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Abstract

Administration of standard doses of most antiretroviral drugs results in significant variations in
plasma drug concentrations among different individuals, as well as different rates of drug-associ-
ated toxicity. The reasons for the large interindividual variability in drug levels are multifactorial, and
involve differences in gender metabolism, concomitant medications, drug compliance, underlying
diseases, and genetic factors. Pharmacogenetics is the discipline that analyses the genetic basis
for the interindividual variation in the body disposition of drugs. One of the main goals is to give
grounds to individualized therapy.

The majority of pharmacogenetic traits so far have involved drug metabolism. An example of this is
the inherited variation in the pharmacokinetics and pharmacodynamics of drugs such as hydralazine
or isoniazid. This variation is due to polymorphisms in the N-acetyltransferase-2 (NAT2) gene, which
may split the population into three categories: slow, intermediate, and fast metabolizers.
Pharmacogenetic studies conducted so far with antiretrovirals have focused on metabolizing en-
zymes and transporter proteins in the cell membrane. Herein, we review the genetic polymorphisms
known to be associated with altered pharmacokinetics of antiretrovirals, which may influence the
efficacy and toxicity of these drugs. (AIDS Reviews 2005;7:103-12)
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|ntroduction

The study of the impact of human genetic variation
upon interindividual responses to antiretrovirals (ARV) is
complicated by several factors. It is difficult to explain
the functional impact of human genetic variation in most
cases, and more importantly, these polymorphisms do
not act independently to influence disease evolution or
treatment response, as each drug interacts with numer-

ous targets, such as carrieM@t m$ rh'?r@f)rﬁrﬁgn?u
e

tabolizing enzymes, and other types of receptors. The

tion, target site of action, and pharmacologic response.
Moreover, drugs trigger downstream secondary events
that may also vary among patients. As a result, multiple
polymorphisms in many human genes may affect drug
response, requiring a genome-wide search for the re-
sponsible genes. Thus, great advances in genomics will
need to be achieved before the precise definitions of
the mechanisms by which alleles influence the respons-
es to drug therapy are clarified.
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Figure 1. Mean efavirenz plasma levels according to CYP2B6-516
genotype®. GG, homozygote wild-type; GT, heterozygote genotype;
TT, homozygote polymorphic genotype.

This isoenzyme is coded by a polymorphic gene at
chromosome 19, which spans at a region of approxi-
mately 28 Kb and contains nine exons®. Several poly-
morphisms, which conform the different alleles, have
been described. Some of them have been tested to
determine their influence on the expression of the
CYP2B6 protein®. Alleles that carry the polymorphisms
415A > G, 516G > T, 136A > G, 296G > A, 785A > G,
419G > A, and 1172T > A have been associated with
differences in the expression of the encoded proteins®”.

Few studies about the relevance of CYP2B6 polymor-
phisms on the metabolism of ARV have been performed.
One showed a significant decrease in the clearance of
EFV, and therefore an increase in EFV plasma levels, in
patients with the TT genotype at the nucleotide 516 of
the 2B6 gene®? (Fig. 1). This,is a critical infermation as
EFV posses a narrow ther&@tipa@e, F\IFB

levels above 4 pg/mL have been associated with more

leisrfa U

fore, patients carrying the TT genotype may select
more easily for EFV resistance due to subtherapeutic
drug exposure upon treatment discontinuation. In a
Japanese study, those homozygous for the CYP2B6*6
allele, that contains both 516G > T and 785A > G
polymorphisms, showed higher EFV concentrations as
compared with those heterozygous or subjects without
the allele *6 (25 uM vs 10 uM and 8 UM, p < 0.0001)"2.
No doubt this polymorphism could be associated to
differences in drug-related toxicities.

The CYP3A4 is the most abundant isoenzyme of
cytochrome P450 (30% of the total content of cyto-
chrome) and presents high interindividual variability in
the mRNA contentS. It is known that the CYP3A4 gene
posses a widely range of polymorphic expression'#®.
About 60 to 90% of this variation is due to genetic fac-
tors'7. Several polymorphisms have been described in
the promoter of the CYP3A4 gene and in adjacent re-
gions. The majority of them, however, are not well char-
acterized. The CYP3A4*1B allele carries an A—G
change in the promoter region, the consequence of
which is a decrease in the activity of the encoded
protein. The effect of this variant on the metabolism of
ARV is unclear at this time.

Nevirapine (NVP) is metabolized by the CYP-3A4
and -2B6 isoenzymes'®. The polymorphisms associ-
ated with an altered expression of the drug may have
an influence on NVP pharmacokinetics, but until now
there are few data available. Unexpectedly, CYP3A4*1B,
which has been associated with a decreased clear-
ance of EFV, does not influence NVP plasma levels'.

Protease inhibitors

These drugs are metabolized by different isoen-
zymes of the cytochrome P450 and they are also sub-
strates of the P-glycoprotein (Pgp), a cell-membrane
transporter. Therefore the genetic variation in the dis-
position of protease inhibitors (Pl) may be influenced
Etltwo dﬂerent steps, mainly through their metabolism

tHe e {and m@@é/ distrbution. The genetic factors

influencing these two steps can affect the efficacy and

CNS toxicity, and below 1 pg/mL[V@piﬁ@@i@ga@@(és of pla@ij@c

virologic failure™. Others have claimed that patients with

@besmggs.
Indinavir (IDV) is mainly metabolized by the CYP3A5

the TT genotype are at hlnghbfgtCﬁﬁédTﬁW V\mngrﬁg p @FM?S g/hryhshow a high genetic vari-

fects compared with CC genotype carriers

e of the most studied polymorphisms is

Differences in the metabolism of EFV mbs;l: bg‘ck:én— L@Eﬁéﬁéf%%)’ whose frequency varies among
sidered when deciding the optimal way to”sto Vp es??4 A guanine at position 6983 creates

containing regimens, since drug concentrations with

a cryptic splice site in intron 3 that leads to aberrant
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ant is related with low or null expression of CYP3A5
protein and, as a consequence, with a lower clearance
of IDV?, The result is that individuals with this polymor-
phism tend to show high IDV plasma levels and a
higher risk of kidney-related toxicities of the drug.

