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Abstract

The introduction of highly active antiretroviral therapy as standard of care has considerably enhanced the life
expectancy among HIV-infected individuals. Although this combination of drugs virtually suppresses viral replication,
the therapeutic effect may be limited by differing rates of adverse events and responses in terms of efficacy and toxicity.
These differences arise from complex interactions between biological and environmental factors. Pharmacogenetic
studies are contributing to our understanding of the inter-individual differences in the response to antiretroviral
drugs. Several studies have provided a relevant number of associations between human genetic variants and
predisposition to adverse events and for some antiretroviral drugs clear and causal genotype—phenotype correlation
has been established. These findings make the idea of personalized medicine in this field increasingly attractive. We
will discuss here current achievements on pharmacogenetics of HIV treatment with special emphasis on the genetic
polymorphisms underlying toxic effects and/or those already implemented in the clinical setting.

Introduction
General considerations on pharmacogenetics

Human immunodeficiency virus (HIV) infection is recognized as
one of the most serious contemporary pandemics. The introduction
of highly active antiretroviral therapy (HAART) as standard of care
has changed the natural history of HIV infection into a controllable
chronic disease requiring long-term antiretroviral (ARV) treatment.
Effective HAART and the availability of genetic screening of patient
virus data have conducted to sustained viral suppression and higher life
expectancy in infected patients [1-3]. However, response to HAART
is often limited by the occurrence of toxicity or by the emergence of
drug resistance. Cohort studies from the United States and Europe
indicate that around 20-30% of patients initiating therapy discontinue
treatment in the first year [4].

It is important to remark here that overall, adverse drug reactions
(ADRs) are regarded as an important public health problem, as they can
cause serious diseases and even be life-threatening. They are defined by
the World Health Organization as noxious and unintended responses
to drugs at normal doses. The classical pharmacological classification
of ADRs by Rawlins [5] distinguishes two types of reactions: type A,
which is dose-dependent and predictable and type B, which are not
dose-dependent and are unpredictable. Type B reactions comprise
approximately 10-15% of all ADRs and include hypersensitivity
drug reactions (HSRs). It has even been estimated that adverse drug
reactions, many of which is due to variations in the pharmacokinetic
of drugs, are responsible for around 7% of all hospital admissions [6].

As mentioned earlier, in the HIV infection setting, antiretroviral
treatment is characterized by differing rates of responses and adverse
events. Numerous studies report that the administration of standard
doses of most antiretroviral drugs results in significant variations in
plasma drug concentrations among different individuals, influencing
antiviral activity as well as incidence of drug-related toxicities. These
differences arise from complex interactions between biological and
environmental factors, which include variations in virus biology
and host physiology, concomitant medications, drug compliance,

underlying diseases, socioeconomic disparities, regional preferences in
treatment standards and genetic diversity affecting drug metabolism
and the expression of drug targets [7]. In this scenario, genetic
associations highlighting differences in the response to HIV infection
and treatment have significantly furthered our understanding of
the pathogenesis, pharmacokinetics and pharmacodynamics of
antiretroviral drug action and toxicities and HIV disease itself. In fact,
HIV-infected patient’s response differs genetically with regard to both
the virus and the ARV drugs [8]. These interindividual differences in
the pharmacokinetics of drugs represent a major clinical problem since
plasmalevels of drugs are poorly predictable. Pharmacogenomic studies
have provided important results allowing significant improvements
in the treatment of a number of conditions [9-11]. In this context,
it is very well known that the overall pharmacologic effects of drugs
are typically not monogenic traits; rather, effects are determined by
the interaction of several genes encoding different proteins involved
in different pathways of drug metabolism, disposition and effects. A
relevant number of associations between human genetic variants and
predisposition to adverse events have been described and for some
antiretroviral drugs a clear and causal genotype—phenotype correlation
has been established [7,12].
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The biomedical discipline analyzing the effects of polymorphisms
within human genes on drug metabolism and drug toxicity is the
Pharmacogenetics. This field has been pursued in HIV therapeutics
because of the prevalence of toxicity, the long-term nature of
treatment, and the inherent complexity of multidrug therapy that
could benefit from predictive tools to identify the drug combination
most likely to be tolerated and effective [13]. In this scenario, it is
reasonable to hypothesize that pharmacogenetic studies coupled with
molecular characterization of the HIV may help moving towards
improved personalized therapy. It should also be considered that while
basal expression of drug metabolizing enzymes or transporters may
be unaffected by mutations, the degree of inducibility by other drugs
co-administered with antiretroviral treatment (ART) like rifampicin
for example, may vary when polymorphisms affect gene regulatory
motifs such as promoter or nuclear factors (i.e. PXR (pregnane X
receptor) and CAR (constitutive androstane receptor), which are also
polymorphic) [14].

