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Abstract Current recommendations for the treatment of HIV-infected patients advise

highly active antiretroviral therapy (HAART) consisting of combinations of 3 or
more drugs to provide long-term clinical benefit. This is because only a complete
suppression of virus replication will be able to prevent virus drug resistance, the
main cause of drug failure. Virus drug resistance may remain a cause of concern
in patients who have already received suboptimal mono- or bitherapy, or for
patients who do not experience complete shut-down of virus replication under
HAART. For these patients, replacement of one combination therapy regimen by
another at drug failure, taking into account the existing resistance profile, will be
needed. The development of new drugs will remain necessary for those patients
who have failed to respond to all currently available drugs, as will be the institu-
tion of more effective and less toxic HAART regimens.

During the past 10 years significant progress haRNA into double-stranded proviral DNA by the
been made in the treatment of HIV-infected pa-viral reverse transcriptase (RT), and (ii) processing
tients, in part due to the development and clinicabf the viral precursor gag-pol protein by the viral
use of an increasing number of anti-HIV drugs.protease (PRO). Both the RT and PRO are virus-
Three classes of drugs have been approved by thlepecific enzymes and essential for replication.
Food and Drug Administration (FDA) (table I). They are therefore excellent targets for antiviral
They are targeted at only 2 events in the HIV reptherapy.
lication cycle: (i) reverse transcription of the viral  Two classes of RT inhibitors are being success-
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Table I. Efficacy of FDA-approved drugs and drugs under expanded or early access. Data in this table are derived from published data.[*-*"]
Schinazi et al.®! list all resistance mutations currently observed in vitro and in vivo

Drug?® Log1o virological efficacy Time to resistance Most common resistance Increase in resistance
in monotherapy (peak with monotherapy mutations in the target protein of observed
drop in RNA viral load® after monotherapy® phenotype (-fold)

Nucleoside and nucleotide analogue reverse transcriptase inhibitors (NRTI)

Zidovudine (AZT) 0.5 Months to years M41L, D67N, K70R, L210W, >1209

T215Y/F, K219Q

Didanosine (ddl) 0.4-0.7 Years K65R, L74V, M184V, (V75T) 4-10°

Zalcitabine (ddC) 0.3-0.5 Years K65R, T69D, V75T, M184V, (L74V) 4-20°

Stavudine (d4T) 0.5-1.0 Years? (not enough V75T 7

in vivo data)
Lamivudine (3TC) 1.0-1.3 Weeks M1841/V, (K65R) >100f
Abacavir (1592U89) 1.0-15 Months? (not enough  L74V, Y115F, M184V, (K65R) gd

in vivo data)

Adefovir dipivoxil 0.5-0.9 Years? (not enough K70E, (K65R) 7-10°

[bis(POM)-PMEA] in vivo data)

Non-nucleoside analogue reverse transcriptase inhibitors (NNRTI)

Nevirapine 0.5-2.4 Weeks A98G, L1001, K103N, V106A, V108I, >1009

(BI-RG-587) Y181Cl/I, Y188C, G190A~

Delavirdine (BHAP, 0.9-1.4 Weeks to months K103N/T, Y181C, P236L >1009

U-90152)

Efavirenz (DMP 266) 2.0 Weeks? (not enough  L100l, K101E/Q, K103N, V106A, >100¢

in vivo data) V108l, Y181C, Y188C/HI/L,

G190E/A/S, P225H

Protease inhibitors (PI)

Saquinavir 0.9-1.3 Months L101, G48V, 154V, L63P, A71V, G73S, >50¢

(Ro-31-8959) V82A, LO0OM

Ritonavir (ABT-538) 0.8-1.9 Months K20R, L33F, M361, M46l, 154L/V, >40¢
L63P, A71V, V82A/F/S/T, 184V, LOOM

Indinavir (MK-639) 1.3-1.9 Months L10I/R/V, K20R/M, L24I, L63P >30¢

M46I/L, 154V, A71T/V, G73S,
V82A/FIT, 184V, LOOM

Nelfinavir (AG-1343)  1.4-1.7 Months D30N, M36I, M46l, L63P, A71V, V77I, >30¢
N88D, L90M
Amprenavir (141W94) 1.5-2.0 Months? (not enough  L101, L33F, M46l, 147V, 150V, 154V, >109
in vivo data) 184V

a Abacavir and adefovir dipivoxil are presently available under the expanded access programme. Amprenavir is available under an "early
access" programme.

