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Abstract

Drug resistance testing has proven its use to guide treatment decisions in HIV-1 infected patients. Genotyping is the preferred technique for
clinical drug resistance testing. Many factors complicate the interpretation of mutations towards therapy response, such that an interpretation
system is necessary to help the clinical virologist. No consensus interpretation exists to date and experts often have quite different opinions. As
a result, several algorithms for the interpretation of HIV-1 genotypic drug resistance information have been designed. Clinical evaluation of their
genotypic interpretation is not always straightforward. We describe a few publicly available systems and their clinical evaluation. We also stress that
in addition to drug resistance, for effective management of HIV infection the clinician needs to take into account all potential causes of treatment
failure. Successful therapy heavily relies on the expertise of the clinician.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In countries where therapy is available, administration of
a combination of three or more antiretroviral drugs has been

associated with a significant improvement of morbidity and mor-
tality in HIV infected patients (Murphy et al., 2001; Vandamme
et al., 1998). The 21 FDA approved anti-HIV drugs used in
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he treatment of HIV infection belong to four classes: Nucleo-
ide Reverse Transcriptase Inhibitors (NRTIs), Nonnucleoside
everse Transcriptase Inhibitors (NNRTIs), Protease Inhibitors

PIs) and Entry Inhibitors (EI). For a more detailed overview of
he current clinically used drugs, see De Clercq (2004, 2005).
ven though effective, the initiation of highly active antiretrovi-

al treatment (HAART) in drug-naive HIV type 1 patients pre-

ents viral breakthrough for a median period of approximately
years in only 60% of the patients (Van Vaerenbergh et al.,

002). Therapy failure is due to such factors as lack of potency
f the combination, insufficient drug adherence, transmission

mailto:annemie.vandamme@uz.kuleuven.ac.be
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f drug resistant virus (Cane, 2005), resulting in incomplete
uppression of virus replication. Virus replication under drug
elective pressure will invariably lead to increased drug resis-
ance and cross-resistance, limiting further treatment options.
onsequently, it is anticipated that drug resistance is and will
ontinue to be a major issue in the effective treatment of HIV
nfection (Frenkel and Tobin, 2004).

Taking into account antiviral drug resistance, when choosing
therapy, is included in international guidelines (Vandamme

t al., 2004; Yeni et al., 2004). Although both resistance
henotyping and genotyping after treatment failure have proven
o be predictive for the next therapy response (Cingolani et al.,
002; Cohen et al., 2002; Mazzotta et al., 2003; Meynard et
l., 2002; Perez-Elias et al., 2003; Tural et al., 2002; Wegner
t al., 2004), genotyping is the preferred test for the routine
ollow-up of patients because of its faster turn-around time,
he less complicated technique, and its lower cost (300–500D
ersus 800–1000D ). So far, no controlled prospective clinical
tudies have shown the advantage of using resistance testing in
ntreated patients although many retrospective studies support
esistance testing also in drug naives (Little et al., 2002; Novak
t al., 2005) such that guidelines also include resistance testing
n particular circumstances for the first regimen.

. Genotypic drug-resistance interpretation systems

The interpretation of the mutation patterns for the prediction
f drug susceptibility and anticipated therapy response is quite
omplicated. There are several reasons for this. The genetic con-
ext of the mutations, which can vary a lot between patients and
specially between subtypes, can influence phenotypic effect
f previously identified mutations, and can even result in differ-
nces in resistance pathways and the selection of new mutations
nder drug selective pressure (Abecasis et al., 2005; Wainberg,
004; Wang et al., 2004). Combinations of known resistance
utations can have an antagonistic or synergistic effect. Some

f these effects have already been characterized (Sugiura et
l., 2002) but new combinations of known mutations are often
etected in individual patient samples, and regularly, new antag-
nistic and synergistic effects are being reported (Deforche
t al., 2005a; Svicher et al., 2005). Also, some mutations can
nduce hypersusceptibility or resensitisation (Masquelier et
l., 1999; Shulman et al., 2004; Wolf et al., 2003). Therefore,
o accurately know its phenotype, a phenotypic test has to be
one for each strain. This is however practically not feasible
ecause of the cost and the specific requirements of phenotypic
ests.

The primary goal of resistance testing is to predict therapy
esponse. Although intuitively phenotyping could be consid-
red a better predictor than genotyping, some studies indicates
hat in some situations genotyping correlates better with ther-
py response than phenotyping (Meynard et al., 2002), while
o study yet found indications for the superiority of phenotyp-

ng. This may be related to the fact that genotyping can take
nto account the genetic barrier towards high level resistance
nd that genotyping allows the detection of reversal mutations
e.g. 215 A/C/D/S) as ‘signatures’ of past drug resistance. Some
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utations can therefore indicate an imminent failure, while not
eing very predictive of a resistant phenotype (Vandamme et al.,
004). Moreover, genotyping can detect mutations associated
ith drugs for which a clinically relevant phenotypic cut-off is
ithin the reproducibility range of the assay, such as stavudine

Shulman et al., 2002), which may be a problem of the non-
hysiological conditions of the assay and not necessarily of the
rug (Lennerstrand et al., 2001; Meyer et al., 2000). Although
he ultimate goal should be to try to predict therapy response,
nd not the phenotype, if insufficient data on therapy response
re available or if the mutational pattern is too complex, pheno-
yping or the prediction of the phenotype can be very useful.

