrations did not however exceed these limits. None of the other ARVs affected 

cell survival, and neither did vehicle controls (up to 0.5%).

3.4.5 ARV-induced PXR-mediated CYP3A4 and CYP2B6 promoter activity

Fosamprenavir, lopinavir, nelfinavir and tipranavir showed the ability to induce PXR-mediated CYP3A4 

promoter activity significantly in reporter assays, producing fold increases of the following 

magnitudes compared to untreated: 13.5 ± 3.9, 7.5 ± 2.7, 5.6 ± 2.3 and 9.9 ± 3.4 (Figure 3.4). CYP2B6 

promoter activity was also increased by lopinavir (11.4 ± 10.0) as well as by darunavir (6.1 ± 0.4). 

Efavirenz increased both CYP3A4 and CYP2B6 by 5.7 ± 3.3 and 4.7 ± 2.3 fold, respectively, whereas 

abacavir increased only CYP2B6 by 2.3 ± 0.6 fold. The EC50 value of lopinavir for induction of CYP3A4 

promoter activity was calculated to 3.7|iM  (95% Cl: 689nM, 19.8nM). However, lopinavir-induced 

CYP2B6 promoter activity as well as efavirenz-induced CYP3A4 and CYP2B6 promoter activity did not
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reach m axim al response fo r CYP2B6 p ro m o ter activity; hence EC5 0  values w e re  es tim ated  to  >20^iM  

(m axim um  concentra tion  tes ted ) in all th re e  cases (Figure 3 .6 ).

3.4.6 ARV-induced CAR-mediated CYP3A4 and CYP2B6 promoter activity

In re p o rte r assays using CA R-transfected HepG 2, CYP2B6 p ro m o te r activ ity was increased by 

fosam prenavir, lop inavir and tip ran av ir w ith  fo ld increases o f 3 .4  ± 3 .2 , 3 .0  ± 1.3 and 4 .8  ±  2 .4  

com pared  to  u n trea ted  controls, but unchanged by non-PI ARVs (Figure 3 .5 ). N one of th e  Pis tes ted  

had an e ffe c t on CAR-m ediated CYP3A4 transcrip tional activity. H ow ever, it was induced a fte r  

tre a tm e n t w ith  abacavir (2 .5  ± 1.0). EC5 0  o f abacavir was 1 .7 ^ M  (95%  Cl: 2 0 0 n M , 13 .9  n M ) fo r CYP3A4 

induction and es tim ated  to  > 2 0 n M  fo r lop inavir-induced CYP2B6 p ro m o ter activity, as m axim al 

induction was not reached w ith  this PI (Figure 3 .6 ). No change in p ro m o ter activ ity was seen w ith  

vehicle controls (data not shown).

3.4.7 Effect of co-administration with ritonavir

P ro m o ter activity of CYP3A4 by lop inavir and saquinavir was increased (P < 0 .0 5 ) w hen  these Pis w ere  

com bined  w ith  Ip iM  rito navir (fo ld  increases com pared  to  single drugs w ith  PXR w ere  1,7 ± 0 .5  and

2 .7  ± 1 .0  respectively, and w ith  CAR 2 .5  ± 0 .9  and 2 .4  ± 1.1 respectively), as w ell as 

fo sam p ren av ir /r ito n av ir in th e  C A R-m ediated assay (2 .4  ± 0 .5 ). Saquinavir w as th e  only drug tested  

w hich increased CYP2B6 p ro m o te r activ ity  w hen low -dose rito navir was added, through PXR; fold  

increase 5 .7  ± 1.4 (Table 3 .7 ).

3.4.8 impact of NR1I2 (PXR) polymorphism on CYP3A4 induction

135 patients w ith in  th e  cohort w e re  found to  have SNPs in th e  N R 1I2  gene leading to  PXR am ino  acid 

substitutions P27S, G36R, V 1 4 0 M  and A 370T. Interestingly , none o f these patients carried m o re  than  

one. The e ffe c t o f these exonic polym orphism s on ARV induction  o f CYP3A4 was assessed. 

Transfection of HepG 2 cells w ith  V 1 4 0 M  or A 370T  m u tatio n  constructs both resulted  in lo w er CYP3A4 

p ro m o ter activ ity a fte r rifam pic in -stim u lation  in com parison to  th e  re feren ce PXR sequence. A 

com parab le e ffec t was seen w ith  th e  sam e PXR variants in th e  presence o f fosam prenavir and 

lopinavir, w h e re  induction w as significantly (P < 0 .0 5 ) low er. V ariants P27S and G36R show ed trends  

tow ards reduced rifam picin  and fo sam prenav ir induction, h ow ever did not reach statistical
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significance. Nelfinavir and efavirenz-induced CYP3A4 p rom oter activity was not altered by PXR 

variants P27S, G36R, V140M or A370T. Tenofovir, included as a negative control because it did not 

increase CYP3A4 p rom oter activ ity using the PXR reference sequence construct, sim ilarly had no 

e ffect in experim ents w ith  PXR variants (Figure 3.7).

3.4.9 Primary human hepatocytes: mRIMA and protein expression of CYP3A4 and CYP2B6

The e ffect o f lopinavir, efavirenz and abacavir on mRNA and protein expression in prim ary human 

hepatocytes was determ ined. CYP3A4 mRNA levels were increased significantly only by 10|iM  

efavirenz (fold increase 2.8 ± 0.7), although a trend tow ards increased expression was seen w ith  

increasing concentrations o f abacavir - however the lowest concentration O .luM  gave rise to 

significantly lower CYP3A4 mRNA expression compared to  vehicle control (Figure 3.8A). CYP2B6 

mRNA was increased by lO uM  efavirenz (30.1 ± 12.8) and lO^iM abacavir (3.2 ± 0.4, Figure 3.8B). 

D eterm ination of protein content by Western b lo t showed increased CYP3A4 by lO jiM  efavirenz (7.6 

± 4.7) and CYP2B6 by lOpiM lopinavir (1.8 ± 0.4) (Figure 3.8C and D). Representative Western blots are 

also shown in Figure 3.8 (E and F).
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Table 3.1 PCR-RFLP primer sequences and restriction digest conditions. Primers were designed by other 

researchers, see references in table. Buffers (w ith or w ithout BSA) were used according to New England Biolabs 

recommendations. PCR-RFLP = polymerase chain reaction restriction fragment length polymorphism, bp = base 

pairs.

NR1I2 (PXR) 
7635(A/G)"®®

fw  5'-TGG ATG CCA AGC TCA GTGG-3’ 
rev 5'-CAG CAG CCA TCC CAT AAT CC-3'

194 bp Hph\ (37‘’C) 43+  151 bp (A allele)

CYP3A4
1221(C/T)*”

fw  5'-ATC CAA ATC TGT TTC GTT CTT TC- 
3'
rev 5'-CCA CAT GAC TGT CCT GTA GAT 
TAA-3'

341 bp SsmAI (55°C) 235+ 106 bp (C allele)

CYP2B6
516(G/T)” ®

fw  5'-GGTCTGCCCATCTATAAAC-3' 
rev 5'-CTGATTCTTCACATGTCTGCG-3'

526 bp fisrl (65°C) 241 + 268 + 17 bp (G 
allele), 509 + 17 bp (T 
allele)

ABCBl/MDRl
3435(C/T)^®“

fw  5'-TGT TTT CAG CTG CTT GAT GG-3' 
rev 5'-AAG GCA TGT ATG TTG GCC TC-3'

197 bp Bfua  (37°C) 158+ 39 bp (C allele)

A. NR1I2 (PXR) 7635 (A/G) B. ABCB1 {MDR1) 3435 (C/T)

300

200

100
50

300-
200 -

lo o ­
se.

C/C C/T C/T C/C C/T C/C T/T

C. CYP3A4 1221 (C/T)

blank,. C/C ,C/C C/C C/T

D. CYP2B6 516 (G/T)

T/T GTT G/G G/G G/G

Figure 3.1 Representative PCR-RFLP agarose gels (2% agarose, IxTris-acetate EDTA buffer). Molecular weight 

marker: Hyperladder II, Bioline. PCR-RFLP = polymerase chain reaction-restriction fragment length 

polymorphism.
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Table 3.2 Baseline demographics of study subjects: Caucasian and Sub-Saharan African patients from the 

Dublin HIV Cohort. S.D. = standard deviation, MSM = "men who have sex with men", IVDU = intravenous drug 

users, IQR = interquartile range, ARV = antiretroviral.

Mean age, years ± S.D. 40.3 ± 8.5 42.2 ± 8.9 36.8 ±6.3

Sex, n (%)

Male 586 (58%) 488 (74%) 98 (27%)

Female 427 (42%) 168 (26%) 259 (73%)

Probable route of transmission, n (%)

MSM 228 (23%) 222 (34%) 6 (2%)

IVDU 239 (24%) 238 (36%) 1 (<1%)

Heterosexual contact 451 (45%) 149 (23%) 302(85%)

Mother-to-chlld transmission 2 (<1%) 1 (<1%) 1 (<1%)

Blood transfusion/Occupational exposure 22 (2%) 9(1%) 13 (4%)

Other/unknown 71 (7%) 37 (6%) 34 (9%)

CD4 at enrolment x loVi, median (IQR) 386 (250 to 549) 397(250 to 578) 371 (250 to 529)

HIV RNA (logio copies/ml) at enrolment, 2.6 ±1.2 2.7 ±1.3 2.5 + 1.1

mean ± S.D.

Patients on ARV treatment at enrolment, n (%) 627 (62%) 401(61%) 226(63%)
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Position^________ Region__________ Effect_________________________________ dbSNP rs# Frequency_________ P-value

NR1I2 (PXR) C SSA C vs. SSA

-25564G>A upstream alters TF binding site^^° rsl2721602 0.015 0.002 0.003*

-25385C>T upstream rifampicin activation of CYP3A4^^° rs3814055 0.376 0.246 <0.001*

-24756G>A upstream alters TF binding site^^° rsl523128 0.008 0.371 <0.001*

-24381A>C S'UTR CYP3A4 and P-pg expression^^^ rsl523127 0.384 0.889 <0.001*

-6994C>T intron lb t  CYP3A4” ^  4.ATV trough” '* rs2472677 0.594 0.381 <0.001*

52G>A exon 2: E18K alters DNA binding domain^” rs59371185 0.000 0.011 Undefined‘’

79C>T exon 2: P27S PXR expression, t  PXR-RXR-PXRE
, 330complex

rsl2721613 0.002 0.126 <0.001*

106G>A exon 2: G36R 4. PXR expression, t  PXR-RXR-PXRE
, 330complex

rsl2721607 0.028 0.001 <0.001*

4321G>A exon 4: R122Q ^  PXR-RXR-PXRE complex” " rsl2721608 0.000 0.000

4374G>A exon 4: V140M ^  basal CYP3A4 expression^^” rs72551372 0.001 0.002 Undefined*’

4444A>G exon 4: D163G si/ basal CYP3A4, I'rifam p ic in  CYP3A4^^“ rs72551374 0.000 0.000 _

763SA>G intron 5 I '  rifampicin activation of CYP3A4” ° rs6785049 0.396 0.965 <0.001*

8055C>T intron 6 'I ' rifampicin activation of CYP3A4^^° rs2276707 0.179 0.425 <0.001*

8528G>A exon 8: A370T basal CYP3A4 expression’ "̂ rs59152710 0.000 0.011 Undefined'’

8555T>G exon 9: C379G alters ligand binding domain’ ^̂ n/a 0.000 0.002 Undefined'’

11156A>C 3’UTR sU P-PE expression” " rs3814057 0.180 0.525 <0.001*

ABCBl (M D R l) 1

-129T>C prom oter change in prom oter activity’ ®̂ rs3213619 0.033 0.121 <0.001*

61A>G exon 3 I'in trace llu la r NFV concentration’ ” rs9282564 0.097 0.004 <0.001*

1199G>A exon 12 (vHntracellular NFV concentration)’ ” rs2229109 0.021 0.000 <0.001*

2677G>T exon 22 'fRTV and ATV clearance^^^ rs2032582 0.460 0.040 <0.001*

3435C>T exon 27 vl/EFV plasma conĉ ®® rsl045642 0.551 0.118 <0.001*

Table 
3.3 

Allele 
frequencies 

for 
single 

nucleotide 
polym

orphism
s 

(SNPs) 
in 

NR1I2 
(PXR) 

and 
ABCBl 

{M
D

R
l).

Frequencies 
of 

C
aucasians 

(C) and 
Sub-Saharan 

A
fricans 

(SSA) were 
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pared 
by 

the 
chi-square 

test, *indicates 

significant 
difference 

(P 
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0.05, Fisher's 
Exact 

Test, 2-sided). ^Position 
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to 

translation 
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enBank 

Accession 
A

F364606, ABCBl: NCBI R
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sequence: N
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_000927) 
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present.



cn

CYP3A4 C SSA C vs. SSA

in s lll28 T G T promoter 4- enhancer activity^®" n/a 0.038 0.000 <0.001*

-392A>G Promoter trend to higher/lower EFV xHDV
381cmax

rs2740574 0.034 0.745 <0.001*

6 5 8 0 G exon 7: T185S , . .  .. 382,383sl/enzyme activity rsl2721627 0.000 0.000 -

670T>C exon 7: F189S xl^enzyme activity^®^ rs4987161 0.000 0.000 -

683C>T exon 7; 11931 exonic splicing enhancer^*^ rs4987159 0.001 0.045 <0.001*

982T>C exon 10: L293P ^ in  vitro activity, 'f in  vivo activity^® '̂^®^ rs28371759 0.000 0.001 Undefined*’

1088C>T exon 11: T363M 4̂  expression levels in bacterial expression
387system

rs67784355 0.000 0.000 -

1 2 2 1 0 T exon 11: L373F 1 387-i, enzyme activity rsl2721629 0.000 0.013 Undefined*’

1 3 5 1 0 T exon 11: P416L 4/ enzyme expression^®^ rs4986909 0.000 0.000 -

CYP2B6

136A>G exon 1: M 46V tE F V rs35303484 0.004 0.000 Undefined*"

4 9 9 0 G exon 4: P167A tE F V  AUd®“ rs3826711 0.000 0.000 -

515G>T exon 4: Q172H tE F V  + NVP AUC”  ̂ ” ®'’ ‘'° rs3745274 0.236 0.401 <0.001*

593T>C exon 4: M198T 4̂  enzyme activity, 1'EFV rs36079186 0.000 0.000 -

785A>G exon 5: K262R •tEFVAUC” ° rs2279343 0.270 0.421 <0.001*

983T>C exon 7: I328T plasma conc of EFV + NVP^®^ rs2899499 0.134 0.254 <0.001*

1132C>T exon 7: R378stop tE F V  AUC^®̂ rs34097093 0.000 0.000 -

1459C>T exon 9: R487C no effect onEFVandNFV conc^ '̂^® '̂̂ ^^ rs3211371 0.142 0.007 <0.001*
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Chapter 3: Nuclear receptor-mediated induction ofCYP450 by ARVs

Table 3.5 Comparison of allele frequencies of Sub-Saharan Africans (SSA) vs. African Americans (AA).

Comparison was performed by the chi-square test using available data of AA from other studies, ‘ indicates 

significant difference (P <0.05, Fisher's Exact Test, 2-sided). ^Position in relation to translation start site {CYP3A4: 

GenBank Accession M18907, CYP2B6: NCBI Reference sequence: NM _000767.4) ‘’Too few  minor alleles 

present.

NR1I2 (PXR) SSA AA SSA vs. AA

-25564G>A rsl2721602 0.002 0.09 Undefined*’

-25385C>T rs3814055 0.246 0.32 0.455

-24756G>A rsl523128 0.371 0.14 '^° 0 .024*

-24381A>C rsl523127 0,889 0.27 Undefined'’

79C>T rsl2721613 0.126 0.20 0.126

106G>A rsl2721607 0.001 0.03 Undefined^’

4321G>A rsl2721608 0.000 0.00 -

7635A>G rs6785049 0.965 0.77 Undefined'’

8 0 5 5 0 T rs2276707 0.425 0.18 0 .027*

11156A>C rs3814057 0.525 0.33 0.151

CYP3A4

-392A>G rs2740574 0.745 0.63 0.021*

658C>G rsl2721627 0.000 0.00 -

6 8 3 0 T rs4987159 0.045 0.05 Undefined^

1G88C>T rs67784355 0.000 0.00 -

1 3 5 1 0 T rs4986909 0.000 0.00 -

CYP2B6

516G>T rs3745274 0.401 0.38 0.743

1 4 5 9 0 T rs3211371 0.007 0.01 Undefined*’

ABCBl (M D R l)

2677G>T rs2032582 0.040 0.11^^^ Undefined'’

3435C>T rsl045642 0.118 0.22^^‘‘ 0 .007*
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Table 3.6 NR1I2 (PXR) haplotype predictions. A) Caucasians, B) Sub-Saharan Africans. Predictions based on 

single nucleotide polymorphisms (SNPs) found at significantly different allele frequencies between the two 

subpopulations were computed by HAP (httD://research.calit2.net/hap/), only haplotypes >5% frequencies are 

shown. Note that block predictions d iffer between the tw o  ethnic groups. Freq. = frequency.

Blocl< 2 Freq.Block 1 Freq.

If)
00mm
tM

in 00
ro\Dm

i f \
CM

if\m
rvfM fM

0.42 0.61

0.210.20

0.180.18

0.15

Block 3 Freq.Block 2 Freq.Block 1 Freq.

IDm
LA

IDLO (Din00fn mm
ID

inm
fM <M 00

0.520.410.37

0.23 0.480.27

0.110.25

0.090.11

0.08

A. Caucasians NR1I2 (PXR) haplotypes

B. Sub-Saharan Africans NR1I2 (PXR) haplotypes
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A. NR1I2  (PXR) Cauc B. CYP2B6 Cauc

Block! (Okb)

C. NR112 (PXR) SSA D. CYP2B6 SSA

Btock 1 (0 kt)
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Figure 3.2 Linkage disequilibrium  (LD) 

plots. A) LD plot fo r NR1I2 (PXR) in the 

Caucasian (Cauc) population, B) LD plot for 

CYP2B6 in the Caucasian population, C) LD 

plot fo r NR1I2 (PXR) in the Sub-Saharan 

African (SSA) population, D) LD plot for 

CYP2B6 in the Sub-Saharan African 

population, E) LD plot fo r ABCBl/M DRl in 

the Caucasian population, F) LD plot fo r 

ABCBl/M DRl) in the Sub-Saharan African 

population. W hite indicates r^ = 0, black 

indicates r^ = 1, shades o f grey 0 < r^ < 1.
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Figure 3.3 MTT cytotoxicity assays in HepG2 human hepatocarcinoma cells. Cells were treated fo r 48h w ith the 

indicated concentrations (n > 4). For every data point mean ± S.E.M. is shown. SQV = saquinavir, RTV = ritonavir, 

IDV = indinavir, NFV = nelfinavir, LPV = lopinavir, ATV = atazanavir, DRV = darunavir, TPV = tipranavir, FOS = 

fosamprenavir, ABC = abacavir, AZT = zidovudine, 3TC = lamivudine, TFV = tenofovir, MVC = maraviroc, EFV = 

efavirenz, NVP = nevirapine, DMSO = dimethylsulphoxide, EtOH = ethanol, EtBr = ethidium bromide.
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A. PXR activation of CYP3A4 by Pis
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Figure 3.4 ARV-induced PXR-mediated CYP3A4 and CYP2B6 promoter activity. Results from  Dual-Luciferase 

Reporter Assays performed in transfected HepG2 cells after 48h drug exposure. A) Pl-induced PXR-mediated 

CYP3A4 prom oter activity, B) Pl-induced PXR-mediated CYP2B6 prom oter activity, C) NRTI/NNRTI/entry 

inhibitor-induced PXR-mediated prom oter activity o f CYP3A4, D) NRTI/NNRTI/entry inhibitor-induced PXR- 

mediated prom oter activity o f CYP2B6. Data is presented as mean (n S 3) ± S.E.M. relative to  average untreated, 

analysed by one-w/ay ANOVA v^ith Dunnett's post inoc analysis, *P < 0,05. ARV = antiretroviral, PI = protease 

inhibitor, NRTI = nucleoside reverse transcriptase inhibitor, NNRTI = non-nucleoside reverse transcriptase 

inhibitor, UnTX = untreated, Rif = rifampicin (positive control), ATV = atazanavir, DRV = darunavir, FOS = 

fosamprenavir, IDV = indinavir, LPV = lopinavir, NFV = nelfinavir, RTV = ritonavir, SQV = saquinavir, TPV = 

tipranavir, ABC = abacavir, AZT = zidovudine, EFV = efavirenz, MVC = maraviroc, NVP = nevirapine, TFV = 

tenofovir, BTC = lamivudine.
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A. CAR activation of CYP3A4  by Pis
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Figure 3.5 ARV-induced CAR-mediated CYP3A4 and CYP2B6 prom oter activity. Results from  Dual-Luciferase 

Reporter Assays performed in transfected HepG2 cells after 48h drug exposure. A) Pl-induced CAR-mediated 

CYP3A4 prom oter activity, B) Pl-induced CAR-mediated CYP2B6 prom oter activity, C) NRTI/NNRTI/entry 

inhibitor-induced CAR-mediated CYP3A4 prom oter activity, D) NRTI/NNRTI/entry inhibitor-induced CAR- 

mediated CYP2B6 prom oter activity. Data is presented as mean (n > 3) ± S.E.M. relative to average untreated, 

analysed by one-way ANOVA w ith Dunnett's post hoc analysis, *P < 0.05. ARV = antiretroviral, PI = protease 

inhibitor, NRTI = nucleoside reverse transcriptase inhibitor, NNRTI = non-nucleoside reverse transcriptase 

inhibitor, UnTX = untreated, CITCO = 6-(4-chlorophenyl)im idazo[2,l-b][l,3]thiazole-5-carbaldehyde-0-3,4- 

dichlorobenzyljoxime (positive control), ATV = atazanavir, DRV = darunavir, FOS = fosamprenavir, IDV = 

indinavir, LPV = lopinavir, NFV = nelfinavir, RTV = ritonavir, SQV = saquinavir, TPV = tipranavir, ABC = abacavir, 

AZT = zidovudine, EFV = efavirenz, MVC = maraviroc, NVP = nevirapine, TFV = tenofovir, 3TC = lamivudine.
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A. PXR activation of CYP3A4 B. PXR activation of CYP3A4
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Figure 3.6 Dose-response curves for selected ARVs. One con firm ed inducer o f CYP3A4 or CYP2B6 p ro m o te r 

activ ity  from  each drug subclass; LPV (lop lnavir, protease in h ib ito r), EFV (efavirenz, non-nucleoside reverse 

transcriptase in h ib ito r) and ABC (abacavir, nucleoside reverse transcriptase in h ib ito r). Dual-Luciferase Reporter 

Assays were pe rfo rm ed w/ith transfected HepG2 cells a fte r 48h drug exposure. For every data po in t mean ± 

S.E.M. is shovi^n (n = 3). A) EFV dose-response curve fo r  PXR-mediated CYP3A4 p ro m o te r activ ity , B) LPV dose- 

response curve fo r  PXR-mediated CYP3A4 p ro m o te r activ ity , C) EFV dose-response curve fo r  PXR-mediated 

CYP2B6 prom ote r activ ity , D) LPV dose-response curve fo r  PXR-mediated CYP2B6 p ro m o te r ac tiv ity . E) ABC 

dose-response curve fo r  CAR-mediated CYP3A4 p ro m o te r activ ity , F) LPV dose-response curve fo r  CAR- 

m ediated CYP2B6 p ro m o te r activ ity . EC5 0  values were calculated using GraphPad Prism version 5 (non-linear f it, 

sigmoidal dose-response curves). ARV = an tire trov ira l.

76



Chapter 3: Nuclear receptor-mediated induction o f CYP450 by ARVs

Table 3.7 Effect of low-dose ritonavir on CYP3A4/CYP2B6 promoter activity by HIV protease inhibitors (Pis).

Assessed by Dual-Luciferase Reporter Assays vi/ith Pis in combination w ith low-dose ritonavir (r); fold increases 

relative to single Pis (means ± S.D.). Results were analysed by unpaired Mann-Whitney t-tests, *P < 0.05 

regarded as indication of significant difference. ATV = atazanavir, DRV = darunavir, FOS = fosamprenavir, LPV =

lopinavir, SQV = saquinavir, TPV = tipranavir.