To date, more than twenty antiretroviral drugs have been approved
by the US Food and Drug Administration (FDA) for the treatment
of HIV. As it is depicted in Figure 1 these agents target relevant
molecules in the HIV life cycle aiming to prevent virus entry and /or
replication. According to their mechanism of action these compounds
can be categorized as: (a) nucleoside/nucleotide reverse transcriptase
inhibitors (NRTIs or NtRTIs), (b) non-nucleoside reverse transcriptase
inhibitors (NNRTIs), (c) protease inhibitors (PIs), (d), integrase
inhibitors, (e) fusion/entry inhibitors.

Research focused on the discovery and development of innovative
agents for HIV treatment is especially active with entry inhibitors
receiving the most of attention in the field. HIV entry is a three-step
process. The C-C Chemokine Receptor Type 5 (CCR5) antagonist
Maraviroc targets the second step [15] and the fusion inhibitor
Enfuvirtide acts at the third step [16]. Interestingly, BMS-663068
would be the first drug to target the initial step (http://cenblog.org/the-

haystack/tag/bms-663068/). Its active form, BMS-626529, works by
binding to the HIV-1 envelope glycoprotein gp120, thereby interfering
with its attachment to the CD4 receptor. On the contrary, TNX-355,
is a monoclonal antibody that inhibits HIV attachment by binding to
host cell CD4 receptors [17]. Chemokine antagonists inhibit the middle
step by preventing HIV from binding with one of two co-receptors
CCR5 or C-X-C Chemokine Receptor Type 4 (CXCR4). Several CCR5
antagonists are being studied such as, UK-427-857 [15], SCH-D [18],
and the monoclonal antibody PRO-140 [19]. The agent called vMIP-II
appears to block multiple co-receptors [20] and this approach could
prevent HIV from switching back and forth between co-receptors,
however, given that chemokines perform multiple functions, agents
aiming to inhibit their activity could potentially produce serious side
effects. SJ-3366 inhibits entry after that HIV attaches to CD4 cells
[21], but its exact mechanism of action is unknown. Finally, other
compounds like FP-21399 inhibit the fusion step [22] and focus on
ARV research also includes next-generation NRTI such as Festinavir.

International ARV treatment guidelines currently recommend
a daily combination of three or more antiretroviral drugs for the
treatment of immunocompromised HIV infected patients. The
combination treatment referred as HAART is composed of at least
three drugs from two different classes, i.e. two NRTIs plus one NNRTI
or two NRTIs plus one Protease Inhibitor (PI). Although HAART
cannot eradicate HIV infection, it can prevent progression to acquired
immune deficiency syndrome (AIDS) by suppressing the level of viral
replication, thus helping to restore the immune system [23].

Host genetic factors influencing efficacy and toxicity of ARV drugs
have been assessed in a number of prospective HIV clinical trials and
cohort studies. The genetic variants analyzed were single nucleotide
polymorphisms (SNPs) and haplotypes (combinations of SNPs that are
inherited together), which can be phenotypically associated with altered
enzymatic activity and pharmacokinetics and pharmacodynamics
of ARV agents. In addition, these studies included: HSR syndromes,
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Figure 1: Human Immunodeficiency Virus life cycle: Targets for antiretroviral intervention. Approved drugs are categorized according to their mechanism of
action. Only drugs potentially associated to pharmacogenetic markers of efficacy and/or toxicity are depicted.
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hepatotoxicity, central nervous system side effects, hyperbilirubinemia,
peripheral neuropathy, lipodystrophy, hyperlipidaemia, pancreatitis
and renal toxicity.