Peak drop in viral load is dependent on baseline characteristics.

o

Protease inhibitor resistance mutations shown in bold are primary mutations, others are secondary mutations. Mutations in parentheses
are cross-resistance mutations selected during therapy with another drug.

Combined mutations.

Single mutations.

Single 184 mutation.

Single or combined mutations.

Q —+~ o0 o

fully used at present: nucleoside analogue RT insite[18] The PRO inhibitors (PI) in current use are
hibitors (NRTIs), acting as competitive inhibitors targeted at the active site of the enzyiie.

and chain terminators, and non-nucleoside RT in- In monotherapy all these drugs rapidly select
hibitors (NNRTIs), exerting an allosteric effect by for virus drug resistance (table I), which emerges
binding to a hydrophobic pocket close to the activewithin a few weeks for the most potent NRTIs and
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NNRTIg12.20-24] gnd in several months to a few the drug), factors which can differ among pa-
years for most NRTIs and Pf$:25-321The emer-  tients[38:3% For example, the M184V mutant se-
gence of drug resistance in HIV-1 correlates withlected for under lamivudine (3TC) monotherapy
the presence of point mutations in the targeted procan appear in some patients within 2 weéXs.

tein (table I). Although the more potent drug com- |t is statistically very unlikely that 3 or more
bination therapies may be able to delay the emefresistance mutations will be present in a single
gence of virus drug resistance, it still remains to b&js of the initial swarm of genotypes. Therefore,
assessed whether combination therapies can Préiey may only be selected when antiviral drug
vent resistance indefinitely. We are thus left with ,.esqre allows residual virus replication. The ex-
the difficult task of managing HIV drug resistance, 1ot of residual virus replication during treatment
gnd th|s will Erobab:{y rehmaln thfe most critical is then an additional factor in the time required to
Issue in HIV therapy for the next few years. develop resistance. Any residual virus replication

] ) will result in a gradual build-up of one mutation
1. Mechanism of Resistance after the other, until the virus acquires high level

During the asymptomatic phase of untreateo{esistange to_ the drug pressure, be it monotherapy
HIV infection, there is continuing active replica- ©7 combination therapy. Thus, development of
both free virus in the plasma and of CD4+ targetber of mutations is required for high-level resis-
cells[33-36] The relatively stable viral load and tance to one drug or a combination of drugs, and
CD4+ cell count in the peripheral blood are thewhen residual virus replication is lower due to
result of a dynamic equilibrium. This is attained by more potent therapy.

a daily production of 1®to 130 virions involved The HIV RT is a heterodimer with a p66 and a
in the daily destruction and trapping of*X0D4+  p51 subunit. The p66 subunit resembles a right hand
cells on the one hand, and by daily production ofwith structural features called ‘palm’, ‘thumb’ and
new CD4+ cells and clearance of the viru§ with afingers’. The template-primer passes through the
half-life of less than 1 day on the other. Since thecleft between ‘fingers’ and ‘thumb’, where the cat-
mutation rate of the viral RT is in the range of30 alytic site is located (fig. 1d3344 NRTIs inhibit
to 10°° misincorporations per nucleotide per site repjication through competitive inhibition and
per replication cycle, due to Ehe absence of proofyhsequent chain termination following their intra-
reading, every base of the@ucleotide-Iong  qq)1yjar phosphorylation to the'-&iphosphate
genome of HIV may be prone to mgtanon CVeYtorm. To do this they must bind to the enzyme-
day. Therefore, HIV does nOt have afixed genomlctemplate-primer complex. The natural substrates,
sequence, but rather exists as a mutant swarrn ) .

. o . : . eoxynucleoside triphosphates (dNTPs), have a
called quasispecies, in which some point mutatlon%. . - .

