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1. Introduction

The primary goals of antiretroviral therapy (ART) are to reduce
HIV-related morbidity, prolong survival, improve quality of life,
restore and preserve immunologic function and prevent HIV
transmission (Hammer et al., 2008). By combining at least three
antiretroviral (ARV) drugs, ART is able to suppress viral replication
to below 50 copies/mL during several years (Riddler et al., 2008).
This usually results in immune restoration, increased survival and
better quality of life.

Antiretroviral drug resistance is a fundamental survival strategy
for the virus that stems from its vast capacity to generate diversity.
Antiretroviral resistance pre-dates therapy initiation, it can be gen-
erated spontaneously or be acquired from the source of infection
and evolves in every subject, albeit at different rates depending
on the virological efficacy of therapy. Pre-existing or evolving ARV
drug resistance hampers the clinical benefits of ART. Studies show
that antiretroviral drug resistance testing is cost-effective (Sax et
al.,2005), and improves the virologic,immunologic and clinical out-
comes of ART (Baxter et al., 2000; Harrigan et al., 1999; Kuritzkes et
al., 2008; Tural et al., 2002; Vray et al., 2003). With the recent avail-
ability of new ARV drugs and classes, it is now possible to prescribe
fully active ART to most HIV-infected subjects and achieve viral
suppression even in those with multidrug-resistant (MDR) HIV. It
is uncertain, however, how long this scenario will endure, given
that ART must be given for life and new compounds in the pipeline
may not reach the clinic soon.

Here, we discuss relevant aspects for the clinical management
of antiretroviral drug resistance, leaving detailed explanations of
mechanisms and mutation patterns to other articles in this issue
(cross-reference to other articles in this issue of AVR).

2. General principles of antiretroviral resistance
2.1. Resistance as a consequence of HIV diversity

Antiretroviral drug resistance may be defined as the need
of increasing concentrations of antiretrovirals to suppress HIV
replication relative to non-resistant viruses. Viral susceptibility is
expressed as the drug concentration able to inhibit virus growth
in vitro to 50% (50% inhibitory concentration, ICsg) or 90% (ICqq),
relative to a wild-type reference virus (Hirsch et al., 2008). Repli-
cation of partially resistant HIV can be reduced by increased drug
concentrations; therefore, antiretroviral drug resistance is a contin-
uum. As an exception, phenotypic resistance to CCR5 antagonists
is characterized by lack of inhibitory activity despite increasing
concentrations of drug, which is shown as decreased in percent
maximal inhibition rather than shifts in ICsq.

In order to manage HIV resistance properly, clinicians must keep
in mind that HIV has a quasispecies distribution in every infected
individual (Domingo and Holland, 1997). This implies that circu-
lating viruses are not represented by a unique virus genotype, but
by a swarm of different but genetically related viral variants. This
viral population structure is consequence of an error-prone reverse
transcriptase (RT) that lacks proofreading activity and engages in
frequent strand transfers during reverse transcription, leading to
frequent recombination events, alongside the presence of high
rates of virus replication (Domingo and Holland, 1997; Coffin, 1995)
(Table 1). Extant models of virus replication predict that any single

mutant and many double mutants can be generated daily through
viral replication; conversely, few triple mutants, if any, should pre-
date therapy in subjects infected with non-resistant HIV-1. Each
viral variant in the quasispecies has a different replicative capacity
in different environments (Quinones-Mateu and Arts, 2002). The
wild-type (WT) variant is the one with better ability to replicate in
the absence of therapy and, therefore, predominates in untreated
subjects. Suboptimal treatment reduces replication of the WT and
may select for mutants with a fitness advantage in the presence of
therapy. Selection of mutants occurs at a rate proportional to the
level of replication and the relative fitness advantage in that par-
ticular environment. Persistent viremia under ART leads to further
accumulation of mutations, which increase resistance or improve
viral fitness. Because resistance mutations usually confer a fitness
cost to the virus in the absence of therapy, ART interruption usu-
ally leads to a relatively fast decay of mutants and re-emergence
of the WT virus. Such mutants remain incorporated in the viral
quasispecies and viral reservoirs as minority variants that can re-
emerge if ART selective pressure is exerted again (Le et al., 2009;
Metzner et al., 2003). By generating escape mutants a priori and
storing evolved resistant variants, the viral quasispecies is able to
overcome subsequent immunologic or pharmacologic pressure.

Combined ART tackles HIV’s adaptative mechanisms by tak-
ing advantage of: (a) the unlikely pre-existence of viral variants
resistant to more than 3 drugs in treatment-naive subjects (Coffin,
1995), (b) the tight association between the level of viral replication
and the rate of viral evolution (i.e. viral evolution is greatly reduced
in aviremic subjects), (c) the higher flexibility or increased affinity
of new antiretrovirals to bind virus targets with resistance muta-
tions, and (d) the possibility of achieving increased drug levels at
target sites through pharmacokinetic enhancement with ritonavir
or other compounds.

2.2. Replication, genetic barrier, adherence and resistance

The likelihood of developing antiretroviral resistance depends
on the relative potency of the antiretroviral regimen and the degree
of ongoing replication in the presence of therapy (Coffin, 1995;
Condra et al., 1995; Domingo and Holland, 1997; Flexner, 1998;
Kuritzkes et al., 1996; Molla et al., 1996; Tisdale et al., 1995) (Fig. 1).
A regimen with low antiviral potency creates a minimal selective
pressure to the virus and leads to slow resistance evolution, even if
replication persists. A more potent regimen that is unable to sup-
press viral replication leads to an increased selective pressure over
the virus, which rapidly accumulates resistance. Finally, a highly
potent regimen that decreases viral replication to minimal levels is
associated with slow resistance accumulation, despite the potent
selective pressure exerted to the virus.

Each ARV drug has a different genetic barrier, i.e. number of
mutations required, to attain resistance. The nucleoside reverse
transcriptase inhibitors (NRTIs) lamivudine and emtricitabine,
the non-nucleoside reverse transcriptase inhibitors (NNRTIs)

Table 1
Features of HIV replication that explain HIV's ability to diversify.

10°-12 new virions are generated every day.

1073 to 10~* mutations (one or two per genome) are spontaneously generated
per replication cycle.

3-4 recombination events are produced per replication cycle.
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Fig. 1. Relation between antiviral drug activity and emergence of resistance.
Source: Pillay D, Zambon M., 1998. Education and debate: Antiviral drug resistance.
BM] 317, 660-662.

nevirapine, efavirenz, and delavirdine, and the fusion inhibitor
(FI) enfuvirtide require only one resistance mutation to attain
high-level phenotypic resistance, being considered ‘drugs with
low genetic barrier’. Ritonavir-boosted protease inhibitors (Pls)
and the NRTIs zidovudine and stavudine require the accumu-
lation of several mutations to achieve high-level resistance.
Drugs with ‘intermediate genetic barrier’ include the integrase
strand-transfer inhibitors (InSTIs) raltegravir and elvitegravir, the
second-generation NNRTI etravirine and the NRTIs didanosine,
tenofovir and abacavir. The genetic barrier to small-molecule
CCR5 antagonists is uncertain; clinically, most subjects develop-
ing virological failure to these drugs actually show emergence of
pre-existing, often undetected, X4 viruses rather than genotypic
changes in envelope leading to stereotypical resistance (Tsibris et
al., 2009; Westby et al., 2006).

Suboptimal ART adherence is associated with increased risk of
virological failure and development of ARV resistance (Nachega et
al., 2007, 2005; Schackman et al., 2007). Each antiretroviral thera-
peutic class has a unique adherence-resistance relationship (Fig. 2)
(Bangsberg et al., 2004). NNRTI-treated individuals rarely develop
resistance at high levels of adherence due to the virological effec-
tiveness of these regimens. NNRTI resistance develops rapidly at
moderate to low levels of resistance due to the low ‘fitness’ costs
associated with single mutations. Single PI-treated individuals may
develop resistance at high levels of adherence because residual viral
replication is often seen in such patients. PIresistance is uncommon
at low levels of adherence because of the significant fitness costs
associated with these mutations. Resistance to a ritonavir-boosted
Pl is only possible in a narrow range of adherence where there is
sufficient drug around to select for mutations that reduce fitness
while still allowing residual viral replication.

2.3. Clinical consequences of antiretroviral resistance

The immediate consequence of ARV resistance is loss of treat-
ment efficacy. Given the molecular structure similarities within
compounds of the same antiretroviral family and their interaction
with similar target sites, the emergence of resistance to one drug
often leads to cross-resistance to other drugs of the same family.
This reduces the therapeutic arsenal available for salvage therapy
leading to the prescription of more complex, expensive and often
worse tolerated regimens (Table 2).

Resistance-associated virological failure creates a ‘vicious cir-
cle’ where ARV options are reduced, consecutive treatment lines

Non-boosted PI

Risk of resistance

-~
~
L]
'!.,."