It is important to note, that numerous reports describe differences
in the distribution of genetic polymorphisms affecting HAART
treatment among diverse ethnic groups. Endeavors such as the Internal
Frequency optional HapMap Project have provided insight into not only
the quantity of polymorphism but also the variability of polymorphism
frequency between world populations. In the context of HIV
treatment, it has been reported for example that drug exposure to the
PI Saquinavir is significantly increased in Thai patients compared with
Caucasians [24]. Emerging data also show that the NNRTI Efavirenz
has a longer elimination half-life in Black Africans than in Caucasians
[25]. In other study, it was seen that patients from Thailand and South
Africa had lower clearances of Efavirenz than those from Europe or
the Americas [26]. Genetic variability in drug metabolizing enzymes
(e.g. cytochrome P450, (CYP450); glucuronyl transferase, GT) or drug

transporters, e.g. ABCB1 (P-glycoprotein; MDR1), ABCC1 (MRP1)
and ABCC2 (MRP2), prevalent at differing frequencies across ethnic
groups, probably explains some of the differences among populations;
although as mentioned above other factors such as body weight may
also contribute to these findings [27]. Furthermore, it is important
to remark that although the frequency of most described functional
polymorphisms have been assessed in multiple populations and a
number of comparisons have been performed, data are far from being
comprehensive. For this reason, an important step prior to translating
pharmacogenetic testing to the clinical practice is to perform studies
in order to depict the genetic profile of the local population. In this
perspective, the lack of information for the Argentinean population
(except for CCR5 [28,29]; prompted us to investigate the allelic
frequencies of the CYP2B6 (rs3745274), CCR5 (rs333), HLA complex
P5 (HCP5) (rs2395029) polymorphisms recognized as predictive
markers for treatment efficacy with Efavirenz, Maraviroc and Abacavir,
respectively. The study was conducted in Argentineans subjects
from the central area of our country known to have an important

CLASIFICATION DRUGS GENES - RS ADVERSE EVENTS
Anemia, neutropenia
Zidovudine ABCC4 (MRP4) Fatigue, malaise, headache
A1203A - rs11568695 Nausea, vomiting
Myalgia, myopathy
Peripheral neuropathy
Stavudine POLG (Mit DNA) Pancreatitis
R964C and E1143G Dyslipidaemia
Nucleoside Diarrhea
ABCC2 (MRP2)
Reverse C421A-Q141K - rs2231142
- Q126X - rs725522713
Transcriptase Lamivudine V12M - rs2231137 Headache, dry mouth
MRP4
Inhibitors 3’ UTR - rs3742106
Abacavir HLA-B*5701 - rs3093726 :ggﬁrsfzczlrtl\ﬁyasly?adr;z;i(sllssgusea
HCP-5 - rs2395029 . tever, myalgia, : :
vomiting,diarrhea
Asthenia
Tenofovir ABCC4 (MRP4) Acute renal insufficiency
K1116K - rs1751034 Proximal Tubulopathy
Fanconi syndrome
ABCB1
i 11143 - rs1045642 Hypersensitivity syndrome (HSR)
Non Nucleoside Nevirapine CYP2B6 Skin rash
Q172H - rs3745274 Elevations in liver function tests, Hepatitis, liver failure
Reverse 1328T - rs28399499
Transcriptase CYP2B6
Q172H - rs3745274
Inhibitors Efavirenz 1328T - rs28399499 Peripheral Neuropathy
ABCB1 (MDR1)
11143 - rs1045642
UGT1A1 Hyperbilirubinemia, jaundice
Atazanavir UGT1A1*28- (rs8175347) Elevatlon§ in liver function tests, PR interval
prolongation
Protease UGT1A1
Inhibitors Indinavir UGT1A1*28 - rs8175347 Hyperbilirubinemia, jaundice
CYP3A4/ CYP3A5 Nephrolithiasis, flank pain
CYP3A4*1B /CYP3A5*1
Ritonavir ABCA1, APOAS5, APOC3, APOE, CETP Dyslipidaemia
- Diarrhea, nausea
Entry Inhibitor . CCR5 - . . .
Maraviroc A32 - 1s333 ‘L)Japizer respiratory tract infections, cough. Joint, muscle

Table 1: Summary of genetic variants associated to antiretroviral pharmacokinetics, toxicity and/or efficacy in HIV treatment.
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contribution of European immigration of Italian and Spanish origin to
its genetic pool. Interestingly, the frequency of the CYP2B6 rs3745274
mutation observed in our population was higher than the observed in
Europeans pointing out the relevance of this study before starting a
protocol involving Efavirenz as we will discuss below. In the case of
CCR5 gene, therapeutic target of Maraviroc, (See Figure 1 and Table
1), the frequency of the A32 variant (rs333) [30] in our population
was similar to the reported for the Amerindian Chiriguanos [28],
for Jamaicans [31] and Italians [32], but higher than the reported for
Argentinean subjects from Chaco (with Guarani and Hispanic genetic
background) [29]. Of note, the mutant allele of CCR5 is found at high
frequency in Caucasians but is absent in the Chinese [31] and black
populations. Finally, the allele frequency for HCP5 (rs2395029) in our
population was very similar to Italian, Spanish, Mexican, Chinese and
Japanese people. It is important to remark that the study of individuals
from different geographic regions of Argentina, receiving distinct
immigration waves, will further elucidate the relative contribution
of diverse polymorphic variants to the genetic pool of interest in
pharmacogenetics in our country [33].

