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REVIEW
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ABSTRACT
Introduction: Several antiretroviral drugs used to treat infection with the human immunodeficiency
virus (HIV) are substrates of enzymes belonging to the cytochrome P450 (CYP) superfamily, which are
polymorphically expressed. It may therefore be useful to take into account the genetic variation in
these enzymes to predict the likelihood of anti-HIV treatment success, toxicity and the potential for
drug–drug interactions.
Areas covered: In this manuscript, the authors discuss the current state of knowledge regarding
pharmacogenetic associations between CYP and all major antiretrovirals, as well as the importance of
these associations.
Expert opinion: While many pharmacogenetic associations for CYP have been described in the
literature, replication studies are sometimes lacking. The implementation of this knowledge in clinical
practice also remains difficult. Further efforts are required both to expand this field of knowledge and to
enable its use in everyday clinical practice.
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1. Introduction

With the advent of antiretroviral therapy (ART), treatment of
patients infected with the human immunodeficiency virus
(HIV) is now widely available, although an actual cure for the
infection has yet to be discovered. ART aims at decreasing the
viral load to undetectable levels and restoring the immune
function of the host, thereby reducing HIV-related morbidity
and mortality [1,2], as well as decreasing the risk of HIV
transmission [3].

ART typically involves the combination of several drugs
acting at different stages of the viral cycle in order to prevent
the selection of drug-resistance mutations. Indeed, mutations
in the viral genome are frequent, and inadequate choice of
treatment, insufficient drug exposure or low adherence may
lead to the selection of resistant strains. The drugs available
include nucleoside and nucleotide reverse transcriptase inhi-
bitors (NRTIs), non-nucleoside reverse transcriptase inhibitors
(NNRTIs), integrase strand transfer inhibitors (INSTIs), protease
inhibitors (PIs), fusion inhibitors and CCR5 antagonists. For
treatment-naive patients, therapy usually combines a dual
NRTI backbone with an NNRTI, INSTI or PI.

Some of these antiretrovirals are substrates of enzymes
belonging to the cytochrome P450 (CYP) superfamily, which
are responsible for the phase I metabolism of many marketed
drugs. With CYP metabolism being a key determinant of drug
exposure, knowledge of the major isoforms involved in the

biotransformation of a given drug, and characterization of the
extent of this metabolism is critical to predict the likelihood of
treatment success, toxicity and potential for drug–drug inter-
actions (DDI), especially for a lifelong treatment such as ART.
Suboptimal doses and subsequent underexposure can lead to
anti-viral failure and selection of drug-resistance mutations,
conditioning the choice of ART further down the line.
Likewise, overexposure can lead to toxicity, non-adherence
and possibly viral failure. This is a particular concern for anti-
retrovirals with a low genetic barrier (e.g. efavirenz (EFV),
nevirapine (NVP), rilpivirine (RPV)), for which resistance muta-
tions can emerge very quickly.

It is well known that genetic polymorphisms can alter the
level of expression and/or intrinsic activity of enzymes, with
the most prevalent form being single nucleotide poly-
morphisms (SNPs). Characterizing the functionality of these
genetic variants and their impact on drug pharmacokinetics
(PK) and pharmacodynamics (PD) is the goal of pharmaco-
genomics (or pharmacogenetics, as it would be called for
single drug–gene interactions). The frequency of these SNPs
can vary across ethnicities, which partly explains why race is
sometimes found to influence clinical outcomes.

Such information could potentially be incorporated in new
treatment algorithms: patients presenting a given polymorph-
ism (or combination thereof) could be assigned to a therapy
that maximizes their chance of success and/or minimizes the
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risk of toxicity and DDI. Therapeutic drug monitoring (TDM) or
predictive dosing based on pharmacogenetic information
could also be performed.

This review aims at summarizing the current state of knowl-
edge regarding the pharmacogenomics of the various antire-
troviral drugs available on the market. A separate section will
be dedicated to each drug currently recommended by inter-
national guidelines. We will then consider how such informa-
tion can be used in clinical practice, to what extent it is
currently done, and what obstacles remain for routine clinical
implementation.

1.1. Overview of CYP

The human CYP superfamily is composed of 57 genes and
numerous pseudogenes. For the purpose of this review, we will
focus on isoforms that are relevant to ART. Key information on
themost frequently described SNPs will be given in the following
section. Table 1 summarizes all SNPs of importance and the
corresponding allelic frequencies in various populations.

The CYP2A6 gene is located on chromosome 19. A variety
of SNPs have been studied in the context of ART, most notably
c.-47A>C (CYP2A6*9, rs28399433), g.1836G>T (CYP2A6*9B,
rs8192726) and c.1093G>A (CYP2A6*17, rs28399454).

CYP2B6 can represent up to 10% of hepatic CYP and is also
expressed in the central nervous system (CNS). The corre-
sponding gene is located on chromosome 19 and is known

to be polymorphic. It has been extensively studied in the
context of ART: its most commonly described decrease- or
loss-of-function SNPs include c.516G>T (CYP2B6*9,
rs3745274), c.983T > C (CYP2B6*18, rs28399499), and
c.1459C>T (CYP2B6*5, rs3211371). Variant CYP2B6*9 has been
linked to a major splicing defect [5] and is more frequent in
Africans than in Caucasians. CYP2B6*18 is believed to be a null
allele [6] and CYP2B6*5 results in lower levels of hepatic
CYP2B6 [7]. In contrast, variant c.785A>G (CYP2B6*4,
rs2279343) has been linked to a gain-of-function. However, it
is often part of the CYP2B6*6 haplotype, which is characterized
by the presence of both the c.785A>G and the c.516G>T
alleles, resulting in an overall decrease-of-function (it should
be noted that the CYP2B6*9 allele has sometimes been erro-
neously referred to as CYP2B6*6).

CYP2C19 (located on chromosome 10) is also worth men-
tioning. Its two main loss-of-function alleles are c.681G>A
(CYP2C19*2, rs4244285), leading to a splicing defect, and
c.636G>A (CYP2C19*3, rs4986863). A gain-of-function allele
responsible for the ultra-rapid metabolizer status has also
been described: variant c.-806C>T (CYP2C19*17, rs12248560).

The CYP3A subfamily is comprised of four genes (all located
on chromosome 7): CYP3A4, CYP3A5, CYP3A7 and CYP3A43.
Whereas CYP3A7 is usually only expressed in the fetal liver,
CYP3A4 and CYP3A5 are expressed predominantly within adult
hepatic tissue, where they account for 30% of total CYP con-
tent. Both enzymes present a certain degree of substrate over-
lap and are responsible for the phase I metabolism of many
marketed drugs.

Several CYP3A4 polymorphisms (mostly in non-coding
regions) have been identified. Variant CYP3A4*1B
(rs2740574) is characterized by a substitution at position
c.-392A>G, which seems to be associated with decreased
activity, and is found more frequently in African popula-
tions. However, the role of this SNP is debated and it is in
strong linkage disequilibrium with the CYP3A5*1 allele,
something to keep in mind when considering pharmacoge-
netic associations. Meanwhile, the creation of an alternate
splice site in intron 6 results in decreased hepatic mRNA
levels in individuals with the partial loss-of-function allele
CYP3A4*22 (rs35599367) [8].

Article highlights

● Several antiretrovirals are known substrates of CYP.
● Taking into account the genetic background of patients may prove

useful in individualizing treatment, thereby increasing effectiveness
and reducing toxicity.

● Polymorphisms in the CYP2A6, CYP2B6, CYP3A4 and CYP3A5 genes
(among others) have been studied.

● In some cases, pharmacogenetic information has been used to per-
form genotype-guided dose adjustments.

● Proper guidelines and tools must be made available to clinicians.

This box summarizes key points contained in the article.

Table 1. Allelic frequencies of SNPs relevant to antiretroviral therapy.

Allele rs number Nucleotide change Variant type

Variant allele frequency

African American East asian European South asian

CYP2A6*9 rs28399433 c.-47A>C Upstream gene variant 0.082 0.099 0.239 0.072 0.154
CYP2A6*9B rs8192726 g.1836G>T Intronic variant 0.082 0.043 0.180 0.069 0.131
CYP2A6*17 rs28399454 c.1093G>A Missense variant 0.117 0.006 0.001 0 0
CYP2B6*4 rs2279343 c.785A>G Missense variant 0.065 0.034 0.030 0.037 0.176
CYP2B6*5 rs3211371 c.1459C>T Missense variant 0.011 0.072 0.003 0.112 0.089
CYP2B6*9 rs3745274 c.516G>T Missense variant 0.374 0.373 0.215 0.236 0.381
CYP2B6*15 rs4803419 c.1172T>A Missense variant 0.082 0.352 0.436 0.320 0.342
CYP2B6*18 rs28399499 c.983T>C Missense variant 0.082 0.010 0 0 0
CYP2C19*2 rs4244285 c.681G>A Splicing defect 0.170 0.105 0.312 0.145 0.358
CYP2C19*17 rs12248560 c.-806C>T Upstream gene variant 0.235 0.120 0.015 0.224 0.136
CYP3A4*1B rs2740574 c.-392A>G Upstream gene variant 0.766 0.105 0.004 0.028 0.040
CYP3A4*22 rs35599367 g.20493C>T Intronic variant 0.001 0.026 0 0.050 0.006
CYP3A5*3 rs776746 g.6986A>G Intronic variant 0.180 0.797 0.713 0.943 0.668
CYP3A5*6 rs10264272 g.14690G>A Splicing defect 0.154 0.023 0 0.003 0
CYP3A5*7 rs76293380 g.27131_27132insT Frameshift variant 0 0 10−4 0 0

Variant allele frequencies were retrieved from the Ensembl database [10], except for CYP2B6*4 and CYP3A5*7, which were retrieved using the ExAC Browser [4].
Refer to these databases for the exact composition of subpopulations. SNP: single nucleotide polymorphism.
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There is also much heterogeneity in CYP3A5 expression.
The most commonly described SNP, rs776746, defines the
CYP3A5*3 allele. The g.6986A>G substitution creates a cryptic
splice site resulting in a truncated, inactive protein [9]. Allelic
frequencies for this SNP are high, ranging from 0.2 in Africans
to 0.65 in East Asians and 0.9 in Caucasians [10]. Other poly-
morphisms worth mentioning include CYP3A5*6 (rs10264272)
and CYP3A5*7 (rs41303343). Considering the former variant,
g.14690G>A leads to the formation of a cryptic splice site and
skipping of exon 7, producing an inactive enzyme [9]. For the
latter, a premature stop codon is generated by the insertion
g.27131_27132insT.