Polymorphisms at cell membrane
transporters

The multidrug resistance 1 (MDR1) gene was origi-
nally associated with resistance of cancer cells to che-
motherapeutic agents?®. Other multidrug resistance
proteins (MRP) were later identified as an alternative
mechanism for transport-mediated drug resistance®-°.
These proteins function as efflux pumps for xenobiot-
ics and thus provide a barrier for the cellular entry of
drugs®03t,

The Pgp, which is coded by the MDR1 gene, is not
only expressed in tumor cells, but also in many normal
tissues, controlling the intracellular concentration of
potentially harmful substances. This transporter is
mainly located on the apical or luminal surface of epi-
thelial cells of the lower gastrointestinal tract, in which
Pgp influences drug absorption by limiting oral drug
bioavailability®?. Pgp is also found in significant amounts
in the biliary membrane of the canalicular hepatocytes
and in the brush-border membrane of the proximal
tubules of the kidney, which fits with the proposed role
of Pgp in the excretion of xenobiotics and endogenous
metabolites into the bile and urine, respectively®334,
Other sites of location of Pgp are the luminal surface
of capillary endothelial cells, blood-brain barrier, pla-
centa, and lymphocytes. The expression of Pgp in dif-
ferent tissues may influence the disposition of ARV,
modulating both their bicavailability and tissue distribu-
tion to viral sanctuaries.

Several single nucleotide polymorphisms (SNP) with
potential consequences in the expression of the encod-
ed protein have been identified in the MDR1 gene. The
C3435T change at the exon 26 correlates with  distinct
intestinal Pgp levels and in GQa]&J B
administered Pgp substrates. Individuals homozygous
for this polymorphism (TT) show E@@iﬁ@d{jﬁ@@
denal Pgp expression and increased digoxin plasma

6alp u

Anecdotal reports have described an effect of the
expression of Pgp on the inhibition of virus production.
Lee, et al. demonstrated that Pgp expression may affect
HIV infectivity. These authors observed a reduction in
virus production when Pgp was over-expressed at the
surface of a continuous CD4+ human T-leukemic cell
line infected with HIV-1%. This reduction in HIV-1 infec-
tivity occurred both during the fusion of viral and plasma
membranes and at subsequent steps in the HIV-1 cycle.
However, Ifergan, et al. compared infected and non-
infected Caucasian individuals highly exposed to HIV
and they observed no statistical differences in the dis-
tribution of Pgp genotypes between both groups, sug-
gesting that Pgp expression does not play a critical role
in the susceptibility to HIV infection®’.

Non-nucleoside reverse transcriptase
inhibitors (NNRTI)

The consequences of the C3435T polymorphism on
treatment response to NNRTI are so far unclear. Fellay,
et al.® found lower EFV plasma levels and better im-
mune recovery in Caucasians who carried the TT gen-
otype. However, neither the differences in EFV phar-
macokinetics'® nor the rate of CD4+ T-cell gain® were
confirmed by others. Moreover, EFV plays its anti-HIV
activity within infected cells but not in plasma; there-
fore, it remains to be elucidated whether or not the
C3435T polymorphism correlates with high intracellular
EFV concentrations.

An association of the CC genotype with increased
HDL-cholesterol levels has been reported in patients
receiving EFV4°. This observation is sustained by the
fact that Pgp may be involved in the metabolic path-
ways of the lipoproteins*'. The over-expression of Pgp
caused by EFV could enhance HDL-cholesterol levels.
This induction would be less intense in subjects with
the TT genotype*?, with the final result of lower HDL-
cholesterol increases.
th is not well known JQ'\‘EIQRT' are substrates of the

&C@CMQ/E} BB@% e involved in the transpor-

tation of NVP outside the cells*, as the low expres-

r gonot

@(ﬁjoggleilﬁg; with higher intracellular accu-
mulation of NVP.

levels®®. The C3435T polymarphisa i il : : «
el G e witLED, PRRiesion

and thus it is unlikely that it directly influence
pression of the MDR1 gene. Most likely, t

s

iscp. or :
phism is linked to one or more other uniden@jd h gpub'”élg %Elecules are well established substrates of

es in regions of the MDR1 gene that control its expression,

the Pgp system, so that the pharmacokinetics of these
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described a correlation between nelfinavir (NFV) plas-
ma levels and the genotypes at position 3435 of the
MDR1 gene. These authors found lower levels of NFV
and higher CD4 recovery in patients carrying the TT
genotype®®. This observation, however, has not been
confirmed by others. In a recent study, Saitoh, et al.
showed that children carrying the 3435 polymorphism
in heterozygosis (CT) had higher NFV plasma levels
than children with the CC or TT genotypes. In the same
study, the percentage of responders at week eight was
higher in carriers of the CT genotype, who were chil-
dren with greater NFV plasma levels*.

Zhu, et al.*® measured the intracellular concentra-
tions of NFV in lymphoblastoid cell lines and assessed
the values according to the genotypes at position
3435. They found much higher NFV concentrations in
the TT genotype than in CC or CT genotypes.