In conclusion, the ultimate goal in pharmacogenetics is to define
robust markers that can be used in the clinical setting to support
the individualized treatment selection. It has been already shown
that individualized drug therapy based on the presence of genetic
polymorphisms can result in an important reduction of adverse side
effects in the clinic [34,35]. However, despite the plethora of genetic
information the true number of established genetic markers ready for
integration in clinical practice is remarkably small and their usefulness
may be geographically limited. Although many initial associations are
intriguing they are really only tentative until replicated by multiple
studies performed by independent groups. Commonly published
polymorphisms often suffer from contradictory results making their
role in the clinic unclear.

Towards individualized HAART: The pharmacogenetic
portfolio

The complex pharmacokinetic properties of individual ARV
in HAART regimens stimulated numerous studies to explore the
pharmacogenetic determinants involved, as clinicians were aware
of the viral suppression potential of HAART but also considered the
unpredictable nature of these drug interactions. The studies considered
first, the drug metabolizing capacity of the isoforms of CYP450
oxidative enzymes and their contribution to drug interactions. In
the case of the NNRTTIs, Nevirapine and Efavirenz, their inductive
characteristics created concern for the enhanced metabolism of
concurrently administered medications, while the use of PIs such
as Atazanavir or Indinavir, with inhibitory effects on CYP3A, led
to a specially challenging scenario. In contrast, there is very little
involvement of CYP450 enzymes in NRTI metabolism. For this reason,
in this category of agents most studies have focused in genes involved
in drug transport and HSR.

Nucleoside reverse transcriptase inhibitors

NRTIs are a class of antiretroviral compounds whose chemical
structure represents a modified version of a natural nucleoside. These
agents, after intracellular phosphorylation suppress HIV replication by
interfering with the reverse transcriptase enzyme [36,37]. In general,
NRTT adverse effects are associated with lactic acidosis, hepatic steatosis
and body fat redistribution (lipodystrophy). Additional evidence
relates NRTI agents to disruption of mitochondrial function and

oxidative stress and peripheral neuropathy [38]. As mentioned above
most studies on pharmacogenetic determinants of NRTTs toxicity have
focused on HSR syndromes and the HLA system. Additionally, genes
involved in drug transport, like multidrug resistance proteins (MRP),
polymorphisms in mitochondrial genome and factor Tumor Necrosis
Factor alpha (TNF-alpha) have also been considered regarding NRTI
toxicity.

Abacavir: Abacavir, a guanosine nucleoside analog is a potent
antiretroviral agent that competitively inhibits the reverse transcriptase
of HIV-1 leading to chain synthesis termination. About 5%-8% of
HIV infected individuals who initiate Abacavir therapy develop a HSR
characterized by fever, rash, abdominal complaints, lethargy and acute
respiratory symptoms, within the first 4-6 weeks of treatment; the
reaction generally improves within 24 h following drug discontinuation.
However, rechallenge with Abacavir may result in severe recurrence of
symptoms, with increased risk of life-threatening complications and
death [39]. The underlying immunologic mechanism of Abacavir HRS
is an HLA-B5701-restricted immune response to the NRTI drug [40].
The strong association between Abacavir HSR and HLA-B*5701 has
been demonstrated in both observational and blinded randomized
clinical trials in racially diverse populations and represents the best
example of the clinical utility of pharmacogenetic screening in HIV
medicine. Indeed, the use of HLA-B*5701 as a screening test is one of
the first examples of pharmacogenetics being feasibly implemented in
the clinical setting to prevent a previously unpredictable toxicity of a
specific drug [41].

Based on evidence from PREDICT-1 [42] and other studies [43],
most national and international HIV treatment guidelines, including
those of the International AIDS Society (IAS) and US Department of
Health and Human Services (DHHS), have recommended genotyping
for HLA-B*5701 into routine clinical practice as the standard of care
for all patients before prescribing an Abacavir containing regimen.