The replication capacity in absence of drugs is often com-
romised by acquired resistance-related mutations (Quinones-
ateu and Arts, 2006). As a consequence, compensatory muta-

ions are selected under drug selective pressure. These have only
limited impact on the level of resistance, but rather improve the

eplication capacity of the resistant virus (Buckheit, 2004). It is
till under discussion how such mutations have to be taken into
ccount and whether reduced replication capacity has a clini-
al benefit (Geretti, 2005). As a result, whenoff treatment, the
ild-type virus with higher replication capacity can re-emerge

nd may thus mask the mutant virus (Deeks et al., 2001). Guide-
ines therefore recommend to perform drug-resistance testing on
amples obtained from individuals before changing or stopping
reatment.

Even though genotyping seems to be the method of choice
n most situations, current clinical genotyping can underesti-

ate the degree of resistance because the techniques used are
ot very sensitive for monitoring resistance mutations present in
nly a minority of a patient’s variants, while such variants may
ontribute to therapy failure (Schuurman et al., 2002). How-
ver, phenotyping also suffers from underestimating resistance
n mixed populations (Van Laethem et al., 1999).

A major drawback for all current interpretation systems is
hat they evaluate each drug separately, while therapy in general
onsists of a combination of three or more drugs. The correlation
f a mutation to therapy response for the combination is hard to
ssess. Large datasets will be needed to allow a proper analysis
f the relevance of mutations to possible combinations.

These difficulties but also lack of data have resulted in
he generation of several different interpretation algorithms,
epending on the opinion of the experts involved. They use
rotease and reverse transcriptase sequences to assess HIV-1
usceptibility or therapy response to each of the available NRTI,
NRTI and PI drugs, with some of them already including pre-
ictions to EI based on envelope sequences. The format can vary
rom mutation tables over specific scoring algorithms to web-
ites and software packages. Some systems are commercial or
elivered with a commercial testing kit, while most are publicly
vailable.

Interpretation systems can have a specific scientific basis, a
linical validation or not, different formats of input and output

o the user (Schmidt et al., 2002). The most frequently used
linically available systems are listed in Table 1. These systems
re based on two different sources of information. On the one
and, there exist rules-based systems which were deduced by
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Table 1
Clinically available genotypic drug-resistance interpretation systems

Interpretation systema Source Clinical evaluation Levels Access

Stanford, HIVRT&PrDB v4.1 Experts Yes, retrospectively (De Luca et al., 2003, 2004) S/PL/LL/IR/HR http://www.hivdb.stanford.edu/
Rule-based http://www.hiv-grade.de

Virtual Phenotype Database (>29000 G/P) Yes, retrospectively (Cohen et al., 2002; De
Gruttola et al., 2000; Torti et al., 2003) and
prospectively (Mazzotta et al., 2003; Perez-Elias
et al., 2003)

Quantitative. Resistance
‘likely’ or ‘unlikely’, for
rare patterns

http://www.vircolab.com

Geno2pheno, v3.0 Database (>800 G/P) Yes, retrospectively (V2.1) (Beerenwinkel et al.,
2002; De Luca et al., 2004)

S/R, Quantitative http://www.genafor.org/

http://www.hiv-grade.de

RetroGramTM, v1.6 Experts Yes, retrospectively (V1.4) (De Luca et al., 2003,
2004; Torti et al., 2003) and prospectively (V1.0)
(Tural et al., 2002)

A/B/C/D/U http://www.retrogram.com/
Rules-based

Rega v6.4.0, Belgium Experts
Rules-based

Yes, retrospectively (V4.0) (De Luca et al.,
2003), (V5.5) (De Luca et al., 2004; Van
Laethem et al., 2002), (V6.0) (Derdelinckx et al.,
2003)

S/I/R http://www.kuleuven.be/rega/cev/links/index.htm
http://www.ablsa.com/site/en/product vs algos.html
http://www.hiv-grade.de
http://hivdb.stanford.edu/pages/asi/

CHL v3.2, Luxembourg Experts Yes, retrospectively (De Luca et al., 2003, 2004) S/I/R http://www.ablsa.com/site/en/product vs algos.html
Rules-based

ANRS v13, France Experts
Rules-based

Yes, retrospectively (V2003) (De Luca et al.,
2003, 2004; Meynard et al., 2002)

S/I/R http://www.hivfrenchresistance.org/
http://hivdb.stanford.edu/pages/asi/
http://pugliese.club.fr/index.htm
http://www.hiv-grade.de

GuideLines 10, TruGeneTM,
VGI/Bayer

Experts
Rules-based

Yes, retrospectively (Cingolani et al., 2002; De
Luca et al., 2003, 2004; Torti et al., 2003)

