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Abstract

The availability of highly active antiretroviral therapy has markedly improved the survival rate and quality
of life in patients infected with HIV. At present, however, there is still no cure for HIV and those undergoing
treatment have to do so for life. The use of antiretroviral drugs has been associated with several toxicities
that limit their success. Some acute and chronic toxicities associated with these drugs include
hypersensitivity reactions, neurotoxicity, nephropathy, liver damage, and the appearance of body fat
redistribution syndrome and the different metabolic alterations that accompany it. Some of these toxicities
are family- or even drug-specific. Since not all patients that take a particular antiretroviral medication
develop the adverse effect that has been attributed to that drug, it has therefore been postulated that
there must be a genetically conditioned individual predisposition to developing the adverse effect.
Pharmacogenetics is the science that studies interindividual variations in the response to and toxicity
of pharmaceuticals due to variations in the genetic composition of individuals — in other words, how
a person’s genetic make-up influences the favorable or adverse effects of a certain treatment. Sufficient
advances have been made in this discipline to allow this fertile field of research to move out of the
basic science laboratory and into clinical applications. The present article reviews the investigations
that have been published regarding the association between genetic determinants of persons infected
with HIV and clinical toxicity resulting from different antiretroviral drugs. Special emphasis is devoted
to the studies that have resulted in clinical applications such as that of the pre-screening of HLA B*5701
for avoiding abacavir-related hypersensitivity syndrome. (AIDS Rev. 2010;12:15-30)
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acute and chronic toxicities associated with these
drugs include hypersensitivity reactions (HSR)*, neph-
ropathy®, liver damage®, and the appearance of body
fat redistribution syndrome and the different metabolic
alterations that accompany it"8. Some of these toxicities
are family- or even drug-specific. An intriguing fact is
that not all patients that take a particular antiretroviral
medication develop the adverse effect that has been
attributed to that drug. It has therefore been postulated
that there must be a genetically conditioned individual
predisposition to developing the adverse effect®©,
Pharmacogenetics is the science that studies inter-
individual variations in the response to and toxicity of
pharmaceuticals due to variations in the genetic com-
position of individuals — in other words, how a person’s
genetic make-up influences the favorable or adverse
effects of a certain treatment. Sufficient advances have
been made in this discipline to allow this fertile field of
research to move out of the basic science laboratory
and into the realm of potential clinical applications.
The analysis of the human genome indicates that the
most common genetic variations are single-nucleotide
polymorphisms (SNP), which are alterations in the se-
quence of nucleotides that occur every 100-300 bases
in the three billion base pairs of the human genome'!.
These changes in the DNA sequence do not always
affect the genetic expression (phenotype). The combi-
nation of multiple SNP inherited together is called a
haplotype. Haplotypes provide a more accurate pre-
diction of genetic activity because they reflect the sum
of the effects of the different SNP. Most of the data on
genetic susceptibility to a specific antiretroviral-related
toxicity are based on gene-association studies, in
which researchers attempt to determine the relation-
ship between candidate SNP and their consequences
by means of statistical analyses'?. Some of these stud-
ies are also based on prior evidence of gene-toxicity
associations for the general population, as is the case,
for example, with the studies of SNP associated with
dyslipidemia'®. But in many. gases the hypothetical as-
sociation is not confirmed Nl& @va,rvthﬂﬁ
the recent publication of preliminary guides for con-
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of false-positive results'®.
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well-defined clinically relevant adverse events as well
as the preference for studies that evaluate the contri-
bution of SNP in the context of the analysis of multiple
SNP and haplotypes, and finally, the validation of the
genetic markers in large independent cohorts™.

The international consortium on the haplotype map
of the human genome'" has identified a minimum group
of SNP that are sufficiently representative of human
genetic variation, which allows for the study of candi-
date genes associated with increased susceptibility to
the development of adverse effects.

Genetic determinants of the adverse
effects of antiretroviral treatment

Below we have compiled the most recent information
on studies of the association between genetic determi-
nants of people infected with HIV and clinical toxicity
resulting from different antiretroviral drugs. Studies re-
ported have been designed to investigate the effect of
a single gene on a given toxicity phenotype, have as-
sessed the effect of multiple genes together (multigene
models) or have used genome-wide approach. Table
1 contains the most noteworthy adverse effects, the
drugs that such effects are attributed to, and the dif-
ferent “genetic markers” studied, the most representa-
tive clinical application of which is the determination of
HLA B*5701 as a predictive factor of HSR resulting
from the use of abacavir.

Dyslipidemia
Apolipoproteins A5, C3, and E

Dyslipidemia associated with HAART, and in particu-
lar with protease inhibitors (Pl), and its negative impact
on cardiovascular risk has been widely studied620,
These alterations in the lipid metabolism include hy-
pertriglyceridemia, increased total cholesterol and

olesterol bound to low-density lipoproteins (LDL-C),
Eﬂd@@&b@s@d m@%ét bound to high-density lipo-
proteins (HDL-C), all of which are independent risk
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Table 1. Some adverse effects of HAART, the drugs presumably involved, and the main genetic variants that have been studied

Adverse effect Drug/s Genes studied

Dyslipidemia P ApoC3, A5, E, TNFo, IL-6, PPARY, SREBP1, resistin
Insulin resistance NRTI/PI TNFo, IL-6, PPARYy, resistin

Lipodystrophy NRTI/PI TNFa, IL-6, APOC3 IL-1B, PPAR-y, lamin, resistin, mitochondrial DNA
Atherosclerosis NRTI/PI MCP-1, SDF-1, CX3CR1

Neurotoxicity EFV CYP2B6, CYP3A4

HSR, Liver disease NVP HLA, CYP2B6, MDRT

Hyperbilirubinemia ATV UGT1A1

Peripheral neuropathy. Lactic acidosis NRTI Mitochondrial DNA

Renal damage TRV MRP2, MRP4, hOAT

HSR ABC HLA-B*5701

HSR: hypersensitivity reaction; NRTI: nucleoside analogue reverse transcriptase inhibitor; PI: protease inhibitor; EFV: efavirenz; NVP: nevirapine; ATV: atazanauvir;

TFV: tenofovir; ABC: abacavir.