Itisimportant to note here, thata prerequisite for pharmacogenetics
to be applied in the clinical practice is the development of fast, reliable,
and cost-effective techniques for the routine genotyping of patients.
For this reason, another genetic marker proposed as surrogate of the
HLA-B*5701 allele and Abacavir HSR is a polymorphism located within
the HLA complex P5 gene, HCP5 rs2395029. This polymorphism
was found to be in high linkage disequilibrium with HLA-B*5701 by
several studies [44], allowing the clinical use of the former marker as an
alternative to HLA typing [44,45].

In conclusion, the major short term adverse effect of Abacavir,
the HSR, can be largely avoided by excluding it from the cocktail in
patients positive for HLA-B*5701 or HCP5 rs2395029.

Zidovudine / Lamivudine: Zidovudine, an analog of thymidine,
was the first approved treatment for HIV, representing a major
breakthrough in AIDS therapy in the 1990s since significantly altered
the course of the infection. Lamivudine, on the other hand, is an
analogue of cytidine often given in combination with Zidovudine,
with which it is highly synergistic. Lamivudine treatment has been
shown to restore Zidovudine sensitivity of previously resistant HIV.
It has been shown that intracellular concentration of Zidovudine and
other NRTTs are mainly determined by the activities of P glycoprotein
(P-gp) a cell membrane efflux pump and the multidrug resistance
associated proteins (MDR) MRP2 and MRP4. Anderson et al. [46]
investigated the relationships among Lamivudine-triphosphate, and
ZDV-triphosphate pharmacokinetics and pharmacodynamics with
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polymorphisms in MDRI, MRP2 and MRP4. Two polymorphisms
at MRP-4 might have clinical relevance in HIV therapy. The T4131G
change has been associated with higher intracellular concentrations
of Lamivudine-triphosphate. In addition, other polymorphisms at
MRP2 may also contribute to increased plasma levels of Lamivudine
(See Table 1). On the other hand, the G3724A change seems to result
in more elevated Zidovudine-triphosphate intracellular levels [46].
At present, it is unclear in what extent the variability observed in the
response to these drugs could be explained by genetic variability at the
MRP transporters.

Tenofovir: Tenofovir (TDF) is a potent and well tolerated once-
daily NRTL however, its use has been associated with nephrotoxicity,
produced by accumulation of the drug in renal proximal tubules.
Renal injury in patients receiving the drug has also been associated
with the presence of co-morbidities and with advanced HIV infection
[47]. Although further studies are needed to confirm this relationship,
the mechanism of nephrotoxicity could be linked to an impaired
active Tenofovir efflux from the renal proximal tubular cells by the
MRP2/MRP4 transporter [48]. In this context, it has been reported
that renal tubulopathy was significantly associated with a single G>A
substitution at position 1249 of ATP-binding cassette, sub-family C,
member 2 (ABCC2) gene. After controlling for age, sex, and duration
of HIV infection, ABCC2 haplotypes were significantly associated with
the onset of renal proximal tubulopathy. CATC motif appeared to be
a predisposing haplotype, since it was found in a high percentage of
patients presenting this side effect [49]. Interestingly, although these
results point towards a putative role for MRP2 polymorphisms in the
renal toxicity, it is important to note that Tenofovir is a substrate for
MRP4, but not for MRP2 [50]. More recently, a novel relation between
ABCC4 3463A>G genotype and renal toxicity has been reported. This
study shows Tenofovir concentrations 35% higher in carriers of the
3463G variant [48]. Thus, the mechanisms underlying these findings
remain elusive and further investigations in this field are needed.

Stavudine: In general terms, NRTIs agents, although relatively
specific for viral reverse transcriptase, also have varying affinities for
human mitochondrial DNA (mtDNA) polymerase-y (POLG), the
primary enzyme responsible for mtDNA replication; this has been
particularly reported in the case of Stavudine, a thymidine analogue. The
mtDNA POLG hypothesis holds that inhibition of mtDNA POLG by
NRTIs disrupts normal mitochondrial replication, leading to a cascade
of events that culminates in impaired oxidative phosphorylation due to
mitochondrial dysfunction, increased production of free radicals and
oxidative stress, and ultimately tissue injury and symptomatic toxicity.
Details for this cascade have not been fully characterized, but the recent
report of a novel, functional mtDNA POLG mutation being associated
with NRTI-associated lactic acidosis supports the POLG inhibition
hypothesis [51,52]. Several lines of evidence implicate mitochondrial
injury in NRTTI toxicities, including peripheral neuropathy [38,53].
Recently, Stavudine-induced mitochondrial toxicity was associated to
POLG mutations R964C and E1143G. Moreover, it has been shown that
carriers of the mutant Miplp (R964C) and possibly Miplp (E1143G)
are more sensitive to Stavudine; furthermore it has been reported
that Stavudine has the potential to cause mitochondrial toxicity in
heterozygous subjects harboring recessive mutations [54].