PXR/CYP3A4 1.66 ±1.73 1.23 ±0.74 1.05 ±0.19 1.67 ±0 .50* 2.65 ±0 .98* 1.06 ±0.52

PXR/CYP2B6 1.20 ±0.13 1.21 ±0.63 2.35 ±1.92 1.98 ±0.95 5.71 ±1 .40* 1.24 ±0.67

CAR/CYP3A4 1.08 ±0.89 1.25 ±0.83 2.35 ±0.50* 2.52 ±0 .92* 2.44 ± 1.06* 1.06 ±0.47

CAR/CYP2B6 0.92 ±0.20 1.28 ±0.47 0.74 ±0.34 1.75 ±0.65 1.10 ±0.30 1.04 ±0.52
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Figure 3.7 Impact of NR1I2 (PXR) variants on ARV induction of CYP3A4 promoter activity. Rifampicin and ARV- 

induced activation o f CYP3A4 prom oter activity by PXR variants (relative to untreated prom oter activity levels 

fo r each variant). Data is presented as mean (n > 6) ± S.E.M., analysed by one-way ANOVA w ith Dunnett's post 

hoc analysis. *P < 0.05. ARV = antiretroviral, PXR ref seq = "w ildtype" PXR, UnTX = untreated, Rif = rifampicin 

(positive control), FOS = fosamprenavir, LPV = lopinavir, NFV = nelfinavir, EFV = efavirenz, TFV = tenofovir.
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Figure 3.8 CYP3A4 and CYP2B6 mRNA and protein expression in primary human hepatocytes after 48h drug 

exposure (n = 4). A) CYP3A4 mRNA expression as measured by real tim e PCR (relative to  vehicle control), B) 

CYP2B6 mRNA expression as measured by real tim e PCR (relative to vehicle control), C) CYP3A4 protein 

expression as measured by Western blot, D) CYP2B6 protein expression as measured by Western blot, E) 

representative blot fo r CYP3A4 (57kDa) w ith corresponding p-actin internal standard blot, F) representative blot 

fo r CYP2B6 (56kDa) w ith corresponding P-actin internal standard blot. Data was normalised to  p-actin and 

presented as mean ± S.E.M. DMSO = dimethylsulphoxide (vehicle), r if = rifampicin (PXR inducer, positive 

control), CITCO = 6-(4-chlorophenyl)im idazo[2,l-b](l,3]thiazole-5-carbaldehyde-0-3,4-dichlorobenzyl)oxime 

(CAR inducer, positive control), LPV = lopinavir, EFV = efavirenz, ABC = abacavir.
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3.5 Discussion

In this study, th e  frequ en cy d istribution o f SNPs in genes selected fo r th e ir established or likely im pact 

on ARV drug m etabolism  was exam ined in a cohort o f m o re  th an  1000  Caucasian and Sub-Saharan  

African HIV patien ts . The ability o f 16 d iffe ren t ARVs at clinically re levan t concentrations to  induce  

p ro m o te r activ ity o f CYP3A4 or CYP2B6 via nuclear receptors PXR and CAR was eva lu a ted , as w ell as 

th e  e ffe c t of low -dose ritonavir in com bination  w ith  a subset o f th e  Pis. The im pact on ARV-induced  

p ro m o te r activ ity  o f CYP3A4 by fo u r  exonic, non-synonym ous N ft l /2  (PXR) polym orphism s detected  

am ong th e  patients was subsequently assessed. R eal-tim e PCR and W este rn  b lo t analysis w e re  also 

conducted  w ith  p rim ary hum an hepatocytes to  d e tec t changes in CYP3A4 and CYP2B6 m RNA and 

p ro te in  expression fo llow ing  drug exposure.

The genotyping results o f this study strengthen  allele frequency data fro m  sm aller studies (ranging  

b etw ee n  4 8 -5 1 1  patien ts) o f co m parab le  groups (NR1I2^^°' CYP3A4^^^‘

CYP2B6^^^‘ and A B C Bl/M DRl^^^' 274,395 H o ^ g y er, fe w  studies have included a large num ber 

o f subjects fro m  Sub-Saharan Africa. O ur study, containing 35 7  Sub-Saharan Africans, revealed a 

higher prevalence in this subgroup o f th e  CYP3A4 p ro m o ter polym orphism  -392A >G  as w ell as CYP2B6 

SNPs 516G >T, 983T>C  and 785A >G , com pared to  th e  Caucasian patients. A n o th er exam ple is the  

A B C B l ( M D R l )  3435C  allele, associated w ith  higher P-gp expression^®^ and lo w er intracellu lar 

n elfin av ir concentrations^®®, w hich was tw ice as com m on am ong Sub-Saharan Africans. Also, fo r m ore  

th an  h a lf o f th e  N R 1I2  (PXR) SNPs screened for, th e  "m inor alleles" linked to  a lte red  expression or 

activ ity  w e re  present a t higher frequencies in th e  Sub-Saharan African population. A lthough no 

ancestry in fo rm ative  markers^^^ w e re  included in th e  screening, allele frequencies sim ilar to  data  

fro m  previous studies (w h ere  availab le) are reassuring th a t th e  differences b etw ee n  ethnic ities are  

au th en tic . The tw o  deviations fro m  HW E (N R 1I2  7635A >G , AB CBl 2677G >T) am ong Sub-Saharan  

Africans can be expla ined  by a degree o f genetic diversity w ith in  th is subcontinent: w h en  th e  patients  

w e re  divided into  North-East, N o rth -W e st and Southern regions th ese  SNPs w e re  in HW E in all th ree  

groups (h o w ev er 8055C >T  devia ted  from  HW E in th e  Southern  group). Increased plasma  

concentra tions o f NNRTIs^®* and predisposition to  toxicity (typically cardiovascular, renal and 

psychiatric events^®®) seen am ong patients o f African origin are m ain ly a ttr ib u ted  to  genetic  variation  

in CYP2B6, a lthough m ultip le  polym orphism s in th e  N R 1I2  (PXR) gene m ay also be a contributing  

fac tor. The only SNP in N R 1I2  (PXR) clinically associated w ith  alterations in ARV drug levels to  date; - 

6994C >T  w hich reduced atazanavir concentrations am ong homozygotes^^^ w as nearly tw ice  as
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common in the Caucasian population. Furthermore, some significant differences in allele frequency 

w ere noted between our Sub-Saharan African patients and mixed African American groups (NR1I2 

(PXR); Zhang et a /” °; CYP3A4 and A B C B l/M D R l: Haas et see Table 3.5). This indicates that 

predictions of drug efficacy and toxicity in African HIV patients based on data from African American 

study populations should perhaps be interpreted with caution.

Results from Duai-Luciferase Reporter assays indicate that PXR has a more pronounced role than CAR 

in mediating ARV-induced prom oter activity of CYP3A4 and CYP2B6 in a HepG2 cells. Its dominance 

over CAR as an induction pathway may be explained by a higher degree of ligand promiscuity due to a 

larger and more flexible ligand binding pocket'*” , but as suggested by others'*®^ it is also possible that 

the constitutive activation of CAR in immortalised cell lines'’^  renders the process of identifying 

activators of this nuclear receptor more difficult. Nevertheless, this study found fosamprenavir, 

iopinavir, tipranavir and abacavir to  have CAR-activating abilities.

The majority of the drugs found to have inductive abilities w ere from the PI subclass; however, it does

not appear to be a general characteristic as some Pis did not give rise to any significant increase of

CYP3A4/CYP2B6 prom oter activity at the concentrations tested. This is consistent with earlier results

from  Dussault et who w ere also unable to detect PXR activation by indinavir and saquinavir at

lO tiM . However, this publication also presented negative results for nelfinavir which in our study

increased PXR-mediated CYP3A4 prom oter activity significantly at S jiM . Conversely, Gupta et

reported PXR activation by ritonavir, saquinavir, indinavir and atazanavir whose effects did not differ

significantly from  untreated controls in our study. These discrepancies may be due to  the use of lower

concentrations (with the exception of indinavir which was used at 15 nM ) and a different cell line;

HepG2 (human hepatocarcinoma, widely used for reporter assays) vs. CV-1 (African green monkey

kidney cells) and LS180 (human colorectal adenocarcinoma) in the other studies. The degree of

efavirenz induction of CYP3A4 via the PXR pathway is comparable to luciferase reporter assays

perform ed by Hariparsad et in HepG2, where a 3-4 fold increase was reached. A somewhat

surprising result was the finding that abacavir increased both PXR-mediated CYP2B6 prom oter activity

as well as CAR-mediated CYP3A4 prom oter activity, considering that as an NRTI it is subjected to very

limited CYP450 metabolism and therefore an unlikely candidate for involvement in drug interactions

through this pathway. Nevertheless, the inductive abilities of efavirenz and abacavir testify th a t these

characteristics are not exclusive to Pis. The finding that low-dose ritonavir enhanced the response to

most Pis, despite demonstrating no ability to  activate PXR alone at the same concentration, is
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interesting. This dualistic effect of enzyme inhibition and prom oter activation is likely to contribute to  

the complexity of ritonavir-associated drug interactions.

W hen investigating the effect of NR1I2 (PXR) polymorphism variants on rifampicin-activated CYP3A4 

prom oter activity in HepG2 cells, we found a lower induction with V 140M  and A370T. Similar results 

w ere presented by Hustert et using LS174T cells, where the difference between the PXR 

reference sequence and variants however did not reach statistical significance. A lowered response 

was also seen in our experiments with the same PXR variants using fosamprenavir and lopinavir, but 

not w ith efavirenz. This could suggest an ARV drug class-specific effect. However, the same is not 

found with nelfinavir, and efavirenz failing to show significant changes with variant constructs is 

perhaps more likely to be due to a lower inductive power at this concentration. It is plausible that any 

CYP450-inductive effect Imposed by fosamprenavir or lopinavir treatm ent could be diminished among 

patients in the cohort carrying one of these SNPs, potentially changing their drug metabolism in 

comparison with other patients.

Validation of the results in primary human hepatocytes exposed to lopinavir, efavirenz and abacavir, 

confirmed significant increases in both mRNA and protein expression for CYP3A4 as well as CYP2B6 

mRNA by efavirenz. CYP2B6 was also increased at an mRNA level by abacavir and at a protein level by 

lopinavir. Paradoxically, abacavir and lopinavir also decreased CYP3A4 and CYP2B6 mRNA expression, 

respectively.

A limitation to this study arises from the difficulty in determ ining accurate correlations between in 

vivo and in vitro drug concentrations; confounding factors include plasma protein binding. Our 

reporter assay experim ents w ere performed in 10% serum and the concentrations used were plasma 

Cmax values from clinical studies. Good correlations between plasma and intracellular concentrations 

have been demonstrated for some but not all ARVs'*“ . It is possible that these estimates exceed the  

actual concentrations, although they are in keeping with the concentration range frequently used in 

in vitro reporter assays, which is a well evaluated tool for predicting in vivo CYP3A4 induction''®''. 

Great variability has also been reported in ARV drug concentrations in patients^®. Nevertheless, it 

would be of great value to validate this study clinically in order to establish the relationship between  

genotype and phenotype. In this large cohort however, w here the patients are on complex drug 

regimens, it would be difficult to  differentiate an effect of individual drugs.
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In conclusion, we have shown that there are distinctive differences in prevalence of polymorphisms in 

genes of relevance for ARV drug interactions between Caucasian and Sub-Saharan African 

populations. This could affect the extent of PXR- and CAR-mediated CYP3A4/CYP2B6 induction by 

ARVs, potentially influencing the bioavailability and/or toxicity of the inducing drug as well as co­

administered drugs metabolised by these enzymes. Some SNPs in coding regions of the NR1I2  (PXR) 

gene examined in this study are indeed functionally relevant and may have a considerable impact on 

ARV pharmacokinetics among carriers.
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4 Off-target effects by antiretrovirals: a combined in silico and in 

vitro approach to assess nuclear receptor activation

4.1 Introduction

Nuclear receptors form a fam ily of proteins which control the expression of a plethora of genes 

implicated in cell growth, inflammation, energy homeostasis, and drug metabolism. In humans, 48 

different nuclear receptors have been identified. Structurally, they share several conserved functional 

domains including: an N-terminal ligand independent activation function domain (AF-1), a DNA 

binding domain (DBD) containing tw o zinc fingers, a C-terminal ligand binding domain (LBD) that 

accommodates small lipophilic molecules, and a ligand-dependent transcriptional activation function 

domain (AF-2). Some nuclear receptors, e.g. pregnane X receptor (PXR), constitutive androstane 

receptor (CAR) and liver X receptor (LXR), undergo heterodimerisation with retinoid X receptor (RXR) 

as a prerequisite for binding to specific response elements in the prom oter region of target genes. 

M ost RXR heterodimers reside In the nucleus bound to DNA, which in the absence of a ligand are 

thought to  be complexed with co-repressor proteins, thus inhibiting gene transcription. Upon ligand 

binding, nuclear receptors undergo a conformational change which displaces the co-repressor and 

facilitates interaction with co-activator proteins, leading to  gene transcription. Nuclear hormone 

receptors, on the other hand, reside in the cytoplasm bound to  heat shock proteins (Hsp). Upon 

ligand binding, the receptors dissociate from  Hsp and translocate to the nucleus where  

homodimerisation and recruitment of co-activators occurs to facilitate binding to response elements 

and subsequently gene transcription^'*^'

W e have previously demonstrated the ability o f darunavir, fosamprenavlr, lopinavir, nelfinavir, 

tipranavir, abacavir and efavirenz from the three major ARV drug classes (protease inhibitors/PIs, 

nucleoside reverse transcriptase inhibitors/NRTIs and non-nucleoside reverse transcriptase 

inhibitors/NNRTIs) to  activate PXR, with consequences for drug interaction potential. Our study also 

showed that fosamprenavlr, lopinavir, tipranavir and abacavir activate CAR''°^. The previous study 

focussed on PXR and CAR because of their pivotal role in xenobiotic metabolism. However, nuclear 

receptors are also involved in a variety of other critical endogenous processes such as reproduction, 

growth, metabolism, inflammation and central nervous system (CNS) function. Three im portant
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subtypes of nuclear receptors involved in aforementioned processes are LXRs, estrogen receptors 

(ERs) and glucocorticoid receptor (GR).

4.1.1 Liver X receptors

Liver X receptors (LXRa/P) are activated by naturally occurring oxysterols which are intermediates in 

cholesterol metabolic pathways in the liver, adrenal glands and brain. These nuclear receptors 

modulate expression of hepatic cholesterol 7a-hydroxylase (CYP7A), the enzyme responsible fo r the 

rate-lim iting step of conversion of cholesterol to bile acids; hence the activation by oxysterols serves 

as a feedback loop'*°®. LXRs are also regulators of cholesterol metabolism and efflux through gene 

expression of ATP-binding cassette transporters ABCAl and ABCGl and apolipoproteins (e.g. ApoE). 

As such, they are of importance for atherosclerosis development in macrophages'*'’® and generate 

neuroprotective effects as cholesterol is essential for brain function^” . In addition, both LXRa and 

LXRP mediate repressive action on a set of inflammatory genes'*™. Another target gene is the sterol 

regulatory element binding protein Ic  (SREBP-lcf^°. Expression of this lipogenic transcription factor 

leads to  increased fatty acid synthesis. In preadipocytes, adipogenesis is stimulated by LXR agonists 

through upregulation of peroxisome proliferator-activated receptor v (PPARy)'‘“ .

4.1.2 Estrogen receptors

Estrogen receptors (ERa/P) are classical endocrine receptors which homodimerise upon binding to 

steroid hormones; a major endogenous ligand is 17p-estradiol. ERs are expressed in a broad range of 

tissues and are most commonly associated with reproductive function'*^^ and breast and prostate 

cancer development^®®. However, estrogens also have favourable effects on lipid levels, vascular tone 

and fibrinogen levels and are hence protective against cardiovascular disease''^^ ERa activation 

mediates anti-lipogenesis, improved insulin sensitivity and reduced adipose tissue mass, while ER3 

activation disrupts glucose and lipid homeostasis'*^'*. Estrogen receptors have also been implicated in 

protective functions against neurotoxic stimuli and in models of CNS disease^”®.

4.1.3 Glucocorticoid receptor

Glucocorticoid receptor (GR), also an endocrine receptor, is an important regulator of carbohydrate, 

protein and fat metabolism. During fasting, it stimulates hepatic gluconeogenesis and release of
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amino acids in the periphery, protecting glucose-dependent tissues such as the brain and heart'*^^. 

Glucocorticoids have a fundam ental role in modulation of inflammation and im munity by suppression 

of cytokine and chemokine release, and by affecting differentiation or inducing apoptosis of immune 

cells'’ ®̂. Glucocorticoids are also critical for homeostasis of the hematopoietic, renal and reproductive 

systems'’^̂ . Elevated cortisol levels and/or abnormalities in GR function have often been observed in 

psychotic major depression^“ , while glucocorticoid receptor agonists can improve depressive 

symptoms'*^^. Additionally, chronic glucocorticoid administration impairs cognition in humans^^®

Little is known regarding the effects of ARVs on nuclear receptors other than PXR and CAR. Few have 

investigated direct interactions between ARVs and nuclear receptor ligand binding domains (LBDs): 

Lenhard et found that saquinavir can compete with radiolabelled rosiglitazone in peroxisome 

proliferator-activated receptor y (PPARv)-LBD scintillation proximity assays while amprenavir, 

indinavir, nelfinavir and ritonavir had little effect on ligand binding to PPARy. None of these Pis tested 

showed affinity to  retinoid X receptor a  (RXRa)-LBD. Dussault et found no significant binding to  

LXRa-LBD or ERa-LBD by 3nM  ritonavir in reporter assays.

Others have used surrogate markers such as target gene mRNA or protein expression as indication of 

nuclear receptor activation, sometimes with conflicting results. Pou et ai^^° demonstrated increased 

mRNA and protein levels of LXR targets ABCAl and CD36 in THP-1 macrophages after exposure to  

3 .5 |iM  ritonavir, with activation of LXRa as the authors' proposed mechanism of action. Nguyen et 

had previously shown increased SREBP-1, also a direct target gene of LXR, in differentiating  

adipocytes exposed to ritonavir. These findings w ere confirmed in rats by Riddle et who ascribed 

ritonavir-induced dyslipidemia to accumulation of SREBP-1 protein in the nucleus of liver and adipose 

tissue; however no change was detected in SREBP-1 mRNA levels. Interestingly, other researchers 

have reported decreased protein levels of SREBP-1 in an adipocyte cell line after exposure to 

indinavir''^^. Dramatically lower levels of SREBP-lc mRNA w ere also detected in fat from  HIV patients 

treated with indinavir or nelfinavir plus stavudine/lamivudine in comparison to healthy controls''^'*. 

Due to intricate cross-regulation, it is however difficult to attribute changes in gene expression to 

specific nuclear receptors.
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4.1.4 Nuclear receptor cross-regulation

It is w ell-known th a t a great degree o f ligand overlap and cross-talk occurs between nuclear 

receptors. For exannpie, the  synthetic LXR agonist T0901317 has also been shown to  activate PXR and 

induce expression o f PXR target genes such as CYP3A4 and CYP2B6^^^' and likewise the 

endogenous LXR ligand 24(S),25-epoxycholesterol can increase Cyp3a mRNA in Lxr-null mouse and rat 

hepatocytes^'” . The prototypica l PXR inducer rifam picin decreases expression o f LXR ta rge t genes 

ABCAl and scavenger receptor-BI (SR-BI, facilitates cholesterol efflux to  lipoproteins) in human and 

ra t hepatocytes''^^. Conversely, expression o f LXR ta rget gene SREBP-lc represses target genes o f both 

PXR and CAR'*^ .̂ D ifferent phytoestrogens have been reported as both agonists (equol‘‘^°) and 

antagonists (coumestrol'*^^) o f PXR. One o f the firs t publications describing mouse PXR̂ ^® identified  GR 

agonists (e.g. dexamethasone) and remarkably also GR antagonists (e.g. pregnenolone 16a- 

carbon itrile  (PCN)) as activators. The la tte r tu rned ou t to  be a less potent activator o f human PXR̂ ^®' 

Nevertheless, GR can also d irectly prom ote transcrip tion o f CYP3A4 as dem onstrated by reporte r 

assays using dexamethasone as an inducer and fu rthe r supported by the presence o f a g lucocorticoid 

response elem ent in the regulatory region o f th is gene^®®.

4.1.5 Cross-regulation between LXRs, ERs and GR in overlapping metabolic effects

Both ERs and GR are involved in adipocyte developm ent and bone rem odelling; estrogen favours 

osteoblastogenesis over adipogenesis in bone m arrow  stromal cells^°^ whereas glucocorticoids have 

the opposite effect, p rom oting osteogenic differentiation^"^, llbe ta -h yd roxys te ro id  dehydrogenase 

type 1 ( llb e ta -H S D l)  plays an im portan t role in mediating glucocorticoid action on preadipocyte 

d iffe ren tia tion , by governing the conversion o f inactive cortisone to  active cortisol'*^^. It has also been 

dem onstrated th a t activation o f LXRs downregulates llb e ta -H S D l expression and activity in v itro  and 

in vivo'^^^. This was paralleled by reduced expression o f glucocorticoid-responsive gene PEPCK 

(phosphoenoipyruvate carboxykinase), indicating LXR interference w ith  peripheral cortisol activation.

Furtherm ore, it is well established th a t glucocorticoids can induce insulin resistance^°^. ER has also 

been implicated in developm ent o f insulin resistance; clinical tria ls have uncovered an association 

between estrogen hormone replacement therapy and reduced incidence o f diabetes^”®' LXR 

agonists have shown insulin-sensitising properties in mice by v irtue  o f downregulation o f gene
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expression of gluconeogenetic enzymes in the liver and upregulation of glucose transporter 4 (giut4) 

in adipose tissue^“ .

4.1.6 Adverse metabolic effects of highly active antiretroviral therapy (HAART)

Highly active antiretroviral therapy (HAART) has significantly reduced morbidity and m ortality of HIV- 

infected patients. Successful HAART is dependent on adequate drug concentrations and tolerability of 

the drug. However, the achievement of these is often encumbered by drug interactions and adverse 

events. Long-term administration of HAART is associated with a multitude of off-target metabolic 

effects, such as lipid abnormalities, fat redistribution, glucose intolerance, atherosclerosis and 

osteoporosis^®. Typical lipid abnormalities include increased levels of triglycerides, low density 

lipoprotein (LDL) cholesterol and total cholesterol, and are often accompanied by lipoatrophy of face 

and limbs and lipohypertrophy of the abdomen''^'*. However, these effects are not observed to the 

same extent with all ARV drugs: Calza et a l’  ̂ demonstrated that ritonavir or lopinavir/ritonavir 

treatment gave rise to significantly higher incidence of increased serum triglycerides compared to 

other Pis (amprenavir, indinavir, nelfinavir, saquinavir). Greater changes in limb fat were also 

observed w ith stavudine/didanosine compared to zidovudine/lamivudine and w ith nelfinavir 

compared to efavirenz by Dube et Both insulin resistance'*^'' and reduced bone mineral density 

(BMD)®'* have been associated with PI use, however nucleoside analogues have also been 

implicated^'*'

Insulin resistance"*^^ and dyslipidemia are established risk factors for atherosclerosis in the general 

population. Mondy et found that insulin resistance is a predictor of endothelial dysfunction and 

cardiovascular risk in also in patients on HAART. Lorenz et established HAART as an independent 

risk factor for atherosclerosis: intima media thickness (IMT) in the carotid bifurcation was 19.7% 

higher in patients on HAART compared to treatment-naive subjects. The D:A:D Study^^ showed 

significant associations between the development of myocardial infarction and recent use of abacavir 

and didanosine, but not with zidovudine, stavudine or lamivudine. The authors commented on the 

unexpectedness of this finding as the metabolic effects of abacavir in particular were thought to be 

minor in comparison to for example stavudine'*^®.
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Som e o f these m etabolic  effects seen w ith  HAART m ay be re la ted  to  th e  actions o f nuclear receptors. 

O ral adm in is tra tion  o f LXR agonists in m ice results in hypertriglyceridemia''^®, w h ile  d eve lo p m e n t o f 

atherosclerosis is suppressed'‘'’\  HAART-associated lipodystrophy, characterised by a reduction o f 

facial, ex trem ity  and buttock fa t and som etim es com bined w ith  visceral and dorso-cervical fa t  

accum ulation '’̂ ^ is rem arkab ly  sim ilar to  Cushing's syndrom e. This could im ply an increase in 

circulating cortisol, h o w ever an early case study of fo u r P l-trea ted  subjects revealed  e ith e r norm al 

urine levels or ad eq u ate  suppression by standard dexam ethasone treatm ent'*'’ .̂ A m o re  recent study  

reports a correlation b e tw ee n  pseudo-Cushing’s fea tu res  in patients w ith  HAART-associated  

lipodystrophy and increased regeneration  o f cortisol by l lb e ta -H S D l  in adipose tissue''^'’ . 