genes that encode the apolipoproteins A5, C3, and E
(APOA5, APOCS, APOE), cholesterol ester transport
proteins (CETP), the ATP binding cassette transporter
A1 (ABC-A1), and the sterol regulatory element binding
protein (SREBP-1) may be involved'®1322-26 The apoli-
poproteins A5 and C3 regulate the metabolism of tri-
glycerides in opposite directions. Apolipoprotein APOAS
reduces plasma levels of triglycerides, possibly by
inhibiting the hepatic production of very low-density
lipoproteins (VLDL) and accelerating the hydrolysis of
triglycerides mediated by lipoprotein lipase?’. A longi-
tudinal study of 229 patients infected with HIV-1 con-
cluded that patients under treatment with Pl and who
are also carriers of the APOA5 -1131C allele (APOA5-
11317—C) present faster deterioration of the lipid pro-
file at the expense of an increase in total cholesterol and
triglycerides, a decrease in HDL-C, and an increase in
the total cholesterol/HDL-C fraction Compaer: atients
with the same treatment wth@cp@F o
gene (APOA5-1131T) or patients whose HAART is not
based on PI%,
As opposed to APOA5, APOC3 decreases the lipoly-
sis of lipoproteins rich |n\t/\)q
clearance of triglycerides by |n ipoprotein pase
and hepatic lipase®. The best studied poly 7Hsms
of APOC3 are APOC3-482 C—G, -455C—
+3238C—G (also called the Sstl polymorphism). Several
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treatment with different Pl who are also carriers of vari-
ants in APOC3 and APOE genes.

The APOE serves as a ligand for chylomicrons and
VLDL particles that are cleared from the bloodstream
by APOE binding to the LDL receptor. This lipoprotein
presents three isoforms and the most common geno-
type is APOE £3/£3%°. The APOE e3/4 variant has been
associated with an increase in LDL-C and with lower
triglyceride levels, and APOE €3/2 has been associ-
ated with an increase in cardiovascular risk. There are
documented cases of patients infected with HIV who
are carriers of the APOE e3/4 or €32 variants and in
whom severe dyslipidemia was triggered by the start
of HAART®31  although the data are inconsistent®,

Sterol regulatory element
binding protein-1

bbﬁeﬁdﬂﬂmmyﬂibﬁathways of secondary lipid
alterations as a result of HAART that has been pro-
getsjof PI on SREBP proteins, which
are fundamental to lipid metabolism and whose altera-

W?aﬁﬁ@ ﬁ PN WP W@ﬁk handes §h6|qlve rise to hyperlipidemia,

ms ulin“resi anoe and adipocyte apoptosis®. There

Uhl eE) discrepancies in the possible relationship of

@erhlsm of the SREBP-1 protein with lipid
alterations secondary to antiretroviral treatments. One
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small increase in total cholesterol and triglycerides?,
a result that could not be confirmed further®,

Multigene models

Previous studies have found a significant number of
patients with lipid alterations despite having a favor-
able APOC3/APOE genotype profile?*, which suggests
the involvement of other genes in the lipid response to
HAART. On the basis of these findings, a longitudinal
study was conducted over more than four years with
438 patients infected with HIV, which evaluated the role
of 20 SNP of 13 genes associated with dyslipidemia in
the general population'. The goal was to more accu-
rately predict patients at risk of developing secondary
dyslipidemia as a result of HAART. The study found
that variants in five genes (ABCA1, APOA5, APOC3,
APOE, and CETP) contribute to the explanation of
plasma levels of triglycerides and HDL-C, especially in
the context of a HAART that contains ritonavir.

Lipodystrophy

The lipodystrophy syndrome associated with HAART
encompasses different forms of abnormal distribution
of body fat and metabolic alterations, which often occur
concomitantly in the same individual. The morphologi-
cal changes related to the disorder include the loss of
subcutaneous fat (lipoatrophy), the accumulation of fat
(lipohypertrophy), or a combination of both. Despite
several proposals®, to date there is no consensus on
the objective definition of lipodystrophy. This syndrome
has been associated with the use of P13 and of
nucleoside analog reverse transcriptase inhibitors
(NRTI)**42 but factors other than antiretroviral drugs
probably play a role in its pathogenesis, such as the
HIV infection itself and genetic factors of the host.

Variations in the mitochondrial
DNA sequence

One of the physiopathological mechanisms involved

lipoatrophy*-# and an association has been found
between lipoatrophy and the accumulation of muta-
tions in the mtDNA, which has also been observed in
animal models of aging. Nevertheless, these results
are currently difficult to extrapolate to what happens in
patients infected with HIV due to a lack of consensus
in the criteria that define lipodystrophy, and because
the existing studies were carried out with small sam-
ples that require further replication.

Mutations in the LMNA gene

Lipodystrophy associated with HIV infection has
phenotypic similarities to some primary or hereditary
lipodystrophies*®. Familial partial lipodystrophy is a
heterogeneous group of illnesses that are inherited in
an autosomal dominant manner and can express sev-
eral phenotypes. The most common variety is that
described by Dunnigan, et al.®® and is characterized
by a progressive loss of subcutaneous fat in the ex-
tremities, which usually begins to manifest at puberty
and gradually affects the fat of the abdominal wall and
the thorax as well®!. Patients can also present with an
accumulation of fat in the face, neck, intraabdominal
region, and metabolic alterations such as insulin resis-
tance, dyslipidemia, and atherosclerosis. The genetic
foundation of this disease is the mutation in the gene
that encodes for lamin A/C%?. Lloyd, et al. identified an
interaction between lamin A and the SREBP-1 adipo-
cyte maturation factor®3. Several subsequent studies
have investigated the physiopathological role of lamin
alterations in the lipodystrophy syndrome associated
with HAART. In some animal models, P! (indinavir and
nelfinavir) have been associated with an alteration in
the maturation of lamin A/C, in SREBP-1 nuclear local-
ization and in adipocyte differentiation®. In HIV-infect-
ed patients with lipodystrophy, mutations in the LMNA
gene, a gene which is associated with hereditary forms
of lipodystrophy, have not been identified®®.
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with lipodystrophy®’. Therefore, several studies have
been carried out to determine if polymorphisms in the
promoter region of the TNFo gene are associated with
the development of lipodystrophy?4985° but the results are
inconclusive. A seminal British study assessed 61 pa-
tients infected with HIV with lipodystrophy, 35 without
lipodystrophy, and 239 healthy controls and found a
higher representation of TNFo.-238A genetic variant in
the group of patients with lipodystrophy. The authors
argued that this genetic variant in itself is neither
sufficient nor absolutely necessary to induce the disease,
although its presence may increase the risk of developing
it A Swiss cohort study, however, was unable to
reproduce these findings?*. An Australian longitudinal
study found that being a carrier of the allelic variant
-238A of the TNFo gene is associated with an earlier
start and a faster progression of lipodystrophy®®. To
date, hence, the involvement of TNFo, genetic variants
in lipodystrophy remain controversial.