Additionally, studies on the genetic factors that might influence
the susceptibility to NRTI-associated peripheral neuropathy, found
that a high percentage of patients receiving the guanosine analogue
Didanosine and/or Stavudine who developed peripheral neuropathy

had a particular mitochondrial DNA genetic configuration, the so called
haplogroup T. Interestingly, among non-Hispanic whites randomized
to receive Didanosine and/or Stavudine, mitochondrial haplogroup
T, a common European mitochondrial haplogroup, independently
predicted neuropathy during the study treatment. Further exploration
of the effect of non-synonymous mtDNA polymorphisms underlying
haplogroup-T revealed that the variant 4917G was significantly
associated with peripheral neuropathy in whites [38]. Further studies
are needed to fully identify relationships between host genetic variants
and peripheral neuropathy associated to HIV treatment.

At last, a relevant proportion of patients exposed to some NRTTs,
particularly the tymidine analogues Stavudine and to lesser extent
Zidovudine, may develop peripheral lipoatrophy [55]. Lipoatrophy is
characterized by peripheral fat loss of gradual onset manifested as facial
thinning and as thinning of extremities and buttocks. The pathogenesis
of NRTI-associated lipoatrophy is multi-factorial and genetic factors
may be associated with an increased risk of developing peripheral fat
wasting since this condition does not occur in all treated patients and
there is a very large interindividual variability in the emergence and
severity of the symptoms [55]. Tumor necrosis factor (TNF)-alpha,
a cytokine promoting adipocyte apoptosis, has many actions that are
consistent with the features of lipodystrophy and shows high levels of
expression in adipose tissue in HIV-infected patients Additional genes
involved in lipid metabolism and apoptosis could play a role in the
development of lipoatrophy. These include apolipoproteins (APO),
adrenergic receptors and Fas and its ligand (FasL). In conclusion,
although genetic polymorphisms of genes involved in apoptosis and
adipocyte metabolism have been associated with the risk of developing
lipoatrophy, to date, genetic prediction of fat loss is not possible. More
than 50% of patients receiving HAART may develop either metabolic
or morphological abnormalities or both, however further investigation
is needed in the field to fully understand the pathogenesis of these
syndromes [55,56].

Non nucleoside reverse transcriptase inhibitors

Non-nucleoside reverse transcriptase inhibitors are a class of
antiretroviral drugs that act as noncompetitive inhibitors of the HIV
reverse transcriptase. Licensed NNRTIs include Efavirenz, Nevirapine
and Etravirine (Figure 1). Most studies on pharmacogenetic
determinants of NNRTTI disposition, efficacy and toxicity have focused
on genes involved in metabolism, i.e. CYP450 enzymatic complex
which is the main metabolizer involved in the liver clearance of NNRTT.
These isoenzymes exhibit genetic polymorphisms resulting in enzymes
with reduced expression and activity in human liver microsomes. As
a consequence, there is a considerable interindividual variability in
NNRTI metabolism and disposition.

In addition to cytochromes, genes encoding drug transporters and
genetic polymorphisms of the HLA system have also been considered
in the pharmacogenetic studies of NNRTTI. In this context, both oral
absorption and tissue penetration of NNRTTs are affected by the drug
transporter P-gp, encoded by the gene multidrug resistance protein 1
(MDR1). Polymorphisms in the MDRI gene associate with differences
in P-gp activity and, thus, in drug disposition. For this reason, the
association between allelic variants of MDR1 gene and NNRTT plasma
concentrations has also been studied comprehensively [2].