. igher binding affinity for this complex than do
are more likely to be present than othéfsBe- he B-triohosph f th | (did
cause of the dynamics of HIV replication, pre-t € 't”_p osphates of the non-natural (di eoxy)

nucleoside analogues (ddNTPs). All NRTI resis-

existing replication-competent virus with a single ‘ ) )
point mutation displaying a reduced sensitivity to tance mutations seem to influence either the dNTP

an anti-HIV drug will become the predominant Pinding site or the template-primer binding site on
genotype after viral replication comes under thethe enzyme (fig. 1a; residues shown in dark blue,
selective pressure of that drug. The time needed fdight blue, green and magenta). Most of these mu-
this shift in quasispecies is dependent on such fadations seem to increase the enzymatic specificity
tors as mutant frequency at the time of treatmentor natural dNTP binding over that of the ddNTPs,

initiation, the fitness of the mutant and the magni-thereby reducing the sensitivity of the RT to the
tude of the selective pressure (i.e. the potency ofldNTPsl#4-471 This mechanism could in part ex-
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Fig. 1. Secondary structures, inhibitor binding and resistance mutations of HIV-1 reverse transcriptase (RT) and protease (PRO). (a)
RT with a bound non-nucleoside RT inhibitor (NNRTI) [nevirapine] and resistance mutations. The heterodimer of RT is shown with
the p66 subunit in pale grey (top half) and the p51 subunit in dark grey beneath. Nevirapine is shown as the dark grey Corey-Pau-
ling-Koltun (CPK) model sitting in the NNRTI-binding site at the base of the polymerase active site cleft®”] [Protein Data Base (PDB)
code 1VRT]. The p66 subunit resembles a right hand with structural features called the palm, thumb and fingers, as indicated. The
catalytic aspartate residues are shown in red. Dark blue side-chains show the positions of the zidovudine resistance mutations D67N,
K70R, T215Y/F and K219Q. The pale blue side-chains show the positions of the multinucleoside resistance mutations A62V, V75,
F77L, F116Y and Q151M. The green side-chain shows the site of the lamivudine resistance mutation M184V, and the magenta
side-chains show the site of the didanosine resistance mutation L74V. Yellow side-chains correspond to the residues that are
associated with NNRTI resistance.®™ (b) PRO showing a bound inhibitor (BMS-182193) and resistance mutations. The subunits of
the protease dimer are shown in different shades of grey. BMS-182193 is shown as a dark grey ball-and-stick model sitting in the
active site of the enzymel®8l (PDB code 10DW). The positions of different residues involved in resistance against protease inhibitorsl!
are shown by coloured side-chains (red, L10I; pink, D30N; dark green, M46I/L; orange, 154V; dark blue, L63P; magenta, A71V; light
blue, V82A/F/SIT; yellow, 184V; light green, L90M). These figures were drawn using BobScript.[%
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plain the cross-resistance to NRTIs observed ir82) or in the substrate-binding site (residues 78 to
some of these mutanits:49! 88) [fig. 1b; light blue, yellow and pink residues],

The enzymatic basis of zidovudine resistance isvhere they directly interfere with inhibitor bind-
not entirely clearln vitro enzymatic assays using ing;®6571 or (b) in the flap region (residues 46 to
RT carrying zidovudine resistance mutations did56) [fig. 1b; dark green and orange residues], in the
not reveal reduced inhibition by zidovudine 5 B-sheets (residues 56 to 78) [fig. 1b; dark blue and
triphosphate, the active metabolite of zidovudine.magenta residues] or at amino acid residues close
Zidovudine-resistant enzyme carrying mutationsto the dimer interface (fig. 1b; red and light green
atresidues 215 and/or 219 has an increased bindirfgsidues) that are involved in the coordinated move-
affinity for the template-primer and increased ments that occur upon complex formati@h?e]
processivity, while the mutations D67N and K70R
have an enhanced pyrophosphorolysis actRAf}!
Together, these mutations could result in selective
pyrophosphorolytic cleavage of chain-terminated
DNA and enhanced processivity to compensate for
this interrupted synthesis.

The NNRTIs bind to a hydrophobic pocket in

the palm (as shown for nevirapine in fig. 1a). Blnd-each mutation can only be provided inyvitro

ing in the pocket appears to inhibit RT function experiments including site-directed mutagenesis,

by an a_IIosteric mechanism vyhereby the C"’It‘a'yti(\\Nhere the phenotype of every single mutation or
Asp residues are moved relative to the IOOIymeraSSombination of mutations is investigated. A com-

b|nd|n-g S'te. asl %.WhO[é% Al NNF\;]TI re3|start1)ce. plete list of all resistance-related mutations and
mutations, including E138K in the p51 subunit, y,q; affecy js given in Schinazi et@l.The most