A lternative ly , th e  sym ptom s could arise because o f non-cortisol d ep en d en t d irect activation  of GR“̂ .̂ 

In add ition , th e re  is evidence o f a p ro tective  e ffe c t by estrogen in th e  d eve lo p m en t o f P l-induced  

atherosclerosis: it prevents th e  accum ulation o f cholesteryl esters a fte r ritonavir exposure in 

m acrophages in vitro^^^. LDL-R (low  density lipoprote in  receptor) null fem a le  m ice tre a te d  w ith  

rito navir or am pren av ir deve loped fe w e r  atherosclerotic  lesions than  m ales, an e ffe c t w hich was  

o b lite ra ted  by genetic  rem oval o f ERa'’̂ ^ Neuropsychiatric  sym ptom s have been  described in patients  

tre a te d  w ith  zidovudine, abacavir and nevirapine®^ although th e  single m ost com m on cause o f  

HAART-induced CNS toxicity  is efavirenz®^. H o w ever, no previous studies have investigated LXR, ER 

and GR activation as a p otentia l m echanism  o f e fav irenz-m ed ia ted  CNS toxicity  despite th e  

invo lvem ent o f these nuclear receptors in neuropsychiatric function .

4.2 Aims

W e  have shown activation o f nuclear receptors PXR and CAR by ARVs and how  this m ight a ffec t drug  

m etabolising capacity. Little is known regarding ARV activation o f o th er nuclear receptors such as 

LXRs, ERs, and GR. Given th e  p otentia l m etabolic  effects o f nuclear recep to r activation , this  

represents an im p o rtan t deficit in th e  lite ra tu re .

Im p ortan tly , studies to  date  have been lim ited  by lack o f a unifying m ethodological approach and  

confined to  a small num ber o f drugs, m ain ly Pis. The aim  o f th is study was to  explore th e  p o ten tia l o f  

ARVs o f d iffe ren t drug classes to  act as ligands fo r LXRa, LXRP, ERa, ERP and GR using a com bined  

approach: in silico m odelling, assessment o f d irect ligand binding by ce ll-free fluorescent co -ac tivato r  

assays and evaluation  o f nuclear receptor activation in cell-based luciferase re p o rte r assays.
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4.3 Materials and methods

4.3.1 Antiretroviral drugs and controls

Fosam prenavir, lop inavir and nelfinav ir w ere  kindly donated  by G laxoSm ithKline (H ertfo rd sh ire , UK), 

A b b o tt (A b b ott Park, IL, USA) and Pfizer (G roton, CT, USA), respectively. G ilead Sciences (Foster City, 

CA, USA) generously provided ten o fov ir, w h ile  Boehringer Ingelheim  (Dublin , Ire land) supplied w ith  

nevirapine. Efavirenz was purchased fro m  LGM Pharm aceuticals (Boca Raton, FL, USA) and indinavir, 

rito navir and saquinavir from  USP Reference Standards (Rockville, M D , USA). The fo llow ing  reagents  

w e re  o bta ined  th rough  th e  AIDS Research and Reference Reagent Program , Division of AIDS, N IA ID , 

NIH: Abacavir, a tazanavir su lphate, bicyclam JM -2 98 7 , d idanosine, em tric itab ine , e trav irin e , 

flavop irido l, lam ivud ine , m araviroc, ra ltegravir, stavudine, TAK-779, tip ranavir, zalc itabine, zidovudine  

and integrase inh ib ito r 118 -D -24 . D arunavir was provided by T ibo tec, Inc. through th e  sam e program . 

Nuclear recepto r agonists T 090 13 17  (LXR), 17P-estradiol (ER) and dexam ethasone (GR) as w ell as LXR 

antagonist geranylgeranyl pyrophosphate (GGPP) w e re  purchased from  Sigm a-Aldrich (W icklow , 

Ire land). All drug stocks w ere  dissolved in d im ethylsu lphoxide (D M S O ) except TAK-779 w hich w as  

dissolved in w a te r  as advised by th e  provider, 17(3-estradiol and dexam ethasone w hich w e re  

dissolved in e th an o l as reco m m en ded  by th e  m anu fac tu rer and GGPP w hich was supplied in 

m e th a n o l:N H 4 0 H (7:3).

4.3.2 In silico analysis: setup of nuclear receptor LBD docking models

In s ilic o  evaluation  o f a library o f 26  an tiretrov ira ls  (Table 4 .1 , see Appendix fo r drug structures) as 

p otentia l ligands o f LXRa, LXRP, ERa, ERP and GR was p erfo rm ed  by Dr Fernando Blanco a t th e  

M o lecu la r Design G roup (School o f B iochem istry and Im m unology, T rin ity  College Dublin). As th e  

structures o f these nuclear receptors are extensively d ocum ented  in th e  Research Collaboration fo r  

Structural C o llaboration  Protein Data Bank (RCSB PDB w w w .rcsb .o rg : LXR > 4 4  structure hits /  33  

citations, ER > 123 structure hits /  58 citations and GR > 73 structure hits /  32 citations), docking using 

th e  LBD structures w as chosen as an ap p ro pria te  m ethodology fo r carrying out th e  evaluation . In th e  

selection o f crystal structures fo r th e  analysis th e  fo llow ing  p aram eters  w e re  taken  into account: 

resolution, R-value, R -free and EC50 o f th e  associated ligand (Table 4 .2 ). R-value and R-free are  

m easures o f th e  q ua lity  o f th e  atom ic m odel obta ined  fro m  th e  crystallographic d ata . The R-value is 

calculated a fte r re fin em en t of th e  atom ic m odel, using all available d iffraction  p a tte rn  data included
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in the development of the model, and should ideally be close to 0 (typical values are around 0.2). A 

completely random set of atoms would give a value of = 0.63. For calculation of R-free, 10% of the  

diffraction data om itted in the modelling and refinem ent process is used to validate the model, in 

order to avoid bias. R-free should be similar or just above the R-value for a model that is not over­

interpreting the data (www.rcsb.org. Brunger 1992''^®). The structures of the receptors with co­

crystallised ligands w ere pre-processed using Molecular Operating Environment software (MOE  

version 2010.10; Chemical Computing Group, M ontreal, Canada). The positions of hydrogen atoms 

and partial charges w ere calculated and a molecular force field minimisation step was perform ed  

using AMBER99 (Assisted M odel Building with Energy Refinement, force field specifically designed for 

proteins) im plem ented in MOE. Co-activators and secondary w ater molecules w ere removed and the 

shape and features of the LBDs explored using MOE applications. In order to be used in docking 

analysis with Fast Rigid Exhaustive Docking software (FRED version 2.2.5; OpenEye Scientific Software, 

New Mexico, USA), the five pre-processed receptors w ere prepared with the fred_receptor 

application. FRED performs exhaustive docking by enum erating rigid rotations and translations of 

each given conformer within the active site. Shape-based filters were used to rapidly elim inate  

compounds in the database that w ere not com plem entary to the binding site of interest. Ligand 

poses from the exhaustive docking w ere optimised by rigidly rotating and translating the molecule. 

The optimised poses were scored by the ChemgaussB scoring function (FRED), representing an 

estimation of the binding affinity.

4.3.3 In silico analysis: validation of nuclear receptor LBD docking models

Validation tests w ere also carried out to  evaluate the ability of the model to retrieve known active 

compounds from a database containing both active and inactive compounds (decoys). For ER and GR 

receptors the sets of actives/decoys w ere downloaded from www.dud.docking.org, a support website 

designed to help test docking algorithms by providing challenging decoys. For the LXR receptor, a set 

of actives/decoys was built using the standard parameters recommended on the same website, with  

36 decoys for each active (Table 4.3). The decoys selected had similar physical and structural 

properties as actives but dissimilar topology, to  challenge the model. The ranges of molecular 

descriptors found in the sets of active ligands are presented in Table 4.4. All the molecules w ere pre- 

processed with MOE to calculate positions of hydrogen atoms and partial charges and energy 

minimisation perform ed using M M FF94x (Merck Molecular Force Field). OMEGA software (version
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2.4.3, OpenEye Scientific Software, New Mexico, USA) was utilised with default parameters for 

conformational searches in order to test 50 conformers for each active/decoy. Receiver Operating 

Characteristic (ROC) curves were constructed to assess the ability of each model to distinguish known 

actives from known inactives (Figure 4.2).

4 .3 .4  In silico analysis: evaluation of ARV compounds as nuclear receptor ligands

The developed and validated docking models of LXRa, LXRp, ERa, ERP and GR were subsequently 

used in docking studies of the 26 ARV compounds using FRED. For evaluation of each compound, 

molecules were pre-processed in MOE and energy minimisation was performed as described above. 

250 conformers per compound were generated using OMEGA software and used for docking. Docking 

scores were calculated using the ChemgaussB scoring function in FRED. Results from the docking 

analysis of ARVs were filtered using a set of molecular descriptors for known ligands of each of the 

nuclear receptors: number of hydrogen donors, hydrogen acceptors, nitrogen atoms, oxygen atoms, 

rotatable bonds, hydrophobic bonds, rings, logP and molecular weight (Table 4.4). Compounds falling 

outside of the range of these parameters, even those passing the docking test, were not considered 

as potential ligands in this study.

4.3 .5  Assessment o f direct receptor-LBD interactions: fluorescence co-activator assays

LanthaScreen Time-Resolved Fluorescence Resonance Energy Transfer (TR-FRET) Coactivator Assay

Kits (Invitrogen, Paisley, UK) were utilised to assess direct binding to nuclear receptors LXRa and ERa.

Recruitment of co-activator is measured by monitoring FRET between a terbium-labelled antibody

bound to the recombinant nuclear receptor LBD, and fluorescein on the co-activator peptide. This is

brought about when co-activator binding affinity increases as a result of a conformational change in

the LBD upon binding to a ligand. PGCla (peroxisome-proliferator-activated receptor y co-activator

la )  and TRAP220/DRIP-2 (thyroid hormone receptor-associated protein 220/vitamin D receptor-

interacting protein 2) have been identified as co-activators of both LXRa''^®'''^ and ERa'*̂  ̂ '*” . Assays

were first validated using concentration ranges of known LXRa and ERa agonists; T0901317 and 17p-

estradiol, respectively. Initial experiments were carried out to  detect effects at IGOiiM w ith ARVs

predicted as ligands of LXRa (darunavir, tipranavir, efavirenz, maraviroc, TAK-779 and flavopiridol) or

ERa (efavirenz, flavopiridol) as well as a number of non-predicted ligands: these drugs were either

confirmed PXR inducers (fosamprenavir, lopinavir, nelfinavir) or included as they are associated with
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lipodystrophy (ritonavir), more favourable lipid profiles (atazanavir) or altered SREBP-lc levels 

(indinavir). Serial d ilu tions were made in DMSO and the assays perform ed according to  the 

m anufacturer's instructions. All test concentrations were run in trip licates in 384-well plates and 

every experim ent included a vehicle control, a positive control (20^M  T0901317 or Ip iM  173- 

estradiol) and a "no  LBD" contro l. Dose-response curves were subsequently constructed fo r any 

positive hits. To test if compounds have LXRa antagonistic properties (as indicated by in itia l TR-FRET 

screening o f single concentration drugs), the same protocol was carried ou t in the presence o f l.S uM  

T0901317 (ECgo of the agonist as measured by th is assay). A known LXR antagonist, GGPP, was used as 

control. All assays were incubated fo r 2h at room tem perature  protected from  light, fo llow ed by 

measurement o f the  520/495 emission ratio  using a BMG PheraStar instrum ent (BMG Labtech, 

Offenburg, Germany).

4.3.6 Reporter assays; plasmids

Human pCMX-LXRa and pCMX-LXRP were generously provided by Professor David J Mangelsdorf, 

Howard Hughes Medical Institu te, University o f Texas Southwestern Medical Center, whereas 

3xhLXRE-luc was donated by Professor Andrew J Brown, University o f New South Wales, Sydney. 

Human pSG5-ERa and pSG5-ERP w ere gifts from  Professor Jan-Ake Gustafsson, Departm ent of 

Biosciences and N utrition , Karoiinska Institu te t, Stockholm. Human 3xERE-TATA-luc was constructed 

by Professor Donald P McDonnell, Duke University Medical School, Durham, North Carolina, USA, and 

obtained through Addgene, Cambridge, MA, USA. Human pCMV6-GR and GR-luc were purchased 

from  Origene (Rockville, MD, USA) and Panomics (Fremont, CA, USA), respectively. An internal 

standard, pRL-TK (expressing Renilla luciferase), was obtained from  Promega (Madison, W l, USA).

4.3.7 Reporter assays; HepG2 cell culture and transfections

HepG2 cells (kindly donated by Dr Stephen Gray) were maintained in M in im um  Essential Medium

Eagle supplemented w ith  10% foetal bovine serum (FBS), 2mM L-glutamine and lOOunits + O .lm g/m l

penicillin-streptom ycin (all from  Sigma-Aldrich). For LXR and GR transfections, cells were seeded in to

24-well plates (40,000 cells per well) the  day before transient transfection using Lipofectam ine LTX

(Invitrogen) according to  m anufacturer's instructions w ith  the  fo llow ing  DNA quantities: 50ng pRL-TK

+ 5ng nuclear receptor expression plasmid + 400ng responsive element-luciferase construct. The

transfections were allowed to  proceed fo r 8-9h in serum- and antib io tic-free medium. For ER
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transfections, the cells were seeded at the same density as above, but pre-treated 24h after seeding 

with phenol red-free M inim um  Essential M edium  (Gibco/lnvitrogen) with 10% charcoal-stripped FBS, 

2m M  L-glutamine and lOOunits + O .lm g/m l penicillin-streptomycin (Sigma-Aldrich) for 32-34h. 

Transfection was perform ed in phenol red-, serum- and antibiotic-free medium using the same 

reagent as above with 200ng pRL-TK + 500ng ER plasmid + Ipig 3xERE-TATA-luc over 15h.

4.3.8 Reporter assays: drug exposure and luciferase activity assessment

Transfected cells w ere washed with phosphate buffered saline (PBS, Sigma-Aldrich) and treatm ent 

initiated with 10(iM  of each antiretroviral drug diluted in phenol red-free M inim um  Essential Medium  

(Gibco/lnvitrogen) w ith 10% charcoal-stripped FBS, 2m M  L-glutamine and lOOunits + O .lm g/m l 

penicillin-streptomycin (Sigma-Aldrich). Exceptions from  this uniform concentration were nelfinavir 

( l | iM )  and flavopiridol (lOOnM) which were used at low er concentrations for reasons of cytotoxicity. 

For experiments with LXR-transfected cells 5% foetal bovine lipoprotein-deficient serum (FB-LPDS, 

Intracel, Frederick, M D, USA) was used to reduce background activation of LXR. Similar to the TR-FRET 

assays, the drugs included w ere either predicted ligands of LXRs (darunavir, tipranavir, efavirenz, 

maraviroc, TAK-779, flavopiridol), ERs (efavirenz, flavopiridol), GR (efavirenz, flavopiridol), confirmed 

PXR inducers (efavirenz, fosamprenavir, lopinavir, nelfinavir) or included as they are associated with 

lipodystrophy (ritonavir), more favourable lipid profiles (atazanavir), or altered SREBP-lc levels 

(indinavir). Positive controls were: 10 |iM  T0901317 for LXRs, l^ iM  dexamethasone for GR and lOOnM  

l?P-estradiol (E2) for ERs. A vehicle control (0.1% DMSO) was also included. A fter completed drug 

exposure (24h for LXRs and GR, 30h for ERs), the cells w ere harvested and the Dual-Luciferase 

Reporter Assay System (Promega) utilised to  measure transcription levels with the aid of a 

lum inom eter (Thermo Fisher Scientific, Dublin, Ireland). Reporter construct responses (firefly) were  

normalised to internal standard (Renilla) and fold increases calculated relative to vehicle controls.

4.3.9 Statistics

In TR-FRET co-activator assays, one-way ANOVA with Dunnett's post hoc  analysis was utilised to  

identify compounds which caused significant increases in co-activator recruitm ent at lOO^M (in 

comparison to DMSO control) in initial screening experiments. In dose-response experiments, curves 

were fitted using a sigmoidal dose-response equation and EC5 0 /IC 5 0  values calculated using GraphPad 

Prism version 5.
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Data from  luciferase reporter assays were normalised to internal standards and also analysed by one­

way ANOVA with Dunnett's post hoc analysis (GraphPad Prism version 5). Five independent 

experiments were performed in duplicates for each treatm ent and presented relative to DMSO  

controls as means ± S.E.M. P-values < 0.05 w ere regarded as indication o f significant difference. 

Student's t-tests w ere perform ed to clarify whether effects of certain ARVs were statistically 

significant in direct comparison to DMSO controls.

4.4 Results

4.4.1 In silica analysis: docking validation and ARV evaluation

A comparison of the nuclear receptor LBDs shows smaller sizes for ER (450A^)'’^̂  and GR 

compared to LXR-LBD (700-800A^)“ ®̂ which is more extended. The three receptor types display 

predom inantly hydrophobic LBDs, with a few  specific hydrophilic areas potentially involved in 

hydrogen bond interactions (Figure 4.1). The validation of the docking models as measured by ROC 

area under curve coefficients deemed ERa (0.907) as excellent, LXRa (0.754) as fair, LXRP (0.829) and 

ER(3 (0.843) as good, while the ROC curve for GR (0.595) is close to  a diagonal line (equivalent to  

random hits) and hence a poor quality model (Figure 4.2). Consequently, scoring results o f the latter 

must be considered statistically less reliable. ARV docking scores and results from filtering by 

molecular descriptor parameters for each receptor are presented in Table 4.5 (LXRa), Table 4.6 

(LXRP), Table 4.7 (ERa), Table 4.8 (ER(3) and Table 4.9 (GR). For LXRa, the ARV compounds which 

passed the docking test and w ere compatible with molecular descriptors w ere (in order of best 

docking score): darunavir, maraviroc, flavopiridol, efavirenz, TAK-779 and tipranavir. Potential LXRP 

ligands w ere TAK-779, maraviroc, flavopiridol, efavirenz, tipranavir and darunavir. Only efavirenz 

passed the ERa and ERP in siiico screening, while both flavopiridol and efavirenz w ere identified as 

potential GR ligands. The most common molecular descriptor leading to exclusion of compounds from  

the list of potential candidates, despite passing the docking test, was "num ber of hydrophobic atoms" 

(too few ) for LXRa and LXRp. The same molecular descriptor in addition to "num ber of nitrogens" 

(too many) were common reasons for exclusion In the ERa and ERP analysis, while for the GR model 

the most common reasons for exclusion additionally w ere too many hydrogen acceptors or not fitting  

the molecular weight range (too small or too large). The molecules which did not pass the docking 

tests of all five receptors were almost always too large and had too few  rotatable bonds.
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4.4.2 Assessment of direct receptor-LBD interactions: fluorescence co-activator assays

To assess d irect binding o f ARV drugs (pred icted  as p otentia l ligands in silico) to  LXRa and ERa LBDs, 

TR-FRET co-activator assays w ere  utilised. Initial screening experim ents w ith  high concentration  

(lO O u M ) o f drugs w ere  carried out w ith  both co-activators (P G C la  and TR A P 220/D R IP -2) fo r LXRa 

and ERa. In LXRa experim ents , re cru itm e n t o f P G C la  y ie lded  larger m agnitudes o f change than  

TR A P 220/D R IP -2 and was subsequently used in th e  dose-response experim ents w ith  any positive hits. 

Positive control T 090 13 17  was used to  verify  assay fu nctio n ality  (ECso= 2 7 6 n M , Figure 4.3A ). P G C la  

re c ru itm e n t was increased by 60%  w ith  m araviroc, by 26%  w ith  darunavir and by 23%  w ith  tip ranavir  

at th e  highest tested  concentra tion  (lO O u M ) com pared  to  DM SO  controls. Dose-response curves are  

shown in Figure 4.3B; EC50 (m araviroc) was 1 6 .8 n M , EC50 (darunavir) was 2 1 .7 n M , and EC50 

(tip ran avir) was 3 0 .0 n M . Initial screening o f ARV drugs in LXRa assays also indicated reduced  

TR A P 220/D R IP -2  recru itm en t by efavirenz, TAK-779 and flavopirido l. Antagonist assays w ith  

T 0 9 0 1 3 1 7  present (a t ECgo = l.S p tM , calculated from  dose-response curves w ith  TR A P220/D R IP-2) 

confirm ed  a tte n u ate d  co -activator recru itm en t by these drugs: efavirenz ICso^ 4 5 .2 n M  (64 .6%  agonist 

e ffe c t rem ained  a t lO O u M ), TAK-779 IC50 = 2 0 6 n M  (60 .8%  agonist e ffec t rem ained  a t lO O tiM ) and 

flavop irido l IC50 = 2 6 .4 n M  (64 .3%  agonist e ffe c t rem ained  a t 90|ilVI) (Figure 4.4B ). A known LXR 

antagonist, GGPP, was used as contro l (ICso^ 2 .0  ^ M , Figure 4.4A ).

In ERa TR-FRET assays, none of th e  ARVs tested  affected  recru itm en t o f e ith e r o f co-activator (P G C la  

or TR A P220/D R IP -2). Positive control 17|3-estradiol (E2, ER agonist) was used to  ensure functional 

assays: IC5o(PG C la) = 0 .5 n M , IC5q(TRAP2 2 0 -DR IP2 ) = 0 .7 n M  (Figure 4 .5 ). Z'-factors'*^® w e re  calculated  

fo r all TR-FRET experim ents to  ascertain robustness and fo r th e  results presented values ranged  

b etw ee n  0 .6 4 -0 .8 4  indicating exce llent assays (a value o f 1 indicates a th eo retica lly  ideal assay w ith  

no variab ility ).

4.4.3 Reporter assays

The ab ility o f ARV drugs to  activate  nuclear receptors LXRa/P, ERa/p  or GR in a co m p lete  cell system  

was assessed by in vitro  luciferase re p o rte r assays. Synthetic LXR agonist T 0 9 0 1 3 1 7  (positive control) 

increased LXRa transcriptional activ ity w ith  a fo ld change o f 9 .6  ± 1.3 (m ean ± S.E .M .) com pared to  

vehicle contro l, w h ile  LXRP activ ity was increased by 2.8 ± 0.2 . O ne-w ay AN O VA analysis o f ARV 

effects on LXR transcriptional activ ity revealed agonistic effects by atazanavir, darunavir and ritonavir 

of both isoforms. For LXRa, fo ld  changes o f 2 .8  ± 0 .5  (atazanavir), 1 .8  ± 0 .2  (darunavir) and 3.5 ± 1.3
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(ritonavir) w ere noted. For LXRP, the corresponding values w ere 2.5 ± 0.9 (atazanavir), 2.0 ± 0.2 

(darunavir) and 2.7 ± 1.4 (ritonavir). Efavirenz, on the other hand, reduced the activity of both 

receptor subtypes to  26 ± 7% (LXRa) and 7 ± 4% (LXRP) of basal levels; although the reduction in LXRa 

activity was only significant effect when compared directly to  DMSO control by Student's t-tests. 

Using the same statistical m ethod, maraviroc-induced activity of LXRP (1.6 ± 0.4) was classified as 

significantly different from DMSO, and similarly was the flavopiridol-induced reduction in activity of 

LXRa (52 ± 11% of basal levels) and LXRP (32 ± 4%, Figure 4.6). Transcriptional activity of ERa was 

increased by efavirenz (13.6 ± 5.9) and tipranavir (5.5 ± 3.8) (Figure 4.7A). None of the ARV drugs 

tested had an effect on ERP (Figure 4.7B) or GR prom oter activation (Figure 4.8).
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Table 4.1 ARV compounds included in the molecular modelling analysis. ARV = antiretroviral, PI = protease 

inhibitor, NRTI = nucleoside reverse transcriptase inhibitor, NNRTI = non-nucleoside reverse transcriptase 

inhibitor, Cdk = cyclin-dependent kinase.

