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Interpreting Resistance Data for HIV-1 Therapy Management 
– Know the Limitations
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Abstract

Antiviral drug resistance can be one of the causes for HIV-1 therapy failure. Several studies have 
shown some beneficial effect of antiviral resistance testing on response to the following therapy 
regimen. The technical performances of genotypic and phenotypic assays have been considerably 
improved with time. However, both are still limited in their power to fully map antiviral resistance as 
cause of therapy failure. Nevertheless, the results of genotypic and phenotypic assays can often 
deliver complementary information. The greatest challenge still remains in the accurate interpretation 
of in vitro resistance results, whether genotypic or phenotypic, into information that can be imple-
mented into clinical practice. For phenotypic assays, bioinformatics analyses linking fold-resistance 
values and clinical response data have been performed, or are currently ongoing, to assign clinical 
cut-offs for all drugs. Genotypic drug-resistance interpretation systems have been developed and 
are continuously being updated to solve the same problem. Retrospective and prospective studies 
have compared systems in their performance to predict phenotype or in their ability to predict 
therapy outcome. All these analysis are of value, but still display some weak points. However, due 
to the fast evolving know-how in the field, a prospective trial in which different systems are compared 
head-to-head will be difficult to design. (AIDS Reviews 2006;8:37-43)
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Introduction to HAART  
and antiviral resistance

Combinations of antiviral drugs are used for the treat-
ment of HIV-1 infection. They are called highly active 
antiretroviral therapy (HAART) and generally comprise 
three drugs. The aim of HAART is to prevent clinical 
progression. The introduction of HAART in the mid-
1990s resulted in a decrease of the morbidity and 
mortality in the HIV-1 patient population1. Nevertheless, 

therapy failure still occurs. The markers for therapy 
failure, ultimately resulting in clinical progression, are 
decreasing CD4 cell count and rising viral load2. As 
changes in viral load mostly precede changes in CD4 
count, the determination of viral load is the most rele-
vant laboratory procedure to monitor the short-term in 
vivo activity of a therapy given to an individual patient. 
Incomplete adherence to therapy, suboptimal therapy 
potency, suboptimal pharmacokinetics, and pre-exist-
ing drug resistance can be factors that result in rising 
viral load and therapy failure.

The evolution of resistance against HIV-1 drugs with-
in a patient depends on the generation of genetic 
variation and on the selection of drug-resistant variants 
during antiretroviral therapy. The high HIV-1 genetic 
variability is caused by the error-prone nature of HIV-1 
reverse transcriptase, the absence of any enzymatic 
proofreading activity, and the huge rate of HIV-1 repli-
cation in vivo. Some of the genetic variants created will 
result in alterations to the structure and function of the 

Correspondence to: 
Anne-Mieke Vandamme

Rega Institute for Medical Research

Clinical and Epidemiological Virology

Minderbroedersstraat 10

3000 Leuven

Belgium

E-mail: annemie.vandamme@uz.kuleuven.ac.be 



AIDS Reviews 2006;8

38

molecules targeted by the antiviral drugs. These altera-
tions could confer changes in susceptibility to one or 
more of these drugs. In the presence of therapy, the 
variants with some level of resistance will gradually 
overcome the wild-type variants. Under the continuous 
selective pressure of drugs and with the presence of 
residual replication due to insufficient potency of the 
treatment, additional mutations will accumulate3.

Thus, the main goal of HAART is to reduce the viral 
load as much as possible to prevent further clinical 
progression. However, its immediate goal is to reduce 
the viral load to prevent the formation of variants that 
result in antiviral resistance to the current therapy and 
that, because of the phenomenon of cross-resistance 
within drug classes, ultimately might lead to a limitation 
or even lack of future treatment options.

Resistance assays and their position 
within clinical practice

Assessment of antiviral resistance can be done by 
phenotypic and genotypic assays. In the early days, re-
sistance assays were performed solely to diagnose anti-
viral resistance upon therapy failure. Gradually the idea 
arose to use this information to guide subsequent therapy 
changes. A number of prospective studies showed a 
short-term, modest, beneficial effect of antiviral resistance 
testing on response to the subsequent regimen4-9. These 
data resulted in the recommendation of resistance testing 
in the management of HIV-1 therapy10,11.