S/I/R http://www.bayer.com
http://www.labnews.de/en/products/pr truso.php

ViroSeqTM, ABI/Abbott Experts No S/PM/P/HM/H http://www.celeradiagnostics.com/cdx/ViroSeq
Rules-based

GeneSeqHIV v3.0, Monogram
Biosience

Experts and Database
(>38000 G/P)

No S/R http://www.monogramhiv.com/assays/hcp/geneSeqHIV.aspx

Rules-based

a These algorithms are regularly updated, please visit the indicated websites. A, B, C and D are a ranking system used for Retrogram, where A indicates no evidence for resistance and D indicates evidence for
high level resistance, while U is used to indicate uncertainties. S: susceptible; PL: possible low-level resistance; LL: low-level resistance; IR or I: intermediate resistance; HR: high level resistance; R: resistance;
PM: possible multi-NRTI resistance; P: possible resistance; HM: high-level multi-NRTI resistance; H: high-level resistance; G/P: genotype/phenotype.

http://www.hivdb.stanford.edu/
http://www.hiv-grade.de/
http://www.vircolab.com/
http://www.genafor.org/
http://www.hiv-grade.de/
http://www.retrogram.com/
http://www.kuleuven.be/rega/cev/links/index.htm
http://www.ablsa.com/site/en/product_vs_algos.html
http://www.hiv-grade.de/
http://hivdb.stanford.edu/pages/asi/
http://www.ablsa.com/site/en/product_vs_algos.html
http://www.hivfrenchresistance.org/
http://hivdb.stanford.edu/pages/asi/
http://pugliese.club.fr/index.htm
http://www.hiv-grade.de/
http://www.bayer.com/
http://www.labnews.de/en/products/pr_truso.php
http://www.celeradiagnostics.com/cdx/ViroSeq
http://www.monogramhiv.com/assays/hcp/geneSeqHIV.aspx
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xperts in the field, by making use of literature data on correla-
ions between geno and phenotype as well as correlations with
reatment history and clinical response. Herein the expert knowl-
dge is of major importance since it is very difficult to select the
elevant information out of the abundant literature on mutation
nterpretation. On the other hand, bioinformatic techniques are
eing developed for generation of mathematical models for pre-
iction of phenotypic drug resistance and therapy response from
enotype. Most current methods developed ‘in silico’ are based
n information from large databases which encompass pairs of
eno- and phenotypes (Schmidt et al., 2002). The first to apply
uch a method was the company Virco, calling it a ‘virtual phe-
otype’ (Virtual PhenotypeTM, Virco). This algorithm predicts
henotypes from genotypes by comparing the query sequence
ith all available sequences in such a database and averaging

he resistance of the matching samples. Subsequently within the
erman Arevir project, datamining techniques were used for

imilar purposes (see Geno2pheno). Other examples of bioin-
ormatic approaches based on analyses of large databases are the
rtificial neural networks that can predict resistance from com-
lex mutation patterns (Wang and Larder, 2003) and virological
esponse from treatment and resistance history (Larder et al.,
005), or the Bayesian networks that can predict individual in
ivo evolution towards resistance under drug selective pressure
Deforche et al., 2005b, 2006). However these last two systems
re currently still not available to clinical virologists for use in
outine clinical practice. The field is now moving into incorpo-
ation of the two types of information (literature and database
riven) in a single interpretation system.

The interpretation system must be comprehensive for the clin-
cian or the clinical virologist, cover all available antiretroviral
rugs and must be easily accessed, for example through the
nternet. The vast amount of literature on mutation interpreta-
ion makes it almost impossible for clinicians to stay informed
n the effect of all relevant mutations. Clinicians thus rely on
he expertise of the clinical virologist who on their turn rely
n the expertise of interpretations systems developers. In this
apidly evolving field, regular updates of the interpretation sys-
ems (at least once a year) are therefore required, and their
linical evaluation is a must. In addition, the clinician has to
ake into account many more factors than resistance results only.
nterpretation system developers are currently trying to include
ome of these factors into a therapy response prediction tool.
actors such as treatment history, resistance history, viral load
istory, CD4 count history or drug levels could be included if
roven to improve the predictive power of the systems. In this
espect, it is interesting that some systems (such as the Rega
lgorithm) already have some kind of evaluation of drug levels,
hrough incorporating distinct interpretations for boosted com-
ared to unboosted protease inhibitors. The resistance to newly
eveloped drugs should be interpreted with caution, since their
esistance pattern is not yet fully understood. Unfortunately, the
linical data on development of resistance to a drug is mostly

ot publicly available, and is often limited at the time the drug
s first introduced into routine clinical practice.

This mini-review shortly summarizes our current knowledge
n genotypic drug-resistance interpretation systems and their
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valuation. The most frequently used publicly available systems
ere selected for a more detailed description.