0% 50% 100%

Adherence

Fig. 2. Relationship between medication adherence and the risk of developing PI
or NNRTI drug resistance. Resistance to single PI therapy occurs most frequently at
moderate to high levels of adherence, resistance to NNRTI therapy occurs at low
to moderate levels of adherence, and resistance to ritonavir-boosted PI therapy is
most likely to occur at middle ranges of adherence. P, Protease inhibitor; NNRTI,
non-nucleoside reverse transcriptase inhibitor.

Source: Bangsberg DR, Moss AR, Deeks SG, 2004. Paradoxes of adherence and drug
resistance to HIV antiretroviral therapy. J. Antimicrob. Chemother. 53, 696-699.

are associated with progressively reduced duration of antiviral effi-
cacy and each new virological failure is associated with further
resistance accumulation (Fig. 3). Subjects entering this vicious cir-
cle often end up developing viruses with reduced susceptibility to
all drug classes.

Certain mutations conferring high-level resistance to one agent
may increase viral susceptibility to another compound, resulting in
a so-called “hypersusceptible” virus to the other agent. For exam-
ple, mutation I50L in protease confers resistance to atazanavir but
increases susceptibility to tipranavir and other PIs (Colonno et al.,
2004). In addition, many resistance-conferring mutations decrease
replication capacity in comparison with the WT virus. The clinical
correlates of mutation-derived “hypersusceptibility” and replica-
tion capacity measurements, however, remain largely unknown.

Three independent studies found that the emergence of
antiretroviral resistance among patients starting first-line ART was
associated with a nearly 2-fold increased risk of death (Hogg et al.,
2006; Kozal et al., 2007; Lohse et al., 2007). Interestingly, emer-
gence of resistance to NNRTIs was associated with a greater risk
of subsequent death (3-fold increase) than resistance to any other
drug class.

Importantly, development of drug resistance also increases the
probability of transmission of drug-resistant viruses from person-

Table 2
Consequences of antiretroviral resistance?.

Loss of treatment efficacy
Cross-resistance
Increased mortality

Need to prescribe ART that is:
More complex
More toxic
More expensive

Shorter duration of antiviral efficacy of subsequent ART
Increased risk of resistance evolution under subsequent ART
Some mutations, hypersusceptibility to certain ARVs”

In general, reduced viral fitness relative to WT®

Risk of transmission of resistant HIV

2 ART: Antiretroviral therapy; ARV: antiretroviral; WT: wild-type.
b Clinical significance uncertain.
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Virological failure

Resistance
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Fig. 3. ‘Vicious circle’ of resistance-associated virological failure.

to-person as primary infections or superinfection particularly if
suppression of viremia becomes unfeasible in the source subject
due to ARV resistance.

3. Clinical management of antiretroviral resistance
3.1. Objectives

Antiretroviral drug resistance is both an individual and a public
health problem: clinicians must address both levels simultane-
ously. At the individual level, clinicians must seek to maximize the
potency and durability of the antiviral activity of ART by providing
patients with ARV regimens to which the virus retains maximum
susceptibility. At the public health level, clinicians must seek to
reduce the incidence and prevalence of antiretroviral resistance in
the society, so that more individuals retain fully susceptible viruses,
less of them transmit resistant viruses, and more can be effectively
treated when needed.

3.2. Management principles

Resistance-associated virological failure must be prevented by
(Hirsch et al., 2008): (a) identifying pre-existing or primary resis-
tance in antiretroviral naive subjects; (b) tailoring first-line ART
to ensure that all components of the drug regimen retain full
antiretroviral activity; (c) maximizing the antiviral potency of
the regimen alongside its tolerability and convenience in order
to ensure adequate long-term adherence; (d) detecting virolog-
ical failure early and identifying emerging resistance mutations
in order to select the most active treatment combinations, and
(e) managing virological failure aggressively, i.e. switching early
to a new ARV regimen tailored according to drug resistance test-

ing, preferably including drugs with high genetic barrier to attain
resistance.

These individual-based measures should exert public health
benefits by: (a) decreasing HIV transmission overall, because more
subjects would remain aviremic, and (b) decreasing transmission of
ARV-resistant HIV, given that fewer resistant viruses should circu-
late among human populations with adequate access to ART. How
ARV drug resistance will evolve in countries scaling up ARV remains
uncertain.

3.3. Identifying antiretroviral resistance

The goal of resistance testing is to provide information to assist
in the selection of the antiretroviral regimen(s) more likely achieve
and maintain viral suppression.

All guidelines agree that HIV drug resistance testing should be
performed when HIV-infected persons enter clinical care, whether
or not they will be treated immediately (Hirsch et al., 2008)
(Table 3). This strategy attempts to maximize the chances of detect-
ing transmitted drug resistance. In those individuals in whom
treatment is deferred, resistance testing should be repeated before
therapy initiation. In addition, genotypic resistance testing is rec-
ommended for all pregnant women prior to initiation of therapy
and for those entering pregnancy with detectable HIV RNA levels
while on therapy.

In HIV-infected individuals receiving antiretroviral therapy,
resistance testing should be performed in the presence of virolog-
ical failure. To ensure adequate performance of resistance testing,
HIV-1 RNA levels should be at least 1000 copies/mL at the time of
testing, although guidelines agree that resistance testing could also
be attempted inindividuals with HIV-1 RNA levels between 500 and
1000 copies/mL. In this last group of patients, however, the chances
of amplifying HIV-1 sequences are markedly lower.

Treatment guidelines also suggest that drug resistance testing
might also be helpful when managing suboptimal viral load reduc-
tion (Hirsch et al., 2008). This is less clear, however, because the
addition of, or switch to, new antiretroviral drugs could be very
helpful to achieve viral suppression in this situation regardless
resistance testing results.

Importantly, given that drug resistance mutations wane after
treatment interruption (Castagna et al., 2006; Deeks et al., 2003,
2005, 2001; Martinez-Picado et al., 2002; Metzner et al., 2003;
Paredes et al., 2009; Walter et al., 2002), drug resistance testing
in the setting of virologic failure should be performed while the
patient is taking his/her antiretroviral drugs, or within 4 weeks after
discontinuing therapy.

3.4. Tropism testing

Guidelines agree that co-receptor tropism assays should be per-
formed whenever the use of a CCR5 inhibitor is being considered
(Hirsch et al., 2008). In addition, co-receptor tropism testing might
be considered for patients who exhibit virologic failure on CCR5
antagonist containing regimens because virological failure to CCR5
antagonists is frequently associated with a CCR5 to CXCR4 tropism
switch. Given that that the emergence of X4 viruses is associated
with accelerated progression towards AIDS or death (Koot et al.,
1993), co-receptor tropism testing has been proposed as a tool to
guide initiation of antiretroviral therapy or to establish prognosis.
However, these indications are not supported by current guidelines
because studies addressing these questions specifically are lacking.
It is also unclear whether upfront co-receptor testing in subjects
initiating first-line antiretroviral therapy would be useful in case a
CCR5 antagonist would be required later on (e.g. in case of toxicity
to the initial treatment). Viral tropism switch could occur, even if
subjects with sustained viremia suppression.
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Table 3

Summary of clinical situations in which resistance testing is recommended (IAS-USA, July 2008).

Clinical setting Comments

Before initiation of therapy
Primary (acute and early) infection
First evaluation of chronic HIV-1 infection

Resistance testing is recommended. Initial therapy may be altered based on resistance test results.
Resistance testing is recommended, including for patients for whom therapy is delayed, because plasma

wild-type isolates may replace drug-resistant virus with time in the absence of treatment.

Treatment initiation for chronic HIV-1 infection

Resistance testing is recommended because of a rising prevalence of baseline HIV-1 drug resistance in

untreated patients with chronic infection, unless pre-existing data or stored samples for testing are

available.

In antiretroviral-treated patients
Treatment failure

Resistance testing is recommended. The decision to change therapy should integrate treatment history,

new and prior resistance results (if available), and evaluation of adherence and possible drug interactions.

In specific settings
Pregnancy?

Resistance testing is recommended before initiation of therapy to effectively treat the mother and prevent

mother-to-child transmission.

Other considerations and general recommendations
available;

Postexposure prophylaxis should consider treatment history and resistance data from the source, when

A sudden increase in HIV-1 plasma RNA may reflect superinfection, possibly with drug-resistant virus;
Plasma samples to be tested for drug resistance should contain at least 500 HIV-1 RNA copies/mL to
ensure successful PCR amplification required for all sequencing approaches;

It is preferable that the blood sample for resistance testing be obtained while the patient is receiving the
failing regimen, if possible;

Resistance testing should be performed by laboratories that have appropriate operator training,
certification, and periodic proficiency assurance;

Genotypic and phenotypic test results should be interpreted by individuals knowledgeable in
antiretroviral therapy and drug resistance patterns;

Inhibitory quotient testing is not recommended for clinical decision-making.