Wh'Ch_ is responsible for resistance agalns_t thet:ommon resistance-related mutations arising dur-
experimental NNRTI TSA®54 are located in ;4 monotherapy, and the phenotypes correlated
this binding pocket. These mutations contribute toherewith, are given in table I. The level of resis-
resistance by disturbing the interaction betweenance to these drugs is roughly proportional to the
the NNRTI and the pocket and thereby reducing,ymber of mutations in the target gene. There are
the affinity of the inhibitor for the enzyme (fig. 1a, cyrrently 22 NRTI, 35 NNRTI and 42 Pl resistance
yellow residues). Although specific amino acid mytations known fronn vitro andin vivo data on
residues interact with specific NNRTI$>Ithe  clinjcally used and experimental drugs. In particu-
fact that all NNRTIs bind to the same pocket|ar, the PRO, a 99-amino-acid protein, has an
explains why considerable cross-resistance is seeinazing flexibility; half of its amino acid residues
with this class of inhibitors. have already been reported to be involved in resis-
The HIV PRO is a @symmetric dimer with the  tance.
active site in a cleft at the interface between the 2 The resistance phenotype can be measured using
monomers (flg lb) Currently used Pls bind to thErepﬁcation-based or enzyme-based as%]
active site using 2 strategies: either (i) they mimicThe phenotype can be monitored as theg, e
the transition state during peptide cleavage, otoncentration of drug required to reduce enzymatic
(i) they are designed to fit the active site either asactivity by 50%, or the E&, the concentration of
a steric complement or as a symmetric inhibitor ofdrug required to reduce virus replication by 50%.
the G-symmetric dimef!®! as indicated for the Extent of resistance (-fold) is generally calculated
experimental drug BMS-182193 in figure 1. Pl re- as the ratio of the &g for the resistant isolate to
sistance mutations are located: (a) in the cleft othe EGq for the sensitive isolate. The value thus
the active site at the catalytic site (residues 21 tmbtained does not necessarily correspond with the

2. Correlation Between Phenotypic
and Genotypic Resistance

Not all mutations observed after anti-HIV ther-

apy contribute to a reduced sensitivity of the virus
to the drugs. Clear answers on the significance of
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Fig. 2. Schematic presentation of the level of clinically observed phenotypic resistance against approved drugs and drugs under
expanded or early access for the treatment of HIV infection. The white boxes indicate the variation in sensitivity observed in patients
harbouring wild-type virus. Grey boxes represent low level of resistance for which interpretation is difficult. Black boxes represent
high level resistance usually corresponding to drug failure. Not enough in vivo data are available for abacavir, adefovir dipivoxil,
nelfinavir and amprenavir. The black boxes presented here for didanosine, zalcitabine, stavudine, abacavir, adefovir dipivoxil and
nelfinavir are the result of cross-resistance data. The data used in this figure are derived from published studies.[11:13:30.31,48,62-81]