.1. The Rega algorithm

The Rega algorithm was the first algorithm for the interpre-
ation of genotypic drug resistance that proved to be predictive
or therapy response. It was clinically validated in a cohort of
atients on salvage therapy where the three month response
as the outcome variable (Van Laethem et al., 2002). It is

reely accessible on-line through the Stanford website and the
erman Arevir HIV-Grade website, and through the company
dvanced Biological Laboratories (see Table 1) on which com-
lete sequences or individual mutations can be entered. The
coring tables and the XML file are downloadable via the web-
ite of the Rega Institute (see Table 1). The Rega algorithm
as established for daily use in clinical practice. In-house data

s well as published literature and conference abstracts served
s basis for deriving interpretation rules. Initially, the work was
one by an individual expert with long-term experience, but cur-
ently, a team of experts is updating the rules on a yearly base.

utations taken into consideration are those for which pheno-
ypic drug resistance or reduced therapy response have been
eported. The latest versions also took advantage from informa-
ion obtained through datamining in the large databases of the
roup. It is a complex algorithm, taking into account known syn-
rgistic and antagonistic effects of combinations of mutations.
hree levels of interpretation criteria are considered: criteria

o consider an isolate resistant, intermediate resistant and sus-
eptible. Its philosophy is to score imminent therapy failure,
hrough weighing a large set of minor mutations almost equally
s a single major mutation. A large set of minor mutations may
ot reduce the drug susceptibility too much, but its presence
reatly reduces the genetic barrier towards high level drug resis-
ance. Also some of the single mutations in the resistant panel of
he table do not normally result in high level phenotypic resis-
ance. Instead, they are key mutations in a pathway towards
igh level resistance or have already proven to be predictive
or therapy failure. As a consequence, the algorithm may score
etter in early failure, and may leave the clinician with insuf-
cient guidance for options in multiresistant patients. On the

n-house drug-resistance report this is pointed out by stating
hat drugs for which the virus has a reduced susceptibility can
e partially active in a combination therapy and that drugs for
hich the virus is resistant can still exhibit a temporary activity
hen using mega-HAART (>4 antiretroviral drugs). The exten-

ive research of the group in resistance pathways for subtypes
ther than B has lead to rules which are valid across all sub-
ypes, by including scores based on the genetic background
f the virus (Abecasis et al., 2005, in press). The Rega algo-
ithm is now available as version 7.0, it scores resistance to
ll FDA approved drugs (including T-20, an EI) and drugs in
xpanded access, for both HIV-1 and HIV-2. Subtype informa-

ion can be obtained from a separate subtyping tool (de Oliveira
t al., 2005), available on the Stanford website (http://dbpartners.
tanford.edu/RegaSubtyping/) or through the Rega website
http://www.kuleuven.be/rega/cev/links/index.htm) and several

http://dbpartners.stanford.edu/RegaSubtyping/
http://dbpartners.stanford.edu/RegaSubtyping/
http://www.kuleuven.be/rega/cev/links/index.htm


Antiv

o
b
h

2
I

s
w
G
m
s
a
d
a
t
t
g
g
c
h
i
M
(
c
u
i
p
a
m
m
p
t

2

t
c
t
f
(
f
w
c
c
a
t
r
l
t
t
a
o
T

2

t
(
(
u
i
O
a
a
t
i
g
t
h
t
a
o
p
a
b
3
D
G

3

e
v
t
p
m
t
(
d
m
i
f
c
c
R
t
r
t
t
a
n
d
c
t
C

J. Vercauteren, A.-M. Vandamme /

ther websites worldwide. A list of the mirror sites can
e found on (http://bioafrica.mrc.ac.za/subtypetool/html/index.
tml).

.2. HIVdb – Stanford University Genotypic Resistance
nterpretation Algorithm

This algorithm is probably the most widely known. The
equence information is entered in the HIVdb algorithm via the
ebsite of the Stanford University or the German Arevir HIV-
rade website (see Table 1) as plain nucleic acid code or via a
utation list. The information is then compared to the consen-

us subtype B reference sequence, and the differences are used
s query parameters for interrogating the HIV Drug Resistance
atabase (Shafer et al., 2000). The HIVdb algorithm assigns
drug penalty score for each drug resistance mutation. Muta-

ion scores are derived from published literature linking muta-
ions and antiretroviral drugs, including correlations between
enotype and treatment history, genotype and phenotype, and
enotype and clinical outcome. Mutations that cause hypersus-
eptibility to a drug or are associated with reversion of resistance,
ave a negative score for that drug. The total score for a drug
s derived by adding the scores associated with each mutation.

utations are divided into those associated with drug resistance
‘Resistance Mutations’) and those that have not been shown to
ontribute to drug resistance (‘Other Mutations’). The program
ses the total drug score to assign one of the following levels of
nferred drug resistance to each of the listed drugs: susceptible,
otential low-level resistance, low-level resistance, intermedi-
te resistance, and high-level resistance. The output shows the
utation scoring, gives comments on them and provides infor-
ation about the subtype. The scores are updated based on new

ublished data and based on feedback from users and experts in
he field.