Interleukin 1 beta and interleukin 6

The importance of inflammatory phenomena among
the pathogenic mechanisms of the redistribution of
body fat associated with HIV infection and antiretroviral
treatment has focused attention on the polymorphisms
of genes that encode for cytokines involved in that
response and whose homeostasis (such as that of
TNFo mentioned above) is altered in patients with lipo-
dystrophy. Among these, it has recently been found
that the polymorphic T allele (+3954C/T) of the inter-
leukin 1 beta (/L-1B) gene is less present in populations
with lipodystrophy than in those without the disorder®°.
This finding was related to the low modulation of the
inflammatory response of this allele, which is based on
lower circulating levels of TNFa in patients lacking it.
In this and other studies, no association has been
found between the presence of lipodystrophy and the
polymorphism of the interleukin 6 (/L-6) gene®6!,

metabolic disturbances in 278 patients infected with
HIV-1 and treated with HAART (139 with lipodystrophy
and 139 without) and in 105 uninfected controls. Results
indicated that PPARy Pro12Ala genotype distribution
and allele frequencies were non-significantly different
between both HIV-1-infected categories, lipodystrophy
vs. non-lipodystrophy (p = 0.9 and 0.87, respectively).
Lipodystrophy patients harboring the rare X/Ala geno-
type (Ala/Ala plus Pro/Ala) had significantly greater
plasma total and LDL cholesterol levels compared with
carriers of the common Pro/Pro genotype (p = 0.029
and 0.016, respectively) at univariate analyses, but at
multivariate analyses these associations were no longer
significant®. This study confirmed the lack of associa-
tion between PPARy polymorphism and lipodystrophy
reported previously in an lItalian study which involved
multiple genes (See Multigene Studies)®.

Multigene studies

Other studies have tried to evaluate the impact of host
genetics on the development of lipodystrophy and its
associated metabolic derangements through a multigene
approach involving several candidate plausible genes.
A study performed with 255 patients from the ICoNA
cohort assessed the distribution of diverse genes that
encode for proteins involved in cell apoptosis and in
adipocyte metabolism. Polymorphisms investigated were
Fas -670 A—>G SNP, ApoC3 -455C—T and -482C—T
SNP, C161T silent substitution in the PPARYy gene, the
adrenergic beta3 receptor (ARbeta3) codon 64T—C vari-
ant, and two SNP in the adrenergic beta2 receptor (AR-
beta? codon 16A—G and ARbeta2 codon 27C—G ).
In a multivariate model, after adjusting for confounding, the
following genotypes resulted protective against lipoat-
rophy: ApoC3 -455CC genotype (p = 0.037), ARbeta3
codon 64 TT genotype (p = 0.066), and Fas -670GG
genotype (p = 0.053). With regard to fat accumulation,
the ARbeta2 codon 27CC genotype resulted protective

= 0.0006), whereas the ARbeta2 codon 16AA geno-
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a study was performed in 189 patients enrolled in
ACTG5005s, the metabolic substudy of ACTG38454.
Three hundred SNP in 135 candidate genes were eval-
uated, among them that of resistin. A subset of patients
was identified that had a normal metabolic profile at
baseline, but developed significantly elevated lipids
and insulin resistance on HAART. Candidate gene
analysis revealed that an SNP in the resistin gene was
significantly associated with elevated lipids and insulin
resistance (p = 0.0003). This subset of patients also
experienced significant body composition changes,
particularly limb fat loss®. These data suggest that
resistin genetic variants may modulate the appearance
of lipodystrophy and metabolic disturbances in HIV-
infected patients treated with HAART.

Atherosclerosis

Inflammatory phenomena play an important role in
the development of atherosclerosis and can be a predic-
tive factor in the progression of cardiovascular disease®.
In this context, chronic infections, like the HIV infection
itself, can trigger an inflammatory stimulus, initiating or
exacerbating atherogenesis®. Research has been
done in recent years into the role of various genetic
polymorphisms related to inflammation in the develop-
ment of atherosclerosis in patients infected with HIV.
The most frequently studied polymorphisms are those
in stromal cell-derived factor-1 (SDF-1)8” and in mono-
cyte chemotactic protein-1 (MCP-1)88:69,

Stromal cell-derived factor-1

Stromal cell-derived factor-1 is a chemotactic cytokine
of lymphocytes and monocytes that is associated with
plaque activation and aggregation and its expression
is elevated in atheromatous plaques’™. The SDF-1
plays an important role in HIV infection because it is a
natural ligand of the CXCR4 coreceptor through which
HIV penetrates cells™. Research has shown that the
polymorphism SDF1-3'UTR-801 G—A (abbreviated
SDF1-3'A) is linked to a |es4§}@<;@@q1qgn@ DR

influences the progression of HIV infection’. In vitro

studies have found an associati al
- TERIEILICettr oo

atherosclerosis’®73, results that h und

(monocytes and macrophages) in that when its recep-
tor (CCR2) is stimulated, the monocytes migrate to the
subendothelium and initiate the phagocytosis of modi-
fied lipoproteins™. One study evaluated the influence
of genetic variants of MCP-1 on the development of
atherosclerosis in patients infected with HIV and found
that patients carrying the MCP-1-2518G genetic vari-
ant are five-times more likely to develop subclinical
atherosclerosis, evaluated by ultrasonography®®.