MRP are also well established transporters of some
Pl and NRTI*47  n vitro studies have reported de-
creased intracellular accumulation of ritonavir (RTV)
and saquinavir (SQV) in cell lines over-expressing
either Pgp or other MRP*. For instance, Anderson,
et al. found a trend for a faster IDV clearance in
subjects with a polymorphism in the MRP-2 promoter
(C-24T)%,

Nucleoside reverse transcriptase inhibitors
(NRTI)

An association between a MRP-4 polymorphism
(T4131G) and higher 3TC-triphosphate concentrations
within the cells, as well as a trend for higher ZDV-tri-
phosphate concentrations has been noticed for sub-
jects carrying a MRP-4 (G3724A) polymorphism?°.
However, it is still under investigation as to what extent
the variability in drug response may be explained by
genetic variability at the MRP system.

Table 1 summarizes the genetic factors that influ-
ence the pharmacokinetics of different antiretrovirals.

It clearly shows the large number of Conﬂi'FtiFP] or in-
consistent results. 0 part 0

IS pU

morphisms have been identified so far, seven of which
have been described as non-synonymous changes
that alter the amino acid sequence in Caucasians, Af-
rican-Americans and/or Africans®®%'. The targets of
PXR are CYP3A4, CYP2B6, CYP2B9, CYP2C8, CYP2C9,
CYP2C19, Qatp2, MRP-2 and MDR-1. Therefore, ge-
netic variations in PXR could affect the expression of
metabolizer enzymes and protein transporter of ARV in
different ways.

The most relevant PXR polymorphisms that deter-
mine the allelic variants are R98C, R148Q, R381W,
and 1403V. The R98C variant does not bind to the
DNA, and therefore prevents the transactivation of the
CYP3A4 complex. Changes R381W and 1403V alter
the activity of PXR, and consequently affect the ex-
pression of CYP450 and other protein transporters.

The constitutive androstane receptor (CAR) is a nu-
clear receptor that induces the expression of metabo-
lizer enzymes and transporters that may affect the
pharmacokinetics of some ARV. There are CAR splic-
ing variants as a consequence of the deletion of sev-
eral exons that influence its expression®?. These vari-
ants possess differences in the binding to CYP2B6
regulatory elements. The consequences of these vari-
ants are still not well defined with respect to ARV intra-
cellular or plasmatic levels.

Genetic factors associated
with the toxicity of ARV

Hypersensitivity to abacavir

About 8% of persons treated with abacavir (ABC)
develop a hypersensitivity reaction that usually ap-
pears within the first four weeks of treatment. The pres-
ence of HLA-B*5701, HLA-DR?, and/or HLA-DQS3 hap-
lotypes is strongly associated with the susceptibility to
ABC allergic reactions3-,

Blﬁpat%toxicit of IE)NRTI
Calion may be
The 3434T allele at the MDR1 gene is associated

Nuclear factors and theil'(@pit@duced or l@ilffp@’[c@@ iﬁp@of hepatotoxicity upon initiation

with ARV pharmacokinetics

of NVP therapy®. A trend towards a decreased risk of

with ror WF@?%IW d for the AA genotype at posi-
The CYP450 isoenzymes aEd (t%}a'l Er;[tbme trEnsp(grt— tion 6986 of the BSAQQoenzyme. Conversely, no

ers are regulated by nuclear receptors. Bﬁ&ﬁ éh%qumfé/[for the CYP2B6 G516T genotypes in NVP
most important is the pregnane X receptor{( ) tha as found in the same study. In another re-

regulates both CYP 3A4 and Pgp expression.

port, the T allele at MDR1 was associated with a de-
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Table 1. Host genetic polymorphisms which influence the pharmacokinetics of antiretroviral drugs

Subjects Treatment Parameters Results References
Protein MDR1 (Pgp) C3435T Patients NFV,EFV  C_. TT<CT<CC  Fellay, et al.®
transporters Caucasians Coin TT<CT<CC
Patients, NFV, EFV  NFV 8 h postdose CC =TT < CT  Saitoh, et al.*
several races EFVC, ., NSD*
Japanese NFV Intracellular TT>CT>CC  Zhu, etal®
patients concentration
Caucasians LPV and/or EFV C,,, NSD Winzer, et al.”®
EFV LPVC.,, NSD
Whites SQvitv - SQV C,, NSD Owen, et al.®®
IDV/rtv bV C,,
Whites, blacks, RTV RTV plasma NSD Haas, et al.”
hispanics levels
Whites NVP Clrough Higher in TT Owen, et al.*®®
G2677T Whites, blacks, EFV AUC.Cmin, C_,.,  NSD Haas, et al.?
hispanics clearance
Whites, blacks, RTV Plasma levels NSD Haas, et al.”®
hispanics
MRP1 Expression Caucasians NFV Plasma levels NSD Fellay, et al.®
EFV
MRP2 Expression Caucasians NFV Plasma levels NSD Fellay, et al.%
EFV
Cytochrome CYP2B6 G516T Whites, blacks, EFV AUC,C_.. C .. TT>CT > CC Haas, et al.®
P450 hispanics clearance
Caucasians EFV EFV C,,, TT>CT > CC Rodriguez-
Novoa, et al.?
Swiss HIV EFV Intracellular Greater in TT Rotger, et al.”
cohort concentration
Plasma levels Greater in TT
NVP Plasma
concentration Greater in TT
C1459T Whites, blacks, EFV AUC, C ;. C.., NSD Haas, et al.®
hispanics clearance
CYP2B6*5 Patients, EFV NFV 8 h postdose  NSD Saitoh, et al.*
allele C1459T  several races  NFV EFVC,., NSD
2B6™ H H \/ entrati igher in *6/6  Tsuchiya,
NE:Bart 8Fthis plblicatisiady 15 el
and A785G
cront orbBRN OGHAC 8k OFrD NOBGCODYING mrend o igher s, et e
-A392G hispanics in GG
without the.pEorauritteR Permissédn ey, ea
NFV AUC NSD
PaQ;ftsth e F}u b | |Sk]ler Trend to lower  Saitoh, et al.*
several races AUC in GG
NSD
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Table 1. Host genetic polymorphisms which influence the pharmacokinetics of antiretroviral drugs (continued)