.3. ANRS – Agence Nationale de Recherche sur le SIDA

The French ANRS HIV-1 genotypic drug resistance interpre-
ation algorithm is gaining recognition, because the rules of the
urrent versions are almost exclusively based on data of correla-
ion between drug resistance mutations and virological outcome
rom a large database of patients failing antiretroviral therapy
Brun-Vezinet et al., 2003). It can be accessed through the Stan-
ord website (see Table 1) or the German Arevir HIV-Grade
ebsite on which complete sequences or individual mutations

an be entered, or through MPGenotype (see Table 1) where you
an submit a list of mutations. The output lists all drugs with the
ssignment ‘susceptible’, ‘possible resistance’ or ‘resistant’ and
he associated mutations. The rules on which the ANRS algo-
ithm is based, can be found on the web (see Table 1) as tables
isting mutations conferring genotypic resistance or associated
o ‘possible resistance’ to anti-HIV drugs. Also the references to

he according literature are given which mainly are conference
bstracts. Often these have not yet been published, yet they are
f great value due to the fact that this field is rapidly evolving.
he rules are updated on a yearly base.
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m
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.4. Geno2pheno

A number of machine learning approaches to predict pheno-
ype from genotype have been proposed, of which Geno2Pheno
Beerenwinkel et al., 2003) is the only one freely accessible
see Table 1), developed within the German Arevir project. This
ser friendly web-based prediction tool, currently version 3.0,
s based on more than 800 correlated genotype-phenotype pairs.
n submitting an HIV-1 pol-gene DNA sequence, a sequence

lignment to the reference strain HXB2 is obtained, as well as
list of mutations and different predictions of phenotypic resis-

ance of the respective virus to 17 antiretroviral drugs. Additional
nformation about therapy optimization is given by a new inte-
rated Java applet called ‘Theo’. The Geno2pheno system uses
echniques as decision trees and support vector machines that
ave been trained on the dataset of correlated geno- and pheno-
ypes (Beerenwinkel et al., 2003). The decision trees offer the
dvantage that the knowledge can be extracted as rules by tracing
ut a path from the root of a tree to a leaf. Furthermore, as sup-
ort vector machines can deal with quantitative data, the output
lso includes activity scores rendering predictions comparable
etween drugs (Beerenwinkel et al., 2005). To date, more than
7 000 predictions have been made on-line since the start in
ecember 2000. Geno2pheno can also be accessed from HIV-
rade.

. Evaluations of systems

Several genotypic interpretation systems have been dev-
loped, but although the systems seem to converge with newer
ersions, there still exists disagreement on a consensus interpre-
ation of drug resistance. Different interpretation systems often
roduce different interpretations when applied to the same virus
utations. A study of Ravela et al. revealed that only two-third of

he investigated interpretations done by four distinct algorithms
ANRS-3-02, TRUGENE VGI-6, Rega 5.5 and HIVdb-8-02)
isplayed complete concordance (Ravela et al., 2003). The
ost discordances were seen for nucleoside reverse trancriptase

nhibitors (NRTIs) since these drugs require multiple mutations
or the development of resistance. Because insufficient data on
linical outcome was available at that time, this study could not
ompare the predictive value of the investigated algorithms. Still,
avela and colleagues emphasized that clinicians should realize

hat not all genotypic interpretation systems lead to the same
esistance interpretation and expert advice is needed to decide on
reatment especially for persons with a complex mutational pat-
ern. Snoeck et al. studied several interpretation systems using

large dataset of sequences from non-B subtypes, treatment
aı̈ve and experienced. Their study suggested that some of the
iscordances could be attributed to specific (subtype-dependent)
ombinations of mutations, though it is not yet known whether
herapy response is subtype-dependent (Snoeck et al., 2006).
oncomitantly, a study of Vergne et al. (2006) showed different

iscordances in therapy-naive versus therapy-experienced
atients. The dominant discordances in naive patients were
bserved for predictions of protease inhibitor which were
ainly caused by the presence of resistance mutations that were

http://bioafrica.mrc.ac.za/subtypetool/html/index.html
http://bioafrica.mrc.ac.za/subtypetool/html/index.html
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atural protease polymorphisms especially in non-B subtypes.
n treated patients this study confirmed the results of Ravela et al.
2003): most interalgorithm discordances were for predictions
f NRTIs.

De Luca and colleagues could show for the first time that
iscordant interpretation may influence the predictive value of
esistance testing over subsequent virological outcomes (De
uca et al., 2003). Multivariate regression that included patient
haracteristics relevant in terms of salvage treatment decisions,
emonstrated that only 3 out of the 11 (ANRS AC11, Rega
.0 and Guidelines 3.0) studied algorithms showed significant
rediction for the 3-month clinical response and only 4 of 11
Guidelines 3.0, HIVdb, HIVresistanceWeb and Retrogram 1.4)
ere predictive at 6 months. More recently De Luca et al. also

onducted a performance study of 13 interpretation systems in
herapy-naive patients in which they confirmed the high vari-
bility in the interpretation of genotypic resistance. In their
ultivariate approach, only two systems (Rega 5.5 and hivresis-

anceWeb v3) significantly predicted therapy response (De Luca
t al., 2004).