Neurotoxicity associated
with the use of efavirenz

Treatment with efavirenz causes side effects at the
central nervous system (CNS) level in up to half the
patients who use it’>"®, Symptoms tend to appear dur-
ing the first days or weeks of treatment and in most
cases consist of dizziness, insomnia, nightmares, in-
stability, drowsiness, and alterations in the ability to
concentrate”™ 77, which usually improve gradually in a
few weeks. However, severe depression, psychosis,
aggression, mania, and paranoid reactions have also
been described’®8, Several studies have shown that
there is great interindividual variability in the plasma
concentrations of efavirenz, and that patients who
reach the highest concentrations of the drug run a higher
risk of developing neuropsychiatric symptoms?877.79-81,

Efavirenz is a nonnucleoside reverse transcriptase
inhibitor (NNRTI), which is metabolized in the liver by
means of the CYP450 enzyme complex, as with protease
inhibitors and other NNRTI. Efavirenz is metabolized
mainly, but not exclusively, by means of the CYP450
isoenzyme 2B6 (CYP2BG6), which is responsible for the
clearance of 90% of circulating efavirenz®. Up to 28
alleles in the gene that encode for this isoenzyme have
been described, meaning that it is an extraordinarily
polymorphic gene, especially in the black population®,
There is also great interindividual variability in the quan-
tity and catalytic activity of this isoenzyme in the human

t of the gene that seems to
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which most alter:s the metabolism of efavirenz is a
yefrom G TiinGodon 516 (516G—T SNP), allele
marker CYP2B6*6%5%. Several different studies have
‘f Pf the T variant allele, espe-
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CYP2A6, CYP3A4, and CYP3A5, their influence on
plasma concentrations of efavirenz seems to be limit-
ed®2889 The close link between the CYP2B6 516G—T
polymorphism and plasma concentrations of efavirenz
has been confirmed in other studies®®°. One study
analyzed the 516G— T polymorphism in 100 Caucasian
patients treated with efavirenz. Of the patients, 52%
had the wild-type genotype (GG), 43% the heterozy-
gote genotype (GT), and 5% the homozygote genotype
(TT)®. The highest plasma concentrations of efavirenz
were found in the patients with the TT genotype and the
lowest in the group with the GG genotype; concentrations
of the drug in GT genotype subjects were in-between.
In this study, 40% of the patients with the homozygote
genotype and 20% of those with the heterozygote geno-
type had excessive plasma concentrations of efavirenz
(> 4 ug/ml). Meanwhile, only 5% of the subjects with
the wild-type GG genotype were found to have elevated
plasma concentrations and 20% had subtherapeutic
concentrations of the drug (< 1 pg/ml)®”. Another study
conducted in patients from the Swiss cohort evaluated
the presence of this allele as a pharmacogenetic marker
of the pharmacokinetics and toxicity of efavirenz in
167 patients. Concentrations of efavirenz in plasma and
peripheral blood mononuclear cells were measured®.
Just as in the study described earlier, individuals carry-
ing the TT genotype were found to have higher plasma
and intracellular concentrations of efavirenz. Further-
more, intracellular concentrations and carriage of the
CYP2B6 516TT genotype were predictors for the de-
velopment of neuropsychiatric toxicity®.

In addition to the most well known allelic variants,
new polymorphisms have recently been described that
are associated with the loss or decrease in CYP2B6
enzyme activity. These include 983T—C and 785A—G
(markers of the CYP2B6*16 allele)®!, 593T—C (marker
of the CYP2B6*27 allele)® and 1132C—T (marker of the
CYP2B6*28 allele)® which, especially in homozygote
individuals, imply an elevated risk of developing exces-
sive plasma concentration

Nf efavirenz. Al%w%j%h efa-
virenz is not a substrate of @y@ﬁ%@n@ t has lsedn U

suggested that polymorphism in the ABCB1 gene,
which encodes for that protein, riay[oé
very low plasma concentrations of the drug®.

While CYP2B6 is the i Pﬁﬁ@n@?{'%r
efavirenz metabolism, m%?&t?ggﬁw whic YIf 6

function is impaired, the role of other enzym tﬂkglle to
metabolize this drug, such as CYP2AG, rTQjS
vant. In this respect, di lulio, et al.% studied the effect
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functional variants in CYP2B6 (18 alleles). Plasma con-
centrations of efavirenz and its primary metabolites
were measured in different genetic scenarios in vivo.
Results indicated that the accessory metabolic path-
way CYP2A6 has a critical role in limiting drug accu-
mulation in individuals characterized as CYP2B6 slow
metabolizers. These data suggest that dual CYP2B6
and CYP2A6 slow metabolism may occur in humans and
this may lead to extremely high efavirenz exposure®.
In a further study with the same cohort, it was estimated
that besides CYP2B6 genetic variants, both CYP2A6
and CYP3A4/5 allelic diversity may contribute to efa-
virenz exposure, particularly when CYP2B6 is impaired.
Dosage adjustment in accordance with the type of
polymorphism (CYP2B6, CYP2A6, or CYP3A4) may
help clinicians to prescribe the appropriate dose of
efavirenz to maintain it within the therapeutic levels®.

Most pharmacogenetic studies conducted up to now
have focused on the effect of individual polymorphisms.
However, pharmacokinetic processes and the response
to medications are complex phenomena, in which in-
teractions among proteins encoded by multiple genes
are likely. Preliminary studies suggest that combined
analyses of several genes might improve the predic-
tive ability of plasma exposure, of response to treat-
ment, and even of the toxicity of efavirenz%. In the
genetic substudy of the ACTG 384 trial in which di-
danosine (ddl) plus stavudine (d4T) was compared to
azidothymidine (AZT) plus lamivudine (3TC), and efa-
virenz was compared to nelfinavir, the analysis model
that included the alleles CYP2B6 516G—T and ABCB1
2677G—T was the best predictor of plasma exposure
to efavirenz in Caucasian patients®. Furthermore, the
interaction between these two genes better predicted
the response to treatment, whereas for failure due to
toxicity, the model with the better predictive capacity
was that which included the genes ABCB1 2677G—T
and ABCB1 3435C—T%.