CYP3A4*18  Japanese EFV None Tsuchiya, et al.’?
(1878C) identified
CYP3A4*11
CYP3A4*12
CYP3A4*13
CYP3A4*17
CYP3A5 CYP3A5*3 Patients, EFV AUC NSD Fellay, et al. and
AB986G several races  NFV AUC NSD Saitoh, et al.%4
Whites, blacks, EFV AUC Trend to higher  Haas, et al.®
hispanics
Caucasians sQv Cprae AUC, 1172, NSD Frohlich, et al.””
Tmax . X
Metabolite ratio +<*3/"3
CYP3A5*6 Patients, NFV AUC, 8 h postdose NSD Saitoh, et al.*
G14690A several races  EFV AUC, 12 h postdose NSD
CYP2C19 CYP2C19*2 Patients, NFV AUC, 8 h postdose  NSD Fellay, et al. and
G681A several races  EFV AUC, 12 h postdose NSD Saitoh, et al.%84
CYP2D6 CYP2D6*3 Caucasians NFV Plasma levels Trend to higher®  Fellay, et al.®
A2549del EFV Plasma levels Trend to higher®
CYP2D6*4 Caucasians NFV Plasma levels Trend to higher*  Fellay, et al.®
G1846A EFV Plasma levels Trend to higher*
CYP2D6*6 Caucasians NFV Plasma levels Trend to higherS  Fellay, et al.%®
T1707del

*, NSD: no significant differences.
TAnalyzed together with CYP2D6*4 and *6.
*Analyzed together with *3 and *6.
SAnalyzed together with *3 and *4.

suggested that the HLA-DRB1*0101 haplotype may the Gilbert’s allele. Patients with at least one polymor-
determine the susceptibility to NVP hypersensitivity re-  phism at this gene have an increase in bilirubin levels

actions®. compared with those without the polymorphic allele®’.
O’Mara, et al. observed significantly higher total bili-
Hyperbilirubinemia of atazanavir rubin levels in patients with genotype 7/7, which is

associated with the Gilbert syndrome, compared to
Indinavir and atazanavir (ATZ) therapy is associated  subjects with genotypes 6/6 and 6/7 in patients ex-
with @ 6 to 25% and 20 to 50%, respectively, inci- posed to ATZ52.
dence of asymptomatic, onjugated hyperbilirubi- . .
nemia in the absence of YN ﬁ%iofdtﬁgéepubvﬁ&bmmmiated with ARV
fect is a consequence of the competition of those

drugs with bilirubin for bindingﬁ@p[p@d@@r@r(ds@r ph@@@@@fp}yqeﬁ g and central fat deposition of-

transferase (UGT), the enzyme that conjugates and ten complicate antiretroviral therapy. Independent risk

clears bilirubin from plasmﬂw.ﬁyﬁﬁii _ f@lg V\ﬁ(fﬁ@fﬁ Ig??tm/i@gaiﬁ??iated lipoatrophy include

to 10% of individuals have decreased bilir conju-  white race prolonged exposure to nucleoside ana-
gating activity that is caused by a TA ingertion int icularly stavudine (d4T)®,
the UGT1A1 promoter (Gilbert syndromgiﬁfhlévopdﬁ‘ﬁ?tﬁé%f RTV and RTV-boosted Pl regimens are

induced hyperbilirubinemia manifests primarily in pa-  the most significant predictors of hypercholesterolemia
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Figure 2. Bilirubin metabolism and interference of atazanavir and indinavir.

lipid abnormalities do not occur in all patients, despite
similar exposure to therapy and comparable demo-
graphics, as well as immunologic and virologic char-
acteristics. The reason for this discrepancy may be
related to host genetic factors. Allelic variants in APOC3
and APQOE contribute significantly to elevations in plas-
ma triglyceride levels to a degree corresponding to
factors such as age or the use of RTV-containing regi-
mens. Polymorphisms in the APOC3 gene that have
been associated with a higher risk of developing hyper-
lipemias are -482C > T, -455T > C and 3238C > G&4%,
In the presence of RTV, individuals with unfavorable
genotypes in APOCS, in particular in association with
APQE variants APOE-e2 and APOE-e4, are at risk of
extreme hypertriglyceridemia.

Foulkes, et al.%% have regently claimed t?a% here is
no association between fp@ril\@
(-482C > T, -455T > C, 3238 C > @, intron 1 and

Gly34Gly) and triglyceride Ieversep[pgdbje@@dl o

LDL-cholesterol, in Caucasian or African patients.