Other, seldom discussed isoforms (at least in the context of
ART) include CYP1A2, CYP2D6, and CYP2C9.

1.2. Literature search strategy

A systematic search was conducted in the MEDLINE database
using relevant terms, such as ‘cytochrome,’ ‘antiretroviral,’ ‘gen-
otype,’ ‘polymorphism,’ ‘pharmacogenetic,’ ‘pharmacogenomic,’
‘pharmacokinetic,’ ‘variant’ and the names of the various drugs of
interest. As mentioned in the introduction, we chose to focus on
currently recommended antiretrovirals that are known sub-
strates of CYP (i.e. EFV, NVP, RPV, atazanavir (ATV), darunavir
(DRV), lopinavir (LPV) and elvitegravir). All articles written in
English were screened for relevancy. Case reports, poster pre-
sentations, reviews, studies that did not include PK and/or PD
analyses, small-scale studies, duplicate studies, and articles of
poor quality (unclear rationale, inadequate clinical or statistical
methodology) were discarded. When replication studies were
abundant, our main selection criteria were: large sample size,
methodological strength, new information, and/or reporting of
new alleles. Elvitegravir was eventually excluded due to a lack of
pharmacogenetic studies.

2. Review

2.1. Efavirenz

Thanks to its relatively low cost and once-daily dosing schedule,
EFV is a widely used NNRTI in developing countries, while it is less
favored in developed countries, in part due to a high rate of CNS
side effects, including dizziness, insomnia, somnolence, abnor-
mal dreams, anxiety and depression. These symptoms occur in
up to two-thirds of patients [11,12] and can increase the odds of
treatment non-adherence or discontinuation. However, they are
most frequently reversible, resolving within a few weeks for
some (but not all) patients. Initially, a dose of 600 mg once-
daily was recommended. It is still the standard dose in most
guidelines, while low-dose EFV (400 mg) is only found as an
option in the WHO guidelines [13]. Based on clinical observa-
tions, it has been suggested to set the therapeutic index as
plasma mid-dose concentrations of 1–4 mg/l (in treatment-
naive patients) [14–17]. It should be noted that while the link
between plasma PK and CNS toxicity is rather well established,
the same does not hold true for a PK/efficacy relationship.

EFV is primarily metabolized by CYP2B6, and to a lesser
extent by CYP3A4, CYP3A5, CYP1A2 and CYP2A6 [18,19]. Its
main metabolite, 8-hydroxy-EFV, can be further oxidized by

CYP2B6 into 8,14-hydroxy-EFV, while the formation of the 7-
hydroxy metabolite is catalyzed by CYP2A6 only. Formation of
sulfate and glucuronide conjugates has also been described
[20]. Of note is the ability of EFV to induce its own metabolism.

A wealth of evidence is available regarding the effect of the
CYP2B6*9 variant. This polymorphism leads to reduced meta-
bolism and increased EFV plasma concentrations [21–67].
Some studies have also suggested that this genotype and
the resulting increased exposure could be correlated to a
higher incidence of CNS toxicity [21–25]. The effect of the
genotype on exposure seems to be proportional to the num-
ber of variant alleles, being stronger for TT homozygotes than
for GT heterozygotes.

Another commonly studied SNP that can result in increased
plasma exposure is CYP2B6*18 [23,29–31,33,51–62,68,69],
although a few studies have failed to replicate this association
[34,36,41].

While the magnitude of the effect is much smaller than for
the previous polymorphisms, variant g.15582C>T could also
play a role [29,36,54,64]. It is usually not a major predictor of
exposure when other SNPs are already taken into account;
however, it can aggravate a metabolic deficit.

Finally, even though it has been linked with lower levels of
enzyme in the liver, variant CYP2B6*5 does not appear to
affect EFV PK [23,27,30,61,70].

Results from studies on the impact of any of these alleles on
the probability of treatment success reveal a complex situation:
the CYP2B6 slow metabolizer phenotype could compensate for
intermittent non-compliance by keeping plasma concentrations
high, but the accumulation of the drug could also lead to an
increased incidence of side effects (most notably CNS symptoms)
and more treatment discontinuations – at least in the early
months, while late treatment failure would be less likely in
those individuals. This could explain why some studies have
found a relationship between CYP2B6 genotype and treatment
end points, while others have not. The results could also differ
due to the use of different definitions for treatment success/
failure (such as different viral load thresholds), different follow-
up periods and time frames (early initiation in naïve patients
versus established therapy), etc. Turning to cerebrospinal fluid
(CSF) concentrations, the slow metabolizer phenotype can lead
to high CSF concentrations, but also a low rate of conversion to
phase I metabolites (which could participate to the overall toxi-
city of the drug) – hence, paradoxically, slow and fast metabolizer
status both could be risk factors for CNS toxicity.

Similarly, non-CNS side effects could be more frequent in
some individuals. For instance, a study in healthy volunteers
showed that repeated administration of EFV significantly
lengthened the QT interval in CYP2B6*6 homozygotes but
not in heterozygous or wild-type homozygous subjects [61].
An increased risk of hepatotoxicity has also been found in
CYP2B6*9/*9 individuals [71].

Fewer studies are available for CYP3A variants. Neither the
presence of the CYP3A4 loss-of-function alleles CYP3A4*1B
[27,41,54,67,72] or CYP3A4*22 [64], nor enzymatic activity (as
assessed by 1′-hydroxymidazolam formation after administration
of the parent drug) [72] seems to be significantly correlated with
EFV exposure. Regarding CYP3A5, most studies have reported no
association at all between exposure and the CYP3A5*3
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[25,27,29,34,36,41,54,60,61,67,68,71–73] or the CYP3A5*6 and
CYP3A5*7 alleles [34,36,51,67,68,71]. Only one study described
increased plasma concentrations of EFV in CYP3A4*1B carriers
and decreased concentrations in CYP3A5*3 carriers (a rather
paradoxical observation, which has never been replicated) [21].
Overall, the impact of CYP3A polymorphisms on EFV PK appears
to be quite small, possibly because these isoforms are only
involved in secondary metabolic pathways.

The same holds true for CYP2A6, for which polymorphisms
(most often CYP2A6*9B and CYP2A6*17) have a negligible impact
(or none at all) on EFV PK [31,34,36,38,41,43,51,54,55,58,61,67,68]
or viral response [74]. However, in some instances, the composite
genotype CYP2A6*9/*17B has been found to be predictive of EFV
PK, evenwhen CYP2B6metabolizer status was already taken into
account [52,64]. Information regarding the CYP2A6 genotype of
an individual may be of limited use in subjects with functional
CYP2B6, whereas it could help further refine predictions in
CYP2B6 slow metabolizers.

To account for these numerous sources of genetic variabil-
ity, some authors have proposed the use of multiple or com-
posite genotypes (or haplotypes), most often involving
CYP2B6. These would be weighted according to their indivi-
dual relevance to EFV metabolism, for example, in population
PK models involving multiple SNPs [60,75] or using risk scores
based on the number of CYP decrease- or loss-of-function
alleles to predict the probability of treatment success or dis-
continuation [76,77]. CYP2B6 slow metabolizer status has also
been shown to be protective against viral failure [78], while
the risk of suicidality increased with the number of CYP2B6-
and CYP2A6-variant alleles (a significant hazard ratio was
found in Whites and Hispanics, but not Blacks) [79].

Based on these observations, CYP2B6 genotype-based dose
recommendations are conceivable. In a study conducted in
Japanese patients, those with plasma concentrations above
6 mg/l and who harbored the CYP2B6*6 or *26 haplotypes
(the latter being a combination of the CYP2B6*6 haplotype
and c.499C>G) were assigned to a dose reduction protocol
[80]. The dose was safely reduced from the standard, once-
daily 600 mg to 400 mg or 200 mg while maintaining viral
suppression. Therapy was then initiated at lower doses for a
group of treatment-naive patients possessing those alleles
with similar results. An improvement of CNS symptoms was
also noted, although the design of this study did not allow the
authors to exclude the possibility of a placebo effect.