The recognition that certain genetic polymorphisms
mn influence the metabolism of efavirenz and deter-
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of the CYP2B6 516T allele, CNS symptoms were re-
duced in 10 of 14 cases that received adjusted doses
according to plasma concentrations of the drug (200-
400 mg/day), and the virologic efficacy of the treatment
was maintained®. CYP2B6 genotyping might, therefore,
prove useful as an adjuvant for a personalized therapy
strategy based on measurements of plasma concentra-
tions of efavirenz with the goal of increasing the safety
of and tolerance to the drug, although prospective, ran-
domized studies are needed to confirm this hypothesis.

Hypersensitivity reactions
associated with nevirapine

Hypersensitivity reactions related to the use of nevira-
pine occur in approximately 5% of HIV-infected patients
treated with the drug and present with fever with hepati-
tis and/or cutaneous exanthema and sometimes produce
multi-systematic symptoms®%°, Although such symptoms
are generally resolved upon termination of the treatment
with this drug, in some cases the reaction can be fatal®®.
The characteristics of the HSR suggest that it may be the
result of a genetic predisposition and that the manifes-
tations are caused by an immunological response de-
pendent on CD4+* T lymphocytes, which is triggered by
specific antigens associated with nevirapine. The reac-
tion generally appears in the second or third week of
treatment and occurs faster and is more severe when the
drug is reintroduced®®. A low CD4 count before initiat-
ing treatment is protective. The reaction develops more
frequently and is more severe in uninfected persons who
receive the drug for postexposure prophylaxis'®.

Several independent studies suggest that this reaction
may have an immunogenetic base and that it is as-
sociated with major histocompatibility complex (MHC)
HLA antigens'®-1%, In an Australian cohort of 235 patients
treated with nevirapine, 26 presented hypersensitivity
reactions. Patients who were carriers of the haplotype
HLA-DRB1*0101 and who also had a percentage of
lymphocytes CD4 > 25% were found to be 17-fimes
more likely to develop HS nipaﬂ a@ferbl
systemic symptoms, with positive and negative predic-
tive values of 40 and 96%, respée
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patients, an unusually elevated incidence of HSR due
to nevirapine was documented as compared to other
population groups and a study was conducted to find
out if it was related to specific HLA antigens'®. Forty-
nine patients infected with HIV receiving treatment with
nevirapine and 82 patients infected with HIV not receiving
treatment with the drug were studied. Twenty-six percent
of the patients exposed to nevirapine developed an
HSR. The HLA-A, HLA-Cw, HLA-B and HLA-DR alleles
were typed in both groups: 46% of the patients with
HSR had haplotypes HLA-Cw*8-HLA B*14 compared
to 5% of the nevirapine-tolerant group'®. The frequency
of haplotypes HLA-Cw*8-HLA B*14 found in the patients
with HSR was 7.5-9.5 times higher than that found in
the general population of the island and of the nevirapine-
tolerant group. Although it was not possible in this
study to determine which of the two haplotypes was
principally associated with HSR, in a subsequent study
in the Japanese population in which the haplotype
HLA-B14 was not present, the HLA-A, HLA-B, HLA-Cw,
HLA-DRB1, and HLA-DQBT1 alleles were typed in
309 patients'®, The allelic frequency of HLA-Cw8 and
HLA-B14 was 13 and 0%, respectively. The group with
HSR to nevirapine included 11 patients (group 1) and
the tolerant group 29 (group 2). The frequency of the
HLA-Cw*8 allele was 42, 10, and 9-14% for group 1,
group 2, and the general Japanese population, respec-
tively, which confirms the association between the
haplotype HLA-Cw*8 and the risk of developing an
HSR with nevirapine'®.

Hepatotoxicity associated
with the use of nevirapine

Hepatotoxicity associated with nevirapine may be
accompanied by other manifestations of hypersensitiv-
ity or manifest in isolation. In a recent meta-analysis on
the safety of nevirapine in different populations of
patients infected with HIV, 4.9% of those treated with
he. drug. developed symptomatic hepatic adverse
bﬁrﬁa V@Mitm@\yre he hepatic biodegradation
of nevirapine is conducted mainly by the CYP4502B6
er isoenzymes including CYP3A4

the two variables were separately associated with a have also beenimplicated in its metabolism. Although

higher risk of developingW@%H@tﬁwH\@rgiﬁg V\Er%if@ﬁoﬁ/%mfﬁgw the gene ABCB1 [also

lysis, which suggests that the genetic predi
may be a prerequisite, but is insufficient in itself to
develop HSR, and the reaction may be at@rﬁut\b

abolished if the CD4* T lymphocyte count is low'0",
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|§ rter of NNRTI'®, However, a recent study
found an inverse correlation between the concentrations
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suggests that this protein may play a role in the
transport of nevirapine'®,

An observational study investigated the relationship
between the genetic polymorphisms of CYP2B6, CYP3A4,
and MDR-1 and hepatotoxicity during antiretroviral
treatment with NNRTI in 423 patients who began a
regimen containing efavirenz (222 patients) or nevirapine
(201 patients). Of the patients, 4.7% experienced
severe hepatotoxicity (14 nevirapine, six efavirenz)'%.
Surprisingly, the risk of hepatotoxicity was related to
variations in the MDR-1 gene. The polymorphism C—T
at position 3435 of MDR-1 was associated with a de-
crease in the likelihood of developing hepatotoxicity.
In the multivariate analysis, the interaction between the
polymorphisms MDR-1 3435 C—T and CYP2B6 1459
C—T predicted the risk of hepatotoxicity with 74% accu-
racy. In a similar study conducted by the same research
group, the relationship between the polymorphisms of
CYP2B6, CYP3A, and MDR-1 and hepatotoxicity due
to nevirapine was analyzed in naive patients that par-
ticipated in the Gilead Sciences FTC-302 trial, a dou-
ble-blind study conducted in South Africa in which
emtricitabine was compared with lamivudine and nev-
irapine with efavirenz'%”. Of the 385 patients assigned
to nevirapine, 17% presented with hepatotoxicity. In
this study as well, carriage of the MDR-1 3435T variant
allele was associated with a lower risk of developing
hepatotoxicity. The mechanism by which this polymor-
phism can reduce the risk of hepatotoxicity due to
nevirapine is unknown. It has been proposed that this
allelic variant might alter the export activity of P-glyco-
protein in the intestinal tract, which would affect the
pharmacokinetics of nevirapine or its metabolites in
such a way that its intracellular concentrations and
toxicity would decrease’®”.

