Infection, Genetics and Evolution 37 (2016) 192-207

Contents lists available at ScienceDirect e v A Geniecs
and Evolution

Infection, Genetics and Evolution

journal homepage: www.elsevier.com/locate/meegid

Review

Pharmacogenetics of non-nucleoside reverse transcriptase inhibitors @CmssMark
(NNRTIs) in resource-limited settings: Influence on antiretroviral

therapy response and concomitant anti-tubercular, antimalarial and

contraceptive treatments

Gianluca Russo ?, Giacomo Maria Paganotti >“*, Sandra Soeria-Atmadja 9, Miriam Haverkamp °,
Doreen Ramogola-Masire °, Vincenzo Vullo % Lars Lennart Gustafsson ©

@ Department of Public Health and Infectious Diseases, University “La Sapienza”, P.le Aldo Moro 5, 00185 Rome, Italy

b Botswana-University of Pennsylvania Partnership, P.0. Box AC 157 ACH, Gaborone, Botswana

€ Medical Education Partnership Laboratory, c/o Faculty of Medicine, University of Botswana, Pvt Bag 00713, Gaborone, Botswana

d Division of Pediatrics, Department of Clinical Science, Intervention and Technology (CLINTEC), Karolinska Institutet, Karolinska University Hospital, B57, SE-141 86, Stockholm, Sweden
€ Division of Clinical Pharmacology, Department of Laboratory Medicine, Karolinska Institutet, Karolinska University Hospital, SE-141 86, Stockholm, Sweden

ARTICLE INFO ABSTRACT

Article history: The burden of human immunodeficiency virus (HIV) is mainly concentrated to resources-limited countries
Received 2 July 2015 where the response to available antiretroviral therapy is often limited by the occurrence of toxicity or by the
Received in revised form 13 November 2015 emergence of HIV drug resistance. Efavirenz and nevirapine are the antiretroviral drugs most prescribed in

Accepted 16 November 2015

Available online 18 November 2015 resources-limited countries as part of antiretroviral combination therapy. Their metabolism and conjugation

are largely influenced by enzymatic genetic polymorphisms. The genetic variability of their metabolism could
be associated to different metabolic phenotypes causing reduced patients' adherence because of toxicity or

giﬁ‘gfgﬁ‘g interactions drug-drug interactions with concomitant therapies. The purpose of this review is to summarize published

Efavirenz evidence on pharmacogenetic and pharmacokinetic aspects related to efavirenz and nevirapine, the influence

HIV of concomitant anti-tubercular, anti-malarial or contraceptive treatments, and the impact of human genetic var-

Nevirapine iation and drug-drug interaction on the virologic and immunologic response to antiretroviral therapy in
Pharmacogenetics resources-limited countries.
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1. Introduction The purpose of this critical review is to summarize published evi-

The burden of the human immunodeficiency virus (HIV) infection is
mainly concentrated to resource-limited countries (RLCs) (UNAIDS,
2013) as defined according to the human development index ranking
(UNDP, 2014) in this review. Thus, most of HIV-infected people on anti-
retroviral therapy (ART) live in RLCs and the vast majority of them re-
ceive as first-line ART a combination therapy based on non-nucleoside
reverse transcriptase inhibitors (NNRTI) (WHO, 2013). Considering
that efavirenz (EFV) and nevirapine (NVP) are the only NNRTIs present-
ly available in RLCs, both drugs are the main prescribed antiretroviral
(ARV) drugs globally (WHO, 2013). EFV and NVP are metabolised by cy-
tochrome P450 (CYP) (phase I) and also UDP-glucuronosyl-transferase
(UGT) enzymes (conjugation phase). Both drugs are characterized by a
pharmacokinetic variability highly influenced by genetic factors that
may impact on efficacy and toxicity. Moreover, it is known that hepatic
CYP450 enzyme activity changes with age and thereby the impact of
CYP450 polymorphism may differ between children and adults
(Croom et al., 2009).