Atazanavir ATV PI C3 8H52N6O7 704.87

Darunavir DRV PI C27H3 7N3O7S 546.66

Fosamprenavir FOS PI C25H36N3O9 PS 585.61

Indinavir IDV PI C36H4 7N5O4 613.79

Lopinavir LPV PI C37H4 8N4O5 628.81

Nelfinavir NFV PI C32H4 5N3O4S 567.79

Ritonavir RTV PI C37H4 8N6O5S2 720.95

Saquinavir SQV PI CbsHsoNsO j 670.85

Tipranavir TPV PI C31H33F3 N2O5S 602.67

Abacavir ABC NRTI CiaH isNsO 286.34

Didanosine ddl NRTI C10H12N4O3 236.23

Emtricitabine FTC NRTI C8 H10FN3O3S 247.25

Lamlvudine 3TC NRTI C8 H11N3O3S 229.26

Stavudine d4T NRTI C10H12N2O4 224.22

Tenofovir TFV NRTI C9 H14N5O4 P 287.22

Zalcitabine ddC NRTI C9 H13N3O3 2 1 1 . 2 2

Zidovudine AZT NRTI C10H13N5O4 267.25

Efavirenz EFV NNRTI C14H9CIF3 NO2 315.68

Etravirine TMC125 NNRTI CjoHisBrNeO 435.29

Nevirapine NVP NNRTI C15H14N4O 266.30

Maraviroc MVC CCR5 antagonist C29H4 1F2 N5O 513.68

TAK-779 - CCR5 antagonist 
(investigational)

C33O2N2H38 495.69

bicyclam JM-2987 hydrobromide 
salt of AMD-3100

CXCR4 antagonist 
(investigational)

C 3oH7oBr8N 8 04 506.83

Raltegravir MK-0518 Integrase inhibitor C20H20FKN6O5 444.42

118-D-24 - Integrase inhibitor 
(investigational)

C11H9 N3O4 247.2

Flavopiridol - Cdk inhibitor 
(investigational)

C21H20O5NCI 402.85
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Chapter 4: Off-target effects by ARVs: a combined in silico and in vitro approach

Table 4.2 X-ray structures of nuclear receptor LBDs selected for in silico analysis. Presented are also 

parameters considered in the selection of these structures (relating to quality of models). PDB = Protein Data 

Bank (www.rscb.org). LBD = ligand binding domain, LXR = liver X receptor, ER = estrogen receptor, GR = 

glucocorticoid receptor, GW3965 = synthetic LXR ligand, AIT = {2S,3R)-3-(4-hydroxyphenyl)-2-[4-[(2R)-2- 

pyrrolldin-l-ylpropoxy]phenyl]-2,3-dihydro-l,4-benzoxathiin-6-ol (compound 19), E2 = 173-estradiol, DEXA = 

dexamethasone. All structures correspond to  human sequences. ^Ligand affin ity data from BindingDB 

(www.bindingdb.org).

LXR a 3IPQ 2.00 0.201 0.234 GW3965 80.0 - 660.0

LXR 3 1PQ6 2.40 0.209 0.262 GW3965 20.0-410.0

ERa IXPC 1.60 0.184 0.251 AIT 0.04 - 1.3

ERP 30LL 1.50 0.177 0.208 E2 0.1 -30 .0

GR 1M2Z 2.50 0.267 0.267 DEXA 0 .2 -7 .2

LXR ER GR

Figure 4.1 Ligand binding pockets of LXR, ER and GR. Views of the three receptor families w ith prototypical 

ligands obtained w ith Molecular Operating Environment (MOE) software. Hydrophobic, neutral and hydrophilic 

regions are shown in green, w hite and violet respectively. LXR = liver X receptor, ER = estrogen receptor, GR = 

glucocorticoid receptor.
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Table 4.3 Docking validation test data. N = number of input molecules, D = number of molecules passing 

docking validation, ROC AUC = Receiver Operating Characteristic area under curve (close to  1 indicates high true 

positive h it rate, close to  0 indicates high false positives rate).

LXRa 70 2564 70 504 0.754

LXRp 70 2564 70 504 0.829

ERa 67 2570 67 2351 0.907

ER(3 67 2570 67 2351 0.843

GR 78 2947 78 2583 0.595

Table 4.4 Molecular descriptors of typical known ligands of nuclear receptors LXRa, LXR^, ERa, ER|3 and GR

{"Actives" used in docking validation test). LXR = liver X receptor, ER = estrogen receptor, GR = glucocorticoid 

receptor.

Number of hydrogen donors <3 <3 <4 <4 <3

Number of hydrogen acceptors <6 <6 <6 <6 <5

Number of hydrophobic atoms 16-42 16-42 10-25 10-25 15-30

Number of nitrogens <5 <5 <2 <2 <2

Number of oxygens <7 <7 <6 <6 <5

Number of rotatable bonds <18 <18 <6 <6 <6

Number of rings <6 <6 <2 <2 <5

LogP <12 <12 <6 <6 <8

Molecular weight (g/mol) 300-700 300-700 200-375 200-375 250-500
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A. LXRa B.LXRP
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Figure 4.2 R eceiver O p era tin g  C haracteris tic  (ROC) cu rves fo r LXR, ER and  GR m odels . Results from  validation 

te s ts  to  eva lua te  th e  ability of th e  m odel to  distinguish actives from  inactives (decoys). Plotted a re  tru e  positives 

ra te  (sensitivity, y-axis) vs. false positives ra te  (specificity, x-axis). A) LXRa ROC area  u nder curve = 0.754, B) 

LXRP ROC area  u n d er curve = 0.829, C) ERa ROC area  u n d er curve = 0.907, D) ERp ROC area  u n d e r curve = 

0.843, E) GR ROC area  u n d er curve = 0.595. LXR = liver X recep to r, ER = estrogen  recep to r, GR = glucocorticoid 

recep to r.
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Chapter 4: O ff-target effects by ARVs: a combined in silica and in vitro approach

Table 4.5 LXRa docking score results. S o o c k  = docking score using Cliemgauss3 scoring function (FRED software). 

Actives range fo r Soock indicates the lim it above which 95% o f the known actives scored. Noock = Soock value 

normalised to  best scoring known active, a_don = number of hydrogen donors, a_acc = number o f hydrogen 

acceptors, a_hyd = number o f hydrophobic atoms, a_nN = number of nitrogens, a_nO = number o f oxygens, 

b_rotN = number o f rotatable bonds, rings = number of rings, MW = molecular weight (g/mol). F = compound 

failed docking test (listed in no specific order). Dark grey indicates compound outside actives range of molecular 

descriptors.

Molecule ^D o ck N p o c k a_don a_acc a_hyd a_nN a_nO b_rotN rings log P MW

Actives range
<-80.00
(95%)

<3 <6 16-42 <5 < 7 <18 < 6 <12 300-700

TMC125 -104.47 70.57 2 4 16 6 1 6 3 3.81 435.29

DRV -101.01 68.23 3 6 24 3 7 13 4 2.15 546.66

MVC -98.35 66.43 1 4 28 5 1 9 5 6.64 513.68

FLAV -88.84 60.01 3 4 21 1 5 2 4 2.90 402.85

ABC -88.58 59.84 3 4 10 1 4 4 0.41 286.34

RAL -87.95 59.41 3 15 5 8 3 0.81 444.42

EFV -86.71 58.57 1 1 17 1 2 3 3 4.10 315.68

118-D-24 -83.59 56.46 3 6 8 3 4 6 1 1.16 248.22

AZT -78.76 53.20 2 6 7 5 4 4 2 -1.91 267.25

NVP -78.45 52.99 1 3 12 4 1 1 4 1.90 266.30

IDV -77.91 52.63 4 34 5 4 14 5 2.76 613.80

TFV -75.36 50.90 4 1̂  ! 5 5 4 5 2 -1.60 287.22

ddl -73.74 49.81 2 5 5 4 3 2 3 0.13 236.23

ddC -72.51 48.98 2 4 6 3 3 2 2 -0.50 211.22

FTC -68.52 46.28 2 4 7 3 3 2 2 -0.52 247.25

NFV -67.60 45.66 4 ] 5 31 3 4 12 4 5.36 567.79

3TC -67.16 45.37 2 4 !e 3 3 2 2 -0.75 229.26

d4T -63.50 42.89 2 4 7
1 . . 2 4 2 2 -1.01 224.22

TAK-779 -62.81 42.43 1 2 32 2 2 7 5 6.45 495.69

TPV -61.12 41.28 2 5 33 2 5 12 4 7.68 602.67

FOS -59.82 40.41 5 8 24 3 9 IS 3 1.50 585.61

JM2987 -40.54 27.38 3 3 27 8 0 4 3 0.92 506.83

LPV -2.98 2.01 4 5 34 4 5 17 4 5.19 628.81

SQV 25.76 -17.40 7 1 34 |6 1 5 16 5 3.31 670.85

ATV F - : 5 ____ I 71___ 34 !« 17 |22 i 3 4.74 j 704.87 ;

RTV F - ; 6 36 is ! 5 [22 1 4 5.00 1720.96 :
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Chapter 4: Off-target effects by ARVs: a combined in silico and in vitro approach

Table 4.6 LXR(J docking score results. S o o ^ k  = docking score using Chemgauss3 scoring function (FRED software). 

Actives range for Soock indicates the percentage of known actives above a given score. Noock = Soock value 

normalised to best scoring known active, a_don = number of hydrogen donors, a_acc = number of hydrogen 

acceptors, a_hyd = number of hydrophobic atoms, a_nN = number of nitrogens, a_nO = number of oxygens, 

b_rotN = number of rotatable bonds, rings = number of rings, MW = molecular weight (g/mol). F = compound 

failed docking test. Dark grey indicates compound outside actives range of molecular descriptors.

Molecule ^ D o c k N p o c k a_don a_acc a_hyd a_nN a_nO b_rotN rings log P MW

Actives range <-88.00
(95%)

<3 <6 16-42 <5 <7 <18 <6 <12 300-700

TAK-779 -107.86 72.09 1 2 32 2 2 7 5 6.45 495.69

TMC125 -103.74 69.33 2 4 16 6 6 3 3.81 435.29

RAL -101.32 67.71 3 7 15 6 5 8 3 0.81 444.42

MVC -99.84 66.72 1 4 28 5 1 9 5 6.64 513.68
ABC -90.52 60.49 3 4 10 6 1 4 4 0.41 286.34

FLAV -89.65 59.91 3 4 21 1 5 2 4 2.90 402.85
EFV -84.91 56.74 1 1 17 1 2 3 3 4.10 315.68
TFV -83.65 55.90 4 ]7 5 5 4 5 2 -1.60 287.22

TPV -81.21 54.27 2 5 33 2 5 12 4 7.68 602.67
118-D-24 -79.15 52.90 3 6 8 3 4 6 1 1.16 248.22

NVP -78.28 52.31 1 3 12 4 1 1 4 1.90 266.30
NFV -78.20 52.26 4 5 31 3 4 12 4 5.36 567.79

AZT -75.86 50.69 2 6 7 5 4 4 2 -1.91 267.25
LPV -75.11 50.19 4 5 34 4 5 17 4 5.19 628.81

DRV -74.39 49.71 3 6 24 3 7 13 4 2.15 546.66

FOS -72.84 48.68 !
i
5 |8 24 3 9 1 3 1.50 585.61

ddl -71.42 47.73 2
5 5  i 4 3 2 3 0.13 236.23

FTC -69.28 46.30 2 4 ’  1 3 3 2 2 -0.52 247.25

3TC -67.57 45.16 2 4 ‘  1 3 3 2 2 -0.75 229.26

ddC -67.24 44.93 2 4 j ®  1 3 3 2 2 -0.50 211.22

IDV -67.07 44.82 j4 7 34 5 4 14 5 2.76 613.80

d4T -66.77 44.62 2 4 1 2 4 2 2 -1.01 224.22
JM-2987 -37.83 25.28 3 3 27 IT '  ;r  i 0 4 3 0.92 506.83

ATV -32.48 21.71 ! i 7  i 34 iC j 7 1 « 1 3 4.74 704.87

SQV -27.33 18.27 : 5 :\7 ]1 r 34 I 6 - - 1 5 16 5 3.31 670.85

RTV F |4 16 36 i 5 [22 ' I 4 5.00 j 720.96 j
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Table 4.7 ERo docking score results. Scock = docking score using Chemgauss3 scoring function (FRED software). 

Actives range fo r Spock indicates the lim it above w/hich 95% o f the known actives scored. Noock = Soock value 

normalised to  best scoring known active, a_don = number of hydrogen donors, a_acc = number o f hydrogen 

acceptors, a_hyd = number of hydrophobic atoms, a_nN = number of nitrogens, a_nO = number of oxygens, 

b_rotN = number of rotatable bonds, rings = number of rings, MW = molecular weight (g/mol). F = compound 

failed docking test (listed in no specific order). Dark grey indicates compound outside actives range o f molecular 

descriptors.

Molecule Soock Npock a_don a_acc a_hyd a_nN a_nO b_rotN rings logP MW

Actives range <-75.00
(95%)

<4 <6 10-25 <2 <6 <6 <5 <6 200-375

AZT -84.12 79.11 2 6 7 5 4 4 2 -1.91 267.25

FLAV -80.55 75.76 3 4 21 1 5 2 4 2.90 402.85

TFV -80.13 75.36 4 7 5 5 4 5 2 -1.60 287.22

118-D-24 -79,16 74.44 3 6 3 4 6 1 1.16 248.22

TMC125 -72.89 68.55 2 4 16 6 1 6 3 3.81 435.29

EFV -72.73 68.40 1 1 17 1 2 3 3 4.10 315.68

d4T -71.58 67.32 2 4 7 2 4 2 2 -1.01 224.22

MVC -71.50 67.24 1 4 28 5 1 9 5 6.64 513.68

ddl -70.11 65.94 2 5 5 4 3 2 3 0.13 236.23

NVP -69.32 65.19 1 3 12 4 1 1 4 1.90 266.30

FTC -64.09 60.28 2 4 7 3 2 2 -0.52 247.25

BTC -63.11 59.35 2 4 6 3 2 2 -0.75 229.26

ddC -62.27 58.56 2 4 6 3 3 2 2 -0.50 211.22

ABC -61.25 57.60 3 4 10 6 |1 4 4 0.41 286.34

ATV F - 15_____] 7 |34 6 }7 22 1 3 4.74 704.87

DRV F - 3 6 24 3 17 'l3  ;I 4 2.15 546.66

FOS F - 5 8 24 3 19 15 11 3 1.50 585.61

IDV F - 4 7 34 j 5 j 4 14 jj  5 2.76 613.80

LPV F - 4 5 |34 ] 4 11 51 17 1 ^ 5.19 628.81

NFV F - 4 5 31 3 4[ 12 I 4 5.36 567.79

RTV F - 4 6 36 6 i 5
1

22
1 5.00 j 720.96

SQV F - 5 34 6 | 51 16 1I 5 3.31 670.85 j

TPV F - 2 5 |33 1 2 5 12 h 7.68 602.67

TAK-779 F - 1 2 32 I 2 2 7 51 I M S J 1 495.69 [

JM-2987 F - 3 3 27 [8 ] 0 4 3 0.92 [506.83 j

RAL F - 3 7 1 15 6 5 8 |3 0.81 444.42 j
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Table 4.8 ERP docking score results. Soock = docking score using Chemgauss3 scoring function (FRED software). 

Actives range for Soock indicates the limit above which 95% of the known actives scored. Noock = Soock value 

normalised to best scoring known active, a_don = number of hydrogen donors, a_acc = number of hydrogen 

acceptors, a_hyd = number of hydrophobic atoms, a_nN = number of nitrogens, a_nO = number of oxygens, 

b_rotN = number of rotatable bonds, rings = number of rings, MW = molecular weight (g/mol). F = compound 

failed docking test (listed in no specific order). Dark grey indicates compound outside actives range of molecular 

descriptors.

Molecule Soock N pock a_acc a_don a_hyd a_nN a_nO b_rotN rings logP MW

Actives range <-70.00 (95%) <4 < 6 10-25 < 2 < 6 < 6 <5 < 6 200-375

AZT -77.63 80.09 6 2 \7 4 2 -1.91 267.25

118-D-24 -77.21 79.66 6 !S " |3 6 1 1.16 248.22

TFV -73.19 75.52 7 5 1= S 2 -1.60 287.22

FLAV -72.44 74.74 4 3 21 1 5 2 4 2.90 402.85

d4T -69.59 71.80 4 2 7 2 4 2 2 -1.01 224.22

NVP -69.28 71.48 3 1 12 j4 1 1 4 1.90 266.30

TMC125 -64.62 66.67 4 2 16 |6 6 3 3.81 435.29

EFV -64.20 66.23 1 1 17 1 2 3 3 4.10 315.68

FTC -62.50 64.49 4 2 3 3 2 2 -0.52 2VJ.2S

ddl -60.06 61.97 5 2 4 3 2 3 0.13 236.23

ddC -57.74 59.57 4 2 6 3 3 2 2 -0.50 211.22

ABC -57.56 59.39 4 3 10 1 4 4 0.41 286.34

3TC -57.14 58.96 4 2 |6  j 3 2 2 -0.75 229.26

RAL 2.41 -2.49 j 7 3 15 6 5 8 1 ^ 0.81 444.42

JM2987 9.28 -9.57 3 3 27 8 0 4 3 0.92 506.83

ATV F 5 ^ 134 6 7 |22 13 4.74 704.87

DRV F - 3 6 24 3 7 1 ^ 2.15 546.66

FOS F
j
5 {8 124 3 9 f i s 3 1.50 585.61

IDV F - 4
1
j34 5 14 1

=
2.76 613.80

LPV F - 4 5 34
I "

5 17
1 ^

5.19 628.81

NFV F - 4 5 31 3 4 12
h

5.36 567.79

RTV F - 4 6
!
36 6 5 22 4 5.00 720.96

SQV F 5 7 |34
i ®

5 [16 5 3.31 670.85

TPV F - 2
5  1

33 2 5 12 4 7.68 602.67

MVC F - 1 4 i
i
28 1 9 ^"64 "I 513.68

TAK-779 F - 1
^  i

32 2
2

7 ......... . 5 16.45 ] [495.69-̂----
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Table 4.9 GR docking score results. S o o c k  = docking score using Chemgauss3 scoring function (FRED software). 

Actives range fo r Sdoc|< indicates tlie  lim it above which 95% of the known actives scored. Ncock = Soock value 

normalised to  best scoring known active, a_don = number of hydrogen donors, a_acc = number of hydrogen 

acceptors, a_hyd = number o f hydrophobic atoms, a_nN = number of nitrogens, a_nO = number o f oxygens, 

b_rotN = number o f rotatable bonds, rings = number o f rings, mw = molecular weight (g/mol). F = compound 

failed docking test (listed in no specific order). Dark grey indicates compound outside actives range o f molecular 

descri ptors.

Molecule S o o c k N o o c k a_don a_acc a_hyd a_nN a_nO b_rotN rings log P weight

Actives range <-64.00 (95%) <3 < 5 15-30 < 2 <5 < 6 <5 < 8 250-500

FLAV -90.85 66.14 3 4 21 1 5 2 4 2.90 402.85

EFV -89.75 64.74 1 1 17 1 2 3 3 4.10 315.68

TFV -86.07 62.67 4 7 5 5 4 5 2 -1.60 287.22

AZT -85.04 62.43 2 ;6 i" ........ js 4 4 2 -1.91 267.25

118-D-24 -84.72 62.40 3 8 j3 4 6 1 1.16 248.22

ABC -82.78 59.46 3 4 10 6 ...... 1 4 4 0.41 286.34

d4T -76.27 55.97 2 4 7 2 4 2 2 -1.01 224.22

ddl -73.84 53.26 2 5 5 4 3 2 3 0.13 236.23

NVP -72.28 52.51 1 3 12 1 1 4 1.90 266.30

TMC125 -71.26 52.09 2 4 16 6 1 6 3 3.81 435.29

FTC -67.92 48.74 2 4 |7 ‘ 1P '  131 2 2 -0.52 1247.25

3TC -66.14 47.90 2 4 3 2 2 -0.75 229.26

ddC -65.00 47.06 2 4 6 3 2 2 -0.50 211.22

RAL -63.86 33.87 3 7 15 6 5 8
h

0.81 444.42

JM2987 -45.95 32.20 3 3 27 [s "" "  j 4 3 0.92 506.83 1

DRV -43.69 25.56 3 6 24 [3 ^7 [13____^ 4 2.15 546.66

MVC -34.69 20.66 1 4 28 5 1 9 5 6.64 513.68

FOS -28.04 13.81 5 8 24 3 9 15 3 1.50 585.61

TPV -18.74 9.10 2 5 33 2 5 12 4 7.68
i
602.67

NFV -12.35 0.00
1
4 5 31 3 i 4

1 12 4 5.36 567.79

ATV F - 5 7 34 [7 22 3 4.74 704.87

IDV F - 4 7 34 4 14 , 5 2.76 613.80

LPV F - 4 5 34 4 5 17 14 5.19 628.81

RTV F - 4 6 136 6 5 [22 4 5.00 720.96

SQV F - 5 ' i |34 } |5 16 i = 3.31 [ 670.85

TAK-779 F - 1 2 32 1 2 2 7 5 6.45 495.69

105



Chapter 4: Off-target effects by ARVs: a combined in silica and in vitro approach

Table 4.10 Summary of docking scores for ail nuclear receptor models. Docking scores (Noock) fo r ARV 

compounds (normalised to  ChemgaussS score o f best active = 100). Missing values indicates compounds did not 

pass the docking test, dark grey indicates compounds were outside the "actives range" fo r one or more 

molecular descriptor.

Atazanavir (ATV)
r „  ..... : 21.71 - -

1
Darunavir (DRV) 68.23 49.71 - ■ - 1 25.56

Fosamprenavir (FOS) 40.41 j 48.68 - - i 13.81

Indinavir (IDV) 52.63 44.82 - r -

Lopinavir (LPV) 2.01 j 50.19 - - ; -

Nelfinavir (NFV) 45.66 52.26 - - 1 0.00

Ritonavir (RTV)
---

- - - 1 -

Saquinavir (SQV) -17.40 18.71 ' 1 -

Tipranavir (TPV) 41.28 54.27 - ' 9.10

Abacavir (ABC) 59.84 60.79 57.60 59.39 1 59.46

Oidanosine (ddl) 49.81 47.73 65.94 61.97 n 53.26 :
Emtricitabine (FTC) 46.28 46.30 60.38 64.49 48.74

Lamivudine (3TC) 45.37 45.16 59.35 58.96 i1 47.90

Stavudine (d4T) 42.89 44.62 67.32 71.80 r 55.97

Tenofovir (TFV) 50.90 55.90 75.36 75.52 
.. .

1 62.67

Zalcitabine (ddC) 48.98 44.93 58.56 59.57 47.06

Zidovudine (AZT) 53.20 50.69 79.11 80.09 ; 62.431
Efavirenz (EFV) 58.57 56.74 68.40 66.23 64.74

Etravirine (TMC125) 70.57 j 69.33 68.55 66.67 ; 52.09
1

Nevirapine (NVP) 52.99 52.31 65.19 71.48 52.51

Maraviroc (MVC) 66.43 66.72 67.24 - 20.66

TAK-779 42.43 72.09 - - -

bicyclam JM-2987 - ' . ........ ........... .... — " -

Raltegravir (RAL) 59.41 67.71 ■....._ ..... -2.19 33.87

118-D-24 56.46 52.90 74.44 79.66 I 62.40

Flavopiridol (FLAV) 60.01 59.91 75.76 i
:

74.74 66.14
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Figure 4.3 TR-FRET LXRa co-activator assays. A) Validation of PGCla co-activator assay using T0901317, 

synthetic LXR agonist. B) Agonistic effects by maraviroc (MVC), darunavir (DRV) and tipranavir (TPV) on LXRa 

PGCla recruitment. Two independent experiments were performed with triplicate wells (n = 6 ). TR-FRET 

emission ratio measured after 2h incubation at room temperature in the dark. Results are presented as means ± 

S.E.M. EC5 0  values were determined using a sigmoidal dose-response equation in GraphPad Prism version 5.

107



Chapter 4: Off-target effects by ARVs: a combined in silica and in vitro approach

A. LXRa + TRAP220/DRIP-2 TR-FRET antagonist assay
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Figure 4.4 TR-FRET LXRa co -a c tiva to r assays, an tagon is t m ode In presence o f l.SpiM  T0901317 (LXR agonist, 

ECgo). A) Validation o f TRAP220/DRIP-2 co-activa tor assay (antagonist m ode) using geranylgeranyl 

pyrophosphate (GGPP), known LXR antagonist. B) Antagon istic effects by efavlrenz (EFV), TAK-779 and 

flavop irido l (FLAV) on LXRa TRAP220/DRIP-2 recru itm en t. Two independent experim ents were pe rfo rm ed w ith  

tr ip lica te  wells (n = 6 ). TR-FRET em ission ra tio  measured a fte r 2h incubation at room  tem pe ra tu re  in the  dark. 