However, when the analywi\fﬁ@@gt;iitfg? ) fg@;[;

ics, associations were recognized

el
B BUORRH i v0n

has been associated with a more rapid development
of lipoatrophy®7-9,

Pancreatitis associated with ARV

Polymorphisms at the serine protease inhibitor Kazal-1
(SPINK-1) that encodes a trypsin inhibitor in the cyto-
plasm of pancreatic acinar cells and the cystic fibrosis
transmembrane conductance regulator (CFTR) have
been associated with the risk of pancreatitis in patients
treated with some ARV,

Genetic factors associated with clinical
response to ARV

The 3435C > T polymorphism at the MDR-1 gene
bJJ (k-aaetrl %mma}‘ b(@er to elucidate its influence
in the outcome of HIV infection and response to ther-
cordance between the different
studies. Some of them have described a relationship

V\ﬂemf}@'mggoﬁﬁrﬁ?ggym]and earlier virologic fail-

ure’ w ers did not find any difference in host

on triglycerides with the polymorphisms —4_F5f:h> T Lfamj%tﬂ%lﬁy to HIV infection®” or in CD4 response to
-482C > T, intron 1 and 3238C > G. 0 € p 21 '3aitoh, et al. have recently described a more

The influence of TNFa polymorphisms on metabolic

rapid decline of viral load in response to HAART in
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Table 2. Host genetic polymorphisms which influence treatment responses and drug-related adverse events

Host genetic Population Treatment  Adverse Treatment Polymorphism References
factors efects response related
CYP2B6 (G516T)  Whites, blacks, EFV SNC TT>CT>CC Haas, et al.
hispanics
Swiss HIV cohort EFV SNC: sleep Presence of the Rotger, et al.”
disorders variant allele
and fatigue. (5167)
MDR1 (Pgp) 80 caucasian EFV, NFV CD4 response Higher in TT Fellay, et al.%®
(C3435T) patients to treatment
149 caucasian Several CD4 response No statistical Nasi, et al.*
patients regimens to treatment difference
137 exposed Host susceptibility No statistical Ifergan, et al.’
to HIV caucasians to HIV infection  difference’
411 patients HIV progression  No statistical Bleiber, et al.”
before treatment  difference
461 patients Pls Length of virologic Higher in TT Brumme, et al.”!
suppression (trend, P =0.07)
72 patients Several Virologic and No statistical Winzer, et al.”
(caucasian, african,  regimens immunologic difference
asian) response
Caucasians EFV Increase in CCor CT Alonso-Villaverde,
HDL-cholesterol etal®
HLA-B 200 australian ABC Hypersensitivity HLA-B*5701 Mallal, et al. and
patients Hetherington,
et a|.53,79
HLA 235 australian NVP Hypersensitivity HLA-DRB1*0101  Martin, et al.%®
patients
HSPA1L ABC Hypersensitivity C2437T Martin, et al. &
UGT1A1 DV Hyperbilirubinemia UGT1A1*28 Zucker S, et al.®!
White, black, ATV Hyperbilirubinemia UGT1A1 (*7*7) Omara®
asian, hispanic
APOC3 White, black, RTV Hyperlipidemia Promoter variants: Tarr, et al.
asian, hispanic - C482T and Fauvel,
- T455C et al.6465
3'untranslated
region variant:
C3238G
APOE White, black, RTV Hyperlipidfg'la . APQOE &2 Tarr, et al. and
hispanicll%i]s@ part of this pu |Ication T aApoB & Fauvel, et al.o*%
TNF Caucasians Seve{;l Associated wH] . —G238A Maher, et al. and
i r i Nolan, et al.5%67
repro EiCegvgoﬁppmj%)t otoco pyIng
. of lipoatrophy .
et swss IVERQUEINE PUQEWIITtEN PErMission  raey erar
regimens  of pancreatitis
CFTR Swiss HIV cohort Sever:@f th&erpslkl b | IS h er 1717-1G > A Felley, et al.7®
regimens of pancreatitis IVS8 5T

*, NSD: no signi d
tAnalyzed tog

iffer

CYI

Permanyer Publications 2010



Sonia Rodriguez-Névoa: Pharmacogenetics in HIV therapy

treatment response and development of drug-related
adverse events. The large number of conflicting or
inconsistent results is manifest.

References

1. Mutlib A, Chen H, Nemeth G, et al. Identification and characteriza-
tion of efavirenz metabolites by liquid chromatography/mass spec-
trometry and high field NMR: species differences in the metabolism
of efavirenz. Drug Metab Dispos 1999;27:1319-33.

2. Ward B, Gorski J, Jones D, Hall S, Flockhart D, Desta Z. The cyto-
chrome P450 2B6 (CYP2B6) is the main catalyst of efavirenz pri-
mary and secondary metabolism: implication for HIV/AIDS therapy
and utility of efavirenz as a substrate marker of CYP2B6 catalytic
activity. J Pharmacol Exp Ther 2003;306:287-300.

3. Yamano S, Nhamburo P, Aoyama T, et al. cDNA cloning and se-
quence and cDNA-directed expression of human P450 1I1B1: iden-
tification of a normal and two variant cDNAs derived from the
CYP2B locus on chromosome 19 and differential expression of the
IIB mRNAs in human liver. Biochemistry 1989;28:7340-8.

4. Lang T, Klein K, Fischer J, et al. Extensive genetic polymorphism
in the human CYP2B6 gene with impact on expression and function
in human liver. Pharmacogenetics 2001;11:399-415.

5. Lamba V, Lamba J, Yasuda K, et al. Hepatic CYP2B6 expression:
gender and ethnic differences and relationship to CYP2B6 geno-
type and CAR (constitutive androstane receptor) expression. J
Pharmacol Exp Ther 2003;307:906-22.

6. Lang T, Klein K, Richter T, et al. Multiple novel non-synonymous
CYP2B6 gene polymorphisms in Caucasians: demonstration of phe-
notypic null alleles. J Pharmacol Exp Ther 2004;311:34-43.

7. Zukunft J, Lang T, Richter T, et al. A natural CYP2B6 TATA Box
polymorphism (-82T-> C) leading to enhanced transcription and
relocation of the transcriptional start site. Mol Pharmacol 2005;
67:1772-82.

8. Haas D, Ribaudo H, Kim R, et al. Pharmacogenetics of efavirenz
and central nervous system side effects: an Adult AIDS Clinical
Trials Group study. AIDS 2004;18:2391-400.