However, when implementing the results of resis-
tance assays into clinical decision making, one has to 
be sure that the obtained information is accurate and 
also be aware of the limitations of these assays.

Both phenotypic and genotypic assays rely on the 
amplification of the target gene by polymerase chain 
reaction (PCR), which makes the assays highly sus-
ceptible to contamination from its own product. How-
ever, the incorporation of good laboratory practices 
can overcome this problem12.

HIV-1 displays an enormous genetic diversity that is 
reflected at the population level by the presence of 
nine subtypes, 20 circulating recombinant forms (CRF) 
and a multitude of unique recombinant forms (URF)13 and 
at the individual level by the presence of an enormous 
number of quasispecies within one patient. Quasispe-
cies differ from each other by substitutions, deletions 
and insertions. Both assays rely on the hybridization 
between primers and template for the generation of 
amplification product and sequences. Minor differ-
ences between primers and target sequence might 

lead to negative results or unrepresentative selection 
of particular quasispecies from the total viral popula-
tion. The amplification of quasispecies with insertions 
and/or deletions of different length results in shifts 
within the fluorograms when performing population 
sequencing and generates non-interpretable data. In 
particular the envelope, the target for enfuvirtide and 
CCR5 antagonists, challenges researchers in their goal 
to develop assays that display a good performance for 
all patient isolates14. 

To understand the observed therapy failure, it is 
highly important to monitor the resistance pattern of the 
active replicating viral population in plasma samples. 
Results of resistance assays represent only the geno-
typic or phenotypic profile of the majority of quasispe-
cies present in vivo. They have difficulty detecting mi-
nor variants that reflect less than 25% of the total viral 
population12,15. If the sample is collected without the 
presence of selective pressure, the chances are high 
that wild-type will be detected instead of the mutant16 
(Venturi, et al. 2002). Mutant viruses often display a 
reduced replication capacity in comparison to wild-type 
and therefore they are rapidly overcome by the wild-
type. However, they remain as minor variants and can 
rapidly reemerge in a subsequent therapy causing 
therapy failure. When no selective pressure is present, 
reversal of resistance can also occur. It occurs how-
ever at a much lower frequency and much slower rate 
than the reemergence of wild-type. Therefore, resis-
tance testing has to be performed before starting, stop-
ping, or changing therapy. Resistance assays are most 
accurate in determining resistance to the current ther-
apy combination. Not detecting resistance to any previ-
ously used drug does not guarantee complete drug 
susceptibility. If a previous isolate from a patient has 
been scored as resistant to a particular drug, these 
resistant variants can still exist as minor variants, or can 
be archived in latently infected cells, and the response 
might be limited when that drug is reused. So resis-
tance testing is no substitute for good clinical judgment 
based on combined therapy and viral load histories.

Interpretation of resistance assays

Phenotypic assays measure the in vitro viral replica-
tion in the presence of different drug concentrations 
and determine the concentration of drug required to 
inhibit the replication of the patient’s virus by 50% 
(IC50). Although the IC90 resembles better the request-
ed in vivo effect, the IC50 is a more reliable indicator 
as it is measured at the steepest part of the dose-re-
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sponse curve. A small change in response has no 
dramatic impact on the IC50 value, whereas it does 
when the 90% measurement is used. The final result of 
a phenotypic assay is a factor that compares the IC50 
of the patient’s virus to the IC50 measured for a wild-
type reference strain (fold-resistance). It is a continu-
ous variable and it is in agreement with the drug re-
sistance continuum in vivo as resistance is not an 
all-or-nothing phenomenon.