Source: Hirsch et al. (2008).

2 If resistance test results are available before the pregnancy, clinical judgment should guide whether retesting for resistance is necessary.

3.5. Interpreting resistance testing results

Drug resistance testing interpretation is a difficult task. Geno-
typic data used to infer phenotypic susceptibility in vivo is
fragmentary. HIV genotypes obtained through viral population
sequencing are consensus sequences that do not capture infre-
quent viral variants (i.e. those at levels below 15-20% of the viral
population). In addition, genotypic analyses frequently focus on
discrete regions of the HIV genome, although missing substitutions
in outside regions may also modulate resistance or viral fitness
(e.g. connection and RNAse H domains of RT or PR cleavage sites
in Gag or Gag-Pol) (Delviks-Frankenberry et al., 2007; Lastere et al.,
2004; Yap et al., 2007). Importantly, different mutations may inter-
act between each other or have a different effect on drugs from the
same family; indeed, some mutations conferring resistance to par-
ticular drugs may increase susceptibility to others. Such limitations
may force clinicians to infer phenotypic effects from complex geno-
types based on weak evidence-based data. Efforts are constantly
underway to develop and refine treatment interpretation rules.
Such rules can be based on expert opinion, which has the poten-
tial for information biases, or on complex mathematical algorithms
and machine-learning methods, where computer programs extract
rules from comparisons between genotypes paired with pheno-
types or with clinical efficacy data. Fortunately, a fair amount of
clinically relevant information can be extracted from this complex
picture. Moreover, incorporating such information into the clin-
ical management of HIV-infected patients clearly improves their
chances to do well on therapy (Hirsch et al., 2008). Tables 4 and 5
outline the basic mechanisms of resistance and the principal
aspects of resistance interpretation relevant for clinical manage-
ment, respectively. Readers may find more detailed information on
this regard in other chapters of this issue.

3.6. Management of primary antiretroviral resistance

The clinical management goal for ARV resistance in treatment-
naive subjects is to ensure durable virological suppression with

first-line ART by identifying pre-existing ARV resistance and avoid-
ing prescription of regimens to which the virus is not fully
susceptible (Fig. 3).

3.6.1. Origin of primary resistance

Resistant viruses can either be spontaneously generated or
transmitted from person-to-person through contact with blood or
blood products, sexual intercourse or from mother-to-child (Little,
2000; Little et al., 1999). Resistant viruses are transmitted less
efficiently than wild-type (Leigh Brown et al., 2003), although
multidrug-resistant variants are sometimes transmitted (Little,
2000; Little et al., 2002; Richman et al., 2004; Wensing et al.,
2005). Interestingly, only a few variants present in the “donor”
viral population are able to establish primary HIV infection even
if transmission occurs through direct blood-to-blood contact. This
suggests a transmission bottleneck, the nature of which remains
poorly understood. Because resistant variants are often transmit-
ted alone, the viral population in the recipient subject is almost
exclusively conformed by resistant viruses, which remain predomi-
nant until wild-type revertants are generated through spontaneous
mutation (Little et al., 2008).

In the absence of drug pressure and lack of more fit compet-
ing viral variants, fixation of new mutants or revertants is a slow
process (Bonhoeffer et al., 2002). In a longitudinal follow-up of
14 recently HIV-infected patients with transmitted drug-resistant
virus (Little et al., 2008), the median time to loss of detectable drug
resistance using population-based assays ranged from 4.1 years to
longer than the lifetime of the individual.

Conversely, resistant mutants generated through replication
errors often co-exist and compete with the WT in the quasispecies.
As a result, mutants often become extinct or, sometimes, persist in
the viral quasispecies at very low frequency, as predicted from the
Poisson distribution. Whereas transmitted resistant variants can
contain several resistance mutations in various genes, mutants gen-
erated spontaneously in the absence of ART pressure hardly ever
accumulate more than 2 resistance-associated substitutions in the
same genome.
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Principal mechanisms of antiretroviral drug resistance?.

Drug family

Mechanism of action

Mechanism of resistance

NRTIs and NtRTIs

NNRTIs

Pls

InSTI

Fusion inhibitors (enfuvirtide)

CCR5 antagonists

NRTIs and NtRTIs are chain terminators. They are incorporated
into the nascent chain of viral DNA. Because they lack a 3’
hydroxyl group, no additional nucleotides can be appended.

Small molecules with strong affinity for a hydrophobic pocket
located near the catalytic domain of RT. Inhibitor binding
affects the flexibility of the enzyme, thereby blocking its ability
to synthesize DNA.

PIs mimic the structure of the natural viral substrates of the
HIV PR, competing with them for binding in the enzyme’s
active site.

Raltegravir and Elvitegravir are DNA strand-transfer inhibitors
that block the joining of the processed viral DNA ends into the
host chromosome.

Enfuvirtide is a 36-mer synthetic oligopeptide that binds to the
trimeric HR-1 complex, preventing the association of HR-1
with HR-2 and inhibiting fusion.

CCRS5 antagonist binding alters the conformational state of the
CCR5 receptor, inhibiting the binding of gp120 to CCR5 by an

Impaired nucleotide incorporation: M184V, K65R and the
Q151M complex selectively impair RT’s ability to incorporate
an analogue into DNA.

Nucleotide excision: TAMs allow ATP to bind RT near the 3’
end of viral DNA terminated by the incorporation of a
nucleoside analogue. ATP then excises the analogue from viral
DNA, allowing reverse transcription to proceed normally.

Most NNRTI resistance mutations affect residues that are
directly involved in inhibitor binding. Few have been found to
act indirectly, by changing the position or the orientation of
the aminoacids involved with direct contact with the inhibitor.
Etravirine (ETV) is a diarylpyrimidine with some
conformational isomerism that can bind RT in multiple
conformations, allowing for a more robust interaction between
ETV and the enzyme, even in the presence of some mutations
(K103N).

Mutations in direct contact with the inhibitor or of distant
aminoacids that modify the overall shape of the PR cavity
disrupt fitting of the PI within the cavity and induce resistance.

Binding requires divalent metal and resistance is metal
dependent with active site mutants displaying resistance only
when the enzymes are evaluated in the context of Mg(2+).
There is extensive cross-resistance between the two drugs.

Changes in a conserved amino acid triad (GIV) at positions
36-38 and in amino acids 39-45 in the HR1 region of gp41
prevent ENF binding.

Resistant viruses acquire the ability to recognize receptor
conformations stabilized by CCR5 antagonists.

allosteric mechanism.

2 RT: Reverse transcriptase; PR: protease; IN: integrase; HR1: first heptad repeat; HR2: second heptad repeat; NRTI: nucleoside reverse transcriptase inhibitor; NtRTI:
nucleotide reverse transcriptase inhibitor; NNRTI: non-nucleoside reverse transcriptase inhibitor; PI: protease inhibitor; InSTI: integrase strand-transfer inhibitor; NVP:

nevirapine; EFV: efavirenz; ETV: etravirine; ENF: enfuvirtide.

3.6.2. Prevalence of primary resistance

The prevalence of primary resistance (Table 6) varies as effective
ART is introduced in a given population. Resistance neither evolves
nor is transmitted in populations with no ART available. Increased
rates of secondary resistance in the treated population due to sub-
optimal therapy and/or inadequate therapeutic monitoring tend to
be followed by increases in the prevalence of primary resistance.
As ART becomes more potent, includes drugs with higher genetic
barrier and the ART coverage of subjects in need of treatment
increases, more individuals remain aviremic and fewer harbor
resistant viruses at the time of treatment failure. At this point,
the prevalence of primary resistance may remain stable or start
to decline.

The prevalence of primary resistance in well-resourced coun-
tries ranges from 8% to 19% for any drug, 5% to 12% for NRTIs, 2%
to 8% for NNRTIs and 3% to 7% for PIs (Ross et al., 2008; Shet et al.,
2006; Truong et al., 2006; Wensing et al., 2005; Yerly et al., 2007)
(Table 7). After a period of steady increases, the overall prevalence
of primary ARV resistance seems to have stabilized around 10% in
most industrialized countries. According to some reports, it could
even have started to decline in certain regions in Europe. By drug
class, only resistance to NNRTIs has clearly increased in the last
decade, probably due to the widespread use of these compounds
coupled with their low genetic barrier and the minimal impact
of NNRTI resistance mutations on virus fitness. Fortunately, the
prevalence of primary dual or triple-drug resistance has remained
at low levels (<2%). Primary resistance to new ARV drugs like the
integrase strand-transfer inhibitors (InSTIs) is virtually zero due to
their recent introduction in clinical management, but needs to be
monitored prospectively.