These results were replicated in a recent case-con-
trol study conducted in Mozambique, which assessed
ABCB1, CYP2B6, CYP3A4, and CYP3AS5 gene variants
in 78 ‘HIV-infected patients with nevirapine induced
liver damage and in 78 nevjrapine-tolerant | duals

The ABCB1 ¢.3435C—T S @ap&E&;@t h tHoné) U

patotoxicity (p = 0.038), with the variant T allele showing
some protective effect (OR: 0.42) @

that diverse SNP within the CYP2B6 and CYP3A5

genes modulated the dew?m Uﬂﬂwebﬂor M ttgéﬁ g%el#rrﬁ

Hyperbilirubinemia associated
with the use of atazanavir or indi

#AIS0] oelved|

Pharmacogenetics of Antiretroviral Drugs

hyperbilirubinemia due to increased unconjugated
bilirubin and, in about 6% of cases, overt jaundice99110,
This effect is attributable to a competitive inhibition by
atazanavir and indinavir of the UGT1A1 enzyme respon-
sible for the conjugation and clearance of bilirubin'"
and it occurs more frequently in individuals with Gilbert
syndrome, a process characterized by a genetically
determined alteration in the conjugation of bilirubin.
This syndrome is associated with carriers of the UG-
T1A1728 allele, defined by the presence of seven rep-
etitions of the TA dinucleotide (TA,) in the promoter
region of the gene which encodes for the UGT1A1
enzyme, which causes reduced activity of that enzyme
and asymptomatic hyperbilirubinemia'. In these pa-
tients, the incidence of hyperbilirubinemia due to ata-
zanavir or indinavir varies depending on the genotype
of the promoter region of the gene that encodes the
UGT1A1: from 15% in those that have the wild-type
allele to 90% in homozygote individuals for the UG-
T1A1728 allele. The latter group is that in which the
highest levels of bilirubin are reached and in which
overt jaundice is most likely!!"113-115,

The relative contribution of the UGT1A1*28 allele to
hyperbilirubinemia associated with antiretroviral treatment
was evaluated in 96 patients (92 Caucasian) infected with
HIV of the Swiss cohort and treated with antiretrovirals
for a period of six years''®. The effect of the different
drugs and the UGT1A1*28 allele were estimated using
bilirubin concentrations. The analysis confirmed the
association between this allele and the risk of hyper-
bilirubinemia in that 67% of the homozygote individuals
for the UGT1A1*28 allele that received atazanavir or
indinavir had at least two episodes of hyperbilirubinemia
in the jaundice range (> 2.5 mg/dl), compared to 7%
observed in those treated with neither of the drugs. The
authors modeled the theoretical impact that a genotyping
policy before the initiation of antiretroviral treatment
might have on the incidence of jaundice. According to
their estimations, the universal administration of ataza-
Bler or indinavir without prior genotyping would cause

dé}atrL@ﬁbrﬁEatyt @undme range in 21.6% of

patients, whereas treatment based on prior UGT1A1*28

WM@@@W ﬂache that rate to 5.8%'°.

In a study conducted in Spain in 118 patients treated
driguez-Névoa, et al.''
1A1 al ele in 55% of patients (48%

ote individuals, 7% homozygote individuals).
vIth € p%ﬁéﬁ%{on of grade 3-4 hyperbilirubinemia patients

(total bilirubin > 3.2 mg/ml) was 80% in homozygote
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genotype. In the multivariate analysis, being a carrier
of at least one UGT1A1*28 allele was independently
associated with the development of severe hyperbiliru-
binemia (OR: 2.96)'"3. The same researchers found a
correlation between bilirubin values and plasma concen-
trations of atazanavir and that the 3435C—T polymor-
phism in the MDR-1 gene that encodes P-glycoprotein
influences plasma concentrations of atazanavir (wild-type
genotype carriers presented higher concentrations than
the C/T or T/T genotypes)!'3-116,

Unlike Caucasian subjects, in Thai patients treated
with indinavir a different allele, UGT1A1*6, may predis-
pose to hyperbilirubinemia more than the UGT1A1*28
allele™.

Peripheral neuropathy and lactic
acidosis due to nucleoside
reverse transcriptase inhibitors

Nucleoside reverse transcriptase inhibitors block viral
replication by means of a competitive mechanism with
endogenous nucleosides to enter proviral DNA. Although
they act relatively specifically on the reverse tran-
scriptase of HIV, to a lesser or greater extent they also
inhibit mtDNA polymerase vy, an enzyme responsible
for the replication of mtDNA and which is encoded in
the POLy gene located in the nucleus. The depletion
of mDNA can damage the oxidative metabolism and
cause the accumulation of pyruvic and lactic acid,
which can give rise to various adverse effects including
peripheral neuropathy and lactic acidosis'"”. The man-
ifestations of mitochondrial toxicity comprise one of the
main complications of NRTI, although they only develop
in some patients. On the other hand, there are many
similarities between these manifestations and certain
congenital (genetic) alterations of mitochondrial func-
tion. All of this suggests that genetic factors may be
important determiners of the individual predisposition
to developing mitochondrial toxicity in patients treated
with NRTI.