However, a clinician has to decide whether or not to 
include a certain drug and therefore this variable is cur-
rently categorized into a more workable final output, e.g. 
sensitive/reduced susceptibility (PhenoSense™, Mono-
gram Biosciences, San Francisco, USA) or within/above 
the normal susceptibility range (Antivirogram®, Virco, 
Mechelen, Belgium). Initially, arbitrary cut-offs were 
used, reflecting the reproducibility range of the test. This 
was recognized to be inadequate and therefore bio-
logical cut-offs were determined17. These cut-offs reflect 
the range in susceptibility to each individual drug ob-
served in therapy-naive patients. Subsequently, clinical 
cut-offs have been determined for some drugs. They 
are based on the distinction between fold-resistance 
levels for which a reduced virologic response is seen 
and fold-resistance levels for which no or almost no 
virologic response is observed18. The clinical cut-offs 
for the two commercial assays can be found at their 
respective websites – www.monogramhiv.com and 
www.vircolab.com. Bearing in mind the drug resistance 
continuum, it is hypothesized that a continuous resis-
tance score might even improve the prediction of 
therapy outcome. A recent retrospective study showed 
that incremental phenotypic drug susceptibility scores 
(PSS) more accurately predicted the virologic and im-
munologic outcome in patients starting salvage therapy 
as compared to dichotomous PSS. Continuous PSS 
were also better than dichotomous PSS, but not in 
comparison to incremental PSS19.

Genotypic assays determine the nucleotide se-
quence of the viral gene that is targeted by the drugs 
within the therapy combination. The nucleotide se-
quence is subsequently translated into an amino acid 
sequence and compared to a reference wild-type 
strain to generate a mutation list. These mutations are 
then compared with a list of “resistance-associated” 
mutations. Mutations are defined as resistance-associ-
ated (a) when they are known to be selected in vitro 
or in vivo in the presence of a certain drug, (b) when 
they have been associated with a reduction in pheno-
typic susceptibility, or (c) when they have been associ-
ated with a reduced clinical response20. This implies 

that the result of a genotypic assay always depends 
on pre-existing knowledge.

Patients are currently treated with combination thera-
pies that change in time and that result in complex 
patterns of mutations.

Some mutations that are developed under the selec-
tive pressure of a particular drug can cause cross-re-
sistance towards other drugs from the same class 
without any previous experience. Already early on it 
was realized that mutations selected by the nonnucle-
oside reverse transcriptase inhibitor (NNRTI) nevirap-
ine rendered viruses highly resistant to all NNRTI. How-
ever, viruses with a limited number of certain mutations 
retained some susceptibility to efavirenz21. The rare 
multi-nucleoside resistance pathway A62V, S68G, 
V75I, F77L, F116Y, Q151M was first observed in 199322. 
This resistance pattern was observed in patients re-
ceiving sequential monotherapy or bi-therapy with 
nucleoside reverse transcriptase inhibitors (NRTI). It 
confers intermediate to high-level resistance to many 
NRTI23. The reverse transcriptase mutations M41L, 
D67N, K70R, T210W, T215YF, and K219QE were first 
ascribed to the selective pressure of zidovudine24. Af-
terwards it was shown that stavudine could also select 
for this resistance pathway and therefore this particular 
set of mutations was assigned as thymidine-associated 
mutations (TAM). TAMs, whether or not associated with 
an insertion at position 69 in the RT gene, are associ-
ated with a reduced phenotypic susceptibility and a 
reduced clinical response to many NRTI. A study 
based upon a subset of patients of EuroSIDA con-
firmed the presence of two evolutionary pathways, i.e. 
TAM1 and TAM2 profiles characterized by M41L, 
L210W, T215Y and D67N, K70R, K219QE, respective-
ly. Stavudine appeared to retain a greater viral activity 
than zidovudine in patients carrying viruses displaying 
the TAM2 profile25. In patients exposed to abacavir and 
part of the NARVAL trial, the strongest association be-
tween the decrease in viral load and the number of 
mutations was observed with a set of six mutations, 
of which four were at TAM positions (41, 67, 210 and 
215) and two at other RT positions (74 and 184)26. 
Retrospective analysis of the trials GS-99-907 and GS-
98-902 showed that response to tenofovir was reduced 
among patients with ≥ 3 TAM inclusive of either M41L 
or L210W. Slightly increased therapy responses were 
observed when M184V was present27. The Jaguar trial 
was used to define a genetic score for didanosine. 
Eight mutations were associated with a reduced re-
sponse to didanosine (M41L, D67N, T69D, L74V, V118I, 
L210W, T215YF and K219QE) and two mutations with 
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a better response (K70R and M184VI)28. Despite the 
association of particular signature mutations to each 
protease inhibitor (PI), a broad level of cross-resis-
tance exists within the class of PI. In general, the level 
of phenotypic resistance or the level of reduced clinical 
response correlates to the number of PI mutations29.