value obtained for the ratio of the respectivey=C duced sensitivity to, for example, nevirapif®,
values. but with a sensitivity reduced only 7-fold to, for
Owing to the high sequence variability of HIV, example, zalcitabin@8 Between WT and high-
wild-type (WT) virus is different in every single level resistance there is a grey zone that is difficult
patient, and this is associated with a variation into interpret (hatched boxes in fig. 2). The interpre-
drug sensitivities in patient-derived WT virus tation of resistance should depend on: (a) the level
(white boxes in fig. 2). Additionally, sensitivities of phenotypic resistance that has been observed for
may also vary with the subtype of the HIV-1 mutant viruses; (b) the selectivity index [SI; the
strain!® This variation is smaller for NRTIs and ratio of the 50% ytotoxic concentration (C4g) to
larger for NNRTI923:83] Therefore, interpretation the EGg; and (c) the drug concentrations that can
of a particular phenotype as being drug-resistanbe achieved in patients. For example, the grey zone
will depend on the drug evaluated. High-level re-of NNRTIs can extend over levels of phenotypic
sistance (black boxes in fig. 2) associated with drugesistance that would be considered high-level re-
failure generally correlates with a >20-fold re- sistance for NRTIs. The S| of NNRTIs is high, and
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drug concentrations considerably higher than theM184V mutation® Upon prolonged exposure to
ECso can be readily reached in patielitsThe SI  both drugs, dual resistance is usually seen. Other
of zalcitabine and didanosine is low, and high dos-antagonistic mutations in the RT gene that suppress
ages cannot be used in patients because of toxicitgidovudine resistance, known fromvitro studies,
The level of phenotypic resistance seen for mutanare the L74V mutation occasionally selected during
virus selected under monotherapy with zalcitabinedidanosine therag§¥ and the L100I and Y181C
or didanosine (table 1) is generally between 4- andnutations selected during NNRTI therafd.The
20-fold, and this is partly located in the grey zoneP236L mutation, which can be selected during
(hatched boxes in fig. 2). It is therefore very diffi- delavirdine therapy, antagonises the Y181C muta-
cult to interpret the level of resistance to thesetion associated with the use of other NNRP#5.
drugs in patients. Another interesting example of antagonism is that
In patient isolates, a given set of resistance-between the zidovudine and foscarnet resistance
related mutations can be associated with a 5- toutations?¥ Foscarnet is a drug that has been ap-
10-fold range in phenotypic resistari@®lIt is not  proved for the treatment of some herpesvirus in-
clear whether the phenotypic range associated witFections. It is also active against HIV and used in
a certain set of resistance mutations is due only téllV-infected patients. Thus, combining drugs that
the inherent sequence variability of patient strainsselect for antagonising mutations may be consid-
or also to the relatively low reproducibility of ered as a useful strategy to afford at least transient
phenotypic assays (typical variabilities of 2- to 5- clinical benefit%°!
fold) or to the lack of sensitivity for mixed geno-  Combination therapy with NRTIs or NNRTIs
types of the sequencing assays used. The generalban select for different, and sometimes new, muta-
used direct polymerase chain reaction (PCR) setions compared with monotherapy, and this may
guencing strategies can only reliably detect mutantesult in cross-resistant virl®! For example, it
strains when they constitute more than 25 to 50%has been reported that combinations of NRTIs can
of the isolatd®0:86.871To what extent mixed geno- select for a new set of resistance mutations (A62V,
types influence the observed phenotype has only75I, F77L, F116Y and Q151M) [light blue resi-
been partially evaluate@f! dues in fig. 1a] not seen under monotherapy or in
Another difficulty associated with genotypic in vitro studied’%-979They confer cross-resistance
assays is that some mutations work synergisticallyo all currently used NRTIs, and the levels of resis-
(e.g. in cross-resistance), and others antagonisttance to didanosine, zalcitabine, abacavir and stav-
cally. The antagonistic effect has been best docuuadine are significantly higher than the levels ob-
mented in the RT gene and is interesting since iserved upon monotherapy. In fact, in figure 2, the
can result in a, usually transient, beneficial effecthighest resistance (black zone) for these 4 drugs
of some resistance mutations. The best known ohas only been seen with the multinucleoside re-
these antagonistic mutations is the lamivudinesistance genotype. Preliminary data suggest that
resistance mutation M184V, which resensitisesother new mutations contribute to cross-resistance
zidovudine-resistant virus to zidovudil¥8. The to zidovudine and lamivudine (R211K, L214F,
level of resensitisation is dependent on the numbeG333E/D}%! and to cross-resistance to zidovud-
of zidovudine-resistance mutations: dual resistancéne, didanosine, zalcitabine, lamivudine and stav-
can be observed in the presence of M184V and 8dine (T69SSS or T69SSAPL.102INew combina-
or more zidovudine resistance mutatié§sThus, tions might select for yet newer cross-resistance
the loss of response seen in patients upltting  mutations that cannot be interpreted independently
lamivudine to a zidovudine-containing regimen mayfrom the phenotype.
be related to the extent of pre-existindavudine Cross-resistance to Pls has also been observed
resistance rather than the acquisition of then patients. The initial mutations generally sesth
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the different inhibitors in therapy-naive patients sence of drug selective presstitdzor some initial
are more or less specific and often in the active siteesistance-related mutations, this is indeed the
of the enzymé!%3l for saquinavir, G48V and case. Several initial NRTI resistance mutations re-
L9OM; ritonavir, V82A/F/T; indinavir, M46l/Land  sult in virus with reduced fitness. The didanosine-
V82A/FIT, nelfinavir, D30N; amprenavir; ISOV  selected L74V mutation showed 11% loss of fitness
(shown in bold in table I). However, upon acquisi- compared with WT virus in the absence of drug
tion of secondary mutations, varying degrees ofpressurdl??l The lamivudine-selected M184I and
cross-resistance to all Pls are obse®&@1%%it-  M184V mutations result in an RT with slightly