Although its protocol was not to adjust the dose based on
genotype, but rather on plasma concentrations and the occur-
rence of CNS toxicity, yet another study demonstrated the
importance of considering the c.516G>T polymorphism [81].
Most subjects whose dose was lowered to 400 mg possessed
at least one variant allele, and all subjects with a 200 mg dose
were TT homozygotes. This dose reduction greatly improved
CNS symptoms and allowed for substantial cost savings.

Unfortunately, the design of some of these studies makes it
difficult to concludewhether the resolution of symptomswas truly
a result of dose adjustments. Regardless, it is important to reiterate
that the toxicity of EFV, which has caused it to fall out of favor as a
first-line treatment option in some countries, could be mitigated
by using dose reduction approaches possibly guided by
pharmacogenetics.

Last but not least, a cost-effectiveness analysis compared
three different strategies: standard EFV therapy, universal
dose reduction to 400 mg (as seen in the ENCORE1 trial) or
genotype-based dosing [82]. The latter was found to be cost-
effective. In contrast, based on the results from the pharmaco-
genetic subsection of the ENCORE1 trial, the authors concluded
that while a dose of 400 mg was safe and could help reduce
toxicity, genotype-guided dosing would be of limited use [64].
It could be argued that a universal dose reduction would be a
more effective approach – at least in some population types
(depending on the frequency of the various SNPs of interest).
Caution should still be exercised; for instance, PK simulations
using data from pregnant women showed a higher risk of
suboptimal exposure or toxicity if the dose reduction was not
guided by CYP2B6 genotyping [83].

Thus, it appears that knowledge of CYP2B6 genotype could
prove useful in individualizing EFV therapy (Table 2). In particular,
the role ofCYP2B6*9has beendemonstratedby numerous studies,
including genome-wide association studies (GWAS). With loss-of-
function alleles being more frequent in Africans compared to
Caucasians, there is a need for population-specific guidelines (for
both western and developing countries). However, the PK/PD and
genotype/PD relationships of EFV have yet to be fully elucidated.

2.2. Nevirapine

NVP is the oldest NNRTI, and is still widely used worldwide.
Side effects include potentially life-threatening skin reactions
(Stevens–Johnson syndrome and toxic epidermal necrolysis)
and hepatotoxicity. To reduce the risk of these side effects, it is
recommended to proceed as follows: after a two-week run-in
phase of 200 mg once-daily, the dosage can be increased to
200 mg twice-daily (or the patient may start taking NVP
extended release 400 mg once-daily). The risk of hepatotoxi-
city is also higher when NVP is initiated in antiretroviral-naive
women and men with CD4 counts <250 cells/µl or <400 cells/
µl, respectively. Therefore, NVP-based therapy is contraindi-
cated in these patients [84,85]. It has been proposed to set
the minimal effective plasma concentration of NVP to 3 mg/l
(no clear upper boundary is currently defined) [86,87].

Like EFV, NVP is a substrate of CYP2B6, and much research
has focused on the same SNPs for both drugs. In addition to
CYP2B6, CYP3A4 plays some role in the metabolism of NVP
[88,89], as do CYP3A5 and CYP2C9 isoforms to a lesser extent.
NVP is also an inducer of its own metabolism.

CYP2B6*9 has been shown to increase the plasma levels of
NVP in most [22,30,90–100], but not all studies [61,101]. The
effect is usually apparent in CYP2B6*9 homozygotes only.

Similarly, some studies have reported an association
between allele CYP2B6*18 and exposure [30,90,92–96,100],
while others have not [61,91]. Interestingly, NVP exposure
could sometimes be predicted using a combination of variants
(CYP2B6*6 homozygotes or *6/*18 heterozygotes versus other
genotypes) that were not significant in univariate analysis [61].

Variant CYP2B6*4 was not significant in any of the studies
conducted so far [61,101,102], except for one, where a weak
association was detected, albeit in univariate analysis
only [90].
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Variant CYP2B6*5 has not been found to be predictive of
NVP PK either [30,61,91,101,102].

Moving on to CYP3A, neither CYP3A4*1B [91,97,102], nor
CYP3A4*22 [96], nor CYP3A5*3 [61,91,96,101,102] seems to be
associated with NVP PK.

Toxicogenetic studies of NVP have mostly investigated SNPs
related to the immune system, but also occasionally to phase I
metabolism. A GWAS in individuals of various ethnicities found
CYP2B6*9 (as well as two non-coding SNPs in linkage disequili-
brium with it) to be a significant predictor of adverse cutaneous
reactions [103]. This finding was replicated in a candidate gene
study in Caucasians [101], while another one in Africans was
only able to demonstrate a trend toward association [104], and
several others could not replicate these results. Other SNPs,
including CYP2B6*4 [105], CYP2B6*5 [105], as well as
CYP3A4*1B [104,105], CYP3A5*3 [104,105] and CYP3A5*6 [105],
do not appear to be relevant to cutaneous toxicity. CYP2B6*18,
however, was strongly associated with the risk of such side
effects [104,106]. Unfortunately, the sensitivity and specificity
of these markers may not be sufficient for a clinical application.
As for hepatotoxicity, neither of the available GWAS has
revealed any association with CYP polymorphisms [103,105].

The increased exposure in CYP2B6 slowmetabolizers (defined
based on CYP2B6*9 and CYP2B6*18) can also protect against viral
failure in patients receiving standard doses [78]. Simulations
based on population PK models have shown that an off-label
dose of 400 mg once-daily (immediate release), rather than the
recommended 200 mg twice-daily, could reduce NVP exposure
to unacceptable levels [92,97]. However, safe exposure can be
maintained in CYP2B6 slow metabolizers with 400 mg once-
daily, meaning genotyping for CYP2B6*9 and CYP2B6*18 could
help in determining an appropriate dosing schedule (with the
once-daily schedule potentially improving patient compliance).
Other simulations suggest that standard dosing may actually
result in subtherapeutic concentrations in a small proportion of
patients with functional CYP2B6 [90].

NVP is a good candidate for pharmacogenetics-guided ther-
apy (Table 2). However, perhaps due to a lack of conclusive data,
the available knowledge has not yet matured into any therapeu-
tic recommendations. Initiating treatment only in subjects with
normal CYP2B6 metabolism as well as using reduced doses or
once-daily dosing schedules in individuals harboring CYP2B6
defective alleles could potentially improve treatment outcomes.

2.3. Rilpivirine

RPV is the latest NNRTI. It is a substrate of CYP3A4 and to a
lesser extent of CYP2C19.

Only one pharmacogenetic study is currently available. None
of the following SNPs were associated with drug clearance:
CYP2C19*2, CYP2C19*17, CYP3A4*22 or CYP3A5*3 [107] (Table 2).

Further investigations are needed to assess the pharmaco-
genetics of RPV in Asian and African populations, as well as
the impact of other SNPs.

2.4. Ritonavir, cobicistat

Several antiretrovirals, especially among PIs, are coadminis-
tered with a PK booster in order to increase exposure to the
active molecule. The booster can be either ritonavir (RTV) (a PI
with no activity at the dose used for boosting) or cobicistat
(COB) (a structural derivative of RTV that is completely inactive
against HIV). Both boosters are strong inhibitors of CYP3A4
and CYP3A5. RTV can also induce other CYP isoforms, such as
CYP1A2, CYP2C9 and CYP2C19.

Pharmacogenetic studies have focused on the active anti-
retrovirals rather than the boosters, but it is important to
consider the possibility of an indirect effect of SNPs on anti-
retroviral PK through RTV or COB PK. Additionally, boosters
complicate the interpretation of results by introducing a
powerful DDI (see further).

Table 2. Relevance of CYP polymorphisms to non-nucleoside reverse transcriptase inhibitor (NNRTI) therapy.

Allele rs number Nucleotide change Clinical outcome Level of evidence

CYP2A6*9 rs28399433 c.-47A>C No effect on EFV PK Low
CYP2A6*9B rs8192726 g.1836G>T No effect on EFV PK Low
CYP2A6*17 rs28399454 c.1093G>A Increased exposure to EFV

No effect on NVP PK
Low
Low

CYP2B6*4 rs2279343 c.785A>G Increased exposure to EFV
No effect on NVP PK

Low
Low

CYP2B6*5 rs3211371 c.1459C>T No effect on EFV or NVP PK Low
CYP2B6*6 c.516G>T, c.785A>G (cfr. CYP2B6*9 and CYP2B6*4)
CYP2B6*9 rs3745274 c.516G>T Increased exposure to EFV and NVP

Increased risk of EFV CNS symptoms, fewer viral failures
Increased risk of NVP cutaneous toxicity

High
Medium
Low

CYP2B6*15 rs4803419 c.1172T>A Increased exposure to EFV
No effect on NVP PK

Medium
Low

CYP2B6*18 rs28399499 c.983T>C Increased exposure to EFV and NVP
Increased risk of EFV CNS symptoms, fewer viral failures
Increased risk of NVP cutaneous toxicity

High
Medium
Low

CYP2C19*2 rs4244285 c.681G>A No effect on RPV PK Low
CYP2C19*17 rs12248560 c.-806C>T No effect on RPV PK Low
CYP3A4*1B rs2740574 c.-392A>G No effect on EFV or NVP PK Low
CYP3A4*22 rs35599367 g.20493C>T No effect on EFV, NVP or RPV PK Low
CYP3A5*3 rs776746 g.6986A>G No effect on EFV or NVP PK

No effect on RPV PK
Medium
Low

CYP3A5*6 rs10264272 g.14690G>A No effect on EFV PK Low
CYP3A5*7 rs76293380 g.27131_27132insT No effect on EFV PK Low

Level of evidence (low/medium/high) was assigned based on the amount and quality of available evidence. CNS: central nervous system; EFV: efavirenz; NVP:
nevirapine; PK: pharmacokinetics; RPV: rilpivirine.
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2.5. Atazanavir

ATV is a PI administered in a standard dose of 300 mg once-
daily in combination with either 100 mg RTV or 150 mg COB.
Unboosted ATV may also be used at 400 mg once-daily in
stable patients. Drug-specific side effects include icterus,
sometimes hepatitis or cholelithiasis, and rarely nephrolithia-
sis; while lipodystrophy is considered a class effect for PIs.