Response to ART is often limited by the occurrence of toxicity or by
the emergence of HIV drug resistance (WHO, 2012). Viral, human host
and environmental factors may all play a role in the appearance and
transmission of mutations associated with resistance to ARV drugs
(Ribaudo et al., 2006; Bertagnolio et al., 2012; Tang and Shafer, 2012).
Because of high variability among viral populations, genetic barriers
for resistance can vary for different ARV drugs (Tang and Shafer,
2012). Moreover, inter-individual variability of the pharmacokinetics
of ARV drugs, driven by genetic, environmental and polytherapy factors
can play arole in treatment failure or toxicity. This can either be directly,
because of sub-therapeutic drug levels that can increase the risk of a
poor virologic response, or indirectly, when high drug levels produce
significant toxicity leading to poor adherence. Both situations are asso-
ciated with increased risk of developing viral resistance mutations
(Ribaudo et al., 2006; Rosenbloom et al., 2012). This phenomenon, to-
gether with the significant proportion of patients on ART that are lost
to follow-up, represents a serious risk in a public health point of view
for HIV programme efficacy in RLCs. Moreover, genetic variation in
drug metabolising enzymes has potentially higher impact in African
populations where most of the human genetic variability is present
(Campbell and Tishkoff, 2008).

Commonly pharmacogenetics refers to how variation in a single
gene influences an individual's response to a single drug, while
pharmagenomics refers to how all of the genes in the genome can col-
lectively influence responses to drugs (Aceti et al., 2015). In recent
years, an increasing number of studies have addressed the pharmacoge-
netics of ART. However, considering the genetic variability observed
among different groups and/or ethnicities, as well as the breadth of
the human genetics, a pharmacogenomics view of ART remains a
long-term objective of bio-molecular sciences not yet fully defined.

dences related to pharmacogenetic and pharmacokinetic aspects of
NNRTIs (EFV and NVP) and the impact on immunological and virologic
response to ART, mainly focused in the context of RLCs. This review also
considers the effect of the exposure to hormonal contraceptive, anti-
tubercular and anti-malarial drugs in combination with NNRTI-based
ART.

2. Overview of pharmacokinetics and pharmacogenetics of NNRTI

Three main factors influence plasma concentrations of ARV drugs:
compliance, drug-drug interactions, and differences in ADME (absorp-
tion, distribution, metabolism and excretion). Among subjects who
have almost complete adherence to their medications and who are
not taking other drugs, most variability in plasma concentrations of a
given ARV agent is the result of differences in host factors, genetics
being one of the main determinants.

All NNRTIs act by binding directly to viral reverse transcriptase caus-
ing inhibition of viral RNA- and DNA-dependent DNA polymerase activ-
ities by disrupting the catalytic site. NNRTIs are metabolized by the liver,
with NVP and EFV sharing most of their metabolic pathway through
CYP450 enzymes.

2.1. Efavirenz metabolism

2.1.1. General aspects

The first-step of EFV biotransformation leads to the formation of two
hydroxylated metabolites, 8- and 7-hydroxy-EFV, which account for
~92% and <8% of the total, respectively (Desta et al., 2007) (Fig. 1).
The hydroxylation involves primarily CYP2B6, with secondary contribu-
tion from CYP2A6, and a negligible participation of CYP1A2, CYP3A4/5
(Desta et al.,, 2007; di Iulio et al., 2009). The hydroxylated metabolites,
that do not show antiviral activity, undergo urinary and biliary excre-
tion after conjugation by UGT pathway (Kwara et al., 2009). EFV also un-
dergoes direct conjugation by UGT2B7 to form N-glucuronide in vitro,
but its contribution to the clearance of the drug seems minimal
(Bélanger et al., 2009) (Fig. 1). EFV mid-dosing interval plasma concen-
tration <1 pug/ml has been associated with treatment failure (and poten-
tial selection of viral drug resistance mutations), while plasma
concentration >4 pg/ml increases the risk of adverse neuropsychiatric
effects (Haas et al., 2004; Rodriguez-Novoa et al., 2005). The influence
of gender and weight of patients on EFV metabolism remains controver-
sial. Moreover, it is known that hepatic enzyme activity changes with
age, increasing to adult level from birth to 1-year of age, then exceeding
adult level in 1-4 year-old children, and then returning back to adult
levels after puberty. Thus, the impact of CYP450 polymorphism may dif-
fer between children and adults (Saitoh et al., 2007a).
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