Results are presented as means ± S.E.M. IC5 0  values were de term ined using a sigm oidal dose-response equation 

in GraphPad Prism version 5.
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A. ERa + PGCla TR-FRET agonist assay
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Figure  4 .5  TR-FRET E R a c o -a c tiv a to r  assays. A) V a lid a tio n  o f P G C la  c o -a c tiv a to r  assay using 1 7 P -e s tra d io l (E2, a 

l<nown ER ag on ist). B) V a lid a tio n  o f T R A P 2 2 0 /D R IP -2  c o -a c tiv a to r  assay using 1 7 P -e s tra d io l (E2). E xp e rim en ts  

w e re  p e rfo rm e d  w ith  tr ip lic a te  w e lls  (n = 3 ). TR-FRET em ission ra tio  m easu re d  a f te r  2h in c u b a tio n  a t  ro o m  

te m p e ra tu re  in th e  dark . Results a re  p res en ted  as m ean s  ± S .E .M . EC50  va lues w e re  d e te rm in e d  using a 

sigm oidal d o se-resp o n se  e q u a tio n  in G rap h P ad  Prism  vers ion  5.
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A. ARV effect on LXRa transcriptional activity
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B. ARV effect on LXRp transcriptional activity
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Figure 4.6 Effect of ARVs on LXR transcriptional activity as measured by Dual-Luciferase Reporter Assays: A) 

LXRa, B) LXRp. HepG2 cells were transfected w ith nuclear receptor expression plasmid and the corresponding 

responsive element-luciferase construct. Five independent experiments were performed in duplicates fo r each 

treatm ent. All ARV drugs were used at lOuM except nelfinavir (NFV, IpiM) and flavopiridol (FLAV, lOOnM), due 

to  cytotoxicity. LXR positive control T0901317 (lOuM) and a vehicle control (0.1% DMSO) were included. *P < 

0.05 by one-way ANOVA analysis, bars denote significant difference compared to  DMSO as analysed by Mann- 

W hitney t-tests. (DMSO = dimethylsulphoxide, T0901317 = LXR positive control, ATV = atazanavir, DRV = 

darunavir, FOS = fosamprenavir, IDV = indinavir, LPV = lopinavir, NFV = nelfinavir, RTV = ritonavir, TPV = 

tipranavir, EFV = efavirenz, MVC = maraviroc, FLAV = flavopiridol).
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A. ARV effect on ERa transcriptional activity
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B. ARV effect on ERp transcriptional activity
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Figure 4.7 Effect of ARVs on ER transcriptional activity as measured by Dual-Luciferase Reporter Assays: A) 

ERa, B) ERp. HepG2 cells w/ere transfected w ith nuclear receptor expression plasmid and the corresponding 

responsive element-luciferase construct. Five independent experiments were performed in duplicates fo r each 

treatm ent. All ARV drugs were used at lOpiM. ER positive control E2 (17(5-estradiol, lOOnM) and a vehicle 

control (0.1% DMSO) were included. *P < 0.05 by one-way ANOVA analysis. (DMSO = dimethylsulphoxide, E2 = 

17p-estradiol (ER positive control), ATV = atazanavir, FOS = fosamprenavir, LPV = lopinavir, IDV = indinavir, RTV 

= ritonavir, TPV = tipranavir, EFV = efavirenz, MVC = maraviroc).
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A. ARV effect on GR transcriptional activity

Figure 4.8 Effect of ARVs on GR transcriptional activity as measured by Dual-Luciferase Reporter Assays. HepG2 

cells were transfected w ith nuclear receptor expression plasmid and the corresponding responsive element- 

luciferase construct. Five independent experiments were performed in duplicates fo r each treatm ent. All ARV 

drugs were used at lO ^M  except flavopiridol (FLAV, lOOnM). GR positive control dexamethasone ( lu M ) and a 

vehicle control (0.1% DMSO) were included. *P < 0.05 by one-way ANOVA analysis. (DMSO = 

dimethylsulphoxide, dexa = dexamethasone (GR positive control), ATV = atazanavir, FOS = fosamprenavir, LPV = 

lopinavir, RTV = ritonavir, EFV = efavirenz, FLAV = flavopiridol).
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4.5 Discussion

In th is  study , w e  have  co m b in ed  s tru c tu re -b a se d  in siiico  analysis w/ith cell-free and  cell-based  in vitro  

validation , to  a s sess  nuc lea r  r e c e p to r  activation  by ARV c o m p o u n d s .  Based on  LBD docking and  

s truc tu ra l  analysis, darunav ir  and  t ip ranav ir  w e r e  t h e  only Pis p red ic ted  as nuc lea r  r e c e p to r  ligands 

for  LXRa and  LXR(5. In addi t ion ,  m araviroc,  flavopiridol, efavirenz and  TAK-779 w e r e  d e e m e d  as 

possib le  LXRa and  LXRP ligands. In t h e  ERa and  ER(3 m odelling  s tu d ie s  only efav irenz e m e r g e d  as a 

po ten t ia l  ligand, while bo th  efavirenz and  flavopiridol w e r e  co ns idered  as good  c a n d id a te s  in 

a s s e s s m e n t  of t h e  GR-LBD. In TR-FRET LXRa co -ac tiva to r  assays, m arav iroc ,  d a ru n a v ir  and  t ip ranavir  

w e r e  con f irm ed  as agonists .  Efavirenz, TAK-779 and  flavopiridol had  an tagon is t ic  effec ts  and  

a t t e n u a t e d  co-ac tiva to r  r e c ru i tm e n t  by LXR agon is t  T0901317. No ev idence  of  d irec t  LBD-binding and  

co -ac tiva to r  re c ru i tm e n t  w as  o b se rv e d  in TR-FRET ERa co -ac tiva to r  assays with  any  of  t h e  c o m p o u n d s  

t e s t e d  (excep t fo r  positive contro l  17(3-estradiol).

Pis a tazanavir ,  darunav ir  and  r itonavir  significantly inc reased  bo th  LXRa and  LXRP transc r ip tiona l  

activity in luciferase r e p o r te r  assays. Efavirenz and  flavopiridol a t t e n u a t e d  basal LXR activity, 

c o n s is te n t  w ith  t h e  an tagon is t ic  e ffec t  o b se rv e d  in TR-FRET assays. The CCR5 an tag o n is t  m arav iroc  

in c reased  LXRP activity. In ER-transfected  cells, t ip ranav ir  and  efavirenz inc reased  ERa transc r ip tiona l  

activity, while n o n e  of t h e  ARVs t e s t e d  had  an  im p a c t  on  ERP activity.

M ost Pis a re  s tructura lly  large m o ie tie s  th a t  possess  hydrophilic f e a tu re s  such as hydroxyl groups,  

am ines ,  tr if luor ides and  p h o s p h a te  groups; as such  th e y  a re  unlikely ligands of n uc lea r  re c e p to rs  

w h o se  ligand-binding pocke ts  a re  res tr ic ted  in size and  in g ene ra l  a re  m ost ly  hydrophob ic .  Notably, 

t h e  LXR LBD is larger  an d  m o re  flexible th a n  th o s e  of  ER and  GR (see  Figure 4.1), t h e re fo r e  m ay 

a c c o m m o d a te  m o re  bulky s t ru c tu re s  and  also d e m o n s t r a te s  a g r e a te r  n u m b e r  of  p red ic ted  ligands 

for  LXRa and  LXRP in o u r  study. Several ARV c o m p o u n d s  from  t h e  NRTI and  NNRTI drug  classes  (in 

g ene ra l  sm alle r  m olecu les  th a n  Pis) sc o re d  well in th e  docking s tud ies .  How ever,  w ith  th e  excep t ion  

of efavirenz th e y  w e re  exc luded  as ligand ca n d id a te s  d u e  to  low hyd rophob ic i ty  an d  for  ERs and  GR 

th e y  also e x c e e d e d  t h e  limit of n itrogen  a to m s .  It is possible  t h a t  c o m p o u n d s  which w e r e  o u ts id e  th e  

range  of only o n e  m o lecu lar  d esc r ip to r  could still bind to  th e  nuclea r  r e c e p to r  LBD, h o w e v e r  for th e  

p u rp o se  of th is  s tudy  th e s e  c o m p o u n d s  w e re  strictly f iltered from  t h e  list o f  po ten t ia l  ligands.
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Although t h e  in silico  p red ic t ions  and  in vitro  resu lts  c o r r e sp o n d e d  well in gene ra l ,  t h e r e  w e r e  s o m e  

d isc repancies .  A tazanavir  and  r itonavir  ac tiva ted  LXR in t h e  r e p o r te r  assay  d e s p i te  very  p o o r  resu lts  in 

t h e  docking s tudy  and  s truc tu ra l  analysis, in TR-FRET assays, an initial a s s e s s m e n t  of P G C la  co ­

ac t iva to r  re c ru i tm e n t  resu l ted  in a 24% inc rease  by a tazanav ir  and  a 19% inc rease  by r itonavir  a t  

lOOpM which w e r e  significant (da ta  n o t  shown).  H ow ever,  s u b s e q u e n t  d o s e - re s p o n s e  e x p e r im e n ts  

failed to  yield converg ing  cu rves  and  confirm  th e s e  findings. This could ind icate  in vo lvem en t  o f  o th e r  

co -fac tors  p re s e n t  in t h e  ce ll-based  r e p o r te r  assay  bu t n o t  in t h e  cell-free TR-FRET ex p e r im en ts .  For 

exam ple ,  s te ro id  r e c e p to r  co -ac tiva to r  1 (SRC-1) has  b e e n  linked to  s tim ula tion  of  LXR transactivity'*^^' 

th e  r e c ru i tm e n t  o f  this  co -ac tiva to r  w as  n o t  inves tiga ted  in th is  study. F u r th e rm o re ,  in c reased  

nuc lea r  r e c e p to r  t ransc r ip tiona l  activity could also be  d u e  to  e f fec ts  on c o - re p re s s o r  d issocia tion  as 

o p p o s e d  to  co -ac tiva to r  rec ru i tm en t ' ’̂  ̂ -  in fac t  partial agon is ts  can  induce a s t a te  w h e r e  in te rac t ion  

w ith  bo th  co -ac tiva to rs  and  co - rep resso rs  a re  f av o u red  to  t h e  un liganded  s t a t e ‘’“ . A s t ro n g  

in te rac t ion  b e t w e e n  LXRa an d  nuc lea r  r e c e p to r  c o - rep resso r  (N-CoR) in pa r t icu la r  has  b ee n  

d e m o n s t r a te d ' ‘®\ Alternatively, t h e  effec ts  on LXRs by a tazanav ir  and  r itonavir  s e e n  in th e  r e p o r te r  

assays  m ay be d u e  t o  ai losteric effec ts .  Exam ples of al losteric m o d u la to r s  of nuc lea r  r e c e p to r  activity 

h av e  b ee n  previously  desc r ibed : in ex p e r im e n ts  s tudy ing  p ro g e s te ro n e  r e c e p to r  (PR), n o n -d o se -  

d e p e n d e n t  a t te n u a t io n  of  p r o g e s te r o n e  induction  and  in c o m p le te  d isp lac em e n t  of p r o g e s te r o n e  by 

an tag o n is ts  ind ica te  al losteric b inding sites'*®^. This is a m o re  plausible exp lana t ion  as a taz an a v ir  and  

r itonavir  a re  unlikely to  fit in t h e  LXR ligand-binding po ck e t  d u e  to  th e i r  size and  hydrophilicity; p oo r  

resu lts  in t h e  in silico  docking assay  also s u p p o r t  th is  hypo thes is .  An allosteric  m e ch a n ism  m a y  also be 

t h e  exp lana tion  for  t h e  ERa-inductive e ffec t  by t ip ranav ir  in r e p o r te r  assays, as in te rac t ion  with  th e  

ERa-LBD w as  n e i th e r  p red ic ted  in silico  n o r  o b se rv e d  in TR-FRET assays. A lthough efav irenz  w as  

re g a rd e d  as a su i tab le  ERa ligand b ased  on docking sco re  an d  d rug  s t ru c tu re ,  a n d  in c reased  ERa 

activity m o re  th a n  10-fold in r e p o r te r  assays, d irec t b inding w as  n o t  s u p p o r te d  by TR-FRET results .  It 

is possible  th a t  t h e  e ffec t  s e e n  in t r a n s fe c te d  HepG2 cells is specific to  o th e r  co -ac tiva to rs  th a n  th o s e  

p r e s e n t  in t h e s e  TR-FRET e x p e r im e n ts  (P G C la  or  TRAP220/DRIP-2). Despite  being a p re d ic te d  ligand 

of ERP and  GR, efavirenz had  no  ef fec t  on t h e s e  in r e p o r te r  assays. M o reo v e r ,  a l th o u g h  an 

an tagon is t ic  e f fec t  by TAK-779 on t h e  iso la ted  LBD w as  o b se rv e d  in TR-FRET assays, no  significant 

e f fec t  w as d e t e c te d  in t h e  cell m ode l,  po ten tia l ly  d u e  to  low po tency .  A n o th e r  p re d ic te d  LXR ligand, 

tip ranavir ,  had  agonistic  effec ts  in LXRa TR-FRET e x p e r im e n t s  h o w e v e r  th e  e f fec t  o f  t ip ra n av ir  did n o t  

reach  statistical significance in r e p o r te r  assays (LXRa; 1.2-fold increase ,  LXRp: 1.5-fold increase).  This 

highlights th e  fac t  t h a t  docking and  s truc tu ra l  analysis by m o lecu la r  desc r ip to rs  a re  only th e o re t ic a l
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a p p r o a c h e s  t o  e s t i m a t e  t h e  aff in ity  o f  a c o m p o u n d  t o  t h e  n u c le a r  r e c e p t o r  LBD, a n d  sh o u ld  b e  

v a l id a te d  in a b io log ical  s y s te m .  In o u r  s tu d y ,  t h e  p o o r  v a l id a t io n  re s u l t s  o f  t h e  GR m o d e l  will a lso  

h a v e  t o  b e  t a k e n  in to  a c c o u n t .  N e v e r th e l e s s ,  o n e  o f  t h e  t w o  p r e d i c t e d  GR ligands; f lavop ir ido l ,  

i n c r e a s e d  GR ac t iv i ty  s l ightly  (1 .5 - fo ld ,  a lb e i t  n o t  s ign if ican tly )  in r e p o r t e r  a ssay s .

T h e  LBDs o f  LXRa a n d  LXR(3 a r e  a l m o s t  c o m p l e t e l y  c o n s e r v e d  a n d  c o n s e q u e n t l y  m o s t  LXR a g o n is t s  

id e n t i f ie d  t o  d a t e  a c t i v a t e  b o th  subtypes^^^. H o w e v e r ,  a f e w  e x c e p t io n s  h a v e  b e e n  identif ied '*” ' 

A l th o u g h  LXRa a n d  LXR(3 a p p e a r  t o  s h a r e  t a r g e t  g e n e s ,  s e le c t iv e  a g o n is t s  c o u ld  e lic it  d if fe ren t ia l  

r e s p o n s e s  d u e  t o  d i f f e r e n c e s  in t i s s u e  d is t r ib u t io n .  In c o n t r a s t ,  a m i n o  a c id  s e q u e n c e  id e n t i ty  b e t w e e n  

ERa a n d  ERP LBDs is lo w e r  (56% ), t h u s  m a n y  n a tu r a l  a n d  p h a rm a c o lo g ic a l  l ig an d s  ex h ib i t  i s o fo rm  

selectivity^°®. This  is c o n s i s t e n t  w i th  o u r  f in d ing s ;  ARV d r u g  e f f e c t s  o n  LXRa a n d  LXRP ac t iv i ty  in 

r e p o r t e r  a s s a y  e x p e r i m e n t s  w e r e  highly  c o r r e l a t e d  w h e r e a s  i m p o r t a n t  d i f f e r e n c e s  w e r e  n o t e d  

b e t w e e n  ERa a n d  ER(3 a c t iv a t io n .

D ue  to  t h e  ro le  o f  n u c le a r  r e c e p t o r s  in a w id e  r a n g e  o f  phys io log ica l  r e s p o n s e s ,  id en t ify in g  

t h e r a p e u t i c  a g e n t s  a n d  o t h e r  c h e m ic a l  e n t i t i e s  t h a t  m o d u l a t e  t h e i r  ac t iv i ty  is i m p o r t a n t  b e c a u s e  o f  

t h e  p o te n t i a l  im p l ic a t io n s  o f  d i s tu r b e d  h o m e o s t a s i s .  It m a y  b e  p o s s ib le  t o  link a d v e r s e  d ru g  e f f e c t s  o f  

HAART s u c h  a s  m e t a b o l i c  a b n o r m a l i t i e s  t o  t h e  a c t iv a t io n  o f  n u c l e a r  r e c e p t o r s .

In silico  c o m p u t a t i o n a l  m e t h o d s  a r e  o f t e n  u s e d  in d ru g  d is c o v e ry  a s  a m e a n s  o f  s c r e e n in g  la rg e  

l ib ra r ie s  o f  c o m p o u n d s  a n d  id en t i fy in g  p o s s ib le  r e c e p t o r  l igan ds  w h ic h  w o u ld  n o t  b e  p o s s ib le  o r  co s t -  

e f f e c t iv e  by in v itro  o r  b io c h e m ic a l  a ssay s .  C e l l -b a se d  t r a n s a c t iv a t i o n  a s s a y s  h a v e  b e e n  u s e d  by 

p h a r m a c e u t i c a l  c o m p a n i e s  t o  e v a l u a t e  PXR a c t iv a t io n  a n d  CYP3A4 in d u c t io n  p o t e n t i a l  f o r  m a n y  

years'*®^. H o w e v e r ,  cri tics  m a y  call a t t e n t i o n  t o  d i f f e r e n c e s  in g e n e  e x p r e s s io n  p ro f i le s  b e t w e e n  t h e  

im m o r ta l i s e d  cell l in e s  c o m m o n ly  u s e d  in th i s  t y p e  o f  a s s a y  a n d  " h e a l th y "  cells  in  It h a s

h o w e v e r  b e e n  d e m o n s t r a t e d  t h a t  H ep G 2  cells  e x p r e s s  b o th  DRIP-Z"*®® a n d  P G C la ' ’®̂ . T h e  o u t p u t  f ro m  

r e p o r t e r  g e n e  a s s a y s  u s ing  fu l l - len g th  r e c e p t o r  e x p re s s io n  p la s m id s  d o e s  n o t  h o w e v e r  give 

in f o rm a t io n  a b o u t  t h e  n a t u r e  o f  t h e  i n t e r a c t io n ,  i.e. w h e t h e r  it is d u e  t o  d i r e c t  b in d in g  t o  t h e  l igand-  

b in d in g  p o c k e t  o r  i n d i r e c t  e f f e c ts .  C ell-free  TR-FRET c o - a c t iv a to r  a s s a y s  o f f e r  highly  s e n s i t iv e  a n d  

r o b u s t  a s s e s s m e n t  o f  d i r e c t  in t e r a c t i o n s  w i th  LBDs a n d  iden t i fy  n e c e s s a r y  c o m p o n e n t s  o f  

t r a n s c r ip t i o n a l  a c t iv a t io n .  It a lso  a l lo w s  d i f f e r e n t i a t io n  b e t w e e n  a g o n is t s  a n d  a n ta g o n i s t s .  A n o ta b l e  

d r a w b a c k  is t h e  l im i ta t io n  t o  spec if ic  c o -a c t iv a to r s .
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The LXR ac tiva tion  by a tazanavir ,  d a runav ir  and  r itonavir  o b se rv e d  in r e p o r te r  a s says  is in te res ting .  

Published  in vitro  e x p e r im e n ts  exposing m o u s e  skeletal m usc le  cells t o  a tazanavir ,  darunav ir ,  and 

lopinavir in c o m b in a t io n  w ith  r itonavir  re su l ted  in inc reased  exp ress ion  of  LXR ta r g e t  g e n e  

a tran sc r ip t io n  fac to r  involved in th e  regu la tion  of  lipid homeostasis'*®®. F u r th e rm o re ,  t r e a t m e n t  with 

r itonavir  has  a recogn ised  associa t ion  w ith  hypertriglyceridemia''^®'''^^; a typical e f fec t  o f  LXR inducing 

compounds''^®. From a clinical po in t o f  view, t h e  finding t h a t  a taz an a v ir  and  d a ru n a v ir  ac t as  LXR 

agon is ts  is m o re  surprising  as t h e s e  m o r e  recen tly  d e v e lo p e d  Pis a re  gene ra lly  a s so c ia te d  with  m o re  

fav o u rab le  lipid profiles'*^^' How ever,  a r e c e n t  s tu d y  r e p o r te d  in c reased  tr ig lyceride levels in

h ea l th y  v o lu n te e rs  t r e a t e d  with r i tonav ir-boos ted  a tazanav ir  o r  darunavir''^'' .  Similarly, 

l ipo h y p er tro p h y  of th e  dorso-cervical reg ion  of t h e  neck  has  b e e n  r e p o r te d  in a f e m a le  HIV-patient 

t r e a t e d  w ith  u n b o o s te d  a tazanav ir  plus raltegravir''^^. M oreove r ,  hyper tr ig lycer idem ia  can also be 

g e n e r a te d  th ro u g h  a PXR-m ediated and  SR EBP-independent pa th w a y ,  as d e m o n s t r a t e d  by 

ex p e r im e n ts  w ith  r ifam p ic in - trea ted  h u m a n ise d  mice^®\ This e ffec t  m ay be m o re  d o m in a n t  th a n  LXR 

ac tiva tion ,  and  in d e ed  r itonavir  a p p e a r s  to  b e  a m o re  p o te n t  inducer  of PXR th a n  atazanavir^''® 

(a lthough  n e i th e r  of  t h e s e  Pis significantly induced  PXR in o u r  e x p e r im e n ts  in c h a p te r  3, r i tonavir  was 

only used  a t  l ^ M  and  unpub lished  resu lts  sh o w e d  significant PXR ac tiva tion  a t  lOiiM).

Efavirenz had  m ultip le  effects: it re d u c e d  LXRa and  LXRP basal ac tiva tion  and  addit iona lly  inc reased  

ERa ac tiva tion .  The su p p ress io n  of LXR activity is s u p p o r te d  by a r e p o r t  o f  re d u c e d  express ion  of LXR 

ta r g e t  g e n e  SREBP-lc a f te r  efav irenz exposure''^®. The LXR an tagon is t ic  and  ERa agonis tic  effec ts  by 

efav irenz are  of  in te re s t  given t h a t  efavirenz t r e a tm e n t  is a s so c ia te d  w ith  d ep re ss io n ,  anxie ty  and 

im pa ired  n e u r o c o g n i t i o n ^ ^ ® ' A c t i v a t i o n  of LXR has n e u ro p ro te c t iv e  effects^®®, w hile  re se a rch e rs  

h ave  d e m o n s t r a te d  a l te re d  m o n o a m in e  levels in fe m a le  ra t  bra ins  a f te r  ER ag o n is t  exposure'*^®. 

M o reo v e r ,  ERa-selective ac tiva tion  resu lts  in anxiogenic r e sp o n se s  in f e m a le  ra ts  in c o n t ra s t  t o  ERP- 

se lec tive  ac tiva tion  which is anxiolytic ''^ .

Tipranavir  w as  also iden tif ied  as an  ERa agon is t  in this  s tudy. M ultiple ca se s  of  intracranial 

h a e m o r rh a g e  have  b e e n  r e p o r te d  in p a t ie n ts  t r e a te d  with  this  PI, causing  t h e  FDA to  issue a w arn ing  

in 2006. In vivo  and  in vitro  investiga tions in to  this  m a t te r  revea led  d e c r e a s e d  p la te le t  aggregation  as 

well as t h r o m b o x a n e  82 fo rm a tio n  following t ip ranav ir  t rea tm e n t ' '® \  Coincidently , es trad io l  (an ER 

agonist)  also r e d u c e s  p ro d u c t io n  of th r o m b o x a n e  82'*®̂  and  inhibits  p la te le t  aggregation''®^
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ERa, b u t n o t ERP, also has an im p o r ta n t  ro le  in m a in ta in in g  b o n e  hom eostasis'^*'': a sug gested  

m e c h a n is m  is by e s tro g e n -m e d ia te d  d o w n -re g u la tio n  o f  th e  o s te o p ro te g e rin  (O P G )/re c e p to r  

a c tiv a to r  o f N F-kB  ligand  (RANKL) ra t io ‘‘*^  a c y to k in e  system  th a t  is essen tia l fo r  o s te o c la s t b io log y . An  

in v e s tig a tio n  in to  th e  e ffe c ts  o f Pis on  an  o s te o b la s t- lik e  cell line  re v e a le d  re d u c e d  O P G /R A N K L  by  

tipranavir"*®®. In te re s tin g ly , w h ile  a c o m m o n  P l-asso c ia ted  a d v e rs e  e ffe c t  is o s te o p e n ia , th e re  a p p e a rs  

to  be no p u b lis h e d  re p o rts  o f  re d u c e d  b o n e  m in e ra l d e n s ity  (B M D ) w ith  t ip ra n a v ir . In p a tie n ts  

sw itc h in g  fro m  a P i-based  to  an e fa v ire n z -b a s e d  re g im e n , a re d u c tio n  in OPG and  RANKL w as  seen  by  

M o ra  e t  .