ATV is metabolized by CYP3A4 and CYP3A5, as well as UDP-
glucuronosyl-transferases (UGTs); a small percentage is also
excreted unchanged in the urine. It is an inhibitor of
CYP3A4, though less so than RTV or COB.

Pharmacogenetic studies have investigated the effect of CYP
decrease-of-function alleles on ATV PK, often in conjunction
with SNPs in phase II enzymes and/or transport proteins.
CYP3A5 non-expressor status (defined as homozygosity for
loss-of-function alleles CYP3A5*3, CYP3A5*6 or CYP3A5*7) was
predictive of slower clearance in healthy volunteers receiving
unboosted ATV, while this effect was no longer observed in all
subjects in the RTV-boosting phase of the study [108].

This highlights an important (and sometimes unavoidable)
drug interaction for PIs boosted with RTV or COB: inhibition of
CYP could produce a slow metabolizer phenotype, regardless
of the actual CYP genotype (a hypothesis that also applies to
other boosted PIs, e.g. DRV and LPV).

In HIV patients, CYP3A5*3 was associated with exposure in
subjects receiving boosted ATV [109], but not in those receiv-
ing the unboosted drug [110]. The latter study also found a
lower rate of virological failure in CYP3A5 expressors, adding
to the confusion.

The role of CYP3A4*1B is even less clear. One study found
an association with higher drug exposure [108], while another
could not link the genotype to either plasma or intracellular
concentrations [111].

Lastly, a GWAS failed to detect any significant association
between ATV exposure and polymorphisms in phase I drug
metabolism pathways, casting doubt on the relevance of pre-
vious observations [112].

Thus, SNPs in CYP may not play a major role in ATV PK
(Table 3). SNPs in UGT may be more relevant to individualization
of therapy, as evidenced by guidelines produced by the Clinical
Pharmacogenetics Implementation Consortium [113], although
this is out of the scope of this review.

2.6. Darunavir

DRV is the most recently approved – and one the most frequently
used – PI. Like several other drugs of this class, it is combined with
a PK booster. The standard regimen is 800 mg DRV + 100 mg RTV
(or 150 mg COB) once-daily, while 600 mg DRV + 100 mg RTV
twice-daily is recommended in treatment-experienced patients.
DRV has the advantage of being less toxic than some of the older
PIs, although hepatotoxicity remains a potential issue.

DRV is a substrate of CYP3A4, with all of its metabolites
exhibiting low activity [114,115].

In a population PK study of 60-predominantly Caucasian
patients, none of the studied SNPs (CYP3A5*3, CYP3A7 variants
rs10211 and rs2257401; CYP3A4*1B and rare variants rs4987161
and rs4646437) were associated with DRV clearance [116].

Meanwhile, a study conducted in 135 African and Caucasian
patients demonstrated lower drug exposure for subjects harboring
the variant CYP3A5*1, but only in patients receiving etravirine, a
known CYP inducer, while no effect was discernible at the popula-
tion level [117]. This highlights the importance of taking DDI into
consideration, including for RTV- or COB-boosted antiretrovirals.

There is currently not enough data to make any genotype-
based dose recommendations for DRV (Table 3). Studies of
additional SNPs and of ethnically heterogeneous populations
are required.

2.7. Lopinavir

LPV is a PI administered at 400 mg + 100 mg of RTV twice-
daily. Drug-specific side effects include QT interval prolonga-
tion and an increased risk of myocardial infarction. It is meta-
bolized by – and can inhibit – CYP3A isoforms.

The largest study to date investigated over 1500 polymorph-
isms and 115 genes in a Caucasian population [118]. LPV clearance
was reduced by 18% in subjects harboring the variant rs6945984,
an intergenic tag SNP in linkage disequilibriumwith CYP3A5*3 and
CYP3A7*2 (a gain-of-function allele). Oddly, the related functional
SNPs were not significant at the chosen threshold. Also, another
large-scale study could not demonstrate an association between
rs6945984 and the risk of treatment discontinuation [76].

Studies of smaller scale were no more successful at demon-
strating a clear relationship between LPV PK/PD and SNPs
such as CYP3A4*1B [119,120], CYP3A5*3 [119–123] and
CYP3A5*6 [119–121]. One study found that homozygosity for
CYP3A4*22 was associated with a major reduction in clearance
[124]. The fact that CYP3A4*22 homozygotes are quite rare
could explain why this is an isolated finding.

As with other boosted PIs, CYP3A polymorphisms may play
a role in the PK/PD variability of LPV, with RTV mitigating this
effect, but there is currently too little evidence to make any
recommendations (Table 3).

3. Conclusion

Several antiretroviral drugs are substrates of CYP enzymes, for
which functional genetic polymorphisms exist. These poly-
morphisms can alter the PK of antiretrovirals, with an impact

Table 3. Relevance of CYP polymorphisms to protease inhibitor (PI) therapy.

Allele rs number Nucleotide change Clinical outcome
Level of
evidence

CYP3A4*1B rs2740574 c.-392A>G No effect on ATV,
DRV, or LPV PK

Low

CYP3A4*22 rs35599367 g.20493C>T Increased exposure
to LPV

Low

CYP3A5*3 rs776746 g.6986A>G No effect on LPV PK
Increased exposure
to DRV

No effect on ATV
PK

Medium
Low
Low

CYP3A5*6 rs10264272 g.14690G>A No effect on ATV or
LPV PK

Low

CYP3A5*7 rs76293380 g.27131_27132insT No effect on ATV
PK

Low

Level of evidence (low/medium/high) was assigned based on the amount and
quality of available evidence. ATV: atazanavir; CNS: central nervous system;
DRV: darunavir; LPV: lopinavir; PK: pharmacokinetics.
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on treatment efficacy, toxicity and potential for DDI. We sum-
marized the main pharmacogenetic associations described in
the literature and how they could shape therapeutic guide-
lines. In most cases, pharmacogenetic information has not yet
led to specific dose recommendations.

4. Expert opinion

In order for theoretical knowledge to be of practical use,
several hurdles must be overcome. First, this knowledge
must be well established and rigorously validated, so that it
can be trusted. Second, the individuals who can make use of it
must be sensitized to the issue. Third, the knowledge must be
incorporated in a framework that enables its use by the inter-
ested individuals. As far as pharmacogenetic associations in
ART are concerned, all of these hurdles have yet to be fully
overcome, although much progress has been made.

A good example of pharmacogenetic testing for antiretro-
virals is the guidelines for the use of abacavir, which requires
prior screening for HLA-B*5701. Patients carrying this allele are
at an increased risk of presenting major hypersensitivity reac-
tions; despite the relatively low occurrence of such reactions
(5–8%), genotyping before treatment initiation has been
shown to be cost-effective in Caucasian and Hispanic popula-
tions [125] and is now mentioned in the package insert [126].
However, such examples are few and far between, especially
for CYP. One should remember that strong, monogenic asso-
ciations are the easiest case to study. The reality is much more
complex, and taking into account multiple loci and multiple
SNPs may be required to understand how the components of
an individual’s genetic background influence each other, as
one SNP may mitigate or potentiate another.

Another complication arises from DDI. Indeed, polypharmacy
is the norm rather than the exception for HIV patients, both
because of the need for multiple antiretrovirals and because of
comorbidities. Examples of comedications with high CYP DDI
potential that HIV patients may receive include tuberculosis
therapy with rifampicin (a well-known CYP inducer), or CYP
inhibitors such as azole antifungals (e.g. voriconazole and itraco-
nazole) or Hepatitis C virus PIs (e.g. simeprevir and boceprevir).
As we have mentioned in this review, many antiretrovirals also
happen to be CYP inducers or inhibitors themselves, or are
coadministered with PK boosters. Adding or removing the per-
petrator drug could lead to unexpected results in patients whose
true phenotype was previously hidden due to the DDI. Possible
differences between RTV and new boosters like COB should also
be investigated.