Resistance antagonism is defined as the resensitiza-
tion to one drug through the selection of a particular 
mutation by another drug within an existing resistance 
pattern that originally rendered the virus resistant to the 
first drug. A well-known example of this resistance mech-
anism is the M184V/I mutation that confers high-level 
resistance to lamivudine and emtricitabine and that, in a 
background of a limited number of TAM, reverses the 
phenotypic resistance to zidovudine, stavudine and te-
nofovir30. Similar findings have been observed in vitro for 
the interactions between respectively K65R, L74V, L100I 
or Y181C and TAMs31. The clinical relevance of the latter 
re-silencing patterns is still unclear.

Hyper-susceptibility to NNRTI has been observed for 
samples displaying multiple NRTI mutations and isolat-
ed from patients naive for NNRTI. The hyper-susceptibil-
ity was associated with an improved clinical outcome to 
efavirenz-based therapy32. A similar phenomenon was 
observed with the I50L mutation within protease. Viruses 
displaying this mutation were selected in naive patients 
starting atazanavir-containing therapy and they had in-
creased susceptibility to other PI33.

Genotypic resistance assays are more widely used 
than phenotypic assays. They can be more easily im-
plemented in regular molecular biology facilities, which 
is not the case for phenotypic assays. Therefore, ge-
notyping is mostly performed locally, whereas pheno-
typing is commonly put out to commercial companies 
(Monogram Biosciences and Virco). Nevertheless, 
these and other companies can also supply genotypic 
results and interpretations. The virologists that are re-
sponsible for the testing should convert the generated 
mutation list into advice for the clinician. However, due 
to the complex nature of resistance patterns, it is not 
always possible to be kept informed of the latest dis-
coveries. Therefore, most of them rely on genotypic 
drug-resistance interpretation systems that are updat-
ed at regular intervals34. The commercial genotypic 
assays are concerted with an interpretation system 
(TRUGENE® HIV-1 Genotyping System, Bayer Health-
Care LLC Diagnostic Division, NY, USA; and ViroSeq™ 
HIV-1 Genotyping System, Celera Diagnostics, CA, 
USA). However, sequences can also be submitted to 
commercial interpretation systems (virco®TYPE, Virco; 
and ViroScore, ABL, Luxembourg) or publicly available 

systems (geno2pheno35; ANRS, HIVdb36; Rega37). 
Their goal is to translate complex patterns of resis-
tance-associated mutations into a definite (e.g. sus-
ceptible and resistant) or continuous (fold-change) 
variable that can be more easily implemented in clini-
cal practice. These systems can be based on Bayesian 
rules (e.g. ANRS and Rega), on mutation tables with 
additive and/or subtracting scoring (e.g. HIVdb), on 
bio-informatics’ analysis (e.g. geno2pheno), or combi-
nations thereof (virco®TYPE HIV-1, GeneSeqHIV™ and 
AntiRetroScan)38.

The complementary nature of genotypic 
and phenotypic resistance assays

Phenotypic resistance assays give a direct measure-
ment of susceptibility towards the tested inhibitors that 
includes the effect of all mutations and their interac-
tions. In this manner, they are ideal assays for testing 
the susceptibility towards new antiviral drugs for which 
hardly any genotypic data is yet available (e.g. tiprana-
vir and TMC114), for testing samples from patients who 
failed multiple therapies, and for testing samples with 
atypical (e.g. V106M) or less prevalent (e.g. K103S/T/
H) mutations39,40. Before the publication of these man-
uscripts, these mutations were not considered as re-
sistance-associated in genotypic assays.