In a d d itio n , th e  a c tiv a tio n  o f ER a by e fa v ire n z  co u ld  p o te n t ia lly  p ro v id e  a c o n tr ib u tin g  m e c h a n is m  fo r  

d e v e lo p m e n t o f g y n e c o m a s tia  w h ic h  is s tro n g ly  assoc ia ted  w ith  th e  use o f th is  N N R T I'’®®. In a case  

s tu d y  fro m  2002'*®®, a p a t ie n t  w ith  g y n e c o m a s tia  w a s  successfu lly  t re a te d  w ith  E R -an tag o n is t  

ta m o x ife n . A re c e n t p u b lic a tio n '’ *̂’ w a s  a b le  to  s h o w  d ire c t b in d in g  o f  e fa v ire n z  to  ER a by c o m p e tit iv e  

b in d in g  FRET and  in d u c e d  p ro life ra tio n  o f b re a s t c a n c e r cell line  M C F -7 , fu r th e r  s u p p o rtin g  o u r  

fin d in g s .

F la v o p ir id o l, a c y c lin -d e p e n d e n t k inase (C dk) in h ib ito r  in clin ical tr ia ls  as a p o te n tia l a n t i-c a n c e r  d ru g  

d u e  to  a n t ip ro life ra t iv e  e ffe c ts , has also b ee n  re p o r te d  to  in h ib it  H IV -1  re p lic a tio n  in vitro''^^. T h e  

suggested  m e c h a n is m  is th ro u g h  in h ib it io n  o f a Cdk w h ic h  in c o m p le x  w ith  v ira l t ra n s a c t iv a to r  T a t  is 

n ecessary  fo r  R N A  tra n s c r ip tio n . A  h igh p o te n c y  o f th is  c o m p o u n d  (IC 5 0  = 8 n M ) cou ld  p o te n t ia lly  

o v e rc o m e  issues o f c y to to x ic ity . F lavo p ir id o l scored  high in LXR and  GR d ock ing  assays, and  as it  also  

fits  th e  ran ge  o f m o le c u la r  d es c rip to rs  fo r  ligands o f  th e s e  re c e p to rs  it w a s  in c lu d e d  in th e  in  v itro  

assessm ent. TR-FRET c o -a c tiv a to r  assays s h o w e d  a n ta g o n is tic  e ffe c ts  o f  f la v o p ir id o l, w h ic h  w e re  

s u b s e q u e n tly  c o n firm e d  in LXR re p o r te r  assays. In GR re p o r te r  assays a sm all (1 .5 - fo ld )  b u t n o n ­

s ig n ific a n t in c rease  in tra n s c r ip tio n a l a c tiv ity  w as  n o te d .

T h e re  w as  no s ig n ific a n t e ffe c t  on  GR tra n s c r ip tio n a l a c tiv ity  by an y  o f  th e  ARV drugs te s te d  in th is  

s tu d y . H o w e v e r , p seu do -C ush in g 's  s y n d ro m e  seen  in p a tie n ts  on  H A A R T cou ld  also  b e  caused  by 

a c tiv a tio n  o f PXR; cases o f m isd iagnosis  h ave  b een  d e s c rib e d  in p a tie n ts  rece iv ing  r ifa m p ic in -  

t r e a tm e n t  fo r  tuberculosis'*®^ and  a s tu d y  using tra n s g e n ic  m ic e  c o n firm s  th e  a b ility  o f PXR ago n is ts  to  

d is ru p t g lu c o c o rtic o id  h om eo s ta s is  and  b ring  a b o u t a d e n o c o rtic o tro p ic  h o rm o n e  (A C T H )-in d e p e n d e n t  

hypercortisolism ^®^. In d e e d , m a n y  A R V drugs a re  ind ucers  o f  PXR (see  c h a p te r  3).
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F u r th e rm o re ,  as HIV d ise ase  an d  its t r e a t m e n t  is highly com plex, ad v e rse  effec ts  o f  HAART a re  likely 

to  be  m ultifactoriai and  it m ay  n o t  be  possib le  to  ascribe  e f fec ts  t o  t h e  iso la ted  ac tiva tion  of  o n e  

nu c lea r  recep to r .  In addi t ion ,  th e r e  is a g re a t  d e g re e  of  cross-ta lk  b e tw e e n  nuc lea r  re c e p to rs  an d  th e  

ac tiva tion  of o n e  m ay  o f te n  have  an ind irect  im pact on  o th e rs .  H ow ever ,  identifying d irec t  e f fec ts  of 

single ARV drugs on individual nuc lea r  r e c e p to r s  can help  explain a t  leas t  in p a r t  t h e  underly ing  

m e c h a n ism s  of HAART-associated ad v e rse  even ts .  It w ou ld  be  of in te re s t  to  e x te n d  this  investiga tion  

to  include o th e r  nuc lea r  rec ep to rs :  PPARs (in par t icu lar  PPARy) a re  m ajo r  p layers in adipocyte'*®^ and  

o s te o b la s t ' ’®'' d if fe ren tia t ion ,  insulin res is tance  and  inflammation''®^. A lthough Lenhard  e t  

e x a m in e d  co m p eti t iv e  b inding of PPARy and  RXRa by a n u m b e r  of  Pis and  fo u n d  only significant 

b inding to  th e  f o rm e r  by saquinavir,  m a n y  n ew  drugs a re  now  on t h e  m a rk e t  which w e r e  n o t  inc luded  

in th is  study . In fact,  a n o t h e r  g roup  r e p o r te d  overac tiva tion  of  t h e  ren in -ang io tens in  sys tem  by 

lopinavir  and  a tazanavir ,  in p a r t  th ro u g h  a PPA R y-dependen t signalling pa thw ay '’®®. Vitamin D 

r e c e p to r  (VDR) also plays an  im p o r ta n t  role in insulin sec re t io n ,  lipid m e tab o l ism ,  a u to im m u n e  

d iso rders ,  cell p roliferation ,  an d  card iovascu la r  diseases'*®^' ‘’®®. Efavirenz, which in o u r  s tu d ie s  has 

b e e n  p roven  t o  in te rac t  w ith  several n u c lea r  rec ep to rs ,  has  also  b e e n  a s so c ia te d  with  se v e re  vitamin 

D deficiency'*®®. Similar to  LXR, fa rneso id  X re c e p to r  (FXR) is involved in t h e  regu la tion  of  CYP7A, th e  

rate-l im iting  s te p  of cho les te ro l  breakdown^®®, an d  ac tiva tion  of FXR has  an t i -a the rosc le ro t ic  

e f fec ts^° \  T hese  a re  s o m e  ex a m p le s  of  o th e r  n uc lea r  r e c e p to r s  involved in biological p ro ce sses  

re la te d  to  w e l l -d o c u m e n te d  ad v e rse  e f fec ts  of HAART. A sse ssm e n t  o f  t h e  ability o f  n e w  ARV 

th e ra p e u t i c s  u n d e r  d e v e lo p m e n t  to  in te rac t  w ith  a pane l  o f  nuc lea r  r e c e p to r s  m ay aid in predic ting  

o f f- ta rge t  in te rac t ions  and  reduc ing  th e  risk of m e tab o l ic  abnorm ali t ies .

In su m m ary ,  w e  have  utilised a co m b in ed  a p p ro a c h  inco rpo ra t ing  in silica  analysis, ce ll-free LBD- 

binding e x p e r im e n ts  and  ce ll-based  r e p o r te r  assays to  identify  ligands of LXRa, LXRP, ERa, ER3 and  

GR from  a library of ARV drugs. W e h ave  d e m o n s t r a te d  t h a t  several  ARV drugs have  th e  ability to  ac t  

as ligands of LXRa, LXR(3 a n d / o r  ERa. T hese  resu lts  m ay prov ide  additiona l in fo rm ation  regard ing  

po ten t ia l  con tr ibu t ing  m e c h a n ism s  for  s o m e  of th e  over lapp ing  ad v e rse  effec ts  ex p e r ien c ed  by 

p a t ie n ts  on  various HAART reg im ens .  F u r the r  inves tiga tions  to  e luc ida te  t h e  d o w n s t r e a m  e f fec ts  and  

clinical re levance  of  LXRa/3 an d  ERa ac tiva tion  by ARVs, as well as a s s e s s m e n t  of ARV binding to  

o th e r  nuc lea r  r e c e p to r s  n o t  inves tiga ted  in th is  s tudy , a re  w a r ra n te d .
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5 Effect of efavirenz on ABCAl and ApoE expression in human 

neuroblastoma cells and rat primary cortical cultures

5.1 Introduction

Efavirenz is a non-nucleoside reverse transcriptase inhibitor (NNRTI) widely used as first-line 

antiretroviral (ARV) therapy in the treatm ent of HIV disease in Europe and U S A ^ ° ' E f a v i r e n z  has 

been associated with central nervous system (CNS) side effects in more than 50% of patients 

following initiation of therapy^' These side effects include: sleep disorders and dizziness, that 

occur predominantly in the first few  weeks, and anxiety, depression and cognitive disturbances such 

as mem ory disorders and impaired concentration that may persist beyond three months^^° and 

occasionally in long-term treatm ent (>1 year)^^^. In many cases these adverse events result in 

discontinuation or switch of therapy (25.1% of patients in the TRT-5 Group^^and 16.4% of patients in 

the EuroSIDA Study®®). The underlying mechanisms of the CNS effects of efavirenz, which has 

interm ediate (grade 3) CNS penetration in a revised effectiveness scale®'* and is thus effective at 

reducing viral loads in cerebrospinal fluid“ ^ are unclear. However, a significant correlation has been 

found between risk of toxicity and plasma drug levels: in a study by Gutierrez et patients with  

efavirenz concentrations above 2.74ng/m i were 5.68 times more likely to experience 

neuropsychiatric adverse events.

5.1.1 Liver X receptors and cholesterol homeostasis in the brain

In chapter 4, we described an inhibitory effect by efavirenz on liver X receptors (LXRs) a  and p. These 

nuclear receptors (in particular LXRP^°‘*) are expressed in the brain, and similar to  their role in the liver 

have im portant functions as regulators of cholesterol homeostasis™^. Genes under transcriptional 

control of LXRs include sterol regulatory elem ent binding proteins (SREBPs, transcription factors 

which stimulate expression of genes involved in synthesis and uptake of fatty  acids and 

cholesterol^^"*), ATP binding cassette transporters A1 and G2 (ABCAl and ABCG2, mediators of 

cholesterol efflux^®) and apolipoprotein E (ApoE, a facilitator of ABC-transporter-mediated  

cholesterol efflux^^^). Cholesterol is concentrated in the brain, more than in other body tissues^” , and 

as a major structural component of cell membranes it is essential for CNS function. A high cholesterol 

turnover is necessary for neuron repair and remodelling^®^. Human LXRa and LXRP display 77%
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sequence identity in botli DNA-binding domains (DBDs) and ligand-binding domains (LBDs). In 

addition, they are highly conserved between humans and rodents^®®.

5.1.2 LXR and neurodegeneration

The importance of LXR for CNS function is illustrated by LXR double knockout (LXRa'^ P' '̂) mice which 

exhibit neurodegeneration and dysmyelination^^^ Conversely, activation of LXRs invokes 

neuroprotective mechanisms: in experiments using wildtype mice^^®, transgenic m i c e ^ ^ ^ ' C H O - A P P  

cells and primary human neurons^^^ LXR agonists (T0901317, GW 3965, 27-hydroxycholesterol) have 

been shown to reduce production of soluble P-amyloid (AP), a suggested m arker for 

neurodegeneration and Alzheimer's disease (AD) progression^^^. A3, which in excess leads to the 

form ation of extracellular neuritic plaques, is characteristic of AD in combination with intracellular 

neurofibrillary tangles consisting of Tau protein^®. Kim et  also detected increased levels of 

amyloid precursor protein (APP) in addition to reduced levels of AP after exposing CHO-APP cells to 

27-hydroxycholesterol, an endogenous LXR ligand, supporting the hypothesis of LXR-mediated 

inhibition of AP processing. AP is derived from sequential proteolytic cleavage of APP^“ , a 

transm em brane protein whose function is not yet fully understood. Cleavage of APP can be achieved 

through tw o different pathways; a-secretase and P-secretase, which have distinct cleavage sites, 

producing large soluble ectodomains of APP (sAPPa or sAPPP). Consecutive cleavage by y-secretase 

within the transm em brane domain yields either a rapidly degraded P83 fragm ent (following a- 

secretase cleavage) or AP (following P-secretase cleavage) (Figure 5.1). The exact site of 

intram em brane y-secretase cleavage can vary, resulting in Ap fragments of d ifferent length: AP40 is 

the most common species followed by AP42®^°.

120



Chapter 5: Effect o f efavirenz on ABCAl and ApoE expression

y-cleavage
sAPPa

a-cleavage^

P-cleavage

PS3

sAPPp
m  I '

y-cleavage

AP

Figure 5.1 Schematic diagram of APP processing (simplified from Zhang et al 2011^^°, not drawn in proportion).

APP = P-amyloid precursor protein, sAPPa = soluble APPa, sAPPf = soluble APPP, AP = p-amyloid.

Some controversy remains with respect to the AP-lowering effect of LXR agonists, as one research 

group reported increased A(342 by T0901317^^\ However, this could be attributed to the finding that 

T0901317 modulates the site of APP cleavage by y-secretase in vitro, selectively raising AP42 levels 

through this cholesterol-independent pathway^“ .

5.1.3 The role of ABCAl in neuroprotective effects exerted by LXR

Further evidence of LXR neuroprotective effects comes from rodent experiments: LXR agonist 

GW3965 improves object recognition memory in mice®^  ̂and T0901317 promotes recovery after brain 

injury by reducing P-amyloid levels^''. The researchers attributed these effects to increased 

expression of ABCAl, an LXR target gene which has an important role in cholesterol efflux^®. Since 

APP, P-secretase and AP are all present in cholesterol-rich lipid rafts in cell me mb r a n e s ^ ® ' wh e r e  

also y-secretase activity has been confirmed^^^ this constitutes a probable site for APP P-cleavage^^*. 

LXR-mediated depletion of cholesterol affecting association of APP with lipid rafts may represent a 

link between increased ABCAl efflux activity and reduction in AP production^^^. In contrast, the non- 

amyloidogenic a-secretase cleavage pathway appears to take place outside lipid rafts“ °.

Interestingly, challenging human neuroblastoma cells with AP peptide results in elevated levels of 

ABCAl gene expression and the same has also been observed in hippocampal neurons of AD cases
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compared to controls^^^. This could indicate a protective mechanism in response to  the challenge. 

M oreover, retrospective epidemiological studies indicate a decreased risk of developing AD among 

individuals treated with lipid-lowering agents (statins)” ^” '*. Confirmation that this is cholesterol- 

dependent and not related to the inhibition of mevalonate production induced by statins comes from  

a study using a specific inhibitor of the final step of the cholesterol biosynthetic pathway, where  

reduction of A|3 was achieved in a mouse model of

5.1.4 The role of ApoE in neurodegeneration

Apolipoprotein E (ApoE) is one of the main cholesterol carriers in the CNS“ ® and another target gene 

of LXR^̂ .̂ It has been linked in numerous studies with AD: the e4 allele increases the risk of cognitive 

decline and developm ent of dem entia”  ̂ and is the only confirmed genetic factor associated with 

predisposition to late onset AD^^ '̂ Several underlying mechanisms have been proposed, for 

example impaired cholesterol transport from  astrocytes to neurons” * as well as effects on synaptic 

plasticity” ® and neuronal survival^^°. ApoE also influences APP trafficking^^^ and promotes proteolytic 

degradation of Ap, hence facilitating its clearance and preventing the deposition of plaques^^^. 

Interestingly, a Chinese study demonstrated 3-fold increased odds of developing neurocognitive 

im pairm ent among HIV-infected individuals with at least one APOE e4 allele, however when 

comparing HAART-treated patients only the difference was no longer significant (P = 0 .053)” .̂

The LXR-ABCAl-ApoE regulatory axis is regarded as a promising new target for AD therapeutics^^'*, 

although developm ent of brain-specific LXR agonists are required as systemic effects include 

hypertriglyceridemia due to induction of hepatic lipogenesis®^^

5.1.5 |B-amyloid and HAART

Interestingly, Green e t described autopsy findings of increased depositions of A(3 in the brain of 

HAART-treated compared to HAART-naive AIDS cases, however the publication offers no information  

regarding details of the drug regimens. A similar study by Anthony et found no evidence of 

increased prem ature AP-depositions in HAART patients compared to non-HIV-infected age-matched  

controls, although the num ber of HIV patients on treatm ent in this study was relatively small (n = 9). 

The researchers did however observe elevated levels of hyperphosphorylated Tau in the 

hippocampus of ARV-treated subjects. No published studies to date have investigated the effect of 

efavirenz in particular on the AP processing pathway.
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5.2 Aims

The inhibitory effect of efavirenz on LXR transcriptional activity was demonstrated in chapter 4 by 

luciferase reporter assays and co-activator assays confirmed direct antagonism of T0901317 

recruitment of the TRAP220/DRIP-2 complex to LXRa-LBD. We hypothesise that the CNS effects of 

efavirenz, manifesting in patients as cognitive disorders and impaired memory, could be partly 

attributed to suppression of LXR activity and hence decreased expression of LXR target genes which 

have been associated with A|3 levels. Therefore the aims of this study were to 1) investigate the 

effects of efavirenz on genes encoding ABCAl and ApoE, and 2) quantify APP and A(340 protein levels 

following exposure to efavirenz, in human neuroblastoma cells and primary rat cortical cultures.

5.3 Materials and methods

5.3.1 Cell culture of SH-SY5Y human neuroblastoma cells, cytotoxicity assays and drug treatments

The human neuroblastoma cell line SH-SY5Y was obtained from European Collection of Cell Cultures 

(ECACC, Salisbury, UK) and cultured in Dulbecco's Modified Eagle's Medium (DMEM)/Nutrient 

Mixture F-12 Ham with 2mM L-glutamine, lOOunits + O.lmg/m l penicillin-streptomycin, 1% non- 

essential amino acids and 10% foetal bovine serum (FBS, all from Sigma-Aldrich, Wicklow, Ireland), 

For MTT cytotoxicity experiments 15,000 cells per well were seeded into 96-well plates the day 

before exposure to a dilution series (O .l^M , IpiM, lO^iM, 25tiM and 50|iM) of efavirenz (LGM 

Pharmaceuticals, Boca Raton, FL, USA), T0901317 (synthetic LXR agonist, Sigma-Aldrich) or vehicle 

dimethylsulphoxide (DMSO, Sigma-Aldrich) in complete medium with 5% FBS. 2h prior to the end of 

the experiments, 10̂ .1 MTT (Sigma-Aldrich, 3mg/ml in phosphate buffered saline, PBS) was added to 

each well. The culture medium was removed after 24h drug exposure and the purple formazan 

complexes produced by mitochondrial reductase were dissolved in DMSO. Absorbance was measured 

at 540 nm in a Bio-Tek ELx808 Absorbance Microplate Reader (Vermont, US) and values from drug- 

treated wells normalised to vehicle controls. Experiments were repeated four times, in duplicates. For 

quantitative real time PCR experiments and protein detection 300,000 cells per well were seeded into 

12-well plates. The following day cells were washed in PBS (Sigma-Aldrich) and 24h drug exposure 

initiated in complete phenol red-free DMEM/F-12 Ham with 5% foetal bovine lipoprotein-deficient 

serum (FB-LPDS, Intracel, Frederick, MD, USA) to reduce background activation of LXR. At least four 

replicates were collected per data point.
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5.3.2 Isolation of primary rat cortical cells, cytotoxicity assays and drug treatments

Prim ary cortical cells w ere  isolated fro m  n eonate  1-day old W is tar rats. Dissected cortices w ere  

dissociated w ith  0.3%  trypsin (Sigm a-Aldrich, in PBS) fo r 25 m in a t 37°C, a fte r w hich th e  trypsin was 

inactivated  w ith  a PBS solution containing soy bean trypsin inhib itor, M gS04  and DNase (Sigma- 

Aldrich) and cells passed through a cell strainer. A fte r centrifugation  (20 00  x g, 3 min, 20°C) th e  pelle t 

w as resuspended in neurobasai m edium  (N B M ) w ith  2 m M  G lutam ax, lOOunits + O .lm g /m l penicillin- 

strep tom ycin , 10%  heat-in ac tivated  horse serum  and 1% B-27 (pen ic illin -streptom ycin  fro m  Sigma- 

Aldrich, all o th e r m edia com ponents fro m  G ib co /in v itro g en , Paisley, UK). 1 2 5 ,0 0 0  cells per w ell w ere  

plated o n to  poly-L-lysine-coated coverslips in 24 -w e ll plates and incubated fo r 3 -4  days. The cortical 

cultures w e re  th en  p re -trea te d  w ith  phenol red- and se ru m -free  NB M  (to  reduce background  

activation  o f LXR) w ith  2 m M  G lutam ax, lOOunits + O .lm g /m l pen ic illin -streptom ycin  and 1% B-27 fo r  

24h , p rior to  exposure to  efavirenz, T 0 9 0 1 3 1 7  and vehicle control (D M SO ) fo r 24h in th e  sam e phenol 

red- and se ru m -fre e  m edium .

To assess cytotoxic ity o f efavirenz in th e  prim ary ra t cortical cultures, an M T T  assay was perfo rm ed : 

2h prior to  th e  end o f th e  24h  exposure to  varying concentrations o f efavirenz (O .l j iM , l ^ M ,  lOpiM  

and 2 0 n M ) as w ell as vehicle control (0 .1%  DM SO ) or a cytotoxic control ( lO jiM  doxorubicin), 25^l 

M T T  (Sigm a-Aldrich, 5m g /m l in PBS) was added to  each w ell. The M T T  cytotoxicity assays w ere  

hen cefo rth  carried o u t as described above (n = 4).

5.3.3 Real time PCR: SH-SY5Y and primary rat cortical cultures

A fte r 24h  exposure th e  m edium  was rem oved and cells w ere  w ashed once w ith  PBS. RNA isolation  

was achieved using TRIsure (Bioline, London, UK) according to  th e  m anu facturer's  instructions. RNA 

sam ples (800ng  fo r SH-SY5Y and 400n g  fo r ra t prim ary cultures) w ere  tre a te d  w ith  DNasel (Sigma- 

Aldrich) to  rem ove genom ic DNA and cDNA synthesis p erfo rm ed  using M o lo n ey  M u rin e  Leukemia  

Virus reverse transcrip tase (M -M L V  RT, S igm a-Aldrich) w ith  random  hexam ers (Bioline) according to  

th e  m anu fac turer's  protocols. R eal-tim e PCR w as carried o u t in an Applied  Biosystems 7900H T  

in s tru m en t using Q uantiTect SYBR G reen M as term ix  and P rim er Assays (Q iagen, W est Sussex, UK): 

hum an A B C A l, ApoE  and ACTB (P-actin, housekeeping gene) fo r SH-SY5Y and ra t A b c a l,  Apoe  and 

Actb  fo r rat p rim ary cortical cultures. 3 -actin  is com m only em ployed  as an in ternal standard  and has 

been classified as one o f th e  m ost stable housekeeping genes fo r rat cortex” ®. To assess am plification  

efficiency, standard curves w e re  constructed fo r each p rim er set prior to  analysis o f experim ents .