While various genetic polymorphisms have been described for
CYP, associations for a given SNP–drug pair are not always con-
sistent. These discrepancies can be explained by small study sam-
ple sizes and lack of representation of some ethnicities (precluding
recruitment of a sufficient number of individuals carrying rare
alleles), inappropriate study design (purely retrospective study,
too lax or too restrictive inclusion/exclusion criteria, and low-qual-
ity PK data) and statistical analysis (candidate gene studies with no
correction for multiple comparisons), different outcome defini-
tions, or simply more stringent methodology for establishing an
association. It should also be mentioned that some studies over-
look possible gene–gene interactions or epigenetics, choosing to

focus solely on a handful of SNPs. Validation of available results on
large cohorts would help consolidate our knowledge of how these
SNPs can impact drug therapy. In addition to replication studies,
experiments designed to acquire mechanistic insight into these
polymorphisms and how they shape drug PK would be beneficial.
The contribution of some metabolites of EFV (or NVP) to their
toxicity also highlights the need to consider more than just the
parent drug when it comes to pharmacogenetic associations.
Finally, another area requiring greater attention is whether the
impact of CYP polymorphisms on drug PK is also relevant to the
long-term efficacy and safety, e.g. viral suppression and immune
function recovery, emergence of resistance and biomarkers of HIV
morbidity. Stronger levels of evidence will result in official guide-
lines or recommendations (in the form of drug label updates or as
part of clinical decision support systems).

These recommendations will then have to be implemented
in routine practice: a robust and cost-effective framework
must be established so that pharmacogenetic information
can be of use. Regarding the cost, genotyping should be
compared to other strategies, such as TDM (although
obviously, they can be seen as complementary). For instance,
in resource-limited settings, TDM alone may be a cheaper
alternative. This could change in the future as genotyping
becomes more widely available and affordable.
Pharmacoeconomic studies and simulations of multiple sce-
narios are required to weigh the benefits of the various treat-
ments available and set strategies adapted to the needs and
resources of each country (as well as the ethnic composition
of the local population, which determines the allelic frequen-
cies of various polymorphisms).

Unfortunately, a drug of interest and its corresponding
CYP do not exist together in a vacuum; they are part of a
larger system, composed of multiple CYP enzymes, other
enzymes, influx and efflux transporters, nuclear receptors
regulating biotransformation and transport of xenobiotics,
PD targets (including viral genome and immune response
pathways), comedications and various patient-specific char-
acteristics, not to mention patient-, physician- and setting-
related limitations (economical and practical). Simplistic
recommendations such as those seen with weight-based
dosing are no longer doable when one enters the realm of
the so-called ‘precision-based medicine’ that pharmacoge-
netics can contribute to. Advanced mathematical models
are necessary to handle this abundance of information. New
methodologies (for example, population PK) will help in this
regard. The development of more user-friendly tools, their
incorporation in the clinical routine workflow, and the appro-
priate training of clinicians in the use of the software should
be our next priorities.

One last caveat of genotype-tailored therapy is that
appropriate pharmaceutical forms must be available; yet the
increasing popularity of fixed-dose combinations for the
treatment of HIV might limit opportunities for individualizing
therapy.

In summary, pharmacogenetic studies have shed some
light on the role of genetic polymorphisms in ART, but this
knowledge must now be incorporated in decision-making
systems. There is still much to be done if the field of pharma-
cogenomics is to see more than marginal use.

EXPERT OPINION ON DRUG METABOLISM & TOXICOLOGY 7



Funding

This work was funded by grant by the Fonds pour la Formation à la
Recherche dans l’Industrie et dans l’Agriculture (grant no. FC16749) to G
Stillemans.

Declaration of interest

The authors have no relevant affiliations or financial involvement with any
organization or entity with a financial interest in or financial conflict with
the subject matter or materials discussed in the manuscript. This includes
employment, consultancies, honoraria, stock ownership or options, expert
testimony, grants or patents received or pending, or royalties. Peer
reviewers on this manuscript have no relevant financial or other relation-
ships to disclose.

ORCID

Leila Belkhir http://orcid.org/0000-0002-1701-7584
Vincent Haufroid http://orcid.org/0000-0001-5040-9806

References

Papers of special note have been highlighted as either of interest (•) or of
considerable interest (••) to readers.

1. Hogg R, Lima V, Sterne JA, et al. Antiretroviral therapy cohort
collaboration. Life expectancy of individuals on combination anti-
retroviral therapy in high-income countries: a collaborative analysis
of 14 cohort studies. Lancet. 2008;372:293–299.

2. Samji H, Cescon A, Hogg RS, et al. Closing the gap: increases in life
expectancy among treated HIV-positive individuals in the United
States and Canada. PLoS One. 2013;8(12):e81355.

3. Cohen MS, Chen YQ, McCauley M, et al. Antiretroviral therapy for the
prevention of HIV-1 transmission. N Engl J Med. 2016;375:830–839.

4. Lek M, Karczewski KJ, Minikel EV, et al., Exome Aggregation
Consortium. Analysis of protein-coding genetic variation in 60,706
humans. Nature. 2016;536:285–291.

5. Hofmann MH, Blievernicht JK, Klein K, et al. Aberrant splicing
caused by single nucleotide polymorphism c.516G>T [Q172H], a
marker of CYP2B6*6, is responsible for decreased expression and
activity of CYP2B6 in liver. J Pharmacol Exp Ther. 2008;325:284–292.

6. Klein K, Lang T, Saussele T, et al. Genetic variability of CYP2B6 in
populations of African and Asian origin: allele frequencies, novel
functional variants, and possible implications for anti-HIV therapy
with efavirenz. Pharmacogenet Genomics. 2005;15:861–873.

7. Lamba V, Lamba J, Yasuda K, et al. Hepatic CYP2B6 expression:
gender and ethnic differences and relationship to CYP2B6 geno-
type and CAR (constitutive androstane receptor) expression. J
Pharmacol Exp Ther. 2003;307:906–922.

8. Wang D, Sadee W. CYP3A4 intronic SNP rs35599367 (CYP3A4*22)
alters RNA splicing. Pharmacogenet Genomics. 2016;26:40–43.

9. Kuehl P, Zhang J, Lin Y, et al. Sequence diversity in CYP3A promo-
ters and characterization of the genetic basis of polymorphic
CYP3A5 expression. Nat Genet. 2001;27:383–391.

10. Auton A, Brooks LD, Durbin RM, et al. The 1000 genomes project
consortium. A global reference for human genetic variation.
Nature. 2015;526:68–74.

11. Fumaz CR, Tuldrà A, Ferrer MJ, et al. Quality of life, emotional
status, and adherence of HIV-1-patients treated with efavirenz
versus protease inhibitor-containing regimens. J Acquir Immune
Defic Syndr. 2002;29:244–253.

12. Kenedi CA, Goforth HW. A systematic review of the psychiatric side-
effects of efavirenz. AIDS Behav. 2011;15:1803–1818.

13. World Health Organization. Consolidated guidelines on the use of
antiretroviral drugs for treating and preventing HIV infection:
recommendations for a public health approach. 2nd ed. Geneva,
Switzerland:WHO. 2016.

14. Marzolini C, Telenti A, Decosterd L, et al. Efavirenz plasma level can
predict treatment failure and central nervous system side effect in
HIV-infected patients. AIDS. 2001;15:71–75.

15. Gallego L, Barreiro P, del Rio R, et al. Analyzing sleep abnormalities
in HIV-infected patients treated with efavirenz. Clin Infect Dis.
2004;38:430–432.

16. Csajka C, Marzolini C, Fattinger K, et al. Population pharmacoki-
netics and effects of efavirenz in patients with human immunode-
ficiency virus infection. Clin Pharmacol Ther. 2003;73:20–30.

17. Gutierrez F, Navarro A, Padilla S, et al. Prediction of neuropsychia-
tric adverse events associated with long-term efavirenz therapy,
using plasma drug level monitoring. Clin Infect Dis. 2005;54:87–96.

18. Ward BA, Gorski JC, Jones DR, et al. The cytochrome P450 2B6
(CYP2B6) is the main catalyst of efavirenz primary and secondary
metabolism: implication for HIV/AIDS therapy and utility of efavir-
enz as a substrate marker of CYP2B6 catalytic activity. J Pharmacol
Exp Ther. 2003;306:287–300.

19. Ogburn ET, Jones DR, Masters AR, et al. Efavirenz primary and sec-
ondary metabolism in vitro and in vivo: identification of novel meta-
bolic pathways and cytochrome P450 2A6 as the principal catalyst of
efavirenz 7-hydroxylation. Drug Metab Dispos. 2010;38:1218–1229.

20. Mutlib AE, Chen H, Nemeth GA, et al. Identification and character-
ization of efavirenz metabolites by liquid chromatography/mass
spectrometry and high field nmr: species differences in the meta-
bolism of efavirenz. Drug Metab Dispos. 1999;27:1319–1333.

21. Haas DW, Ribaudo HJ, Kim RB, et al. Pharmacogenetics of efavirenz
and central nervous system side effects: an adult AIDS clinical trials
group study. AIDS. 2004;18:2391–2400.

• The first study to have demonstrated the role of CYP2B6*9 in
efavirenz metabolism.

22. Rotger M, Colombo S, Furrer H, et al. Influence of CYP2B6 poly-
morphism on plasma and intracellular concentrations and toxicity
of efavirenz and nevirapine in HIV-infected patients.
Pharmacogenet Genomics. 2005;15:1–5.