However, studies designed for the comparison of interpreta-
ion systems have their limitations. System-specific definitions
f different levels in resistance have to be translated into
niform, discrete categories which can confound the sensitivity
f the algorithm. Furthermore, the drugs get the same weight
cross the scoring systems, weights that are set up by the authors
erforming the comparison, without taking drug potency into
ccount. Comparisons are done on different datasets, using
ifferent statistical methods, making it difficult to find reasons
hy some comparisons contradict each other. Moreover some

ystems may be better for short-term virological outcomes,
hereas others perform better on a longer term. A disadvantage
f such studies in general is that not all versions of the compared
lgorithms are contemporaneous. For example in the De Luca
tudy (De Luca et al., 2003), Rega 4.0 and ANRS AC11 were
rom 2000, while GuideLines 3.0, HIVdb and Retrogram 1.4
ere from 2001, yet both Rega and ANRS had new updates
ating from 2001. In addition, every comparison is doomed
o be published after newer versions have been released, thus
lways being a step behind what is really needed for clinical
irologists. Such retrospective studies are currently performed
n datasets in which therapy change was already guided by
enotypic resistance data, using one of the available systems.
n these studies it is usually not mentioned which system was
sed, such that the potential bias in favor or against a particular
ystem cannot be estimated. Unfortunately, no prospective
tudies comparing interpretation systems head to head are
urrently performed. In addition, the choice of therapy is never
uided solely by genotypic resistance interpretation systems,
edication adherence, drug interactions and toxicities, and

ndividual pharmacokinetic variability are important factors
nfluencing treatment choice and treatment response.
. Conclusion

Besides the limitations of the available assays, the major
hallenge lies in the interpretation of drug-resistance for which

C

iral Research 71 (2006) 335–342

o consensus exists among experts. Even though it is hard to
enerate a large clinical database including therapy response
ata, attempts should be made in order to further improve
nd evaluate interpretation systems for their predictive power.
oreover, to better take into account archived resistance
utations, the most realistic approach for the near future
ay be to built resistance history and therapy history into the

nterpretation system. But even the best interpretation systems
annot replace the expertise of the clinician. It is only by
onsidering all potential causes of treatment failure, that a
reatment can be optimized. As new and more effective drugs
re brought into clinical practice, it will be easier to design
ptimal treatment strategies, however resistance testing will
emain an integral part of the management of HIV infection
nd its use likely will expand to other chronic viral infections.
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Brun-Vézinet, F., Clavel, F., Girard, P.M., 2002. Phenotypic or genotypic
resistance testing for choosing antiretroviral therapy after treatment fail-
ure: a randomized trial. AIDS 16, 727–736.

urphy, E.L., Collier, A.C., Kalish, L.A., Assmann, S.F., Para, M.F., Flani-
gan, T.P., Kumar, P.N., Mintz, L., Wallach, F.R., Nemo, G.J., 2001. Viral
Activation Transfusion Study Investigators. Highly active antiretroviral
therapy decreases mortality and morbidity in patients with advanced HIV
disease. Ann. Intern. Med. 135 (1), 17–26.

ovak, R.M., Chen, L., MacArthur, R.D., Baxter, J.D., Huppler Hullsiek,
K., Peng, G., Xiang, Y., Henely, C., Schmetter, B., Uy, J., van den
Berg-Wolf, M., Kozal, M., 2005. Terry Beirn Community Programs for
Clinical Research on AIDS 058 Study Team. Prevalence of antiretrovi-
ral drug resistance mutations in chronically HIV-infected, treatment-naive
patients: implications for routine resistance screening before initiation of
antiretroviral therapy. Clin. Infect. Dis. 40 (3), 468–474.

erez-Elias, M.J., Garcia-Arota, I., Munoz, V., Santos, I., Sanz, J., Abraira, V.,
Arribas, J.R., Gonzalez, J., Moreno, A., Dronda, F., Antela, A., Pumares,
M., Marti-Belda, P., Casado, J.L., Geijos, P., Moreno, S., Realvirfen Study
Group, 2003. Phenotype or virtual phenotype for choosing antiretroviral
therapy after failure: a prospective, randomized study. Antivir. Ther. 8
(6), 577–584.

uinones-Mateu, M.E., Arts, E.J., 2006. Virus fitness: concept, quantifica-
tion, and application to HIV population dynamics. Curr. Top. Microbiol.
Immunol. 299, 83–140 (review).

avela, J., Betts, B.J., Brun-Vezinet, F., Vandamme, A.M., Descamps, D.,
van Laethem, K., Smith, K., Schapiro, J.M., Winslow, D.L., Reid, C.,
Shafer, R.W., 2003. HIV-1 protease and reverse transcriptase mutation

patterns responsible for discordances between genotypic drug resistance
interpretation algorithms. J. Acq. Immun. Def. Synd. 33 (1), 8–14.

chmidt, B., Walter, H., Zeitler, N., Korn, K., 2002. Genotypic drug resistance
interpretation systems—the cutting edge of antiretroviral therapy. AIDS
Rev. 4 (3), 148–156 (review).