124



Chapter 5: Effect o f efavirenz on ABCAl and ApoE expression

5.3.4 APP and A|3-40 quantification by Western blots

Follow ing drug exposure, SH-SY5Y cells and prim ary rat cortical cultures w e re  lysed in m od ified  RIPA 

b u ffe r (5 0 m M  Trizm a base, 1 5 0 m M  NaCI, 2 m M  EDTA, 0 .5%  NP40) w ith  protease inh ib ito r cocktail 

(Sigm a-Aldrich) and frozen  a t -70°C  until fu rth e r analysis o f in trace llu lar p ro te in . M ed iu m  was  

collected, centrifuged a t 1 ,500  x g fo r 5 m in at 4°C to  rem o ve cell debris and protease inh ib itor  

cocktail added to  th e  su p ern atan t w hich was then  fro zen  at -70°C  until fu rth e r analysis. A 

trich loroacetic  acid (TC A )/deoxycho late  (DOC) m ethod  w as used fo r p ro tein  prec ip itation  fro m  th e  

cu lture  m edium : sam ples w e re  mixed w ith  1 /1 0 0  o f its vo lum e o f 2% DOC (in H2O) and incubated  on 

ice fo r 30  m in. TCA was added to  give a final concentra tion  o f 15% fo llo w ed  by vortexing  to  prevent 

large conglom erates fro m  form ing, th en  samples w ere  le ft a t 4°C overnight. The fo llow ing  day, th e  

p rec ip itates w ere  centrifuged  at 15 ,000  x g fo r 10 min w h ereb y  TCA and contam inants w ere  

aspirated . Pellets w e re  w ashed w ith  ice cold ethanol, vortexed  and le ft a t room  te m p e ra tu re  fo r 5 

m in. Pellets w ere  once again centrifuged  at 1 5 ,000  x g fo r 10  m in and th e  ethanol rem o ved. This wash  

step was repeated  once, fo llo w ed  by drying o f th e  pellets u nder a slow stream  o f n itrogen.

Prior to  loading onto  10%  SDS polyacrylam ide gels, 5x sam ple buffer (12%  SDS, 50%  glycerol, 2 5 0 m M  

pH 6 .8  Tris-HCI, 0.5%  brom opheno l b lue) was added to  RIPA and cu lture m edium  samples, fo llow ed  

by boiling fo r 5 min. A m olecular w eigh t m arker (C hem ib lot, M illip o re , Cork, Ire land) was also loaded  

o n to  th e  gel. Gels w e re  run a t lOOV and proteins subsequently transferred  o n to  Hybond-P PVDF 

m em b ranes (GE H ealthcare Life Sciences, Buckingham shire, UK) by sem i-dry techn iqu e (100m A , 1 

hour), and th en  blocked w ith  5% m ilk pow d er (M arve l, Prem ierFoods, Ire land) in TBST (pH 7 .5  lO m M  

Trizm a base, lO O m M  NaCI, I M  HCI, 0 .1%  T w een -20 ) fo r 1 hour a t room  te m p e ra tu re  or a lterna tive ly  

at 4°C overnight. Probing w ith  prim ary antibodies rabb it polyclonal anti-APP (M illip o re , M A , USA, cat 

no 0 7 -6 6 7 ) or mouse m onoclonal anti-am ylo id  |340 (clone G 2 -10  cat no M A B N ll ,  also M illip o re ) was 

p erfo rm ed  at 4°C overnight. Following w ashing w ith  TBST, probing w ith  horseradish peroxidise (HRP)- 

conjugated secondary antibod ies (polyclonal sw ine anti-rabb it-H R P  P 0217 fo r anti-APP or polyclonal 

goat anti-m ouse-HR P P 0447 fo r anti-am ylo id  (340, both fro m  Dako D enm ark A /S, G lostrup, D enm ark) 

w as p erfo rm ed  fo r Ih  a t room  te m p e ra tu re , fo llow ed  by enhanced chem ilum inescence (ECL) 

d etec tio n  as described by Haan &  Behrmann^^® using a Fuji LAS 4 0 0 0  chem ilum inescent im ager. 

Stripping o f th e  m em branes w as achieved w ith  a solution o f 6 2 .5 m M  Tris (pH 6 .8 ), 2% SDS and 12.5^1 

P -m e rcap to e th an o l/lO O m I, incubated in a 50°C w a te r bath  fo r 45  m in. The m em branes w ere  

subsequently blocked once again w ith  5% m ilk p ow d er in TBST, fo llo w ed  by re -prob ing  w ith  in ternal
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Standard (3-actin (HR P-conjugated, Santa Cruz Biotechnology Inc., CA, USA) and ECL d etection . Band 

intensities w ere  m easured by d en sitom etry  using G eneTools so ftw are  (Syngene, Cam bridge, UK).

5.3.5 Statistics

Absorbance values fro m  d ru g -trea ted  cells in M T T  cytotoxicity assays w e re  norm alised to  vehic le - 

tre a te d  controls and presented  as percentages. Real tim e  PCR experim ents w ere  analysed using th e  

PfaffI method^"*® w h e re  am plification  efficiency (Ep) is defined  by th e  fo rm ula: Slopes w e re

d eterm in e d  fro m  standard curves by lin ear regression. Results fro m  drug exposure experim ents  w e re  

norm alised re la tive  to  vehicle controls and presented  as m eans ±  S.E.M . In single-drug experim ents , 

com parisons w ere  m ade b e tw ee n  vehicle controls and d iffe ren t tre a tm e n ts  by o n e -w ay  AN O VA w ith  

D u n nett's  post-hoc  analysis. In T 0 9 0 1 3 1 7 /e fa v ire n z  com bination  experim ents in SH-SY5Y, AB C A l gene  

expression a fte r T 0 9 0 1 3 1 7  exposure alone a t d iffe ren t concentrations w as com pared  to  th e  sam e  

concentra tion  in com bination  w ith  lO u M  efavirenz by M a n n -W h itn e y  t-tests. The sam e analysis was  

p erfo rm ed  w ith  T 0 9 0 1 3 1 7 /e fa v ire n z  com bination  experim ents in rats. Protein expression m easured  

by W estern  blot was norm alised to  P-actin, p resented  as m eans ± S.E.M and analysed by o n e -w ay  

AN O VA w ith  D u n nett's  post-hoc  analysis.

Significant d iffe ren ce was defined  as a P-value < 0 .0 5  in all experim ents. All statistical analyses w ere  

p erfo rm ed  using G raphPad Prism version 5.

5.4 Results

5.4.1 Assessing cytotoxicity of efavirenz by MTT assays

Efavirenz and T 0 9 0 1 3 1 7  showed cytotoxic effects (defined  as cell survival < 80% ) in SH-SY5Y only at 

th e  highest tested  concentra tion  (5 0 n M ), w hile  in prim ary rat cortical cultures no cytotoxic effects  

w e re  observed by efavirenz (highest tes ted  concentra tion  2 0 n M ) (Figure 5 .2 ). In experim ents  fo r  

m RNA and protein  quantification , concentrations o f efavirenz and T 0 9 0 1 3 1 7  did not exceed 10|ilVI.

5.4.2 Validation of real time PCR primers

In o rd er to  assess am plification  efficiency o f th e  Q u a n tile c t P rim er Assays used, standard curves w ere

constructed using serial d ilutions o f cDNA fro m  ve h ic le -trea ted  cells (r^> 0 .9 5 , Figure 5 .3 ). Efficiency

(Ep) was calculated fro m  standard curve slopes using th e  fo rm u la  defined  by Pfaffl^‘’°. For th e  d iffe ren t
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primer pairs, amplification efficiencies were as follows: Ep(ABCAl) = 2.18, E.p(APOE) = 1.94, Ep(ACTB) = 

2.60, Ep(Abcal) = 2.10, Ep(Apoe) = 1.98, Ep(Actb) = 1.97.

5.4.3 Expression of LXR target genes following efavirenz exposure

Real-time PCR was performed to assess changes in mRNA expression of ABCAl and APOE in SH-SY5Y 

and Abcal and Apoe in primary rat cortical cultures after treatment with efavirenz.

In SH-SY5Y, the positive control T0901317 indicated a functional LXR transcriptional activation 

pathway w ith a 16.4-fold increase in ABCAl expression (Figure 5.4A). lO jiM  efavirenz significantly 

lowered ABCAl expression in SH-SY5Y to 30 ± 6% (mean ± S.E.M) compared to basal levels. 

Combination experiments with varying concentrations of T0901317 with or w ithout lOuM efavirenz 

showed significant (P < 0.05) attenuation of the T0901317-induced ABCAl increase at O.l^iM 

T0901317 (Figure 5.4B). No change in APOE mRNA expression was detected after efavirenz exposure; 

however T0901317 did not significantly induce expression of this gene either (Figure 5.4C).

In primary rat cortical cultures, there was a trend towards decreased expression of Abcal and Apoe 

as a result of efavirenz treatment although these changes were not significant (Figure 5.5). Abcal 

mRNA was increased 2.5-fold in the presence of O.lpiM T0901317, however this was not significant. 

No change was seen in Apoe mRNA expression following T0901317 exposure.

5.4.4 Effect of efavirenz on p-amyloid processing

Intracellular APR expression after T0901317 or efavirenz treatm ent of SH-SY5Y or primary rat cortical 

cultures was assessed by Western blots. Neither the LXR agonist T0901317 nor the confirmed LXR 

antagonist efavirenz caused any change in APP expression in either of the in vitro models (Figure 5.6). 

As no AP40 was detected in any of the Western blots from  either culture medium with or w ithout 

protein precipitation or RIPA cell lysates (data not shown), and the antibody was not validated using a 

positive control, no conclusions could be drawn from these experiments regarding the effect of 

efavirenz on AP40 levels.
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Figure 5.2 MTT cytotoxicity assays in SH-SY5Y human neuroblastoma cells and primary rat cortical cultures.

Cells were treated fo r 24h w ith the Indicated concentrations (n = 4). T0901317 = synthetic LXR agonist, EFV = 

efavirenz, DMSO = vehicle, EtBr = ethldlum bromide (cytotoxic control), doxo = doxorubicin (cytotoxic control).
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Figure 5.3 Standard curves of primers used for real time PCR. Serial dilutions were made of cDNA reverse 

transcribed from human and rat RNA in order to  assess amplification efficiency of QuantiTect Primer Assays and 

apply the PfaffI method to  analyse real time PCR results. A) human ABCAl, B) rat Abcal, C) human APOE, D) rat 

Apoe, E) human ACTB, F) rat Actb. ABCAl/Abcal = ATP-binding cassette transporter A l,  APOE/Apoe -  

Apolipoprotein E, ACTB/Actb = (3-actin.
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A. ABCA1 mRNA expression (SH-SY5Y)

B. ABCA1  mRNA expression (SH-SY5Y)
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Figure 5.4 mRNA expression of ABCAl and APOE in SH-SY5Y. The human neuroblastoma cell line was exposed 

to  indicated concentrations of T0901317 (T, LXR agonist), efavirenz (EFV) or vehicle (DMSO) fo r 24h in phenol 

red-free medium w ith 5% FB-LPDS (see Materials and methods). RNA was isolated and reverse transcribed, 

followed by real-time PCR analysis (n = 4-7). A) ABCAl mRNA expression follow ing T0901317 or efavirenz 

exposure, B) ABCAl mRNA expression follow ing exposure to  varying concentrations of T0901317 w ith or 

w ithout 10|iM efavirenz, C) APOE mRNA expression following T0901317 or efavirenz exposure.
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A. Abca1  mRNA expression (primary rat cortical cultures)
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Figure 5.5 mRNA expression of A bca l and Apoe In primary rat cortical cultures. Cells were exposed to 

indicated concentrations o f T0901317 (T, LXR agonist), efavirenz (EFV) or vehicle (DMSO) fo r 24h in phenol red- 

and serum-free medium (see Materials and methods). RNA was isolated and reverse transcribed, followed by 

real tim e PCR analysis (n = 4-6). A) Abca l mRNA expression following T0901317, efavirenz or T0901317 + 

efavirenz exposure, B) Apoe mRNA expression follow ing T0901317; efavirenz or T0901317 + efavirenz exposure.
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A. APP expression (SH-SY5Y)
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Figure 5.6 APP p ro te in  ex p ressio n  in SH-SY5Y an d  p rim ary  ra t cortical cu ltu res. Cells w ere  exposed  to  indicated  

co n cen tra tio n s o f T0901317 (T, LXR agonist), efavirenz (EFV) or vehicle (DMSO) fo r 24h in pheno l red -free  

m edium  su p p lem en ted  w ith 5% FB-LPDS (SH-SY5Y, n = 4) o r phenol red- and  se ru m -free  m edium  (prim ary  rat 

cortical cu ltu res, n = 5, see  M ateria ls and  m ethods). W este rn  b lo ts w ere  pe rfo rm ed  w ith  RIPA lysates. APP 

expression  w as norm alised  to  p-actin and p re sen ted  relative to  vehicle con tro ls as m eans ± S.E.M. A) APP 

expression  in SH-SY5Y follow ing efavirenz, T0901317 o r T0901317+efavirenz exposu re , B) APP expression  in 

prim ary rat cortical cu ltu res follow ing efavirenz, T0901317 o r T0901317+efavirenz exposure , C) rep re sen ta tiv e  

APP (55kDa) b lo t w ith co rrespond ing  P-actin b lo t for SH-SY5Y, D) rep re sen ta tiv e  APP (55kDa) b lo t w ith 

co rrespond ing  P-actin b lo t fo r p rim ary ra t cortical cu ltu res. APP = am yloid p recu rso r p ro te in .
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5.5 Discussion

Efavirenz was identified as an antagonist of LXR activity in chapter 4, showing direct competition of 

binding to LXRa-LBD with agonist T0901317 in TR-FRET assays. In this chapter, the effects of efavirenz 

on LXR target genes with links to  levels of AP -  implicated in development of neurodegenerative 

disorders - were investigated in vitro using SH-SY5Y human neuroblastoma cells and primary rat 

cortical cultures. Expression of ABCAl was decreased in efavirenz-treated SH-SY5Y human 

neuroblastoma cells and attenuation of T0901317-induced expression of the same gene was also 

confirmed. It should be m entioned that activators of pregnane X receptor (PXR) have previously been 

reported to downregulate the expression of LXR target genes in a human hepatocarcinoma cell 

line''^^ and we confirmed PXR activating abilities of efavirenz in chapter 3. It is possible that the 

reduction of ABCAl expression provoked by efavirenz is a dual effect of direct LXR and PXR 

interactions. However, other researchers observed upregulation of the same gene in mice in vivo^^  ̂

and in other human cell lines^''^ after exposure to PXR agonists. No significant effects on APOE 

expression were detected in SH-SY5Y, although T0901317 did also not induce APOE. Increased levels 

of both ApoE mRNA and protein have been demonstrated in primary human neurons after exposure 

to 10901317^^^ although consistent with our results no upregulation of ApoE was seen subsequent to  

oxysterol-treatm ent in SH-SY5Y^''^ indicating negligent LXR-regulation of ApoE in this cell line. 

Another nuclear receptor involved in ApoE regulation is estrogen receptor (ER): activation of the a  

isoform increases mRNA and protein levels of ApoE in the hippocampus both in vitro and in vivo, 

whereas activation of the 3 isoform has the opposite effect^"” . As activation of ERa by efavirenz was 

also demonstrated in chapter 4, it is possible that any efavirenz-induced LXR inhibition of ApoE 

expression may be counteracted by ERa activation. Both ERa and ER(3 are expressed in SH-SY5Y 

cells'^".

A similar but non-significant decrease in both A bcal and Apoe was seen in primary rat cortical 

cultures after exposure to efavirenz. Similar to SH-SY5Y experiments, T0901317 did not induce gene 

expression of 4poe. This is consistent with T0901317 effects presented by Koldamova et in mice: 

increased A bcal protein expression (accompanied with decreased AP40) but no effect on ApoE. 

T0901317 induced a 2.5-fold increase in A bcal mRNA (however not significant); changes of the same 

magnitude in primary rat neuronal cultures^^ and mouse cerebral cortex sections in v/Vo '̂'® have also 

been described by other researchers. The dissimilarities in response between human and rat cells in 

this study may be explained by species differences in LXR gene regulation, of which some examples 

have been re p o rte d ^ ''^ 'A d d it io n a lly , other investigations into the expression patterns of LXR and
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related target genes in the rat brain revealed very low/ or barely detectable levels of Lxra, A bcal and 

Apoe in neurons while expression in glial cells including astrocytes is considerably higher®'*®' Lxrb 

on the other hand was detected in all three ceil types®'’^ although levels are low in general in the  

postnatal rat brain according to Kainu e t Lefterov e t perform ed gene expression profiling in 

APP transgenic mice in response to LXR stimulus and found upregulation of Apoe only in astrocyte, 

glial or mixed cultures, supporting this ceil type-specific response. W hitney et on the other hand 

did not detect any influence of LXR activation on Apoe expression in wildtype mice. Serum-free  

growth conditions for several days may restrict glial proliferation and result in mainly neuronal 

cultures^°®. Since the primary neonatal rat cortical cultures in this study were pre-treated for 24 hours 

with serum-free medium to avoid background activation of LXR, it is possible that the proportion of 

neurons in these cultures was augmented.

No change in APP protein levels was detected after T0901317- or efavirenz-stimulation in either SH- 

SY5Y or primary rat cortical cultures. D ifferent strategies may be adopted to better assess the impact 

of LXR modulators on amyloid processing: some investigators successfully enhanced this effect by 

using 9-cis-retinoic acid in combination with LXR agonists to stimulate the activity of retinoid X 

receptor (RXR), the heterodim er partner of LXR^^ .̂ Another approach is to  include a cholesterol 

acceptor such as apolipoprotein Al (ApoAl, also present in the CNS®̂ ®) in the culture medium to 

facilitate apolipoprotein-m ediated cholesterol efflux^^'’ as one of the main hypotheses for LXR effects 

on AP processing involves the activity of ABCAl. Nevertheless, other researchers have also reported 

no changes in cellular full-length APP despite significant decreases in AP levels after exposure to  LXR 

agonists^^^' This could indicate an effect on clearance and degradation of AP rather than on 

processing steps. Hoe et also published evidence of an alternative mechanism via tissue inhibitor 

of matrix metalloproteinase-3 (TIMP-3): Overexpression of T IM P-3 inhibits the activity of a-secretase 

(which is in fact a zinc metalloproteinase^®'*), thus promoting the P-secretase pathway for APP 

processing and consequently increasing production of Ap. Higher-than-normal levels of TIM P-3 were  

also detected in the frontal cortex of AD patients. LXR activation downregulates expression of TIM P-3  

mRNA in vitro, presumably leading to removed inhibition of a-secretase and re-routing the APP 

processing to this pathway with decreased levels of AP as a result. However, when these investigators 

examined the effect of T0901317 exposure in vivo using mouse models they did not find any 

significant effects on APP processing, despite confirming increased TIM P-3 protein expression. 

Unfortunately, attem pts to quantify Ap40 in this study w ere unsuccessful. As this soluble amyloid 

species correlates particularly well w ith the neurodegeneration of AD disease and distinguishes it
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from  non-dementia related pathology^^^ and additionally greater LXR effects have been observed on 

A|340 than A(342 levels in above mentioned studies^” ' assessing the impact of efavirenz on AP40 

would be highly relevant. It may be that endogenous levels of A|3 in SH-SY5Y and primary rat cortical 

cultures are too low for detection; indeed many researchers use APP transgenic animals or 

overexpressing cell lines. Nonetheless, there are examples of publications where the investigators 

quantified endogenous Ap from embryonic wildtype mouse cortices^^^ (by ELISA), from SH-SY5Y^^® (by 

immunoprecipitation followed by W estern blot), and from  primary human neurons as well as CHO- 

APP cells^“  (loading culture medium straight onto SDS polyacrylamide gels for W estern blots).

Although primary human neuronal cultures would be the preferable in v itro  model to  examine the 

effects of pharmaceuticals on gene expression in the human brain, for ethical and practical reasons 

these are often difficult to obtain. W hile rodent primary cultures in general are more readily 

available, it is often useful to also include human-derived cell lines to  account for species differences 

in response. SH-SY5Y human neuroblastoma ceils have been extensively used for neurotoxicity 

studies^^^ and as a model of neurodegenerative disease^^®' However, as most transformed cell 

lines, SH-SY5Y displays some phenotypic differences compared to non-transformed cells (such as 

overexpression of anti-apoptotic genes^“ ), which may be a limitation of this model. M oreover, 

according to the supplier loss of neuronal characteristics have been described for SH-SY5Y with 

increasing passage numbers, for this reason experiments w ere only performed up to  passage ten.

Neurocognitive disorders in HIV patients are likely to be the result of many factors, for example HIV 

infection itself is associated with neurodegeneration^®^ and many cytokines observed in HIV 

infection^®^ prom ote amyloidogenesis^®^. In this study we demonstrated downregulation of ABCAl by 

efavirenz in a human neuroblastoma cell line, which may provide some mechanistic insights into the 

CNS effects associated with efavirenz use. Further investigations into downstream effects of LXR 

inhibition and implications o f ABCAl downregulation by efavirenz are warranted.
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6 Discussion and conclusions

The universal them e of this thesis is activation of nuclear receptors by antiretroviral (ARV) drugs. This 

superfamily of receptors regulates the expression of genes involved in a w/ide variety of im portant 

physiological processes such as cell growth and differentiation, energy homeostasis, inflammation  

and endobiotic as well as xenobiotic metabolism. On account of the ir ligand-dependent activity, 

nuclear receptors serve as an interface between cellular or organism environm ent and gene 

expression^'*^. Activation of nuclear receptors by foreign substances may cause a disruption of 

metabolic equilibrium and lead to abnormalities.

Although highly active antiretroviral therapy (HAART) has improved HIV care considerably, many 

challenges remain: Adverse effects are common, sometimes leading to therapy switch or 

discontinuation^®. M any ARV drugs also give rise to drug interactions, an effect partly explained by 

inhibition of metabolising enzymes and drug transporters^®^. However, an alternative mechanism is 

by activation of nuclear receptors. Previous studies^"* '̂ have established some HIV protease

inhibitors (Pis) and non-nucleoside reverse transcriptase inhibitor (NNRTI) efavirenz as activators of 

xenobiotic sensor pregnane X receptor (PXR). PXR, together with the closely related constitutive 

androstane receptor (CAR), regulate gene expression of several mem bers of the cytochrome P450 

(CYP450) metabolising enzyme family as well as drug efflux transporter P-glycoprotein (P-gp). 

Consequently, altered PXR and CAR activity may have a substantial im pact on drug bioavailability.

The overall aim of this thesis was to  use a combined methodological approach to investigate 

interactions between ARVs and nuclear receptors with both xenobiotic and endobiotic functions. 

Relevant downstream effects such as expression of drug metabolising enzymes and drug or 

cholesterol transporters w ere also examined. In addition, the influence of genetic variability on 

nuclear receptor activation by ARVs was assessed.

The first study (chapter 3) utilised luciferase reporter assays to assess the ability of a wide range of 

ARV compounds to activate PXR or CAR and induce transcription of CYP3A4 and CYP2B6, which are 

im portant ARV drug metaboiisers. Several ARV drugs from  d ifferent subclasses w ere found to  have 

this ability, demonstrating that it is not a class-specific effect. Addition of low-dose ritonavir, which is 

often used as a pharmacoenhancer to  increase plasma levels of a partner PI in treatm ent of HIV, 

further enhanced CYP450 induction for several Pis despite exerting no significant effect alone.
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Primary human hepatocytes were exposed to varying concentrations of a subset of PXR/CAR agonists, 

confirming inducing effects on mRNA and/or protein expression levels. In our studies the impact of 

PXR/CAR induction was more pronounced for CYP3A4 than CYP2B6 at the protein level, whereas 

pharmacogenetics appears to be the main determinant for CYP2B6 activity reported in the 

literature^®^' Nevertheless, these results highlight the usefulness of in vitro reporter assays for

screening drugs in development for PXR/CAR inducing abilities to minimise the risk of potential drug 

interactions -  a necessity in drug development. A double transgenic mouse strain expressing human 

PXR and CYP3A4 has been developed and successfully used to assess the metabolic stability of certain 

Pis following PXR induction^®®. It is important to keep in mind that as many Pis are also inhibitors of 

CYP450 enzymes and P-gp, the potential net result may be a reduction in activity of the 

enzyme/transporter. This has been illustrated by Fellay et who reported strong inhibition of 

CYP3A4 activity in vivo by several Pis, of which ritonavir had the highest potency. Treatment with 

efavirenz on the other hand resulted in increased CYP3A4 activity, an effect which was completely 

abrogated in combination with ritonavir. An interesting computational docking study by Mannu et 

revealed that efavirenz may also induce increased CYP3A4 metabolic activity by binding to a 

unique position in its active site.