23. Ribaudo HJ, Liu H, Schwab M, et al. Impact of CYP2B6, ABCB1 and
CYP3A5 polymorphisms on efavirenz pharmacokinetics and treat-
ment response: an AIDS clinical trials group study. J Infect Dis.
2010;202:717–722.

24. Gounden V, van Niekerk C, Snyman T, et al. Presence of the CYP2B6
516G>T polymorphism, increased plasma Efavirenz concentrations
and early neuropsychiatric side effects in South African HIV-
infected patients. AIDS Res Ther. 2010;7:32.

25. Gallien S, Journot V, Loriot MA, et al. Cytochrome 2B6 polymorph-
ism and efavirenz-induced central nervous system symptoms: a
substudy of the ANRS ALIZE trial. HIV Med. 2017;18:537–545.

26. Rodriguez-Novoa S, Barreiro P, Rendon A, et al. Influence of 516G>T
polymorphisms at the gene encoding CYP450-2B6 isoenzyme on
efavirenz plasma concentrations in HIV-infected subjects. Clin
Infect Dis. 2005;40:1358–1361.

27. Haas W, Smeaton LM, Shafer RW, et al. Pharmacogenetics of long-
term responses to antiretroviral regimens containing efavirenz
and/or nelfinavir: an Adult AIDS clinical trials group study. J Infect
Dis. 2005;192:1931–1942.

28. Saitoh A, Fletcher C, Brundage R, et al. Efavirenz pharmacokinetics
in HIV-1-infected children are associated with CYP2B6-G516T poly-
morphism. J Acquir Immune Defic Syndr. 2007;45:280–285.

29. Sinxadi PZ, Leger PD, McIlleron HM, et al. Pharmacogenetics of
plasma efavirenz exposure in HIV-infected adults and children in
South Africa. Br J Clin Pharmacol. 2015;80:146–156.

30. Wyen C, Hendra H, Vogel M, et al. Impact of CYP2B6 983T>C
polymorphism on non-nucleoside reverse transcriptase inhibitor
plasma concentrations in HIV-infected patients. J Antimicrob
Chemother. 2008;61:914–918.

31. Maimbo M, Kiyotani K, Mushiroda T, et al. CYP2B6 genotype is a
strong predictor of systemic exposure to efavirenz in HIV-infected
Zimbabweans. Eur J Clin Pharmacol. 2012;68:267–271.

32. Mutwa PR, Fillekes Q, Malgaz M, et al. Mid-dosing interval efavirenz
plasma concentrations in HIV-1-infected children in Rwanda: treat-
ment efficacy, tolerability, adherence, and the influence of CYP 2B6
polymorphisms. J Acquir Immune Defic Syndr. 2012;60:400–404.

8 G. STILLEMANS ET AL.



33. Dooley KE, Denti P, Martinson N, et al. Pharmacokinetics of efavir-
enz and treatment of HIV-1 among pregnant women with and
without tuberculosis coinfection. J Infect Dis. 2015;211:197–205.

34. Cortes CP, Siccardi M, Chaikan A, et al. Correlates of efavirenz expo-
sure in chilean patients affected with human immunodeficiency
virus reveals a novel association with a polymorphism in the con-
stitutive androstane receptor. Ther Drug Monit. 2013;35:78–83.

35. Ngaimisi E, Habtewold A, Minzi O, et al. Importance of ethnicity,
CYP2B6 and ABCB1 Genotype for efavirenz pharmacokinetics and
treatment outcomes: a parallel-group prospective cohort study in
two sub-Saharan Africa populations. PLoS One. 2013;8(7):e67946.

36. Bertrand J, Verstuyft C, Chou M, et al. Dependence of efavirenz-
and rifampicin-isoniazid-based antituberculosis treatment drug-
drug interaction on CYP2B6 and NAT2 genetic polymorphisms:
ANRS 12154 study in Cambodia. J Infect Dis. 2014;209:399–408.

37. Mukonzo JK, Röshammar D, Waako P, et al. A novel polymorphism
in ABCB1 gene, CYP2B6*6 and sex predict single-dose efavirenz
population pharmacokinetics in Ugandans. Br J Clin Pharmacol.
2009;68:690–699.

38. Mukonzo JK, Okwera A, Nakasujja N, et al. Influence of efavirenz
pharmacokinetics and pharmacogenetics on neuropsychological
disorders in Ugandan HIV-positive patients with or without tuber-
culosis: a prospective cohort study. BMC Infect Dis. 2013;13:261.

39. Nyakutira C, Röshammar D, Chigutsa E, et al. High prevalence of
the CYP2B6 516G–>T(*6) variant and effect on the population
pharmacokinetics of efavirenz in HIV/AIDS outpatients in
Zimbabwe. Eur J Clin Pharmacol. 2008;64:357–365.

40. Carr DF, La Porte CJL, Pirmohamed M, et al. Haplotype structure of
CYP2B6 and association with plasma efavirenz concentrations in a
Chilean HIV cohort. J Antimicrob Chemother. 2010;65:1889–1893.

41. Bienvenu E, Swart M, Dandara C, et al. The role of genetic poly-
morphisms in cytochrome P450 and effects of tuberculosis co-
treatment on the predictive value of CYP2B6 SNPs and on efavirenz
plasma levels in adult HIV patients. Antiviral Res. 2014;102:44–53.

42. Meng X, Yin K, Wang J, et al. Effect of CYP2B6 gene polymorphisms
on efavirenz plasma concentrations in Chinese patients with HIV
infection. PLoS One. 2015;10(6):e0130583.

43. Cusato J, Tomasello C, Simiele M, et al. Efavirenz pharmacogenetics
in a cohort of Italian patients. Int J Antimicrob Agents.
2016;47:117–123.

44. Orrell C, Bienczak A, Cohen K, et al. Effect of mid-dose efavirenz
concentrations and CYP2B6 genotype on viral suppression in
patients on first-line antiretroviral therapy. Int J Antimicrob
Agents. 2016;47:466–472.

45. Hui KH, Lee SS, Lam TN. Dose optimization of efavirenz based on
individual CYP2B6 polymorphisms in Chinese patients positive for
HIV. CPT Pharmacometrics Syst Pharmacol. 2016;5:182–191.

46. Luo M, Chapel S, Sevinsky H, et al. Population pharmacokinetics
analysis to inform efavirenz dosing recommendations in pediatric
HIV patients aged 3 months to 3 years. Antimicrob Agents
Chemother. 2016;60:3676–3686.

47. Nightingale S, Chau TT, Fisher M, et al. Efavirenz and metabolites in
cerebrospinal fluid: relationship with CYP2B6 c.516G→T genotype
and perturbed blood-brain barrier due to tuberculous meningitis.
Antimicrob Agents Chemother. 2016;60:4511–4518.

48. Liu X, Ma Q, Zhao Y, et al. Impact of single nucleotide polymorph-
isms on plasma concentrations of efavirenz and lopinavir/ritonavir
in Chinese children infected with the human immunodeficiency
virus. Pharmacotherapy. 2017;37:1073–1080.

49. Viljoen M, Karlsson MO, Meyers TM, et al. Influence of CYP2B6
516G>T polymorphism and interoccasion variability (IOV) on the
population pharmacokinetics of efavirenz in HIV-infected South
African children. Eur J Clin Pharmacol. 2012;68:339–347.

50. Lee KY, Lin SW, Sun HY, et al. Therapeutic drug monitoring and
pharmacogenetic study of HIV-infected ethnic chinese receiving
efavirenz-containing antiretroviral therapy with or without rifampi-
cin-based anti-tuberculous therapy. PLoS One. 2014;9(2):e88497.

51. Elens L, Vandercam B, Yombi JC, et al. Influence of host genetic
factors on efavirenz plasma and intracellular pharmacokinetics in
HIV-1-infected patients. Pharmacogenomics. 2010;11:1223–1234.

52. Kwara A, Lartey M, Sagoe KWC, et al. CYP2B6, CYP2A6 and UGT2B7
genetic polymorphisms are predictors of efavirenz mid-dose con-
centration in HIV-infected patients. AIDS. 2009;23:2101–2106.

53. Gross R, Bellamy SL, Ratshaa B, et al. CYP2B6 genotypes and early
efavirenz-based HIV treatment outcomes in Botswana. AIDS.
2017;31:2107–2113.

54. Holzinger ER, Grady B, Ritchie MD, et al. Genome-wide association
study of plasma efavirenz pharmacokinetics in AIDS clinical trials
group protocols implicates several CYP2B6 variants.
Pharmacogenet Genomics. 2012;22:858–867.

•• A GWAS that illustrates the contributions of CYP polymorph-
isms to efavirenz metabolism.

55. Sarfo FS, Zhang Y, Egan D, et al. Pharmacogenetic associations with
plasma efavirenz concentrations and clinical correlates in a retro-
spective cohort of Ghanaian HIV-infected patients. J Antimicrob
Chemother. 2014;69:491–499.

56. Gandhi M, Greenblatt RM, Bacchetti P, et al. A single-nucleotide
polymorphism in CYP2B6 leads to >3-fold increases in efavirenz
concentrations in plasma and hair among HIV-infected women. J
Infect Dis. 2012;206:1453–1461.