To date, rates of primary resistance have remained low in
developing countries. However, the high frequency of secondary

resistance in several resource-limited settings, suggests that the
prevalence of primary antiretroviral resistance could increase in
the coming years.

In a study conducted in Zambia, primary drug resistance muta-
tions were observed in 5% of patients starting first-line ART (Hamers
et al, 2008). Among treatment-naive patients in western India,
drug resistance mutations were documented in 10% of those tested,
including the V82A mutation in PR as well as the RT mutations D67N
and M184V (Guptaet al., 2008). Among treatment-naive patients in
southern Brazil, the presence of primary drug resistance was seen
in approximately 5% of patients. The most frequent mutations were
those associated with NNRTI resistance, particularly the K103N
mutation, which was observed in 4.3% of patients (Rodrigues et al.,
2008). In other countries like Mali (year 2006) (Derache et al., 2008)
and Tanzania (year 2005) (Nyombi et al., 2008), the prevalence of
primary resistance remained below 5%.

3.6.3. Antiretroviral resistance is underestimated by viral
population genotypic assays

Current viral population sequencing assays only detect viral
variants present in more than 15-20% of the quasispecies (Brun-
Vezinet et al., 2004; Hirsch et al., 2008). New genotypic assays
like allele-specific PCR (ASPCR), single-genome sequencing (SGS),
LigAmp or ultradeep 454 sequencing (UDS), enable detection of
minority HIV-1 resistant variants at levels <1% (Cai et al., 2007;
Charpentier et al., 2004; Flys et al., 2007; Johnson et al., 2005, 2008;
Le et al., 2009; Loubser et al., 2006; Metzner et al., 2005; Palmer
et al., 2006; Paredes et al., 2007b; Simen et al., 2009). Several pri-
mary resistance surveillance studies using ultrasensitive resistance
assays have demonstrated increases in detection of HIV-1 variants
with primary resistance of at least 2-3-fold relative to standard
population-based sequencing (Metzner et al., 2005; Paredes et al.,



Table 5

Main features of antiretroviral drug resistance relevant for clinical management?®.

Drug class Mechanism Main mutation or Drugs Effects References
pathway
NRTIs Impaired nucleotide M1841/V HLRes: 3TC, FTC Signature mutations for 3TC and FTC: (Back et al., 1996; Boucher et al., 1993; Descamps
incorporation confer > 1000-fold resistance to these drugs et al.,, 2000; Deval et al., 2004; Diallo et al., 2003;
PRes: ABC and ddI Also confer partial resistance to ABC and ddI Frost et al., 2000; Gao et al., 1993; Gulick et al.,
HS: ZDV and TDF Generate hypersensitivity to and synergy with ZDV 2004; Havlir et al., 2000; Huang et al., 1998; Ji and
and TDF Loeb, 1994; Katlama et al., 1996; Kuritzkes et al.,
M184YV is associated with 0.5 log reduction in 1996; Miller et al., 1998; Schinazi et al., 1993;
HIV-1 RNA levels during 3TC therapy Schuurman et al.,, 1995; Sharma and Crumpacker,
Increased RT processivity and multiple other 1999; Tisdale et al., 1993; Wainberg, 2004;
effects Wainberg et al., 1996, 1995)
M184V emerges rapidly with single or dual 3TC
exposure and is the most frequent mutation in
3-drug ART
M184I emerges first due to RT’s mutational bias
towards G — A replacements, but M184V is fitter
than WT and M184l in the presence of 3TC and
subsequently replaces them
K65R PRes: TDF, ddl, ABC Signature mutation for TDF: confers 2-fold (Garcia-Lerma et al., 2003; Gu et al., 1995a, 1994,
resistance to TDF 1995b; Miller et al., 2001; Moyle, 2004; Nikolenko
et al.,, 2004; Roge et al., 2003; Shah et al., 2000;
Winston and Stebbing, 2004)
3TC, FTC, d4T Intermediate resistance to ddl, ABC, 3TC, FTC
HS: ZDV Low-level resistance to d4T
Increased susceptibility to ZDV; does not develop
in patients receiving ZDV-containing regimens
L74V HLRes: ddI Signature mutation for ddI: confers ~2-fold (Miller et al., 2000; Ray et al., 2002)
resistance to ddl, being sufficient to cause VF in
subjects under ddI monotherapy
PRes: ABC Intermediate resistance to ABC: VF requires

Q151M complex

69 insertion complex

T69N/S/A

HS: ZDV and TDF
Multi NRTI resistance
PRes: ZDV, ddI, d4T,

and ABC, 3TC, FTC and
TDF

Multi NRTI resistance

Multi NRTI resistance

accumulation of additional mutations

Increased susceptibility to ZDV and, less clearly, to
d4T and TDF

Selected during d4T or ddlI failure or after
prolonged ZDV exposure

Intermediate resistance to ZDV, ddl, d4T, and ABC

Low-level resistance to 3TC, FTC

Overall, no resistance to TDF, but isolates with
V751+F77L+F116Y +Q151M — low-level 3TC and
TDF resistance

Seen in <5% of HIV strains with NRTI resistance,
often alongside mutations at positions 62, 75, 77,
and 116, which increase resistance and restore RC
Only in 2% of heavily pre-treated patients and
confer high-level resistance to TDF and other NRTIs
Most frequent substitutions other than TAMs and
M184V, contributes to resistance to every NRTI

(Johnson et al., 2006; Naugler et al., 2002;
Sirivichayakul et al., 2003; Vandamme et al., 2004)
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Table 5 (Continued )

Drug class

Mechanism

Main mutation or pathway

Drugs

Effects

References

NNRTIs

Nucleotide excision

Change in the

hydrophobic binding

site that prevents

effective drug binding

V75T

Thymidine analogue
resistance mutations
(TAM)

Overall

Y181C

K103N

Overall

K103N
ETV RAMs: V901, A9SG,
L1001, K101E/H/P, V106,
E138A, V179D/F/T,
Y181C/I/V, G190S/A and
M230L

Multi NRTI resistance

HLRes: ZDV and d4T

PRes: ABC, ddI and TDF

First generation
NNRTIs: NVP and EFV

HLRes: NVP
Pres: EFV

HLRes: EFV and NVP

2nd generation
NNRTIs: ETV

Resistance to d4T, ddI and ddC, generally in the
context of multinucleoside resistance
Resistance to ZDV and d4T, and partially to ABC,
ddI and TDF

Two TAM pathways that tend to be mutually
excluding,

TAM-1: 41L, 210W, 215Y. — Stronger clinical
cross-resistance to TDF than TAM-2 in subtype B
viruses

TAM-2: 67N, 70R and 219E/Q — Less TDF
cross-resistance

Significant decreases in NRTI susceptibility require
the stepwise accumulation of several resistance
mutations, which increases cross-resistance
TAM-1: 215Y — 41L+215Y — 41L, 210W, 215Y
TAM-2: 70R — 67N +70R — 67N +70R+219 E/Q

NVP and EFV have low genetic barrier to attain
resistance

Three spatial clusters around the NNRTI binding
pocket:

Cluster 1 (p66): L100I, K103N, V106A and V108I
Cluster 2 (p66): Y181C, Y188L/C/H, and G190S/A
Cluster 3 (p51): P225H, M230L, and P236L
Extensive phenotypic and clinical cross-resistance
to NVP and EFV

Minimal impact on HIV’s replication capacity
Frequent in NVP failure

Confers high-level resistance to NVP but only
2-fold resistance to EFV

Increases HIV-1 susceptibility to ZDV — selected
against during NVP failure in the presence of ZDV,
leading to the emergence of K103N variants

First resistance mutation to appear during EFV
failure

High-level EFV and NVP resistance

More flexible structure: Higher genetic barrier
than NVP or EFV

TAMs and M184V increase susceptibility to ETV in
vitro

No effect on ETV susceptibility

Weighted classification based on clinical outcome
in the DUET trials:

3 Y1811V
2.5 K101P, L1001, Y181C, M230L
13 E138A, V1061, G190S, V179F

1 V901, V179D/T, K101E/H, A98G, G190A

(Balzarini et al., 1993; Boucher et al., 1992a, 1992b;
Calderon et al., 1995; Johnson et al., 2006; Larder et
al., 1989, 1991; Larder and Kemp, 1989; Miller and
Larder, 2001; Miller et al., 1998; Quinones-Mateu
and Arts, 2002; Richman, 1990; St Clair et al., 1991;
Tisdale et al., 1991; Vandamme et al., 2004)

(Hsiou et al., 2001; Johnson et al., 2006; Picchio et
al., 2008; Ren et al., 2001; Richman et al., 1994;
Vandamme et al., 2004; Wirden et al., 2003)

(Peeters et al., 2008; Vingerhoets et al., 2008)
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NRTI and NNRTI

PIs

Alteration of the dimerization
of p66/p51 heterodimers or
retardation in RNAseH
processivity