Before the mechanism clarifying the antagonistic ef-
fect of M184V/I within the background of TAMs was 
known, it was already measured by phenotypic as-
says41. This reversal in phenotypic resistance is re-
flected by a partial virologic response42. The interac-
tion between TAMs and K103N results in the reversal 
of phenotypic resistance to efavirenz. However, it is not 
reflected by a change in virologic response. Patients 
displaying this pattern of mutations still fail efavirenz-
containing therapy32. Genotypic assays can make a 
distinction based upon the detection of the mutations 
whereas phenotypic assays cannot.

The current phenotypic assays have difficulty in de-
tecting resistance to some NRTI, especially when as-
sociated with TAMs. In a comparative study, Pheno-
Sense™ was more precise than Antivirogram® and was 
more likely to detect resistance to abacavir, didanosine 
and stavudine in patient strains displaying M41L, M184V 
and T215Y (± L210W)43. NRTI compete with the natural 
deoxynucleotide-triphosphates (dNTP) for binding to the 
reverse transcriptase and incorporation into the growing 
DNA chain. The phenotypic assays use activated cells 
with high intracellular dNTP pools, which leads to the 
generation of dead-end complexes at low NRTI concen-
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trations44. The fold-resistance values often fall within the 
reproducibility range of the assay. However, these in 
vitro conditions do not always reflect in vivo cell condi-
tions, and therefore such resistance patterns are associ-
ated with a relevant in vivo reduced clinical response 
despite the low in vitro resistance levels.

Sequencing has the advantage of detecting substitu-
tions that are considered to be associated with a low-
er genetic barrier to resistance development, i.e. muta-
tions that are considered as markers for developing 
resistance patterns (e.g. K70R for the TAM, or Q151M 
for the multi-nucleoside resistance pathway) or rever-
sal mutations (T215A/C/D/S)45. Variants displaying 
these substitutions require less additional nucleic acid 
changes than wild-type to develop a phenotypic resis-
tant mutant or to obtain a reduced clinical response. 
Although these mutations are associated with reduced 
clinical response, they are not always linked with re-
duced phenotypic susceptibility.

Comparisons of genotypic  
drug-resistance interpretation systems

Many studies have reported on the discordances be-
tween genotypic drug-resistance interpretation sys-
tems46,47. Ravela, et al. investigated the level of concor-
dance among four interpretation systems (ANRS, HIVdb, 
Rega and TRUGENE) when applied to 2045 patient 
strains. For comparison purposes, the original five levels 
of resistance from HIVdb were converted into three lev-
els. By doing so, HIVdb might partly loose its original 
strength. Of the interpretations, 4.4% were completely 
discordant, with at least one system assigning a suscep-
tible score and another system a resistant score. In 
29.2% of the cases, at least one system assigned an 
intermediate score and another a susceptible or resistant 
score (partial discordances). Few discordances were 
observed for NNRTI, and they resulted from a small 
number of individual resistance-associated mutations. 
Discordances between the interpretations for NRTI re-
sulted from frequently occurring patterns with a limited 
number of mutations, whereas the discordances be-
tween PI interpretations resulted from a larger number of 
more complex mutation patterns. This might reflect the 
uncertainty among experts about the weight of individu-
al NRTI and PI mutations within series of mutations and 
about their interactions on the effective susceptibility to 
particular drugs. Recently, the effect of HIV-1 subtype 
on resistance interpretation was evaluated. Apparently 
the discordances between the systems are also depen-
dent on the genetic subtype48 (Vergne, et al. 2006).