3 Antiv

S

S

S

S

S

S

S

T

T

V

V

V

V

V

V

W

W

W

W

W

Y

42 J. Vercauteren, A.-M. Vandamme /

chuurman, R., Brambilla, D., de Groot, T., Huang, D., Land, S., Bremer,
J., Benders, I., Boucher, C., ENVA Working Group, 2002. Underestima-
tion of HIV type 1 drug resistance mutations: results from the ENVA-2
genotyping proficiency program. AIDS Res. Hum. Retrov. 18 (4), 243–
248.

hafer, R.W., Jung, D.R., Betts, B.J., 2000. Human immunodeficiency virus
type 1 reverse transcriptase and protease mutation search engine for
queries. Nat. Med. 6 (11), 1290–1292.

hulman, N., Bosch, R., Mellors, J., Albrecht, M., Katzenstein, D.,
2004. Genetic correlates of efavirenz hypersusceptibility. AIDS 18 (13),
1781–1785.

hulman, N., Hughes, M., Winters, M., Shafer, R., Zolopa, A., Hellmann, N.,
Bates, M., Whitcomb, J., Katzenstein, D., 2002. Subtle decreases in stavu-
dine phenotypic susceptibility predict poor virologic response to stavudine
monotherapy in zidovudine-experienced patients. J. Acq. Immun. Def.
Synd. 31 (2), 121–127.

noeck, J., Kantor, R., Shafer, R.W., Van Laethem, K., Deforche, K., Car-
valho, A.P., Wynhoven, B., Soares, M.A., Cane, P., Clarke, J., Pillay, C.,
Sirivichayakul, S., Ariyoshi, K., Holguin, A., Rudich, H., Rodrigues, R.,
Bouzas, M.B., Brun-Vezinet, F., Reid, C., Cahn, P., Brigido, L.F., Gross-
man, Z., Soriano, V., Sugiura, W., Phanuphak, P., Morris, L., Weber,
J., Pillay, D., Tanuri, A., Harrigan, R.P., Camacho, R., Schapiro, J.M.,
Katzenstein, D., Vandamme, A.M., 2006. Discordances between inter-
pretation algorithms for genotypic resistance to protease and reverse
transcriptase inhibitors of human immunodeficiency virus are subtype
dependent. Antimicrob. Agents Chemother. 50 (2), 694–701.

ugiura, W., Matsuda, Z., Yokomaku, Y., Hertogs, K., Larder, B., Oishi, T.,
Okano, A., Shiino, T., Tatsumi, M., Matsuda, M., Abumi, H., Takata,
N., Shirahata, S., Yamada, K., Yoshikura, H., Nagai, Y., 2002. Interfer-
ence between D30N and L90M in selection and development of protease
inhibitor-resistant human immunodeficiency virus type 1. Antimicrob.
Agents Chemother. 46 (3), 708–715.

vicher, V., Ceccherini-Silberstein, F., Erba, F., Santoro, M., Gori, C., Belloc-
chi, M.C., Giannella, S., Trotta, M.P., Monforte, A., Antinori, A., Perno,
C.F., 2005. Novel human immunodeficiency virus type 1 protease muta-
tions potentially involved in resistance to protease inhibitors. Antimicrob.
Agents Chemother. 49 (5), 2015–2025.

orti, C., Quiros-Roldan, E., Keulen, W., Scudeller, L., Lo Caputo, S.,
Boucher, C., Castelli, F., Mazzotta, F., Pierotti, P., Been-Tiktak, A.M.,
Buccoliero, G., De Gennaro, M., Carosi, G., Tinelli, C., GenPherex Study
Group of the MaSTeR Cohort, 2003. Comparison between rules-based
human immunodeficiency virus type 1 genotype interpretations and real
or virtual phenotype: concordance analysis and correlation with clinical
outcome in heavily treated patients. J. Infect. Dis. 188 (2), 194–201.

ural, C., Ruiz, L., Holtzer, C., Schapiro, J., Viciana, P., Gonzalez, J.,
Domingo, P., Boucher, C., Rey-Joly, C., Clotet, B., Havana Study Group,
2002. Clinical utility of HIV-1 genotyping and expert advice: the Havana
trial. AIDS 16 (2), 209–218.

an Laethem, K., De Luca, A., Antinori, A., Cingolani, A., Perna, C.F., Van-
damme, A.M., 2002. A genotypic drug resistance interpretation algorithm

that significantly predicts therapy response in HIV-1-infected patients.
Antivir. Ther. 7 (2), 123–129.

an Laethem, K., Van Vaerenbergh, K., Schmit, J.C., Sprecher, S., Her-
mans, P., De Vroey, V., Schuurman, R., Harrer, T., Witvrouw, M., Van
Wijngaerden, E., Stuyver, L., Van Ranst, M., Desmyter, J., De Clercq,
iral Research 71 (2006) 335–342

E., Vandamme, A.M., 1999. Phenotypic assays and sequencing are less
sensitive than point mutation assays for detection of resistance in mixed
HIV-1 genotypic populations. J. Acq. Immun. Def. Synd. 22 (2), 107–118.