57. Wang J, Sönnerborg A, Rane A, et al. Identification of a novel
specific CYP2B6 allele in Africans causing impaired metabolism of
the HIV drug efavirenz. Pharmacogenet Genomics. 2006;13:191–
198.

58. Dhoro M, Zvada S, Ngara B, et al. CYP2B6*6, CYP2B6*18, body weight
and sex are predictors of efavirenz pharmacokinetics and treatment
response: population pharmacokinetic modeling in an HIV/AIDS and
TB cohort in Zimbabwe. BMC Pharmacol Toxicol. 2015;16:4.

59. Evans J, Swart M, Soko N, et al. A global health diagnostic for
personalized medicine in resource-constrained world settings: a
simple PCR-RFLP method for genotyping CYP2B6 g.15582C>T and
science and policy relevance for optimal use of antiretroviral drug
efavirenz. OMICS. 2015;19:332–338.

60. Bienczak A, Cook A, Wiesner L, et al. The impact of genetic poly-
morphisms on the pharmacokinetics of efavirenz in African chil-
dren. Br J Clin Pharmacol. 2016;82:185–198.

61. Heil SG, van der Ende ME, Schenk P, et al. Associations between
ABCB1, CYP2A6, CYP2B6, CYP2D6, and CYP3A5 alleles in relation to
efavirenz and nevirapine. Ther Drug Monit. 2012;34:153–159.

62. Reay R, Dandara C, Viljoen M, et al. CYP2B6 haplotype predicts
efavirenz plasma concentration in Black South African HIV-1-
infected children: a longitudinal pediatric pharmacogenomic
study. OMICS. 2017;21:465–473.

63. Abdelhady A, Shugg T, Thong N, et al. Efavirenz inhibits the human
ether-a-go-go related current (hERG) and induces QT interval pro-
longation in CYP2B6*6*6 allele carriers. J Cardiovasc Electrophysiol.
2016;27:1206–1213.

64. Dickinson L, Amin J, Else L, et al. Comprehensive pharmacokinetic,
pharmacodynamic and pharmacogenetic evaluation of once-daily
efavirenz 400 and 600 mg in treatment-naive HIV-infected patients
at 96 weeks: results of the ENCORE1 study. Clin Pharmacokinet.
2016;55:861–873.

65. Aurpibul L, Chotirosniramit N, Sugandhavesa P, et al. Correlation of
CYP2B6-516G>T polymorphism with plasma efavirenz concentra-
tion and depression in hiv-infected adults in Northern Thailand.
Curr HIV Res. 2012;10:653–660.

66. Salem AH, Fletcher CV, Brundage RC. Pharmacometric characteriza-
tion of efavirenz developmental pharmacokinetics and pharmaco-
genetics in HIV-infected children. Antimicrob Agents Chemother.
2014;58:136–143.

67. Sánchez A, Cabrera S, Santos D, et al. Population pharmacokinetic/
pharmacogenetic model for optimization of efavirenz therapy in
caucasian HIV-infected patients. Antimicrob Agents Chemother.
2011;55:5314–5324.

68. Swart M, Skelton M, Ren Y, et al. High predictive value of CYP2B6
SNPs for steady-state plasma efavirenz levels in South African HIV/
AIDS patients. Pharmacogenet Genomics. 2013;23:415–427.

69. Gengiah TN, Botha JH, Yende-Zuma N, et al. Efavirenz dosing:
influence of drug metabolizing enzyme polymorphisms and con-
current tuberculosis treatment. Antivir Ther. 2015;20:297–306.

EXPERT OPINION ON DRUG METABOLISM & TOXICOLOGY 9



70. Burger D, van der Heiden I, La Porte C, et al. Interpatient variability
in the pharmacokinetics of the HIV non-nucleoside reverse tran-
scriptase inhibitor efavirenz: the effect of gender, race, and CYP2B6
polymorphism. Br J Clin Pharmacol. 2006;61(2):148–154.

71. Yimer G, Amogne W, Habtewold A, et al. High plasma efavirenz
level and CYP2B6*6 are associated with efavirenz-based HAART-
induced liver injury in the treatment of naive HIV patients from
Ethiopia: a prospective cohort study. Pharmacogenomics J.
2012;12:499–506.

72. Fellay J, Marzolini C, Meaden ER, et al. Response to antiretroviral
treatment in HIV-1-infected individuals with allelic variants of the
multidrug resistance transporter 1: a pharmacogenetics study. The
Lancet. 2002;359:30–36.

73. Mukonzo JK, Owen JS, Ogwal-Okeng J, et al. Pharmacogenetic-
based efavirenz dose modification: suggestions for an African
population and the different CYP2B6 genotypes. PLoS One.
2014;9(1):e86919.

74. Haas DW, Severe P, Juste MAJ, et al. Functional CYP2B6 variants
and virologic response to an efavirenz-containing regimen in Port-
au-Prince, Haiti. J Antimicrob Chemother. 2014;69:2187–2190.

75. Arab-Alameddine M, di Iulio J, Buclin T, et al. Pharmacogenetics-
based population pharmacokinetic analysis of efavirenz in HIV-1-
infected individuals. Clin Pharmacol Ther. 2009;85:485–494.

76. Lubomirov R, Colombo S, di Iulio J, et al. Association of pharmaco-
genetic markers with premature discontinuation of first-line anti-
HIV therapy: an observational cohort study. J Infect Dis.
2011;203:246–257.

• Considers the impact of SNPs on discontinuation of antiretro-
viral therapy.

77. Cummins NW, Neuhaus J, Chu H, et al. Investigation of efavirenz
discontinuation in multi-ethnic populations of HIV-positive indivi-
duals by genetic analysis. EBioMedicine. 2015;2:706–712.

78. Frasco MA, Mack WJ, Van Den Berg D, et al. Underlying genetic
structure impacts the association between CYP2B6 polymorphisms
and response to efavirenz and nevirapine. AIDS. 2012;26:2097–
2106.

79. Mollan KR, Tierney C, Hellwege JN, et al. Race/ethnicity and the
pharmacogenetics of reported suicidality with efavirenz among
clinical trials participants. J Infect Dis. 2017;216:554–564.

80. Gatanaga H, Hayashida T, Tsuchiya K, et al. Successful efavirenz
dose reduction in HIV type 1-infected individuals with cytochrome
P450 2B6 *6 and *26. Clin Infect Dis. 2007;45:1230–1237.

81. Martín AS, Gómez A, García-Berrocal B, et al. Dose reduction of
efavirenz: an observational study describing cost-effectiveness,
pharmacokinetics and pharmacogenetics. Pharmacogenomics.
2014;15:997–1006.

82. Schackman B, Haas DW, Parl SS, et al. Cost-effectiveness of CYP2B6
genotyping to optimize efavirenz dosing in HIV clinical practice.
Pharmacogenomics. 2015;16:2007–2018.

83. Olagunju A, Schipani A, Bolaji O, et al. Evaluation of universal
versus genotype-guided efavirenz dose reduction in pregnant
women using population pharmacokinetic modelling. J
Antimicrob Chemother. 2018;73:165–172.

84. Sanne I, Mommeja-Marin H, Hinkle J, et al. Severe hepatotoxicity
associated with nevirapine use in HIV-infected subjects. J Infect Dis.
2005;191:825–829.

85. Panel on antiretroviral guidelines for adults and adolescents.
Guidelines for the use of antiretroviral agents in adults and ado-
lescents living with HIV. Department of Health and Human
Services; [cited 2018 Jan 22]. Available from: http://www.aidsinfo.
nih.gov/ContentFiles/AdultandAdolescentGL.pdf

86. De Vries-Sluijs TE, Dieleman JP, Arts D, et al. Low nevirapine plasma
concentrations predict virological failure in an unselected HIV-1-
infected population. Clin Pharmacokinet. 2003;42:599–605.

87. Veldkamp AI, Weverling GJ, Lange JM, et al. High exposure to
nevirapine in plasma is associated with an improved virological
response in HIV-1-infected individuals. AIDS. 2001;15:1089–
1095.

88. Erickson DA, Mather G, Trager WF, et al. Characterization of the in
vitro biotransformation of the HIV-1 reverse transcriptase inhibitor

nevirapine by human hepatic cytochrome P-450. Drug Metab
Dispos. 1999;27:1488–1495.

89. Riska P, Lamson M, MacGregor T, et al. Disposition and biotrans-
formation of the antiretroviral drug nevirapine in humans. Drug
Metab Dispos. 1999;27:895–901.

90. Dickinson L, Chaponda M, Carr DF, et al. Population pharmacoki-
netic and pharmacogenetic analysis of nevirapine in hypersensitive
and tolerant HIV-infected patients from Malawi. Antimicrob Agents
Chemother. 2014;58:706–712.

91. Mahungu TW, Smith CJ, Turner F, et al. Cytochrome P450 2B6
516G->T is associated with plasma concentrations of nevirapine
at both 200mg twice daily and 400mg once daily in an ethnically
diverse population. HIV Med. 2009;10:310–317.

92. Schipani A, Wyen C, Mahungu T, et al. Integration of population
pharmacokinetics and pharmacogenetics: an aid to optimal nevir-
apine dose selection in HIV-infected individuals. J Antimicrob
Chemother. 2011;66:1332–1339.