Many genetic factors of importance for ARV drug bioavailability have been identified, primarily 

polymorphisms in metabolising enzyme and drug transporter geneŝ ®®. Typically, pharmacogenetics 

studies of ARV effects are predominantly carried out with Caucasian subjects and native Africans are 

underrepresented despite the world's highest HIV prevalence on the African continent. In the first 

study of this thesis, we examined the prevalence of 37 single nucleotide polymorphisms (SNPs) and 

one 3bp insertion in NR1I2 (PXR), CYP3A4, CYP2B6 and ABCBl/MDRl with proven or predicted effect 

on drug levels in a cohort of 1013 HIV-infected Caucasians and Sub-Saharan Africans. We showed 

several significant differences in 22 out of 29 polymorphisms detected between these populations, 

with higher frequencies of the minor alleles among Sub-Saharan Africans for the majority of these 

SNPs. This may bring additional understanding to the higher prevalence of certain ARV adverse 

effects (mainly cardiovascular, renal and psychiatric) among black HIV patients^®^ relevant as 

treatment switch or discontinuation due to toxicity is more common among non-whites^®. Following a 

comparison of our results from the genetic screening of Sub-Saharan Africans with available data 

from studies including African Americans, we also noted significant differences in some allele 

frequencies in NRH2 (PXR), CYP3A4 and ABCBl/MDRl SNPs, suggesting a degree of genetic diversity

137



Chapter 6: Discussion and conclusions

between these groups. This indicates that prudence should perhaps be adopted in extrapolating  

results of pharmacokinetic studies from African Americans to Sub-Saharan Africans.

In the final part of our first study, we assessed the impact of polymorphisms in NR1I2 (PXR) detected  

in the cohort and resulting in amino acid changes, on ARV induction of CYP3A4 transcription. This was 

achieved by using luciferase reporter assays with PXR variants. Two of these SNPs (V140M  and A370T) 

displayed significantly low er inducibility by rifampicin, fosamprenavir and lopinavir, illustrating the 

potential relevance of NR1I2 (PXR) polymorphism for ARV pharmacokinetics.

In conclusion, we have demonstrated the ability of a variety of ARV drugs to activate PXR and CAR 

with implications for drug interactions. Nuclear receptor polymorphism can affect ARV induction; 

however the prevalence of SNPs in NRI12  (PXR) and other genes of relevance for drug interactions 

differs between Caucasians and Sub-Saharan Africans. It would be of great interest to  further 

investigate the influence of nuclear receptor polymorphism on activation by ARV therapeutics in vivo. 

Limitations of this type of study include the difficulty in identifying a measurable phenotype  

unaffected by confounding factors.

W hile the potential implications of PXR activation for drug interactions are well recognised, activation 

of other nuclear receptors by ARVs is less well studied. HAART treated patients often experience 

adverse effects, for example fat redistribution, lipid abnormalities, insulin resistance, increased 

cardiovascular risk, osteopenia’ ® and neuropsychiatric complications®^. Based on the fact that liver X 

receptors (LXRs), estrogen receptors (ERs) and glucocorticoid receptor (GR) are involved in gene 

regulation related to all these processes^“ '̂ °̂' jp addition to well-documented ligand overlap 

between PXR/CAR and other nuclear receptors^®'*, our hypothesis that ARV drugs may act as ligands of 

LXRs, ERs and GR was explored in the second study (chapter 4). A library of available ARV compounds 

was subjected to screening by in siiico evaluation using molecular docking models of LXRa/(3, ERa/p 

and GR. Results w ere filtered using molecular descriptors of known ligands. This was followed by 

assessment of direct binding by ARVs to ligand binding domains (LBDs) using cell-free TR-FRET co­

activator assays. Nuclear receptor activation in a cellular environment was evaluated by in vitro 

luciferase reporter assays in HepG2 cells transfected with nuclear receptor expression plasmids and 

response element-luciferase constructs for LXRa, LXRP, ERa, ERP and GR.

All predicted ligands of LXRa, LXRP and ERa showed activity in either TR-FRET or reporter assays or 

both. In reporter assays, we identified four agonists of LXRa and/or LXRP; atazanavir, ritonavir, 

darunavir and maraviroc, although direct receptor binding had been detected in TR-FRET experiments
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w ith  t h e  la t te r  tw o  only. This is s u p p o r te d  by th e  nuclea r  r e c e p to r  m odelling  w hich did no t  predic t 

a taz an a v ir  and  r itonavir  as LXR ligands d u e  to  th e i r  size and  polarity  which w ou ld  p re v e n t  th e s e  

c o m p o u n d s  fitting in to  t h e  ligand-binding pocket.  The LXR ac tiva tion  by a tazanav ir  and  ritonavir  

d e t e c te d  in th e  ce ll-based  assays is th e r e f o r e  m o re  likely d u e  to  al losteric effects .  Efavirenz and  

flavopiridol, w hich w e r e  bo th  p red ic ted  LXR ligands, sh o w e d  an tagon is t ic  e f fec ts  in r e p o r te r  assays 

and  d irec t  c o m p e ti t io n  of b inding to  th e  LXRa-LBD with  LXR agon is t  T0901317  w as  con f irm ed  in TR- 

FRET co -ac tiva to r  r e c ru i tm e n t  assays. Efavirenz and  t ip ranav ir  bo th  ac tiva ted  ERa in r e p o r te r  assay 

ex p e r im en ts ,  for which efavirenz w as  a p red ic ted  ligand. H ow ever ,  n e i th e r  of th e s e  tw o  drugs caused  

significant re c ru i tm e n t  of co -ac tiva to rs  P G C la  or  TRAP220/DRIP-2 to  ERa-LBD. N everthe less ,  th e s e  

resu lts  do  no t exc lude  t h e  invo lvem en t  of o th e r  co -ac tiva to rs  o r  co - rep resso rs ,  in addit ion  to  th e  

possibility o f  al loste ric  m e ch a n ism s  which is p e rh a p s  th e  m o s t  likely exp lana t ion  for  t ip ranavir  

ac tivation  as its s t r u c tu re  failed t h e  ERa docking te s t .  No significant ac tiva tion  w as  d e t e c te d  in ER(3 

and  GR r e p o r te r  assays with  th e  drugs te s t e d .  O ur  s tudy  sh o w s th a t  ARVs can h ave  bo th  agonistic  and  

an tagon is t ic  ac tions  on LXRs and  ERs, e i th e r  by d irec t b inding to  LBDs or  by o th e r  in o u r  s tudy  

u n c a te g o r is ed  in te rac t ions ,  possibly allosteric. By relying on in silico  ligand-binding d o m a in  m odelling 

a lone  to  inform t h e  choice  of d rugs for  in vitro  validation of n uc lea r  r e c e p to r  activation ,  t h e s e  effec ts  

would  have  b e e n  m issed .  This highlights th e  use fu lness  of m ultiple  m e th o d o lo g ie s .  Furthe r  

investiga tions in to  t h e s e  in te rac t ions  and  th e i r  c o n s e q u e n c e s  a re  w a r ra n te d .

The NNRTI efavirenz fo rm s  p ar t  of first-line HAART in bo th  Europe and  USA“ ' and  is usually 

a d m in is te red  in c o m b in a t io n  w ith  tw o  nucleos ide  reve rse  t ra n sc r ip ta s e  inhibitors (NRTIs). It has  th e  

bene f i t  o f  p o te n t  and  d u ra b le  viral s u p p re s s io n ” ® and  a long half-life” ^  H ow ever,  neu ropsych ia tr ic  

ad v e rse  effec ts  such  as insom nia ,  anxiety, m e m o ry  deficits and  im pa ired  cognition a re  common^^°. In 

s o m e  cases  th e s e  e f fec ts  a re  se v e re  and  resu lt  in t r e a tm e n t  switch or  d iscon t inua t ion  (25.1% of 

p a t ien ts  in th e  TRT-5 Group^^and 16.4% of p a t ien ts  in t h e  EuroSIDA Study*®). The m e ch a n ism s  of 

efavirenz cen tra l n e rv o u s  sys tem  (CNS) ad v e rse  ev e n ts  a re  unclear,  a l though  it is know n th a t  it 

p e n e t r a te s  th e  b lood-bra in  barr ie r  and  toxicity is a s soc ia ted  w ith  d rug  p lasm a levels^^®.

Previous s tud ies  h av e  linked LXR regula tion  of  ABCAl to  (3-amyloid (AP) processing^^^' an

im p o r ta n t  m a rk e r  o f  n e u ro d e g e n e ra t iv e  d ise ase  progression.  A n o th e r  ta rg e t  g e n e  of  LXR im plicated  

in cognitive im p a irm e n t  is apo l ipop ro te in  E (apoE)^” . Both ABCAl and  ApoE a re  involved in th e  

h o m e o s ta s is  of cho les te ro l ,  necessa ry  for  neu rona l  function . Disruption of neu ro n a l  cellular
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membranes and lipid rafts where AP processing occurs has been suggested as a potential mechanism  

for these effects. Given that LXR agonists reduce neurodegeneration”  ̂ and improve 

neurocognition^^^ we hypothesised that the well-docum ented CNS adverse effects by efavirenz may 

be partly attributed to the LXR antagonism we demonstrated in chapter 4. Therefore, the aim of the 

third study (chapter 5) was to  investigate the downstream effects of reduced LXR activity by 

efavirenz, with focus on target genes ABCAl and APOE, and additionally on amyloid precursor protein 

(APP) and A(340. Efavirenz exposure resulted in downregulation oi ABCAl mRNA expression in human 

SH-SY5Y neuroblastoma cells and attenuation of T0901317-induced transcription, consistent with  

expected effects of LXR antagonism. However, no effect on APOE was noted either by efavirenz or 

LXR agonist T0901317 in SH-SY5Y, indicating low LXR-dependence in this cell line. In primary rat 

cortical cultures no significant changes in A bcal or Apoe were observed after efavirenz exposure, 

although both of these showed a trend towards lower expression. W e did not detect any impact of 

efavirenz on amyloid precursor protein (APP) in either of the tw o in vitro systems. Nevertheless, other 

researchers have reported altered levels of soluble A(3 w ithout changes in intracellular APP^^ .̂ A shift 

from 3-secretase cleavage to a-secretase cleavage would for example reduce A3 secretion but have 

no impact on APP levels. Alternatively, decreased A|3 could also be the result of increased 

degradation. A limitation of this study was that attem pts to quantify AP40 w ere unsuccessful. Hence, 

no conclusions can be reached regarding the influence of efavirenz on AP levels. The confirmed 

inhibition of ABCAl expression does however suggest that it may have an impact. Further 

investigation may shed some light on the neurocognitive im pairm ent experienced by many HIV 

patients on an efavirenz-containing drug regimen.

Despite most ARVs (an exception being CCR5 antagonists) having been designed to  interact with viral 

proteins, the adverse events seen in clinical practice suggest off-target host effects. Activation of PXR 

is a well-known phenomenon of many unrelated pharmaceuticals leading to  induced expression of 

metabolising enzymes and drug transporters, increasing the risk of drug interactions. Pan et al 

(2011)”  ̂ has already demonstrated the usefulness of combining virtual ligand-based screening with  

luciferase reporter assays as a means of identifying new PXR ligands. PXR is widely regarded as a 

"promiscuous" nuclear receptor w ith a very flexible ligand binding pocket; hence it is not surprising 

that several ARV drugs can activate PXR. In this thesis we have shown in addition that ARVs from  

several different drug classes can act as ligands of nuclear receptors LXRa/P and ERa, potentially 

resulting in divergent metabolic effects. It should also be noted, however, that apart from their role
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as xenobiotic sensors, PXR and CAR are likewise involved in several endogenous processes: PXR 

overstimulation has been associated with hypercholesterolemia” '* and hyperlipidemia”  ̂ while CAR 

activation can cause triglyceridemia” ® and exacerbate liver steatosis” .̂ ARV activation of various 

nuclear receptors may contribute to the off-target effects of HAART. Further research into drug- 

specific interactions with different nuclear receptors and downstream effects in terms of target genes 

as well as non-transcriptional responses is required. Additionally, studies into the clinical implications 

of nuclear receptor polymorphism in the context of ARV-receptor interactions are required. In the  

future it may be of interest to  screen drugs in development for activation of an array of nuclear 

receptors in order to  better predict the risk of HAART metabolic and adverse effects. W here  

interactions between already established ARV therapeutics and specific nuclear receptors are 

identified as clinically relevant, a strategy of using selective agonists/antagonists to  modulate these 

off-target effects could also be considered, although potential effects on ARV plasma drug levels 

would have to be taken into account. However, ideally these properties should perhaps be avoided 

among new drug candidates to minimise the risk of drug interactions and undesirable side effects. It 

is also likely that metabolic effects seen in clinical practice such as lipodystrophy are multifactorial in 

origin, as opposed to the result of activation of a single nuclear receptor.

In summary, we have demonstrated that ARV drugs of d ifferent structural classes can interact with  

nuclear receptors PXR, CAR, LXRa, LXR(i and ERa, with implications for drug interactions and off- 

target effects. Genetic differences between Caucasians and Sub-Saharan Africans in NR1I2 (PXR) and 

other genes of relevance for drug metabolism were described, and we confirmed a functional impact 

of coding NR1I2 (PXR) SNPs on ARV-induced CYP3A4 prom oter activity. It is possible that 

polymorphism in other nuclear receptor genes may also influence their interaction with ARV 

compounds. This thesis highlights the need for further research into downstream effects as well as 

clinical consequences of nuclear receptor agonism/antagonism by ARV drugs.
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1 Future directions

This thesis investigated interactions between antiretroviral (ARV) drugs, used in the treatm ent o f HIV 

infection, and nuclear receptors, im portant transcription factors governing the expression of genes 

involved in both xenobiotic and endobiotic processes. Agonistic and/or antagonistic effects were  

dem onstrated for several ARV drugs from different classes. These results inspire to further 

investigation, for example:

•  The clinical relevance of coding and non-coding NR1I2 (PXR) SNPs: effects on inducibility of 

CYP450 expression by ARVs. A clinical study including 50 HIV-infected subjects has been 

carried out at the GUIDE clinic, St James's Hospital, Dublin, for this purpose and sample 

analysis is ongoing.

•  Downstream effects of LXRa/P and ERa activation by ARVs, such as expression of target genes 

involved in cholesterol and lipid homeostasis, adipocyte differentiation, inflam m ation, and 

balance of monoamine levels.

•  Effect of efavirenz exposure on levels of 3-amyloid (A(3) in CNS models, as this was not 

clarified in this thesis.

•  Impact of genetic polymorphism in NR1H3 (LXRa), NR1H2 (LXRp) and NR3A1 (ERa) and clinical 

relevance of ARV interactions with these nuclear receptor.

•  ARV binding to nuclear receptors other than those examined in this thesis, for example 

farnesoid X receptor (FXR), peroxisome proliferator-activated receptors (PPARs) and vitamin  

D receptor (VDR).
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Appendix: ARV drug structures for in silico evaluation of nuclear 

receptor interactions

Drug (abbreviation)

a. lUPAC name

b. chemical formula

c. 2D structure

d. drug subclass (PI = HIV protease in h ib ito r, NRTI = nucleoside reverse transcriptase inh ib ito r.

1. Atazanavir (ATV)

a. m ethyl N -[(2S)-l-[[(2S ,3S)-3-hydroxy-4-[[[(2S)-2-(m ethoxycarbonylam ino)-3,3- 

d im e thy lbu tanoy l]am ino ]-[(4 -pyrid in -2 -y lpheny l)m e thy l]am ino ]-l-pheny lbu tan -2 -y l]am ino ]- 

3 ,3 -d im e thy l-l-oxobu tan-2 -y l]ca rbam ate

b. C38H52N6O7

2. Darunavir (DRV)

a. [(3R,3aS,6aR)-2,3,3a,4,5,6a-hexahydrofuro[5,4-b]furan-3-yl] N-[(2S,3R)-4-[(4- 

am inopheny l)su lfony l-(2 -m e thy lp ropy l)am ino ]-3 -hydroxy-l-pheny lbu tan-2 -y l]ca rbam ate

b. C27H37N3O7S

NNRTI = non-nucleoside reverse transcriptase in h ib ito r)

c.
d. PI

c.
d. PI
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3. Fosamprenavir (FOS)

a. [(3S)-oxolan-3-yl] N-[(2S,3R)-4-[{4-aminophenyl)sulfonyl-(2-methylpropyl)amino]-l-phenyl-3- 
phosphonooxybutan-2 -yl]carbamate

b. C2 5 H3 6 N3 O9 PS

d. PI

4. Indinavir (IDV)

a. (2S)-N-tert-butyl-l-[(2S,4R)-2-hydroxy-5-[[(lS,2R)-2-hydroxy-2,3-dihydro-lH-inden-l- 
yl]amino]-5-oxo-4-(phenylmethyl)pentyl]-4-(pyrldin-3-ylmethyl)piperazine-2-carboxamide

b -  C 3 6 H 4 7 N 5 O 4

d. PI

5. Lopinavir (LPV)

a. (2S)-N-[(2S,4S,5S)-5-[[2-(2,6-dimethylphenoxy)acetyl]amino]-4-hydroxy-l,6-di(phenyl)hexan- 
2 -yl]-3 -methyl-2 -(2 -oxo-l,3 -dia2 inan-l-yl)butanamlde

b. C3 7 H4 8 N4 O5
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6. Nelfinavir (NFV)

a. [3S-[2(2S*, 3S *),3a ,4aP ,8aP ]]-N -(l,l-d im ethy le thy l)decahyd ro -2 -[2 -hyd ro xy -3 -[(3 -h ydroxy -2 - 
m ethylbenzoyl)am ino]-4-(phenylth io)butyi]-3-isoquinoline carboxam ide

b. C32H4 5 N3O4S

7. Ritonavir (RTV)

a. 2 ,4 ,7,12-Tetraazatridecan-13-o ic  acid, 1 0 -h y d ro x y -2 -m e th y l-5 -(l-m e th y le th y l)- l-[2 -(l-

m e th y ie th y i)-4 -th iazo iy l]-3 ,6 -d io xo -8 ,ll- b is(phenylm ethyl)-5-th iazolylm ethyl ester [5S- 

(5R *,8 R *,1 0 R *,11 R *)]-. 5-Thiazolylm ethyl [(aS )-a -[(lS ,3S )-l-hydroxy-3-[(2S )-2 -[3 -[(2 -isopropyl- 

4-th iazo ly l)m ethyl]-3 -m ethylu re ido]-3 -m ethylbutyram ido]-4 - 

phenyl butyl] phenethyl]carbam ate

b. C37H4 8N6O 5S2

8. Saquinavir (SQV)

a. N -tert-butyl-decahydro-2-[2(R )-hydroxy-4-phenyl-3(S)-[[N -(2-quinolylcarbonyl)-L- 

asparaglnyl]am ino]butyl]-(4aS,8aS)-isoquinoline-3(S)-carboxam ide m ethanesulfonate

b. CsgHsoNgOs

c.
d. PI

c.
d. PI

c.
d. PI
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9. Tipranavir (TPV)

a. 2-Pyridinesulfonamide, N-[3-[(lR)-l-[(6R)-5,6-dihydro-4-hydroxv-2-oxo-6-(2-phenylethyl)-6- 

propyl-2H-pyran-3yl] propyl] phenyl]-5-(trifluorom ethyl)

b. C3 1H33F3N2O5S

10. Abacavir (ABC)

a. (lS,cis)-4-[2-amino-6-(cyclopropylamino)-9H-purin-9-yl]-2-cyclopentene-l-methanol sulfate 
(salt) (2 :1 )

b. C1 4H1 8N6O

c.
d. PI

\ — c«

C.

d. NRTI

11. Didanosine (2,3'-Dideoxyinosine, ddl)
a. 2',3'-dideoxyinosine

b. C10H12N4O3• l o n i 2 l ' l 4 U 3

o

c.
d. NRTI
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12. Emtricitabine (FTC)
a. 5 -flu oro -l-(2R ,5S )-[2 -(hydroxym ethyl)-l,3 -oxath io lan -5-y l]cytos ine

b. C8 H 1 0 FN3 O 3 S

c.
d. NRTI

13. Lamivudine (3TC)
a. (2R ,c is )-4 -am in o -l-(2 -h ydroxym ethy l-l,3 -o xath io lan -5 -y l)-(lH )-p yrim id in -2 -o ne

b. C8 H 1 1 N 3 O 3 S

AO N

H * S H

c.
d. NRTI

14. Stavudine (d4T)
a. 2 ',3 '-d idehydro-3 '-deoxythym idine

b -  C 1 0 H 1 2 N 2 O 4
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15. Tenofovir (TFV)
a. 9-[{R )-2 -(phosphonom ethoxy)propyl]aden ine

b. C9Hi 4N504P-H20

N I

\ \  ^O H  

OH

d. NRTI

16. Zalcitabine {2',3’-dideoxycytidine, ddC)
a. 4-am ino-l-[(2R ,5S )-5-(hydroxym ethyl)oxo lan-2-y l]pyrim id in -2 -one

b. C9H13N3O3

0>. NH,
-

c.
d. NRTI

17. Zidovudine (AZT)
a. 3 '-az ido -3 '-deoxythym id ine

b. C10H13N5O4

0

c.
d. NRTI

O ^ N -
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18. Efavirenz (EFV)
a. (S)-6-chloro-4-(cyclopropylethynyl)-l,4-dihydro-4-(trifluoromethyl)-2H-3,l-benzoxazin-2-one

b. C1 4 H9 CIF3 NO2

d. NNRTI

19. Etravirine (TMC125)
a. 4-[[6-amino-5-bromo-2-[(4-cyanophenyl) a m ino]-4-pyrim idinyl]oxy]-3,5-dimethyl benzonitrile

b. CzoHisBrNgO
N N

0 N NH

Br'

NH.

d. NNRTI

20. Nevirapine (NVP)
a. ll-cyc lopropyl-5 ,ll-d ihydro-4-m ethyl-6H -d ipyrido [3,2-b:2 ',3 '-e][l,4] diazepin-6 -one

b. C1SH1 4 N4 O

N

A
c.
d. NNRTI
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21. Maraviroc (MVC)

a. 4 ,4 -d if luo ro -N -{(lS)-3 -[exo-3 -(3 - isop ropy l-5 -m ethy l-4H -l ,2 ,4 - t r iazo l-4 -y l)-8 -  

a zab icy c lo [3 .2 .1 ]o c t-8 -y l ] - l -p h e n y lp ro p y l} c y c lo h e x an e c a rb o x a m id e

b. C2 9H4 1 F2 N5O

c.
d. CCR5 a n ta g o n i s t

22. TAK-779

a. A / ,A /-d im et!iy l-A /-[4-[[[2-(4-m ethylphenyl)-6 ,7-dihydro-5H-benzocyclohepten-8- 

y l ]ca rb o n y l]a m in o ]b e n zy l ] te t rah y d ro -2 H -p y ran -4 -a m in iu m  c h lo r ide

b. C33O 2 N2 H38

c.
d. CCR5 a n ta g o n i s t  ( inves tiga tiona l)

23. bicyclam JM -2987 (hydrobrom ide salt o f AMD-3100)

a. l , l ' - [ l , 4 - p h e n y l e n e - b i s ( m e th y l e n e ) ] - b i s ( l ,4 , 8 , l l - t e t r a - a z a c y c lo t e t r a d e c a n e )  

o c ta h y d ro c h lo r id e  d e h y d r a t e

b. C3oH7oBr8Ng04

c.
d.  CXCR4 a n ta g o n i s t  ( inves tiga tional)
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Appendix: ARV drug structures

24. Raltegravir (RAL)

a. N -[(4 -F lu o ro p h e n y l)m e th y l]-l,6 -d ih y d ro -5 -h y d ro x y -l-m e th y l-2 -[l-m eth y l-l-[[(5 -m e th y l-l,3 ,4 - 

oxadiazol-2-yl)carbonyl]am ino]ethyl]-6-oxo-4-pyrim id inecarboxam ide

b. C20H20FKN6O5

0 " s ' -  ' - " 3

d. Integrase inhibitor

25. 118-D-24

a. 4-[3-(azidom ethyl)phenyl]-2-hydroxy-4-oxo-2-butenoic  acid

b. C11H9N 3O4

o 0

d. Integrase inh ibitor (investigational)

26. Flavopiridol (FLAV)
a. (-) cis-5, 7 -d ihydroxy-2-(2-chlorophenyl)-8-(4-(3-hydroxy-1-m ethyl) p ip erid iny l)-4H -l-  

benzopyran-4-one

b. C21H20O5NCI

OH O

HO

HO,

d. Cyclin-dependent kinase inhibitor
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