Nevirapine: Nevirapine-based antiretroviral combinations are
first-line regimens for HIV-1 infection in most resource-poor settings,
owing to its relatively low cost, manageable pill burden and excellent
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efficacy. However, the use of Nevirapine is limited by two main factors:
an immune-mediated HSR that manifests as hepatotoxicity, fever and/
or skin rash; and a fragile genetic barrier to the development of drug
resistance. The HSR takes place in about 5 % of patients; fatal cases of
this kind of reaction have also been reported. Most of these side effects
present one to six weeks after initiating treatment [7]. Interestingly,
the rate of this reaction is CD4 dependent, with low CD4 cell count
being protective, which suggests a CD4 T cell-dependent immune
response to Nevirapine-associated antigens and the participation
of HLA Class II alleles. However, an association as stringent as that
described for Abacavir has not been found so far. Indeed, the allele
HLA-DRB1*0101 has been associated with cutaneous reactions, but
not with hypersensitivity to the drug [12]. Further investigations are
necessary to delineate the exact role of the HLA and other regions of
the genome in Nevirapine toxicity.

It is important to note that less severe side effects are relatively
common with this drug. Isolated skin rash presents in 15 to 20 % of
patients, but easily subsides with interruption of therapy. Nevirapine
is metabolized primarily by the CYP3A4 and CYP2B6 enzymes into
its major metabolites 2-hydroxynevirapine and 3-hydroxynevirapine,
respectively. The G516T SNP in CYP2B6 (CYP2B6*6) has been
reported to have a major impact on the pharmacokinetics and
pharmacodynamics of Efavirenz [57]. Some studies have also shown
that G516T is associated with Nevirapine plasma concentration [58].
Recently, it has been reported that heterozygosity for the T983C SNP
was associated with significantly higher Nevirapine plasma levels in
black patients. Previous studies have found body weight, ethnicity,
gender and underlying liver disease to be important in explaining
Nevirapine pharmacokinetics, however in most studies body weight
was the only significant demographic factor influencing clearance [59].

Finally, other set of studies have examined the relationship between
exposure to Nevirapine and virological response. The risk of virological
failure in patients who receive Nevirapine-based antiretroviral therapy
increases 5-fold when Nevirapine plasma concentrations are 3.0
mg/L compared with patients with higher concentrations. As a result,
a trough concentration target of 3.0 mg/L has been proposed as a
minimum effective concentration [59].

Efavirenz: At present, Efavirenz is one of the ARV most commonly
used. The drug is generally safe, but central nervous system complaints
are common, especially during the first 3 to 4 weeks of treatment.
Efavirenz is metabolized by CYP2B6 in the liver. Individual carriers,
and particularly homozygous, for the allele CYP2B6*6 (SNP G516T)
eliminate Efavirenz at a lower rate and present higher plasma levels
of the drug [60]. As a result, neuropsychological toxicity is especially
prevalent, intense, and prolonged in these persons. Another
consequence of decreased metabolism of Efavirenz is the persistence
of the drug in plasma after treatment interruption, which potentially
increases the risk for selection of drug-resistant HIV strains. Indeed,
the CYP2B6 516 TT genotype or a prolonged measured elimination
half-life may predict increased risk of developing drug resistance
among patients who discontinue Efavirenz-containing regimens.
As previously mentioned, Efavirenz has a long plasma half-life but a
relatively low genetic barrier to HIV-1 resistance. Selective expansion
of Efavirenz-resistant HIV-1 in such individuals may compromise the
efficacy of NNRTTs, such as Efavirenz and Nevirapine, in subsequent
regimens. This has implications for strategies to safely discontinue
ARV regimens while avoiding the emergence of drug resistance [57].

In conclusion, prospective testing for CYP2B6 alleles may help to

select the appropriate Efavirenz doses in HIV infected individuals to
avoid toxicity and drug resistance [60].

Protease Inhibitors (PI)

Protease inhibitors ARV agents hinder HIV-1 replication by
inhibiting the HIV-1 protease activity. PIs are mostly metabolized
by CYP3A, particularly CYP3A4. Interestingly, PIs are not only
substrate but also inhibitors of CYP3A; Ritonavir for example is
a very potent CYP3A inhibitor and is therefore used as a booster to
increase the plasma exposure of other PIs. As a result, the impact of
CYP3A polymorphisms on PI disposition is difficult to predict. In
particular, CYP3A4 has received increasing attention as a candidate for
pharmacogenetic investigation after the discovery of CYP3A4*20, the
first allele which has no functional activity. Other PIs, such as Atazanavir
and Indinavir are also metabolized via CYP3A, although these drugs
can also be substrates for uridine diphosphate-glucuronosyltransferase
1A1 (UGT1A1). The CYP3A4*20 allele may have an important impact
on the clinical use of these and other PIs that are substrate of CYP3A
enzyme. Several recent studies have shown that CYP3A5*1 also
contributes to the disposition of Pls. A recent report by Mouly et al.
[61] has shown that CYP3A5*1 genotype is associated with increased
Saquinavir clearance, which was twice as high as among the individuals
carrying the CYP3A5*3 allele [62].