Disruption of PI fitting within
the PR catalytic cavity

Connection and RNAseH
domain mutations

G438V, L90M, 184V

M461, V82A/F/T, 184V

Interpretation:

Weighted mutation score

0-2

2.5-3.5

=or>4

“comparable to the control arm

Pres: ZDV, d4T, 3TC, ABC and
TDF

Some, PRes to NVP and/or EFV

SQv

IDV

Response rates in DUET trials
74% (highest response)

52% (intermediate response)
38% (reduced response)’

Overall, increase ZDV resistance when
combined with TAMs

Also confer resistance to 3TC, ABC and
TDF, but have little effect on ddI or d4T
Usually absent in ARV-naive,
coselected with TAMs

Located in genomic regions not
routinely investigated by standard
genotype; clinical significance unclear
In addition, the following cause NNRTI
resistance

N348I: 7.4-fold to NVP; 2.5-fold to EFV;
enhances NNRTI resistance in the
presence of K103N; may appear early
after ART failure

T3691: 3-fold to EFV; 2.3-fold to ZDV
A376S: 5-fold to NVP; no resistance to
NVP

E399G: 3.6-fold to EFV; reduces RC in
the presence of L1001, V1061, V179D,
and F227C

None of these had an effect on clinical
response to ETV in the DUET trials
Signature SQV RAMs: G48V and L90M.
Each, 3- to 10-fold resistance; both
>100-fold resistance

G48V occurs first in vitro, but L9OM is
the most frequent in vivo

L90M reduces susceptibility to most
other PIs, particularly NFV

In vivo, G48V frequently occurs with
V82A — cross-PI resistance

184V is often observed alongside L90M;
i84v +190M decreases susceptibility
10-20-fold

Accessory mutations: L241, M46I/L/V,
V82A/T/F/S

HS to SQV conferred by I50L and L76V
Signature IDV RAMs: M461, V82A/F/T,
and I184V.

Muts at positions 10, 20, 24, 54, 63, 64,
71, and 90 in PR also associated with
resistance in vivo; mutation # predicts
degree of resistance

Ordered appearance M46L/I and

V82A — 154V or A71V/T.
Cross-resistance to RTV, APV, LPV/r,
and TPV; also to SQV, NFV, and ATV.
M46], L63P, V82T, and 184V: resistance
to most PIs

(Gupta et al., 20064, b; Yap et al., 2007)

(Ermolieff et al., 1997; Schapiro et al.,
1999; Winters et al., 1998)

(Condra et al., 1995; Zhang et al., 1997)
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Table 5 (Continued )

Drug class Mechanism Main mutation or Drugs Effects References
pathway
D30N, L90M NFV Signature RAMs: Subtype B: D30N, Non-B subtypes: L90M (Devereux et al., 2001; Resch et al., 2002; Zachary
etal, 2001)
Ordered appearance in subtype B: D30N — L90M
Accessory RAMs: M361, M461, A71V, N88S
Cross-resistance:
D30N: no cross-resistance
L90M: SQV, RTV, IDV, TPV, APV, ATV, LPV/r
N88S: hypersusceptibility to APV
150V APV/FAPV FAPV prodrug of APV (active metabolite): same resistance (Bally et al., 2000; de Meyer et al., 2008; Gulnik et
patterns al,, 1995; Kempf et al., 2001; Klabe et al., 1998;

154L/M and V321 +147V
184V

MA46I/L, I54V/T/A/S, LPV/rtv
and V82A/T/F/S

V32I, 147V/A, 150V,
154L/M and L76V

I150L, 184V, I54L ATV

Lam and Parkin, 2003; Lastere et al., 2004; Maguire
et al.,, 2002; Marcelin et al., 2004, 2003;
Martinez-Picado et al., 2005; Monno et al., 2003;
Shafer et al., 1998; Yanchunas et al., 2005)

Signature RAM: 150V

2-3-fold DS to APV, but | RC — additional substitutions in Gag

often required

Greatest DS to DRV susceptibility, but 4 susceptibility to TPV.

154L/M and V32I+147V

Frequent in RTV-boosted APV or FAPV, but they usually appear

in patients with further experience to Pls

154L/M and V32l +147V reduce the virologic response to

ritonavir-amprenavirand confer cross-resistance to other Pls

184V

Less common than 150V, I54L/M, or V321 +147V

DS to LPV, IDV, NFV, RTV, SQV and TPV

V82F +184V further DS to RTV, IDV, NFV, and APV

Accessory RAMs: positions 10, 32, 46, 47, 54, 73, and 90

Hypersusceptibility to APV: K20T and N88S and I50L

Two pathways: (Carrillo et al., 1998; Delaugerre et al., 2007; Friend
et al.,, 2004; Grant et al., 2008; Kagan et al., 2005;
Kempf et al., 2001; King et al., 2007; Masquelier et
al.,, 2002; Mo et al., 2005; Nijhuis et al., 2007;
Parkin et al., 2003; Prado et al., 2002; Winters et
al., 2008)

IDV-like: M46I/L, 154V/T/A/S, and V82A/T/F/S.

APV-like: V32I, 147V/A, 150V, I54L/M and L76V.

Accessory mutations: L241 and F53L

RAM:s selected by other Pls decreasing LPV susceptibility:
G48V, 184V 184A/C, L90OM

Signature RAM: I50L (Colonno et al., 2004, 2003)
Frequent when ATV is used without RTV as the initial PI,

Less frequent with ATV/rtv or in previously PI-treated patients.
Significant DS to ATV but increased susceptibility to other Pls
In initial PI failure, ATV may select for A71V +150L: + ATV
resistance but | RC

In Pl-experienced subjects or when combined with SQV,
atazanavir can select for 184V and, less frequently, for 154L
Cross-resistance:

I50L: no cross-resistance to other Pls

184V: broad cross-resistance

154L: major DRV resistance mutation

Other PI RAMs V82A and L90M confer cross-resistance to ATV

44
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V321,147V, I54V/A|M,
V82L/T and 184V

V111, V32I, L33F, 147V,
150V, 154L/M, G73S,
L76V, 184V, and L89V

InSTI Disruption of the functional
sequentration exerted by
InSTIs of the Mg?* cofactor in
the enzyme’s active site

TPV

DRV

Q148H/K/R

N155H

Y143C/R

Naeger and Struble, 2007; Sherer,

2008; van Marck et al., 2007)

V82L/T and 184V (Baxter et al., 2006; Hicks et al., 2006;
2007)
Most common RAMs during TPV/rtv salvage therapy
Mutations V82L/T are associated with the greatest decreases in TPV susceptibility in vitro
147V, 154A/V/[S|M, 184V: also associated with DS to TPV
Accessory RAMs: L33F/l, E35G, K43T, Q58E, T74P, N83D
TPV hypersusceptibility conferred by: L24I, 150V, I50L, I54L, and L76V
Weighted classification of tipranavir mutations (RESIST trials)
Class Weight Mutations and weight of each mutation
1 response <0 241(-2),50L/V (—4), 54L (-7), 76V (-2)
Minor RAMs 1-2 10V (+1), 361 (+2), 43T (+2), 46L (+1), 84V (+2)
Major RAMs >2 47V (+6), 54A/M|V (+3), 58E (+5), 74P (+6), 82L/T (+5), 83D (+4)
Interpretation:
Weighted mutation score Interpretation based on RESIST trials
<or=3 Susceptible
>3 and <10 Partially susceptible
>10 Resistant
Weight classification of DRV mutations based on fold-change in ICsq in vitro (de Meyer et al., 2008; Pellegrin et al.,
Fold-change Mutations
>4 50V
3-4 54M, 76V, 84V
2-3 321, 33F, 47V, 74P
<2 111, 54L, 89V

In some studies, mutation 74P is associated with a fold-change comparable to
that of I50V. Interpretation: diminished response to DRV when 3 or more of
these mutations are present at baseline

V82F: does not develop in viruses from patients receiving DRV/r, but has a
major effect on DRV/r susceptibility

V82A: presence of V82A in patients with 3 DRV RAMs is associated with a
virological response comparable to that observed in patients with 2 DRV RAMs

RAL Extensive cross-class resistance with ELV (Hazuda et al., 2007)

3 apparently mutually excluding pathways defined by Q148H/K/R,
N155H and Y143C/R

10-25-fold DS but impaired RC

Q148H: greatest reduction in RC

Accessory mutations (G140S in the presence of Q148H) compensate RC
losses, or to further decrease susceptibility to RAL

Secondary mutations: L74M, E92Q, T97A, E138K, V1511, G163G/R, and
D232D/N

Only modest DS but add DS to N155H or Q148R/H/K

N155H pathway associated with: L64M, E92Q, V1511, T97A, G163K
Q148K/R/H pathways associated with: G140A/S and E138K