9. Rodriguez-Novoa S, Barreiro P, Rendon A, Jimenez-Nacher |, Gon-
zalez-Lahoz J, Soriano V. Influence of 516G > T polymorphisms
at the gene encoding the CYP450-2B6 isoenzyme on efavirenz
plasma concentrations in HIV-infected subjects. Clin Infect Dis
2005;40:1358-61.

10. Marzolini C, Telenti A, Decosterd L, Greub G, Biollaz J, Buclin T.
Efavirenz plasma levels can predict treatment failure and central
nervous system side effects in HIV-1-infected patients. AIDS
2001;15:71-5.

11. Taylor S, Allen S, Fidler S, et al. Stop Study: After discontinuation
of efavirenz, plasma concentrations may persist for 2 weeks or
longer. 11th Conference on Retroviruses and Opportunistic Infec-
tions, Feb 8-11, San Francisco 2004.

12. Tsuchiya K, Gatanaga H, Tachikawa N, et al. Homozygous CYP2B6
*6 (Q172H and K262R) correlates with high plasma efavirenz con-
centrations in HIV-1 patients tregted with standard efavirgnz-contain-
ing regimens. Biochem Biophy @C aJF%O 3719 :Ek

13. Shimada T, Yamazaki H, Mimura M, Inui Y, Guengerich F. Interi

dividual variations in human liver cytochrome P-450 enzymes in-
volved in the oxidation of drugs, cardTF@ M(@éce@r
pane

studies with liver microsomes of 30 Ja se and 30 Caucasians.

J Pharmacol Exp Ther 1994;270;414-23.

14. Wojnowski L. Genetics of thvw%w%{ssfbhe?@ml@p Wr|t\7é@ﬁns

mans. Ther Drug Monit 2004;26:192-9.

15. Dai D, Tang J, Rose R, et al. Identification of variants. of
and characterization of their abilities to metabolize t
chlorpyrifos. J Pharmacol Exp Ther 2001;299:825-3T.

16. Sata F, Sapone A, Elizondo G, et al. CYP3A4 allelic variants with
amino acig itutie

YP3A4

b, EU

Femen

Sranyer pL

17. Ozdemir V, Kalowa W, Tang B, et al. Evaluation of the genetic
component of variability in CYP3A4 activity: a repeated drug ad-
ministration method. Pharmacogenetics 2000;10:373-88.

18. Erickson D, Mather G, Trager W, Levy R, Keirns J. Characterization
of the in vitro biotransformation of the HIV-1 reverse transcriptase
inhibitor nevirapine by human hepatic cytochromes P-450. Drug
Metab Dispos 1999;27:1488-95.

19. Van der Ende M, Dieleman J, Burger D, van Schaik R. Prevalence
of single nucleotide polymorphisms in MDR-1 and CYP3A genes
within a heterogeneous HIV-1 infected population and effect on
nevirapine plasma levels. 11th Conference on Retroviruses and
Opportunistic Infections, Feb 8-11, San Francisco 2004.

20. Paulussen A, Lavrijsen K, Bohets H, et al. Two linked mutations in
transcriptional regulatory elements of the CYP3A5 gene constitute
the major genetic determinant of polymorphic activity in humans.
Pharmacogenetics 2000;10:415-24.

21. Kuehl P, Zhang J, Lin Y, et al. Sequence diversity in CYP3A promot-
ers and characterization of the genetic basis of polymorphic
CYP3AS5 expression. Nat Genet 2001;27:383-91.

22. Hustert E, Haberl M, Burk O, et al. The genetic determinants of the
CYP3A5 polymorphism. Pharmacogenetics 2001;11:773-9.

23. Fukuen S, Fukuda T, Maune H, et al. Novel detection assay by
PCR-RFLP and frequency of the CYP3A5 SNPs, CYP3A5*3 and *6,
in a Japanese population. Pharmacogenetics 2002;12:331-4.

24. Van Schaik R, van der Heiden [, van den Anker J, Lindemans J.
CYP3AS variant allele frequencies in Dutch Caucasians. Clin Chem
2002;48:1668-71.

25. Anderson P, Schuetz E, Fletcher C. CYP3A5 and MDR1 (P-gp)
polymorphisms in HIV-infected adults: associations with indinavir
concentrations and antiviral effects. 11th Conference on Retrovi-
ruses and Opportunistic infections, Feb 8-11, San Francisco
2004.

26. Juliano R, Ling V. A surface glycoprotein modulating drug perme-
ability in Chinese hamster ovary cell mutants. Biochim Biophys Acta
1976;455:152-62.

27. Cole S, Bhardwaj G, Gerlach J, et al. Overexpression of a trans-
porter gene in a multidrug-resistant human lung cancer cell line.
Science 1992;258:1650-4.

28. Cui Y, Konig J, Buchholz J, Spring H, Leier I, Keppler D. Drug re-
sistance and ATP-dependent conjugate transport mediated by the
apical multidrug resistance protein, MRP2, permanently expressed
in human and canine cells. Mol Pharmacol 1999;55:929-37.

29. Borst P, Evers R, Kool M, Wijnholds J. The multidrug resistance
protein family. Biochim Biophys Acta 1999;1461:347-57.

30. Chen C, Chin J, Ueda K, et al. Internal duplication and homology
with bacterial transport proteins in the MDR1 (P-glycoprotein) gene
from multidrug-resistant human cells. Cell 1986;47:381-9.

31. Gottesman M, Pastan I, Ambudkar S. P-glycoprotein and multidrug
resistance. Curr Opin Genet Dev 1996;6:610-7.

32. Fromm M. P-glycoprotein: a defense mechanism limiting oral bio-
availability and CNS accumulation of drugs. Int J Clin Pharmacol
Ther 2000,38:69-74.