onavir and indinavir showing the greatest level ofreduced processivity relative to that of WT en-
cross-resistance. Therefore, the longer the treatmes{;me[108] This correlates with reduced replication
with one P, the higher the likelihood of devel- of the resistant variant in lymphocyt@®! The
oping increag levels of cross-resistance to other g151M mutation, found as the initial mutation
PIs[®®205lWhen Pls are used in pairs, these samgo muyltinucleoside resistané®) results in a virus
mutations are seen and high-level cross-resistancgitn reduced fitnesg10! Additionally, some of
i i 106 i . . e
is obtained %! It seems that for each class of in- thegse mutant viruses show increased fidelity of the
hibitors, NRTI, NNRTI and PI, |Ong-term and com- RT enzyme. The mutations M184V. L74V. ES9G
bination treatment may result in cross-resistan{yyhjch confer resistance to the pyrophosphate ana-
virus. Patient-derived isolates that have resustanc%gue foscarnein vitro) and Q151M all result in
Pls, haye already been' reportédThese |s'oI§1tes vation suggests a correlation between the mechan-
are resistant to all available drugs, ""’Fd I IS VeMYism of NRTI resistance and the mechanism of muta-
hgtridert]?sflnd a 'salvage’ therapy for this group of genesis for some mutants: increased specificity for
P Phen.ot ic resistance of the Virus is alwavs acorrect dNTP binding results both in increased
ypic re: y drug resistance and in increased fidelity through
result of genotypic changes. Yet, for all the reasoNYecreased affinity for the non-natural substrates
mentioned above, correctly predicting the resis- '

g S i.e. nucleoside analogue inhibitors (ddNTPs) and
tance phenotype from genotypic information is not rona natural nucleotides (dNTPs that are not
always straightforward in a clinical setting. The WONY u u ! (

practical utility of genotypic data will therefore complementary to the template), respeciively. For

require further extensive clinical studies designeothese mutants, and espgmally fo'r the M184\./ vart-
to predict phenotypic properties from genotypicant’ reduged processivity gnd_lncrea.ls.ed fidelity
ones. The establishment of generally accessibl¥anslate into reduced replication efficiency and
databases which link patient-derived genotypesconsequently reduced viral load of the resistant

with the associated phenotypes will be very useful/i'us- Under the selective pressure of lamivudine,
in this respect. the viral load initially rapidly drops and then rises

upon acquisition of the resistance mutation M184V,
but remains below pretreatment levé®.This
might not necessarily be beneficial for the patient.
From the point of view of virus dynamics, it The increased fidelity results in production of fewer
seems logical that the most abundant virus is théethal mutations, thereby resulting in increased
most fit virus. In the absence of selective pressurénfectivity of the mutant virug*®!
from drugs, the most fit virus would be expected to It was originally argued that the increased fidel-
be the WT virus. In the presence of selective presity of resistant mutants would result in slower
sure from drugs, resistant mutant-type (MT) is thedevelopment of resistance mutations to other
most fit virus. Therefore, resistant MT virus is drugs{! but this proved not to be the cd¥é:117]
expected to be less fit than WT virus in the ab-This suggests that the high replication rate of HIV