Y143C/R pathway: being characterized

Often in vivo: N155H — replaced by Q148H — fitness cost compensated
by Q148H + G140S

Mutations Q148H/K/R and N155H also confer resistance to elvitegravir
(ELV)
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Table 5 (Continued )

Drug class Mechanism Main mutation or Drugs Effects References
pathway
E92Q ELV E92Q: signature mutation for ELV (McColl et al., 2007)
E138K Most frequent mutations after ELV failure:
Q148R/K/H E92Q, E138K, Q148R/K/H and N155H (each in 39%
of subjects)
N155H S147G (32%)
T661/A/K (18%)
Fusion inhibitors Change in the 3D G36D/S, V38A, Q40H, ENF Single substitutions in HR1: 5-10-fold DS (Derdeyn et al., 2000; Greenberg and Cammack,
structure of HR-1 (and N42T/E/S, N43D/S/K, 2004; Rimsky et al., 1998; Wei et al., 2002; Xu et
sometime HR2) that L44M, L45M al., 2005)
disables T-20 binding
Double mutants: G36S +L44M, N42T + N43K/S,
V38A+N42T/D, V38E + N42S — Highest levels of
resistance
Other viral factors (e.g. the V3 loop, or the HR2
region) may modulate the sensitivity of the gp41
36-45 amino acid core region
Mutations in HR2 (N126K and S138A), can also
contribute to T20 resistance
Mutations in HR1 and HR2 confer high fitness cost
CCR5 antagonists Structural changes in MRV, VCV The dominant pathway to VF to CCR5 antagonists (Fatkenheuer et al., 2008; Gulick et al., 2007; Saag

env (V3-loop and
others) improve fusion
efficiency and viral
entry even in receptor
conformations
stabilized by MRV or
VCv

in vivo is a shift from CCR5 to CXCR4 use

Most resistant viruses have mutations in the
V3-loop stem, which are sufficient to confer VCV
resistance

The effect of resistance mutations depends on the
remaining envelope context. Thus, resistance to
CCR5 antagonists may not result in stereotypical
mutations

Phenotypic resistance is evidenced by decreases in
the percent maximal inhibition in resistant viruses
relative to control, instead of right shifts in the ICso
curves

Resistance mutations confer a fitness cost to the
virus in the absence of drug

The extent of cross-resistance within the class is
not yet known

et al.; Tsibris and Kuritzkes, 2007; Tsibris et al.,
2008; Westby et al., 2006; Westby et al., 2007)
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2 HLRes: High-level resistance; PRes: partial resistance; HS: hypersusceptibility, DS: decreased susceptibility; ICso: 50% inhibitory concentration; RAM: resistance-associated mutation; RC: replication capacity; VF: virological
failure; VR: virological response; RT: reverse transcriptase; PR: protease; IN: integrase; HR1: first heptad repeat; HR2: second heptad repeat; NRTI: nucleoside reverse transcriptase inhibitor; NtRTI: nucleotide reverse transcriptase
inhibitor; NNRTI: non-nucleoside reverse transcriptase inhibitor; PI: protease inhibitor; InSTI: integrase strand-transfer inhibitor; ZDV: zidovudine; ddI: didanosine; ddC: zalcitabine; d4T: stavudine; ABC: abacavir; TDF: tenofovir;
3TC: lamivudine; FTC: emtricitabine; NVP: nevirapine; EFV: efavirenz; ETV: etravirine; rtv: tritonavir; SQV: saquinavir; IDV: indinavir; NFV: nelfinavir; ATV: atazanavir; APV: amprenavir; FAPV: fosamprenavir; LPV: lopinavir;
DRV: darunavir; TPV: tipranavir; RAL: raltegravir; ELV: elvitegravir; ENF: enfuvirtide; MRV: maraviroc; VCV: vicriviroc.
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Table 6
Factors influencing the prevalence of primary resistance in a given population.

Epidemiological
Prevalence of acquired (secondary) HIV resistance in the population
Fraction of subjects on ART who remain viremic
ART coverage of the population in need of treatment
Characteristics (particularly, genetic barrier to attain resistance) of the drug
regimens given to the population
Existence of HIV transmission “hotspots”, i.e. clusters of individuals
frequently engaging in high-risk transmission practices

Biological
Mutational bias towards G to A replacements during viral replication
Fitness cost of resistance mutations, which influences their detectability in
plasma
Persistence of transmitted mutants though ‘compensatory fixation’

Technical or methodological
Sensitivity of the assay used to detect resistance
Definition of ARV resistance
Sample selection and representativity

2007a). However, the ability of ultrasensitive resistance testing to
help design more effective ARV therapy needs to be further eluci-
dated before such assays can be systematically implemented in the
surveillance of primary ARV resistance.

3.6.4. Clinical implications of primary resistance

There is strong evidence that subjects with primary NNRTI resis-
tance detected by viral population sequencing are at a higher risk
of virological failure. In a case-cohort study of the ACTG A5095
Trial, for example, the risk of virologic failure to initial efavirenz-
containing ART for subjects with primary NNRTI resistance by
standard genotype was higher than that for subjects without such
resistance (hazard ratio 2.27 [95% confidence interval], 1.15-4.49;
P=.018) (Kuritzkes et al., 2008).

Studies addressing the effect of primary resistance on virolog-
ical response overall or to other ARV regimens have shown more
conflicting results (Bannister et al., 2008; Pillay et al., 2006). This
is not surprising, considering that the correlation between primary
resistance and therapeutic response is influenced by the knowledge
of baseline resistance patterns at the time of initiation of ther-
apy, the availability of alternative treatment options and by the
ability of prescribed drugs to suppress replication of viruses with
intermediate resistance.

Most studies agree that presence of transmitted drug resistance
isassociated with longer time to virological suppression under first-
line ART (Grant et al., 2002; Little et al., 2002; Peuchant et al., 2008).
However, although time to virological failure was shorter in the
presence of baseline resistance in studies performed in the early
2000s, recent large cohort studies have failed to detect this asso-
ciation. Interestingly, one study from the CASCADE collaboration
reported a steeper CD4+ count decline in subjects with primary
resistance than in those without, but only during the first year after
infection (Pillay et al., 2006).

Cohort studies may not necessarily be the best setting to detect
differences on ART outcome according to primary resistance. Clin-
icians use ARV resistance information to design ART; inadequate
control of this factor could potentially lead to information biases.
Also, cohort studies may not adequately capture the evolution of
ARV resistance interpretations over time and may not always con-
sider resistance data within the adequate ART groups. These factors
could potentially dilute significant associations. On the other hand,
prospective randomized trials addressing the impact of primary
resistance on current ART outcomes may face important ethical
issues and may not be available to solve these questions. Another
explanation for the lack of association in recent studies is that more
and better alternative ART approaches to which the virus remains
fully susceptible are now available.

The fact that treatment initiation at earlier calendar periods but
not the number of active drugs impacted first-line treatment effi-
cacy likely reflects that, in the context of primary resistance, having
multiple alternatives is not necessarily better than having a few
good ones. In other words, to achieve an adequate response to ini-
tial ART, the number of good options available is not as important
as not making the wrong choice.

3.6.5. Recommendations for the clinical management of primary
resistance

To date, first-line ART with efavirenz and lamivudine (two drugs
with low genetic barrier) plus another NRTI is the ART option more
resilient to virological failure (Riddler et al., 2008). This shows,
first, that drugs with higher genetic barrier do not necessarily lead
to higher treatment success rates and, second, that antiretroviral
resistance is only one relevant factor influencing ART outcome: tol-
erance, convenience, toxicity, and adherence are equally important
aspects to maximize the success of first-line ART. Another impor-
tant factor is to plan for second and future ART lines in the event
of virological failure. In this regard, virological failure to first-line
NNRTI-based ART is more frequently associated with detection
of resistance to NRTIs and to the “third regimen” than failure to
boosted-PI regimens.

Thereby, given the high number of alternatives for first-line ART,
clinicians should use ARV resistance information to:

(a) Design ART combinations that incorporate drugs to which the
virus is fully susceptible.

(b) In the infrequent event of transmission of MDR HIV:

i. Investigate the resistance profile of the source, if available.

ii. Maximize the predicted antiviral activity of the regimen. If
partial antiviral activity is expected, it seems reasonable to
prioritize the inclusion of drugs with high genetic barrier.

(¢) Plan for the best second and further ART lines in the event of
treatment failure.

(d) In every case, ART design should integrate resistance
information alongside considerations regarding tolerance, con-
venience, and toxicity of regimens, as well as the patient’s
ability to adhere to ART in the long-term.