The prediction of phenotypic susceptibilities by ge-
notypic drug-resistance interpretation systems has 
been investigated in a few studies49-51. The linear mod-
el developed by Wang, et al. in 2004 outperformed 
existing genotypic drug resistance interpretation sys-
tems (HIVdb, TRUGENE, ANRS, Rega and geno2pheno) 
in their prediction of the phenotype. Ross, et al. inves-
tigated the agreement between phenotypic results and 
the interpretation according to seven interpretation sys-
tems (CHL, HIVdb, ANRS, Rega, DMC, GAV and TRU-
GENE) for two subsets of patient populations50,51. In 
the first analysis, 206 samples from PI-experienced 
patients were analyzed. Good or excellent agreement 
(κ ≥ 0.40) was observed for ritonavir, indinavir, saquina-
vir and nelfinavir. Poor agreement (κ < 0.40) was ob-
tained with four of the seven systems for amprenavir 
and with four or three of the seven for lopinavir, when 
applying the biological cut-off of 2.5-fold or the clinical 
cut-off of 10-fold, respectively. In the second analysis, 
70 therapy experienced patients were investigated. The 
overall percentage concordance was above 80% for all 
of the interpretation systems, except for GAV. When 
evaluating individual drugs, concordance was very 
good (above 80%) for lamivudine, zidovudine, stavu-
dine, nelfinavir, ritonavir, amprenavir, indinavir, saquina-
vir, efavirenz and nevirapine. There was less concor-
dance for abacavir, didanosine and zalcitabine.

The variability in prediction of therapy outcome by 
different systems was investigated in 261 therapy-fail-
ing patients who subsequently were changed to a new 
regimen52. The association of the genotypic suscepti-
bility score (GSS) of the new regimen, calculated ac-
cording to 11 interpretation systems, with the virologic 
outcome for three and six months was examined. Only 
three systems (ANRS, Rega and TRUGENE) showed 
significant prediction of the three-month response. The 
six-month response was predicted by four systems 
(HIVdb, TRUGENE, Retrogram and HIVresistance-
Web). The same investigators performed a similar 
analysis in 415 recently infected, therapy-naive pa-
tients. Of the patients, 10% had at least one major 
resistance-associated mutation due to transmitted 
drug resistance. In multivariate analysis, the GSS from 
two systems significantly predicted the time to viro-
logic success (Rega and HIVresistanceWeb) and three 
systems showed a trend towards a significant predic-
tion of success (Retrogram, Menéndez and HIVdb).

The RADAR study, in which two interpretation systems 
were prospectively compared, could not demonstrate 
major differences in the virologic outcome between pa-
tients for whom there was access to the rule-based in-
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terpretation system TRUGENE or to VirtualPhenotype53. 
However, in this study, the final interpretation was not 
performed by the treating physicians, but by experts, 
and the authors hypothesized that possible differences 
in drug prescription based upon both systems might 
have been minimized due to the expert advice as re-
sistance mutations were also available on the Virtual-
Phenotype report.

Conclusions

A number of studies have shown a short-term, modest, 
beneficial effect of antiviral resistance testing on the re-
sponse to a subsequent regimen. The contribution of 
resistance testing to HIV-1 therapy management could 
be improved by increasing the assay’s sensitivity for the 
detection of minor resistant variants. However, the major 
challenge in gaining predictive power remains the cor-
rect interpretation of resistance. Retrospective compari-
sons may guide in defining the most relevant cut-offs and 
the most predictive mutational patterns for each drug. 
However, it will be difficult to draw any final conclusions 
from these studies as the original outputs of the interpre-
tation systems were often re-interpreted into new vari-
ables for comparison purposes and different end-points 
and statistical analyses were used. Additionally, due to 
differences in prevalence of certain mutations and the 
complexity of mutational patterns and subscribed drug 
combinations, it will not be possible to validate all drug 
rules. Current retrospective comparisons will always suf-
fer from the fact that genotypic resistance guided the 
choice of therapy change, possibly even by one of the 
systems analyzed. Prospective studies would theoreti-
cally not suffer from this bias. However, as clinicians get 
more and more acquainted with resistance mutations, it 
might be difficult to measure the independent value of 
interpretation systems. Additionally, as HIV research is a 
fast evolving field where interpretation systems constant-
ly are upgraded as soon as new information and new 
drugs become available, it will be virtually impossible to 
design a prospective randomized trial in which different 
systems will be compared head-to-head.
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