93. Calcagno A, D’Avolio A, Simiele M, et al. Influence of CYP2B6 and
ABCB1 SNPs on nevirapine plasma concentrations in Burundese
HIV-positive patients using dried sample spot devices. Br J Clin
Pharmacol. 2011;74:134–140.

94. Mhandire D, Lacerda M, Castel S, et al. Effects of CYP2B6 and
CYP1A2 genetic variation on nevirapine plasma concentration
and pharmacodynamics as measured by CD4 cell count in
Zimbabwean HIV-infected patients. OMICS. 2015;19:553–562.

95. Oluka MN, Okalebo FA, Guantai AN, et al. Cytochrome P450 2B6
genetic variants are associated with plasma nevirapine levels and
clinical response in HIV-1 infected Kenyan women: a prospective
cohort study. AIDS Res Ther. 2015;12:10.

96. Bienczak A, Cook A, Wiesner L, et al. Effect of diurnal variation,
CYP2B6 genotype and age on the pharmacokinetics of nevirapine
in African children. J Antimicrob Chemother. 2017;72:190–199.

97. Guidi M, Arab-Alameddine M, Rotger M, et al. Dosage optimization
of treatments using population pharmacokinetic modeling and
simulation. Chimia. 2012;66:291–295.

98. Saitoh A, Sarles E, Capparelli E, et al. CYP2B6 genetic variants are
associated with nevirapine pharmacokinetics and clinical response
in HIV-1-infected children. AIDS. 2007;21:2191–2199.

99. Lehr T, Yuan J, Hall D, et al. Integration of absorption, distribution,
metabolism, and elimination genotyping data into a population
pharmacokinetic analysis of nevirapine. Pharmacogenet Genomics.
2011;21:721–730.

100. Olagunju A, Bolaji O, Neary M, et al. Pregnancy affects nevirapine
pharmacokinetics: evidence from a CYP2B6 genotype-guided
observational study. Pharmacogenet Genomics. 2016;26:381–389.

101. Gozalo C, Gérard L, Loiseau P, et al. Pharmacogenetics of toxicity,
plasma trough concentration and treatment outcome with nevir-
apine-containing regimen in anti-retroviral-naive HIV-infected
adults: an exploratory study of the TRIANON ANRS 081 trial. Basic
Clin Pharmacol Toxicol. 2011;109:513–520.

102. Haas DW, Gebretsadik T, Mayo G, et al. Relationships between
CYP2B6 polymorphisms and pharmacokinetics following a single
dose of nevirapine or efavirenz in African Americans. J Infect Dis.
2009;199:872–880.

103. Yuan J, Guo S, Hall D, et al. Toxicogenomics of nevirapine-asso-
ciated cutaneous and hepatic adverse events among populations
of African, Asian, and European descent. AIDS. 2011;25:1271–1280.

104. Ciccacci C, Di Fusco D, Marazzi M, et al. Association between
CYP2B6 polymorphisms and nevirapine-induced SJS/TEN: a phar-
macogenetics study. Eur J Clin Pharmacol. 2013;69:1909–1916.

105. Haas DW, Bartlett JA, Andersen JW, et al. Pharmacogenetics of
nevirapine-associated hepatotoxicity: an adult AIDS clinical trials
group. Clin Infect Dis. 2006;43:783–786.

106. Carr DF, Chaponda M, Cornejo Castro EM, et al. CYP2B6 c.983T>C
polymorphism is associated with nevirapine hypersensitivity in
Malawian and Ugandan HIV populations. J Antimicrob
Chemother. 2014;69:3329–3334.

107. Aouri M, Barcelo C, Guidi M, et al. Population pharmacokinetics and
pharmacogenetics analysis of rilpivirine in HIV-1-infected indivi-
duals. Antimicrob Agents Chemother. 2017;61:e00899–16.

10 G. STILLEMANS ET AL.

http://www.aidsinfo.nih.gov/ContentFiles/AdultandAdolescentGL.pdf
http://www.aidsinfo.nih.gov/ContentFiles/AdultandAdolescentGL.pdf


108. Kile DA, MaWhinney S, Aquilante CL, et al. A population pharma-
cokinetic-pharmacogenetic analysis of atazanavir. AIDS Res Hum
Retroviruses. 2012;28:1227–1234.

109. Savic RM, Barrail-Tran A, Duval X, et al. Effect of adherence as
measured by MEMS, ritonavir boosting, and CYP3A5 genotype on
atazanavir pharmacokinetics in treatment-naive HIV-infected
patients. Clin Pharmacol Ther. 2012;92:575–583.

110. Castillo JR, Aquilante CL, Wempe MF, et al. Pharmacogenetics of
unboosted atazanavir in HIV-infected individuals in resource-lim-
ited settings: a sub-study of the AIDS clinical trials group (ACTG)
PEARLS study (NWCS 342). J Antimicrob Chemother. 2016;71:1609–
1618.

111. D’Avolio A, Carcieri C, Cusato J, et al. Intracellular accumulation of
atazanavir-ritonavir according to plasma concentrations and
OATP1B1, ABCB1 and PXR polymorphisms. J Antimicrob
Chemother. 2014;69:3061–3066.

112. Johnson DH, Venuto C, Ritchie MD, et al. Genome-wide association
study of atazanavir pharmacokinetics and hyperbilirubinemia in
AIDS clinical trials group protocol A5202. Pharmacogenet
Genomics. 2014;24:195–203.

113. Gammal RS, Court MG, Haidar CE, et al. Clinical pharmacoge-
netics implementation consortium (CPIC) guideline for UGT1A1
and atazanavir prescribing. Clin Pharmacol Ther. 2016;99:363–
369.

114. Vermeir M, Lachau-Durand S, Mannens G, et al. Absorption, meta-
bolism, and excretion of darunavir, a new protease inhibitor, admi-
nistered alone and with low-dose ritonavir in healthy subjects.
Drug Metab Dispos. 2009;37:809–820.

115. Sekar V, Spinosa-Guzman S, Lefebvre E, et al. Clinical pharmacology
of TMC114 - a new HIV protease inhibitor. In: XVI International AIDS
Conference. Toronto, Canada:[Poster TUPE0083]. 2006.

116. Arab-Alameddine M, Lubomirov R, Fayet-Mello A, et al. Population
pharmacokinetic modelling and evaluation of different dosage
regimens for darunavir and ritonavir in HIV-infected individuals. J
Antimicrob Chemother. 2014;69:2489–2498.

117. Belkhir L, Elens L, Zech F, et al. Interaction between darunavir and
etravirine is partly mediated by CYP3A5 polymorphism. PloS One.
2016;11(10):e0165631.

118. Lubomirov R, di Iulio J, Fayet A, et al. ADME pharmacogenetics:
investigation of the pharmacokinetics of the antiretroviral agent
lopinavir coformulated with ritonavir. Pharmacogenet Genomics.
2010;20:217–230.

•• A large-scale study that investigated over 1500 SNPs in rela-
tion with lopinavir PK.

119. Elens L, Yombi JC, Lison D, et al. Assocation between ABCC2
polymorphism and lopinavir accumulation in peripheral blood
mononuclear cells of HIV-infected patients. Pharmacogenomics.
2009;10:1589–1597.

120. Mpeta B, Kampira E, Castel S, et al. Differences in genetic variants in
lopinavir disposition among HIV-infected Bantu Africans.
Pharmacogenomics. 2016;17:679–690.

121. Estrela RCE, Santoro AB, Barroso PF, et al. CYP3A5 genotype has no
impact on plasma trough concentrations of lopinavir and ritonavir
in HIV-infected subjects. Clin Pharmacol Ther. 2008;84:205–207.

122. Rakhmanina NY, Neely M, Van Schaik RHN, et al. CYP3A5, ABCB1,
and SLCO1B1 polymorphisms and pharmacokinetics and virologic
outcome of lopinavir-ritonavir in HIV-infected children. Ther Drug
Monit. 2011;33:417–424.

123. Zhang X, Tierney C, Albrecht M, et al. Discordant associations
between SLCO1B1 521T→C and plasma levels of ritonavir-boosted
protease inhibitors in AIDS clinical trials group study A5146. Ther
Drug Monit. 2013;35:209–216.

124. Olagunju A, Schipani A, Siccardi M, et al. CYP3A4*22 (c.522-191
C>T; rs35599367) is associated with lopinavir pharmacokinetics in
HIV-positive adults. Pharmacogenet Genomics. 2014;24:459–463.

125. Hughes DA, Vilar FJ, Ward CC, et al. Cost-effectiveness analysis of
HLA B*5701 genotyping in preventing abacavir hypersensitivity.
Pharmacogenetics. 2004;14:335–342.

126. Ziagen® [package insert]. Research Triangle Park, NC:
GlaxoSmithKline; 2008.

EXPERT OPINION ON DRUG METABOLISM & TOXICOLOGY 11


	Abstract
	1.  Introduction
	1.1.  Overview of CYP
	1.2.  Literature search strategy

	2.  Review
	2.1.  Efavirenz
	2.2.  Nevirapine
	2.3.  Rilpivirine
	2.4.  Ritonavir, cobicistat
	2.5.  Atazanavir
	2.6.  Darunavir
	2.7.  Lopinavir

	3.  Conclusion
	4.  Expert opinion
	Funding
	Declaration of interest
	References