3.7. Management of acquired or secondary ARV resistance

The goal of ARV resistance management in treatment-
experienced subjects is to minimize as much as possible the
accumulation of resistance mutations during virological failure by
detecting failure as soon as possible and withdrawing the selective
pressure of the failing ART, and to regain virological suppression
<50 copies/mL as soon as possible with a new ARV regimen. The
ultimate objectives of these actions are three-fold: (a) to preserve
treatment options at the time of virological failure to the great-
est extent, (b) to regain and maintain viral suppression below
50 copies/mL for the longest time possible and (c) to prevent the
development of MDR HIV (Fig. 3). A public health goal derived from
these individual-based objectives is to reduce the prevalence and
prevent transmission of drug-resistant HIV in the population.

3.7.1. Prevalence of secondary ARV resistance

Most subjects with virological failure to ART harbor viruses with
resistance mutations. This can limit the efficacy of second-line and
salvage regimens, although with new drug classes, options have
improved. Today, however, fewer subjects show resistance muta-
tions at the time of virological failure than one decade ago. In
statistically rigorous analyses, the prevalence of drug resistance in
therapy-exposed subjects was estimated to be 50-60% in 1999, and
decreased to 39-53% in 2006 (vonWyl et al., 2008). The prevalence
of triple-drug-resistant virus remained stable at 5%. Fortunately,
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Table 7
Prevalence of antiretroviral resistance mutations in US ART-naive HIV-infected patients, 2001-2007 (Ross et al.).
2001 2007
IAS Stanford IAS Stanford
Major resistance mutations 9% 5% 20% 13%
NRTI 3% 4% 4% 5%
NNRTI 6% 2% 15% 8%
PI 2% 2% 3% 3%
Dual class 2% 2% 2% 2%
Triple class <1% <1% <1% <1%

In a large cohort of 3542 ART-naive HIV-infected patients from 36 US states and District of Columbia enrolling into clinical trials between 2001 and 2007, the prevalence
of primary resistance evolved increased from 2001 to 2007, mainly at the expense of the prevalence of primary NNRTI resistance. IAS: International AIDS Association, USA;

Stanford: Stanford HIV Drug Resistance Database.

extensive virological failure of the three veteran classes of drugs
occurs slowly in routine clinical practice. Of note, initial therapy
with boosted Pl-based regimens results in less resistance within
and across drug classes. In a systematic review of clinical trials
of adults receiving first-line ART, which consisted of dual NRTIs
combined with either an NNRTI or a ritonavir-boosted PI, virologi-
cal failure rates at week 48 were comparable, but the incidence of
M184V and K65R mutations in RT, as well as resistance to the third
agent were higher for subjects starting NNRTI-based ART (Table 8).

Less information exists about the prevalence of acquired resis-
tance in developing countries. In a recent evaluation by the South
African Resistance Cohort Study (Marconi et al., 2008) the over-
all prevalence of resistance mutations in individuals failing their
first HAART regimen in KwaZulu Natal was higher than 80%. Of
115 individuals recruited in the study, 62 (54%) were receiving
d4T+3TC+NNRTI; 43 (38%) were treated with ZDV + 3TC + NNRTI; 5
(4%) were receiving 2 NRTI + LPV/rtv, and 5 (4%) were being treated
with other ARV combinations. The prevalence of dual class resis-
tance (essentially due to the detection of the M184V mutation plus
at least one NNRTI resistance mutation) was higher than 60%. The
most common mutation detected at the time of virological failure
was M184V/I (64.3%); K103N was present in 51.3% and V106M in
19.1%. Thymidine analogue resistance mutations (TAM) were found
in 32% of subjects, with a predominance of the TAM-2 over the
TAM-1 pattern (TAM-2: 19%; TAM-1: 7%; both TAM-1 and 2: 6%).
The K65R mutation was only found in 3 subjects (2.6%) and each
K70E and L74V mutations were detected in only 2 subjects (1.7%).

Similarly, genotypic resistance testing in 98 HIV-1-infected
patients from Thailand who experienced treatment failure with
their first antiretroviral regimen (a fixed-dose combination of
stavudine, lamivudine, and nevirapine) during 2003-2005 showed
a prevalence of at least one major NRTI or NNRTI mutation of 95%
and 92%, respectively. M184V was observed in 89% of patients.
TAMs, K65R, and Q151M were observed in 37%, 6%, and 8% of
patients, respectively (Sungkanuparph et al., 2007).

3.7.2. Rates of resistance accumulation during virological failure
Maintenance of ARV therapy in subjects with virological fail-
ure leads to further resistance accumulation, cross-resistance and
loss of treatment options. In an analysis of 106 chronically HIV-
infected patients on stable antiretroviral regimen for at least 120
days but with a plasma HIV RNA level above 1000 copies per mL and
at least one genotypic resistance mutation (Hatano et al., 2006), the

Table 8

risk of losing one fully suppressive drug or two partly suppressive
drugs was estimated to be 32% at 1 year. The risk of develop-
ing a new nucleoside-associated mutation at 1 year was 23%, and
the risk of developing a new major protease mutation was 17%.
Similarly, an EuroSIDA study found that in patients kept on the
same virologically failing ART regimen for a median of 6 months,
there was considerable accumulation of drug resistance mutations,
particularly in patients with initial low level of resistance to the
failing regimen (Cozzi-Lepri et al., 2007). Clinicians must prevent
resistance accumulation by detecting virological failure early, and
quickly switching ART to fully suppressive combinations.

3.7.3. Clinical implications of acquired resistance

As shown in Fig. 3, resistance-associated virological failure
is an important complication of ART that reduces the chances
of adequate clinical management of HIV-infected subjects and
is associated with increased morbidity and mortality. It con-
straints subsequent ART options for the patient, forces clinicians
to prescribe more complex and sometimes worse tolerated reg-
imens. This, in turn, makes treatment adherence more difficult
and increases the chances of subsequent virological failure. If
resistance-associated virological failure is not adequately managed,
patients may develop viruses with resistance to several or even
all drug classes. From a public health perspective, subjects with
drug-resistant viruses are less likely to remain aviremic and, there-
fore, are at a higher risk of transmitting HIV infection, also viruses
carrying drug resistance. In addition, drug resistance increases the
complexity and cost of ART.

3.7.4. Recommendations for clinical management of acquired
resistance

The management of acquired resistance should be based on the
following points:

(a) When designing ART for the first time, clinicians should plan
for potential ART schemes to be used in the event of virological
failure to the first ART line.

(b) All efforts should be undertaken to diagnose virological failure
early.

(c) Genotypic testing should be ordered as soon as virological fail-
ureis detected. All expertlaboratories should be able to produce
genotypic testing data from plasmas with HIV-1 RNA levels

Incidence of mutations conferring resistance to key drugs (NRTIs, NNRTIs, or bPIs) at week 48. Meta-analysis including 20 clinical trials that comprised 30 treatment arms

and 7970 patients.

Initial ART with NNRTIs +2 NRTIs Initial ART with ritonavir-boosted PIs + 2 NRTIs P value
% of virological failure at week 48 4.9% (95% CI, 3.9-6.1%) 5.3% (95% Cl, 4.4-6.4%) 0.50
% M184V 35.3% (95% CI, 29.3-41.6%) 21.0% (95% CI, 14.4-28.8%) <0.001
% K65R in subjects with no ZDV exposure 5.3% (95% Cl, 2.4-9.9%) 0.0% (95% CI, 0.0-3.6%) 0.01
% resistance to the “third” agent (NNRTI or PI, respectively) 53% (95% CI, 46-60%) 0.9% (95% CI, 0.0-6.2%) <0.001
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>1000 copies/mL. If HIV-1 RNA levels are between 500 and
1000 copies/mL genotypic results can frequently be obtained
when HIV-1 RNA is extracted from 1 mL of plasma after cen-
trifugation.

(d) Salvage therapy should be initiated as soon as virological failure
is confirmed. Treatment design should be based on ART his-
tory and the prediction of the most likely resistance patterns to
occur.

(e) Unless the turnover time of resistance testing results is very fast,
clinicians should not wait to receive genotypic testing results
to switch ART: that could prolong the period of viral replica-
tion under suboptimal therapy unnecessarily and increase the
chances of accumulating ARV resistance.

(f) Until resistance testing is available, clinicians should prefer-
ably prescribe drugs with high genetic barrier to resistance (e.g.
protease inhibitors like darunavir/ritonavir or others, second-
generation NNRTIs like etravirine and/or integrase inhibitors
like raltegravir or elvitegravir) and seek for the highest antiviral
activity. In settings with full availability of new ARVs, it should
often be possible to design a regimen containing at least two
drugs to which the virus remains fully susceptible.

(g) Resistance testing results must be used to fine-tune the salvage
regimen designed; i.e. prioritize compounds to which the virus
has the highest predicted susceptibility and possibly higher
genetic barrier, remove drugs with small antiviral activity and, if
possible, preserve active compounds for subsequent treatment
lines.