compared to AZT plus 3TC. During the three years of
the trial, 147 patients (29%) developed peripheral neu-
ropathy, 108 (73%) of whom had been randomized to
receive ddl plus d4T and 39 (27%) of whom received
AZT plus 3TC (p < 0.001). The researchers studied
European haplotype groups of the mitochondrial ge-
nome'?!. Mitochondrial DNA contains 38 genes, 13 of
which are structural genes that encode for different
subunits of the enzymatic complexes of the oxidative
phosphorylation system. The largest non-coding re-
gion, known as the control region or D-loop, stands out
for its high rate of mutation and for varying markedly
from population to population. Nine different mitochon-
drial haplotype groups were studied and only the hap-
lotype T group was found more frequently in patients
who developed peripheral neuropathy. In Caucasian
patients who developed peripheral neuropathy, 17%
belonged to the haplotype T group compared to 6.7%
who did not develop peripheral neuropathy (OR: 2.8).
The association was closer when the patients assigned
to the ddl plus d4T group were analyzed. In this sub-
group, 10 of the 48 (20.8%) who developed peripheral
neuropathy belonged to the haplotype T group com-
pared to four of 89 (4.5%) who did not develop it (OR:
5.4). In the multivariate analysis, the main independent
predictors of the development of peripheral neuropathy
were the assignment to the ddl plus d4T group (OR:
2.57), amore advanced age at the time the neuropathy
was diagnosed (OR: 1.05 per year) and a mitochon-
drial haplotype T group (OR: 2.89)"'. In a subsequent
analysis, the authors characterized a specific mito-
chondrial polymorphism within the haplotype T group,
MTND2 (*) LHON 4917G, which may be associated
with an increased susceptibility to the development of
peripheral neuropathy due to nucleoside analogs'?.
Because alterations in the metabolism of iron have
been linked to mitochondrial dysfunction and other
degenerative processes, one study evaluated whether
mutations in the hemochromatosis gene (HFE) could
luence, the susceptibility to developing peripheral
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genotype (only in Caucasian subjects). In the multi-
variate analysis, however, only the HFE C282Y geno-
type remained as a protective factor against the devel-
opment of peripheral neuropathy (OR: 0.30), even after
adjusting for the mitochondrial haplotype T'23,

Lactic acidosis is a serious manifestation of mito-
chondrial toxicity that occasionally occurs in patients
undergoing treatment with nucleoside analogs, espe-
cially with d4T and ddI'®. Not all patients who are
treated with d4T or ddl present with lactic acidosis,
which leads to the suspicion that there may be a genetic
predisposition for developing the disorder. A group of
Japanese investigators sequenced 22 exons of the
POLy gene, which encodes the catalytic subunit of
mtDNA polymerase v, in 11 patients infected with HIV
with a history of hyperlactatemia induced by d4T and
in five patients that had received prolonged treatment
with d4T and who had normal levels of serum lactate.
They were able to identify a new mutation in codon
964 of the POLy gene (R964C) in a Thai patient with
lactic acidosis. When they characterized the biochemical
effect of this mutation through recombinant analysis,
they found that it produced a marked decrease in the
enzyme activity of mtDNA polymerase, which was 14%
of the enzyme activity produced by the wild-type gene.
Furthermore, the cultivation with d4T of lymphoblastoid
cells derived from the patient with the R964C mutation
significantly reduced mtDNA levels compared to that
found with cells with the wild-type gene'?. Although the
mutation was only found in one patient, it is biologically
plausible that this mutation may predispose to the
development of mitochondrial toxicity induced by
nucleoside analogs.

Renal toxicity and tenofovir
The primary adverse effect of tenofovir is renal toxic-

ity, which is usually caused by damage to the proximal
tubule and which manifests as different alterations in

tubular function and/or acute renal insufficigngy'26-1%0
Treatment with this drug haﬁ@ p@ﬁ’&d&ﬁuﬂa&&@u

a decrease in glomerular filtration and chronic renal
insufficiency 1132, The best chafaoteli
predispose for nephrotoxicity due to tenofovir are the
presence of a prior chron

itant use of other nephromrgﬁr%?f\eg@gjp
advanced age, and a low CD4* T lymphocyt nt133
Some clinical studies have found that the céﬁnfm
tion of tenofovir with certain antiretroviral drugs, espe-

zed factorstnaty
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However, discordant results were obtained in experi-
mental studies that evaluated the effect of the combi-
nation of tenofovir with other antiretrovirals'®-41,

Tenofovir is excreted by glomerular filtration and active
tubular secretion. Active tubular secretion is mediated
by two types of specific transporters in the cells of the
renal proximal tubules: (i) those located in the baso-
lateral membranes, which take in the small, soluble
molecules from the systemic circulation to facilitate
their entrance to the interior of the cells, and (ii) those
located in the apical membranes, which export the drugs
from the interior of the cells to the urine. In the case of
tenofovir, the proteins that transport the drug from the
bloodstream to the interior of the tubular cells have
been well characterized'. It is known that at the level
of the basolateral membrane of the proximal tubules it
is captured by human organic anion transporter 1
(hOAT1) and 3 (hOAT3). Tenofovir has an affinity
20-times higher for hOAT1 than for hOAT3. However,
the expression of hOAT3 in the proximal tubules is
much higher than that of hOAT1, which suggests that
hOAT3 may be a parallel route of low affinity but high
transport capacity™?. In terms of export proteins, al-
though the proteins associated with resistance to mul-
tiple drugs MRP2 and MRP4 and P-glycoprotein are
present in the apical membranes of the proximal renal
tubules, and there is indirect evidence that MRP2 may
play a role'*3, the most robust experimental data indi-
cate that tenofovir is not a substrate of MRP2 nor of
P-glycoprotein, but of MRP4, which would be the pro-
tein that would transport tenofovir to the urine*. It has
been proven in different in vitro systems that tenofovir
accumulates in concentrations five-times lower in cells
that overexpress MRP4, and that the accumulation in-
creases when an MRP inhibitor is added'#.

Izzedine, et al.™ posed the hypothesis that certain
variations in the genes that encode the transporter
proteins may condition an intracellular accumulation of
tenofovir, which increases the risk of tubular toxicity.
T?]ese researchers performed an exploratory analysis
51 6.3 6 ind b6 e proteins MRP2 (ABCC2)
MRP4 (ABCC4) and P-glycoprotein (ABCC1) in 30 Cau-
Qﬁ@]’[@(}@@y]q’qu with HIV treated with tenofovir.