Atazanavir: Atazanavir, provokes a mild increase in plasma levels
of unconjugated bilirubin in most patients. This side effect is provoked
by competitive inhibition of UGT1Al, the microsomal enzyme in
charge of glucuronidation, i.e., transformation of unconjugated
bilirubin into conjugated bilirubin, which allows bilirubin excretion
into the bile. The rise is inconsequential, and only a minority of patients
has to discontinue therapy because of overt jaundice. The presence of
allele UGT1A1*28, a gene variant associated with decreased enzyme
activity, is strongly associated with the occurrence of jaundice in
patients who take the medication [46,63]. Other alleles of the gene that
encodes UGT1AL are also probably involved [63].

Indinavir: Indinavir has been one of the preferred PI included in
HAART. At present, even if not recommended as initial therapy, this
agent is still used since, compared to other PIs, Indinavir exhibits a
high penetration into viral reservoirs such as genital compartments
and central nervous system [64]. It has been reported that Indinavir
pattern of distribution associates to the enhanced outcomes observed
in neurological complications related to HIV. The pharmacokinetics
of Indinavir is characterized by high maximal concentrations leading
to potential toxicity, notably nephrolithiasis and low minimum
concentrations with respect to the 95% inhibitory concentration of
the virus [65]. Efficacy as well as adverse events has been related to
Indinavir plasma concentrations. The low residual concentrations
result from an extended oxidative metabolism by CYP3A [66].
Genetic polymorphisms could partly explain inter and intra-patient
variability of Indinavir pharmacokinetics since the data available
remains controversial. It has been observed that CYP3A5*1 carriers
have significantly faster oral clearance than non-carriers. So far, no
relationship was found between CYP3A4*1B polymorphism and
alterations in CYP3A substrate metabolism, but clinical data have
shown an association between CYP3A*1B polymorphism and disease
risk/treatment toxicity. Thus, therapeutic drug-monitoring appears
to be a potent tool to achieve undetectable HIV-RNA and prevent
Indinavir toxicity. In addition, as described for Atazanavir some may
exhibit increased plasma levels of unconjugated bilirubin, which as
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mentioned above has been associated to competitive inhibition of
UGT1Al.

Ritonavir: Dyslipidaemia is favored by a number of genetic and
environmental determinants in the general population. Multiple
genes, as well as important interactions among them, are involved
in the development of the condition. In the field of HIV therapy, a
recent study has found that Ritonavir related hypertriglyceridemia,
a common side effect of the drug, is especially prevalent in patients
with certain combinations of polymorphisms of genes ATP-binding
cassette transporter Al (ABCAL), apolipoproteina A5 (APOAS5),
apolipoproteina C3 (APOC3), apolipoproteina E (APOE), and
cholesteryl ester transfer protein (CETP) [67].

Fusion and entry inhibitors

Maraviroc: Maraviroc is an oral CCR5 antagonist interfering
with viral-cellular interactions at the entry process [68]. Considering
the mechanism of action, this drug will be effective only in the
subpopulation of HIV- 1l-infected patients harboring viruses with
selective tropism for the CCR5 receptor. The best-characterized human
polymorphism observed in the CCR5 gene is the A32 deletion which
associates with absence of cell surface-expressed CCR5 molecule.
Subjects homozygous for this mutation (A32/A32) are highly resistant
to HIV infection [69,70] while heterozygous (WT/A32) subjects
often show slower disease progression rates [71]. Testing for A32 is
recommended before starting Maraviroc based therapy.

Conclusions and Future Perspectives

Pharmacogenomics has provided the first clinically helpful results
in the treatment of HIV infection, a field where toxicities and drugs
interactions are particularly relevant. These findings contribute
to the conviction that personalized design of antiretroviral drug
regimens may be feasible in the near future. Present data include
partial information on a limited number of genes and gene variants
since a great extent of the research and clinical implications reported
have applied a candidate gene approach. High throughput screening
strategies simultaneously analyzing large number of candidate genes
and gene variants represent a step forward, which has only just begun.
This could be particularly significant in early drug development where
such approaches could optimize drug efficacy and toxicity profiles in
a given population therefore allowing not only to predict the efficacy
and safety of new compounds but also to guide decision making in the
discovery and development of new antiretroviral agents.
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