3. Fitness of Resistant Virus
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has a greater effect on the speed of resistance d& develop compensatory mutations, even when no
velopment than the low fidelity of the RT. To delay phenotypic cross-resistance is obser¥ed.
resistance, it is thus more important to reduce the The development of compensatory mutations
viral load than to increase the fidelity of RT. Sincehas also been observed for multinucleoside resis-
the HIV mutation rate is probably near the errortance. Although the Q151M mutation displays re-
threshold, an increased error rate of the RT mightluced replication capacitit? the concomitant
push the virus over this threshold, resulting inaccumulation of the A62V, V751, F772 and F116Y
genetic breakdown and loss of viral viability. Re- mutations results in a virus that has a replication
sistance mutations resulting in decreased fidelityadvantage compared with the WT virus (in the ab-
might therefore be more valuable in controlling sence of drugdj® Furthermore, HIV that has had
HIV replication than mutations resulting in in- the opportunity to accumulate multiple zidovudine
creased fidelityt18l resistance mutations in patients under prolonged
Some NNRTI resistance mutations also confertherapy shows no or only a very slow reversion to
a reduced replication capacity to the virus. TheWT virus after cessation of zidovudiHg> 136l
most typical mutation in this respect is G190E, Virus with mutations at RT residues 67, 70, 215
obtained aftelin vitro selection with the experi- and 219 was even shown to have a replication ad-
mental drugs S-2720 (a quinoxaline derivative)vantage in the absence of dris!
and U-95133 (a delavirdine analogue), which re- For some drugs, resistance mutations have been
duced the activity of the RT enzyme to <10%, andobserved to appear in an ordered fashion. For
greatly affected the replicative capacity of the zidovudine, it has been reported that the first mu-
virus 119120 Mutations at residue 190 have alsotation to appear is at codon 70, albeit transiently.
been found in patients on nevirapine therapy. MoreSubsequently, the mutations at codon 215 and 41
modest replication disadvantages have also beedevelop, with reappearance sometimes of the mu-
observed for the L100I mutatidt!! tation at codon 70. Later, mutations at codons 67,
For many Pl-resistant variants, the loss 0f210 and 219 are add&8.138-141lFor Pls, ordered
replication capacity has been well documentedappearance of resistance mutations has been ob-
in vitro. Pl-resistant virus carrying the V32I, served for ritonavi1:1241The first mutation to ap-
M361, M46l, G48V, V82T/A/F, 184V or LOOM mu- pear is at codon 82, followed by mutations at
tations in varying combinations has reduced procodons 54, 71 and 36. For the other Pls, the order
cessing activity and replication capadif§t128]  of appearance is not so strict but, generally, pri-
However, upon continuing resistance selectionmary mutations appear first, followed by second-
secondary mutations such as K20R, 154V, L63Pary mutations, as indicated in table I. This ordered
and A71V accumulate, which compensate for theappearance is probably a consequence of the com-
loss of PRO activity and increase replication effi- bination of the level of resistance and of viral fit-
ciency, with or without effect on the resistance ness associated with the respective mutations. This
level[31.121,123,124,128-13%p g ticularly interesting is  ordered appearance of mutations offers the possibil-
the fact that cleavage site mutations (e.g. in the Gady of specific testing for early genotypic changes
region) can also compensate for the reduced fithesassociated with resistance.
of PRO mutant§-27.134\Worrying in this respect is Exploiting the phenomenon of reduced virus
that although the initial resistance mutations arditness upon acquisition of resistance mutations
different for the different PI inhibitors, as men- will require a change in therapy, before compensa-
tioned previously, the compensatory mutations arg¢ory and potentially cross-resistant mutations arise.
similar for all PI inhibitors. The efficacy of chang- It might therefore be argued that changing therapy
ing from one PI to another might be greatly com-immediately after drug failure is more efficient
promised when the virus has had the opportunitythan waiting until the viral load is back to pretreat-
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ment levels. Allowing replication of these initial The potency of the therapy is dependent on the drug
resistant variants in the presence of drug selectiveombination used: more potent drugs will result in
pressure would give the virus the opportunity toa larger clinical benefit, but even potent drugs will
increase its resistance and cross-resistance levébse their effect if the virus becomes resistant. It
and to develop compensatory mutations restoringeems logical, therefore, to think that virus drug
viral fitness. Any change of drug after recovery of resistance has immediate impact on disease pro-
the virus will exert selective pressure on the fitgression, since resistance is accompanied with a
resistant variant and induce additional resistancgpss of drug potency. In some specific studies, a
mutations, possibly resulting in virus that is cross-correlation between zidovudine resistance and
resistant to the previous and the current therapylinical progression has been shoW#:15% Sev-
Any change of drug before the virus fully recoversera| preliminary reports indicate that the baseline
might leave the unfit virus variant at selective dis-resjstance profile influences subsequent response
advantage compared with the WT variant, andyg therapy151-156] Yet the clinical significance of
could cause a reversion to WT virus upon subsep|y drug resistance in general has not yet been
quent active theragf:-©7I Although resistant pro- nequivocally demonstrated. Resistance is usually

virus might not disappear from the body, the newc,re|ated with an increase in viral load and de-

treatment would exert its effect on predominantlyCrease in CD4+ count18.39.70,151) lamivudine
WT virus thus avoiding or delaying cross-resistance
Additionally, especially for Pls, early change of
therapy, when the viral load is still low, may be