he
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Q:Enduoted for the genes ABCC2 (MRP2)
and ABCC4 (MRP4) in group 1 and all the SNP identi-
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30 patients included in the study were also genotyped
for three functional SNP of the gene ABCB1 (3435C—T,
2677G—T/A and 1236G—T). The development of tu-
bulopathy was significantly associated with the poly-
morphism 1249G—A of gene ABCC2 (MRPZ2) and with
a haplotype of the same gene that consisted of four
polymorphisms including 7249G—A (unadjusted OR:
4.25; lower bound of 95% CI: 1.25). No significant dif-
ferences were found between groups 1 and 2 regarding
the analysis of the genes ABCC4 (MRP4) and ABCB1
(P-glycoprotein), although a synonymous polymorphism
(i.e. one that does not alter the amino acid sequence of
the encoded protein) in gene ABCC4 was associated
with the development of tubulopathy and was entered in
the multivariate analysis of the ABCC2 haplotypes as
a co-variable. The authors concluded that ABCC2 hap-
lotypes are associated with proximal tubulopathy induced
by tenofovir as they significantly influence the susceptibil-
ity to developing tubular dysfunction: CATC as a haplo-
type favoring toxicity (it was found in 40.9% of the cases
and 13.7% of the controls; p < 0.01) and CGAC as a
protective haplotype (it was not found in any of the cases
and was present in 20.2% of the controls; p < 0.01)™°,
A Spanish group recently carried out a pharmaco-
genetic association study of predictors of renal tubular
dysfunction induced by tenofovir. The polymor-
phisms of ABCC2, ABCC4, SLC22A6 (encodes hOATT),
SCL22A11 (encodes hOAT3), and ABCB1 (encodes for
P-glycoprotein) genes were studied in a cohort of pa-
tients treated with tenofovir who had renal damage. A
significant association was found between being a ho-
mozygote carrier of the C allele in position -24 of ABCC2
and tubular dysfunction in patients treated with tenofovir.
The fact that this genetic variant is detected in only 24%
of patients with renal damage associated with the use of
tenofovir suggests that this genetic determinant may fa-
vor this toxicity but is not the only determining factor'.
The results of these studies should be interpreted
with caution, given the small sample size and scant
differences found between the groups. On the .other
hand, the functional effect of t @Jlx@ﬁrﬁtisﬁi dEEH

is unknown, as are the mechanisms by which these vari-
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higher than that of carriers of the wild-type allele (p =
0.04), suggesting that genetic variations of this drug
transporter may play a role in the intracellular accumu-
lation of tenofovir'#’.

Hyperamylasemia and acute pancreatitis

Elevated amylase or lipase is common in patients
infected with HIV and is frequently associated with
antiretroviral treatment'*. In most cases these elevations
are asymptomatic, although occasionally they can
cause acute pancreatitis'+°.

In a population not infected with HIV, certain muta-
tions in the CFTR gene (cystic fibrosis transmembrane
conductance regulator) and the SPINK-1 gene (serine
protease inhibitor Kazal-1), which encode for a trypsin
inhibitor in the cytoplasm of pancreatic acinar cells,
have been associated with a higher risk of developing
pancreatitis’%'51, Swiss cohort researchers analyzed
whether those mutations predispose for the development
of pancreatic alterations in patients infected with HIV
receiving antiretroviral treatment'®?. In a cross-section-
al study, they identified 51 cases (4.5% of all patients
evaluated) with pancreatic alterations (10 had suffered
from acute pancreatitis and 41 presented an asymp-
tomatic elevation of pancreatic enzymes) and they
compared them to 51 controls matched for age, sex,
viral load, CD4* T lymphocyte count and antiretroviral
drugs. In total, they found 13 carriers of mutations in the
CFTR and SPINK-1 genes (12.7%). The concentrations
of amylase were not significantly different in the patients
with and without mutations; however, among the pa-
tients with hyperamylasemia, those with mutations were
found to have higher concentrations of plasma amylase.
Furthermore, the mutations were present in four of the
10 (40%) cases with acute pancreatitis and only in
seven of the 51 (14%) patients in the control group
(p = 0.01)2,
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Hypersensitivity reaction due to abacavir occurs in 5-8%
of Caucasian patients who receive the drug, while the
risk in black patients is lower, at about 3%7153155.156,
Hypersensitivity reaction due to abacavir is idiosyn-
cratic, genetically determined, in that it is impossible
to clinically predict the likelihood with which a person
might develop it. However, several variables have been
identified that are associated with a higher risk of pre-
senting with HSR due to abacavir, including being
Caucasian and having a high CD8* T-cell count™”.

Because the HLA system is involved in the majority
of hypersensitivity reactions to medications, two initial
independent pharmacogenetic studies evaluated the
possible association between HLA system genotypes/
haplotypes and HSR due to abacavir. Both studies
found that the haplotypes HLA-B*5701, HLA-DR7, and
HLA-DQ3 were associated with the presence of this
syndrome'®81%9 findings which have been replicated
in subsequent observational studies6%.16",

These findings encouraged a multinational, multi-
center, randomized clinical trial called PREDICT-162,
In this study, patients undergoing treatment with aba-
cavir and those not previously treated with the drug
were randomized into two groups. A prospective HLA-
B*5701 test was given to a group of more than 900
patients before initiating treatment with abacavir and,
if the result was positive, abacavir was not adminis-
tered to the patient (prospective pharmacogenetic
evaluation group). The patients included in the second
group (n > 900) were treated with abacavir according
to common clinical practice, without a prior genetic test
(control group). All patients that began treatment with
abacavir were monitored for six weeks and those that
presented cutaneous exanthema were given an immu-
nological confirmation test by means of an epicutaneous
test with abacavir that confirmed (in the event of a
positive result) or excluded (if the result was negative)
HSR due to abacavir.

The prevalence of HLA-B*5701 in the (mostly white)
population studied was 5.6%. In the prospective phar-
macogenetic evaluation gr
HSR attributed to abacavir was 3.4%, while in the control
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prescreening with a pharmacogenetic test reduced the
incidence of a serious adverse event. Additionally, this
was demonstrated through a randomized clinical trial.
The publication of these results led to an important
change with regard to pharmacogenetic testing prior
to prescribing abacavir'®. As mentioned above, the
population studied in PREDICT-1 was mainly white — a
population with a high prevalence of HLA-B*5701. Sub-
sequent studies have confirmed the efficacy of prior
pharmacogenetic evaluation in black individuals'®,

The results of the PREDICT-1 study indicate that
pretesting for HLA-B*5701 before prescribing abacavir
and avoiding administering it to HLA-B*5701 positive
patients will significantly reduce the risk of HSR due to
this drug and make its administration safer. In fact, this
screening represents the first pharmacogenetic test
with a robust clinical application intended to improve
the impact of a prescribed drug. The evaluation of this
genetic determinant before prescribing abacavir is
now recommended in clinical guides on treating patients
infected with HIV and forms part of our day-to-day
clinical practice 64166,
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