an Vaerenbergh, K., Harrer, T., Schmit, J.C., Carbonez, A., Fontaine, E.,
Kurowski, M., Grunke, M., Low, P., Rascu, A., Schmidt, B., Schmitt, M.,
Thoelen, I., Walter, H., Van Laethem, K., Van Ranst, M., Desmyter, J., De
Clercq, E., Vandamme, A.M., 2002. Initiation of HAART in drug-naive
HIV type 1 patients prevents viral breakthrough for a median period of
35. 5 months in 60% of the patients. AIDS Res. Hum. Retrov. 18 (6),
419–426.

andamme, A.M., Sonnerborg, A., Ait-Khaled, M., Albert, J., Asjo, B.,
Bacheler, L., Banhegyi, D., Boucher, C., Brun-Vezinet, F., Camacho, R.,
Clevenbergh, P., Clumeck, N., Dedes, N., De Luca, A., Doerr, H.W.,
Faudon, J.L., Gatti, G., Gerstoft, J., Hall, W.W., Hatzakis, A., Hellmann,
N., Horban, A., Lundgren, J.D., Kempf, D., Miller, M., Miller, V., Myers,
T.W., Nielsen, C., Opravil, M., Palmisano, L., Perno, C.F., Phillips, A.,
Pillay, D., Pumarola, T., Ruiz, L., Salminen, M., Schapiro, J., Schmidt,
B., Schmit, J.C., Schuurman, R., Shulse, E., Soriano, V., Staszewski,
S., Vella, S., Youle, M., Ziermann, R., Perrin, L., 2004. Updated Euro-
pean recommendations for the clinical use of HIV drug resistance testing.
Antivir. Ther. 9 (6), 829–848.

andamme, A.M., Van Vaerenbergh, K., De Clercq, E., 1998. Anti-human
immunodeficiency virus drug combination strategies. Antivir. Chem.
Chemother. 9 (3), 187–203 (review).

ergne, L., Snoeck, J., Aghokeng, A., Maes, B., Valea, D., Delaporte, E.,
Vandamme, A.M., Peeters, M., Van Laethem, K., 2006. Genotypic drug
resistance interpretation algorithms display high levels of discordance
when applied to non-B strains from HIV-1 naive and treated patients.
FEMS Immunol. Med. Microbiol. 46 (1), 53–62.

ainberg, M.A., 2004. HIV-1 subtype distribution and the problem of drug
resistance. AIDS 18 (Suppl. 3), S63–S68 (review).

ang, D., Larder, B., 2003. Enhanced prediction of lopinavir resistance from
genotype by use of artificial neural networks. J. Infect. Dis. 188 (5),
653–660.

ang, K., Samudrala, R., Mittler, J.E., 2004. HIV-1 genotypic drug-resistance
interpretation algorithms need to include hypersusceptibility-associated
mutations. J. Infect. Dis. 190 (11), 2055–2056.

egner, S.A., Wallace, M.R., Aronson, N.E., Tasker, S.A., Blazes, D.L., Tam-
minga, C., Fraser, S., Dolan, M.J., Stephan, K.T., Michael, N.L., Jagodzin-
ski, L.L., Vahey, M.T., Gilcrest, J.L., Tracy, L., Milazzo, M.J., Murphy,
D.J., McKenna, P., Hertogs, K., Rinehart, A., Larder, B., Birx, D.L., RV-
125 Centers for Education and Research on Therapeutics Study Team,
2004. Long-term efficacy of routine access to antiretroviral-resistance
testing in HIV type 1-infected patients: results of the clinical efficacy
of resistance testing trial. Clin. Infect. Dis. 38 (5), 723–730.

olf, K., Walter, H., Beerenwinkel, N., Keulen, W., Kaiser, R., Hoffmann, D.,
Lengauer, T., Selbig, J., Vandamme, A.M., Korn, K., Schmidt, B., 2003.
Tenofovir resistance and resensitization. Antimicrob. Agents Chemother.
47 (11), 3478–3484.

eni, P.G., Hammer, S.M., Hirsch, M.S., Saag, M.S., Schechter, M.,

Carpenter, C.C., Fischl, M.A., Gatell, J.M., Gazzard, B.G., Jacobsen,
D.M., Katzenstein, D.A., Montaner, J.S., Richman, D.D., Schooley, R.T.,
Thompson, M.A., Vella, S., Volberding, P.A., 2004. Treatment for adult
HIV infection: 2004 recommendations of the International AIDS Society-
USA Panel. JAMA 292 (2), 251–265.


	Algorithms for the interpretation of HIV-1 genotypic drug resistance information
	Introduction
	Genotypic drug-resistance interpretation systems
	The Rega algorithm
	HIVdb - Stanford University Genotypic Resistance Interpretation Algorithm
	ANRS - Agence Nationale de Recherche sur le SIDA
	Geno2pheno

	Evaluations of systems
	Conclusion
	Acknowledgements
	References