33. Thiebaut F, Tsuruo T, Hamada H, Gottesman M, Pastan I, Willing-
ham M. Cellular localization of the multidrug-resistance gene prod-

|- uct P-ibocﬁrotein in norrBAI human tissues. Proc Natl Acad Sci
bliGatsbaraal De

34. Ueda K, Clark D, CheYC, Roninson |, Gottesman M, Pastan I. The
human multidrug resistance (MDR1) gene. cDNA cloning and tran-
h@rf:@ Chem 1987;262:505-8.

9’:5. Hoffmeyer Sip%rk O;*von Richter O, et al. Functional palymor-

. phisms of the human multidrug-resistance gene: multiple sequence

Fm*@sqf@ﬁalle\e with P-glycoprotein expres-

sion and activity in vivo. Proc Natl Acad Sci USA 2000;97:3473-8.

6., Lee C, Ramachandra M, Jean K, Martin M, Pastan |, Gottesman M.

%lFSeherABC transporters on HIV-1 infection: inhibition of virus
production by the MDR1 transporter. FASEB J 2000;14:516-22.

37. Ifergan |, Bernard N, Bruneau J, Alary M, Tsoukas C, Roger M.

llele frequencys of three function ive polymerphisms of the
ighAhis! egativ IVipasitive Caucasians.
DS 2002}16:2 !

111



112

AIDS Reviews 2005;7

38. Fellay J, Marzolini C, Meaden E, et al. Response to antiretroviral
treatment in HIV-1-infected individuals with allelic variants of the
multidrug resistance transporter 1: a pharmacogenetic study. Lan-
cet 2002;359:30-6.

39. Nasi M, Borghi V, Pinti M, et al. MDR1 C3435T genetic polymor-
phism does not influence the response to antiretroviral therapy in
drug-naive HIV-positive patients. AIDS 2003;17:1696-8.

40. Alonso-Villaverde C, Coll B, Gomez F, et al. The efavirenz-induced
increase in HDL-cholesterol is influenced by the multidrug resis-
tance gene 1 C3435T polymorphism. AIDS 2005;19:341-2.

41. Dean M, Hamon Y, Chimini G. The human ATP-binding cassette
(ABC) transporter superfamily. J Lipid Res 2001;42:1007-17.

42. Chandler B, Aimond L, Ford J, et al. The effects of protease in-
hibitors and nonnucleoside reverse transcriptase inhibitors on P-
glycoprotein expression in peripheral blood mononuclear cells in
vitro. J Acquir Immune Defic Syndr 2003;33:551-6.

43. Owen A, Hartkoorn R, Walsh T, et al. Relevance of drug transport-
ers and drug metabolism enzymes to nevirapine disposition: super-
imposition of host genotype. 12th Conference on Retroviruses and
Opportunistic Infections, Feb 22-25, Boston 2005.

44. Saitoh A, Singh K, Powell C, et al. An MDR1-3435 variant is associ-
ated with higher plasma nelfinavir levels and more rapid virologic
response in HIV-1 infected children. AIDS 2005,19:371-80.

45. Zhu D, Taguchi-Nakamura H, Goto M, et al. Influence of single-
nucleotide polymorphisms in the multidrug resistance-1 gene on the
cellular export of nelfinavir and its clinical implication for highly
active antiretroviral therapy. Antivir Ther 2004;9:929-35.

46. Profit L, Eagling V, Back D. Modulation of P-glycoprotein function
in human lymphocytes and Caco-2 cell monolayers by HIV-1 pro-
tease inhibitors. AIDS 1999;13:1623-7.

47. Kim A, Dintaman J, Waddell D, Silverman J. Saquinavir, an HIV
protease inhibitor, is transported by P-glycoprotein. J Pharmacol
Exp Ther 1998;286:1439-45.

48. Jones K, Bray P, Khoo S, et al. P-glycoprotein and transporter MRP1
reduce HIV protease inhibitor uptake in CD4 cells: potential for
accelerated viral drug resistance? AIDS 2001;15:1353-8.

49. Anderson P, Schuetz E, Aquilante C, Fletcher C. MRP4, MRP2 and
BCRP gene polymorphism in HIV-infected patients: relationships
with ZDV and 3TC-triphosphate concentration and IDV clearance.
12th Conference on Retroviruses and Opportunistic Infections, Feb
22-25, Boston 2005.

50. Hustert E, Zibat A, Presecan-Siedel E, et al. Natural protein variants
of pregnane X receptor with altered transactivation activity toward
CYP3A4. Drug Metab Dispos 2001;29:1454-9.

51. Zhang J, Kuehl P, Green E, et al. The human pregnane X receptor:
genomic structure and identification and functional characterization
of natural allelic variants. Pharmacogenetics 2001;11:555-72.

52. Lamba J, Lamba V, Yasuda K, et al. Expression of constitutive an-
drostane receptor splice variants in human tissues and their func-
tional consequences. J Pharmacol Exp Ther 2004;311:811-21.

53. Mallal S, Nolan D, Witt C, et al. Association between presence of
HLA-B*5701, HLA-DR7, and HLA-DQ3 and hypersensitivity to HIV-1
reverse-transcriptase inhibitor abacavir. Lancet 2002;359:727-32.