3.8. Management of MDR HIV infection

Until the recent advent of new drugs and classes, between
5% and 10% of subjects in the clinic had MDR HIV and no ART
options left to regain virological suppression. Where all 6-drug
classes are available, it is now very rare to encounter patients in
whom a potent, suppressive regimen cannot be mustered. In areas
where newer drug classes and PIs are still not available, physicians
encounter situations where there are no or few treatment options.
Here, it might be reasonable to continue the same antiretrovi-
ral regimen until newer and presumably active agents become
available in order to preserve immune responses and delay clin-
ical progression. The major risk of this approach is ongoing viral
evolution and the loss of future drug options. Alternatively, sim-
plified approaches aiming to preserve viruses with reduced fitness
can be attempted (Deeks et al., 2005). By no means should ART be
interrupted in subjects without better treatment options because
this is clearly associated with higher morbidity and mortality than
remaining on a failing regimen (EI-Sadr et al., 2006; Lawrence et
al., 2003).

The question remains for how long the effects of new ARVs
will persist in subjects with previous MDR HIV. Integrase strand-
transfer inhibitors, for example, are drugs with an intermediate
drug resistance barrier. Resistance to these drugs can develop
quickly if they are not given alongside other active regimens. Given
that few new drugs are expected to reach the clinic in the imme-
diate future, it is likely that the medical management of subjects
with MDR HIV will remain a major challenge in the coming years.

4. Clinical relevance of minority HIV-1 resistant variants

The clinical significance of minority resistant variants is not fully
established (Table 9). Most studies show that detection of pre-
existing minority NNRTI-resistant variants in ARV-naive subjects
increases the risk of virological failure to first-line NNRTI-based
regimens more than 3-fold, particularly in the presence of ade-
quate treatment adherence (Metzner et al., 2009; Paredes et al.,

Table 9

Principal techniques to detect minority HIV drug-resistant variants?.

.

Ultra deep sequencing (UDS)

LigAmp

Parallel allele-specific
sequencing (PASS)

Allele-specific PCR (ASPCR)

Single genome sequencing

(SGS)

Standard cloning

Massively parallel microfluidic
solid-surface sequencing of

single molecules

0.5-1%

Template-dependent ligation

Single-base allele sequencing

of polonies fixed to an
acrylamide surface

0.1%

Differential amplification of
mutants vs WT in real-time

PCR

Massive sequencing of single

genome molecules

Analysis of single CFUs with

individual clones

Principle

of 2 primers and quantification

with Q-PCR

0.1%

0.003-0.4%

Around 10% (depends on
number of clones)

Multiple
Yes

Sensitivity

300-400 bp

1
Yes

1 per round (up to 22 rounds)

Yes

Multiple

Yes

# mutations

No

No

Linked mutations
Labor intensity

Cost

++

4

+++

++

++

Linkage, accuracy, S, NPV,

rapidity of results

Same as ASPCR, increased

specificity

S, enables linkage of mutations

S, PPV, NPV, affordable

Enables linkage of mutations

Experience, PPV

Best

Requires strong bioinformatics

support, Sp

Same as ASPCR

Cost, labor intensity

Cost, time and labor consuming Only 1 allele 7 reaction, Sp,

S, NPV

Worst

affected by polymorphisms

2 PCR: Polymerase chain reaction; CFU: colony-forming units; WT: wild-type; bp: base pairs; S: sensitivity; Sp: specificity; PPV: positive predictive value; NPV: negative predictive value; Q-PCR: Quantitative PCR.

" 454 sequencing, 454 Life Sciences/Roche.
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2009). These studies had a number of limitations:

(a) Study participants usually received antiretrovirals that may not
be considered first choice for first-line ART (e.g. Combivir® or
Trizivir®, non-boosted PIs) (Johnson et al., 2008; Simen et al.,
2009).

(b) Studies were usually small, thus, they did not reach the power
for predictive values.

(c) Studies were unable to define clinically relevant threshold lev-
els of minority variants (Johnson et al., 2008; Paredes et al.,
2008; Simen et al., 2009; Balduin et al., 2009; Metzner et al.,
2009). One recent study, however, suggested that a total copy
number of mutants >2000 copies/mL (calculated as plasma HIV-
1RNAload x proportion of mutants)was tightly associated with
virological failure to first-line NNRTI-based therapy, but this has
not been confirmed in other studies.

(d) Studies using allele-specific PCR (ASPCR) only assessed the
effect of selected mutations (Johnson et al., 2008; Metzner et
al., 2009; Peuchant et al., 2008).

(e) Studies using ultradeep sequencing (UDS) did not directly com-
pare the ability of UDS to predict treatment failure with that of
population-based sequencing (the current gold-standard in the
clinic), nor did they assess mutation linkage within individual
HIV genomes (Simen et al., 2009); given recent reports of fre-
quent recombination events during pre-UDS PCR steps (Shao
et al., 2009) it is unclear if assessing mutation linkage is even
possible.

On the other hand, some studies did not find an increased risk of
virological failure in subjects with pre-existing minority resistant
HIV variants (Garcia-Lermaetal., 2003; Miller et al.,2001; Peuchant
et al., 2008).

No study consistently detected an increased risk for virological
failure to first-line Pl-based therapy among subjects with pre-
existing minority Pl-resistant variants (Garcia-Lerma et al., 2003;
Peuchant et al., 2008; Simen et al., 2009), suggesting that minor-
ity variants might be less relevant for patients initiating ART with
high genetic barrier to resistance. On the other hand, although sta-
tistical significance was not reached, all subjects with minority PI
resistance mutations in a recent UDS study ultimately experienced
virological failure (Simen et al., 2009).

No study has conclusively demonstrated the clinical relevance
of detecting minority resistant HIV in subjects initiating second-
line or salvage regimens. However, one study found that minority
HIV drug-resistant viral variants in treatment-experienced per-
sons correlate with historical antiretroviral use (Le et al., 2009)
and others suggested an association between pre-existing minority
variants and virological failure in treatment-experienced patients
(Kapoor et al., 2004; Lecossier et al., 2005; Roquebert et al., 2006;
Svarovskaia et al., 2007).

Adequately powered studies are needed to evaluate the clinical
impact of minority resistant variants to ART regimens, to com-
pare the ability of ultrasensitive resistance technologies to predict
virological failure with that of population sequencing, to define
clinically relevant cut-offs for such ultrasensitive technologies, and
to explore the potential for mutation linkage to improve predictions
of virological outcome.

5. Summary: clinical options to prevent and manage
antiretroviral drug resistance

The above considerations can be summarized in the following
recommendations to prevent and manage ARV drug resistance in
the clinic:

(a) Systematically screen for the presence of primary antiretroviral
resistance in all subjects entering clinical care, preferably as
soon after infection as possible.

(b) Adjust the design of first-line regimens to the genotypic resis-
tance information obtained if needed. Obtaining a genotype
from a subject as soon as he/she enters into clinical care may
allow an increased detection of transmitted resistant viruses,
which becomes harder to detect with time.

(c) Once primary resistance is ruled out, good adherence, forgiving
pharmacology, potency and high genetic barrier are the princi-
pal factors associated with reduced emergence of antiretroviral
resistance. Ritonavir-boosted PI-containing regimens are asso-
ciated with low rates of PI resistance at treatment failure and
lower rates of NRTI resistance than NNRTI-based regimens; on
the other hand, first-line efavirenz-based regimens are more
resilient to virological failure than ritonavir-boosted PIs tested
to date, possibly due to lower compliance on PI regimens
because of side effects.

(d) It is crucial to detect virological failure early and change fail-
ing therapy as soon as failure is confirmed, with the aim to
re-suppress viral replication to <50 copies/mL.

(e) Use of 2 or 3 new agents is paramount to achieve durable viral
suppression and prevent the future emergence of viruses with
resistance to 6-drug classes.

6. Conclusions

Antiretroviral drug resistance remains a major obstacle for the
adequate management of HIV infection. Adequate diagnosis and
control of primary resistance, perhaps through ultrasensitive resis-
tance testing in the near future, are paramount to maximize ART
outcomes. Although the incorporation of new antiretrovirals in the
anti-HIV armamentarium has improved the management of sub-
jects infected with resistant HIV, subjects with MDR HIV remain at a
high risk for developing resistance also to the new regimens. Given
that new compounds in the pipeline may not reach the clinic in the
immediate future, all efforts must be done to avoid the develop-
ment of resistance to the new agents. Clinicians and opinion leaders
should not underestimate the clinical relevance of ARV drug resis-
tance in the past, present, and in the years to come. Whereas we
are beginning to see patients with more than 20 years effective
drug treatment and, currently, an important proportion of naive-
patients face a totally different outcome to drug treatment, drug
resistance can always emerge because of the challenges of main-
taining adherence and access to chronic antiviral therapy or owing
to transmitted drug-resistant viruses (Richman et al., 2009). So far,
the virus always found its way to survive ART pressure.
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