54. Hughes D, Vilar F, Ward C, Alfirevic A, Park B, Pirmohamed M.
Cost-effectiveness analysis of A B* 5701 no event-
ing abacavir hypersensitivity. EQE, ﬁfgﬂ}ff

55. Easterbrook P, Waters A, Murad S, et aI Epldemlologlcal risk factors
for hypersensitivity reactions to abacavir. HIV Med 2003;4:32

56. Haas D, Anderson J, Sanne |, et al. P%@P dz r@d}p@l’
(NVP) and hepatotoxicity: an AACTG collaborative study. 12th Con-
ference on Retroviruses and Opp rtunlstlc Infe tions, Feb 22-25,

Boston 2005. e prior wr Heg

57. Ritchie M, Haas D, Motswnger A et aI Genetlc variation in drug
transporter and metabolizing enzyme genes may be as ociated

with non-nucleosides reverse transcriptase |nh\b|t00§ ﬁtyp u |
ections

12th Conference on Retroviruses and Opportunistic in
22-25, Boston 2005

58. Martin A,
persensi
low CD4

59.
60.
61.
62.
63.
64.
65.
66.

67.

68.

69.
70.
71.

72.
73.
74.

S
galiield

Beutler E, Gelbart T, Demina A. Racial variability in the UDP-gluc-
uronosyltransferase 1 (UGT1A1) promoter: a balanced polymor-
phism for regulation of bilirubin metabolism? Proc Natl Acad Sci
USA 1998;95:8170-4.
Raijmakers M, Jansen P, Steegers E, Peters W. Association of hu-
man liver bilirubin UDP-glucuronosyltransferase activity with a poly-
morphism in the promoter region of the UGT1A1 gene. J Hepatol
2000;33:348-51.
Zucker S, Qin X, Rouster S, et al. Mechanism of indinavir-induced
hyperbilirubinemia. Proc Natl Acad Sci USA 2001;98:12671-6.
O'Mara. Genetic factors in protease inhibitor hyperbilirubinemia
[symposium 1133]. 43th Interscience Conference on Antimicrobial
Agents and Chemotherapy, Sep 14-17, Chicago 2003.
Mallal S, John M, Moore C, James |, McKinnon E. Contribution of
nucleoside analogue reverse transcriptase inhibitors to subcutaneous
fat wasting in patients with HIV infection. AIDS 2000;14:1309-16.
Tarr P, Taffe P, Bleiber G, et al. Modeling the Influence of APOC3,
APOE, and TNF polymorphisms on the risk of antiretroviral therapy-
associated lipid disorders. J Infect Dis 2005;191:1419-26.
Fauvel J, Bonnet E, Ruidavets J, et al. An interaction between apo
C-IlI variants and protease inhibitors contributes to high triglyceride/
low HDL levels in treated HIV patients. AIDS 2001;15:2397-406.
Foulkes A, Tebas P. Protease inhibitors, Apolipoprotein C-Ill polymor-
phisms and atherogenic dyslipidemia in HIV. 12th Conference on
Retroviruses and Opportunistic infections, Feb 22-25, Boston 2005.
Nolan D, Moore C, Castley A, et al. Tumour necrosis factor-alpha
gene -238G/A promoter polymorphism associated with a more
rapid onset of lipodystrophy. AIDS 2003;17:121-3.
Sethi J, Hotamisligil G. The role of TNF alpha in adipocyte metabo-
lism. Semin Cell Dev Biol 1999;10:19-29.
Maher B, Alfirevic A, Vilar F, Wilkins E, Park B, Pirmohamed M.
TNF-alpha promoter region gene polymorphisms in HIV-positive
patients with lipodystrophy. AIDS 2002;16:2013-8.
Felley C, Morris M, Wonkam A, et al. The role of CFTR and SPINK-
1 mutations in pancreatic disorders in HIV-positive patients: a case-
control study. AIDS 2004;18:1521-7.
Brumme Z, Chan K, Hogg R, Montaner J, O'Shaughnessy M, Harri-
gan P. Influence of polymorphisms within the CXCR1 and MDR-1
genes on initial antiretroviral therapy response. AIDS 2003;17:201-8.
Winzer R, Langmann P, Zilly M, et al. No influence of the P-glyco-
protein polymorphisms MDR1 G2677T/A and C3435T on the viro-
logical and immunological response in treatment naive HIV-positive
patients. Ann Clin Microbiol Antimicrob 2005;4:3-9.
Winzer R, Langmann P, Zilly M, et al. No influence of the P-glyco-
protein genotype (MDR1 C3435T) on plasma levels of lopinavir
and efavirenz during antiretroviral treatment. Eur J Med Res 2003;
8:531-4.
Owen A, Almond L, Bak-Dragsted U, et al. The role of genetic
polymorphisms of the MDR1 gene in the MaxCmin1 study. 11th
Conference on Retroviruses and Opportunistic Infections, Feb 8-11,
San Francisco 2004.
Haas D, Wu H, Li H, et al. MDR1 gene polymorphisms and phase
1 viral-decay during HIV-1 infection: an adult AIDS Clinical Trials
Group study. J Acquir Immune Defic Syndr 2003;34:295-8.
Rotger-M, Colombo S, Furrer H, et al. Influence of CYP2B6 poly-
é)%ls@m plg]va @cellular concentrations and foxicity
of efavirenz and newraplne in HIV-infected patients. Pharmaco-
genet Genomics 2005;15:1-5.

V\.?y ;:9 Burhenne J, Mikus G, Weiss J, Haefeli W.
Association of A5 A6986G (CYP3A5*3) polymorphism with

. saquinavir pharmacoklnetlcs Br J Clin Pharmacol 2004;58:443-4.

Peiianyer Publications 2

Gp\@ @ﬂ al. MDR1 genetic polymorphism
does not'modify either cell permissiveness to HIV-1 or disease

progression before treatment. J Infect Dis 2004;189:583-6.
v@qton S, Hughes A, Mosteller M, et al. Genetic variations in
region and hypersensitivity reactions to abacavir. Lancet

2002 359:1121-2.
sition to abacavir
@ otypic Hsp70-