Torte (taffzctlwle smcr:e It ?'V?St trr:e v;:]ust Ig;‘zgoxpor'pearance of drug-resistant mutatid¥¥8l Thus, the
r:mic}/ c%aﬁvg cr)r?i Ch?s'tﬁ_efesfc?rz Iggveun?ore o tionseffects of resistance following drug monotherapy
P 9 9 P are not always clearcut. With powerful drug com-

for later salvage therapy. L . .

bination therapies, no resistance was seen after 1
year in patients with no evidence of virus replica-
tion. In patients with poor compliance, virus repli-

cation and resistance was obserVd. Thus,
The lack of clinical benefit for a particular anti- although both monotherapy and combination ther-

HIV therapy is experienced by patients and clini-aPy point to a correlation o_f yirus replication with
cians as a steady progression of the disease (4§Sistance development, it is at present unclear
measured by opportunistic infections) despite therWhether virus drug resistance is the cause or the
apy. The main cause of this progression is continfonsequence of a rise in V|ra! load. It is dlﬁlgult to
uing virus replication, resulting in deterioration of @ddress this question since, in many therapies, the
the host immune system. The correlation betweeflevelopment of virus drug resistance is a slow pro-
virus replication (and hence viral load) and clinical c€ss with a gradual shift from WT to resistant virus
progression has been convincingly demonstraPopulations due to the sequential accumulation of
ted_[143'145]Therefore, despite some Criticigﬂ:ﬁ?] resistance mutatiorigt154-156] Additionally, the

the efficiency of therapy is increasingly measuredfitness of resistant strains is often lower than that
by its ability to reduce viral load, while drug failure of WT strains, and this may raise speculations as to
can be monitored by a rebound in viral load. Thethe benefit of acquiring drug-resistant mutations
reason for continuing viral replication can be drug(see section 3).

intolerance, insufficient drug absorption or meta-  With our current view on virus dynamics, these
bolism, unfavourable drug interactions, inaccessiseemingly conflicting interpretations can easily be
bility of sanctuary sites, poor compliance of the understood. Virus replication is necessary to obtain
patient or lack of potency of the antiviral therapy.the genetic variability from which resistant mu-

monotherapy, resistance mutations seem to pre-
cede the rise in viral lod#! while in zidovudine
monotherapy, the rise seems to start before the ap-

4. Clinical Relevance of
Virus Drug Resistance
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tants can be selected under drug pressure. Thuis possible that more potent antiviral therapy can
without virus replication, there will be no drug re- either precipitate or delay viral resistance, depend-
sistance. On the other hand, active therapy wiling on the minimal viral replication required to
reduce viral load and impose selective pressure omaintain enough genomic variability from which
the replicating virus. Any drug-resistant mutantsresistance mutants can be readily selected. In this
present at that time will experience less inhibitionrespect it is logical that an increased selective pres-
of their replication and will outgrow the WT virus, sure, even with combination therapy, will give an
with a resulting rise in viral load. Thus, virus rep- gpportunity for resistant mutant virus to outgrow
lication is both a cause and a consequence of virughe WT virus, provided that the mutations pre-
drug resistance. Theoretically, any residual virusexisted as initial quasispecies, e.g. as single mu-
replication under drug selective pressure should bgants, or that the viral load is not reduced below the
predictive of the development of resistance, andpreshold that guarantees sufficient genetic vari-

drug resistance should be predictive of a rise impjlity for multiple mutations to arise. For drug
viral load and thus drug failure. To verify this, there regimens that require only single mutations for

is a need for studies that specifically address theigh_jevel resistance, the resistant strain is most
predictive value of genotypic or phenotypic resis-p ohanily present as an initial variant, readily se-

tance. . , ) i . lected under drug pressure. For drug regimens that
_ IPrc_aler_]fl_nary stu?es provide an idea ?f ﬂ:je clin- 5re not powerful enough to decrease viral replica-
Ical significance of some resistance-related mutag,, pe|owy the threshold, the development of resis-

i [157-162] i I i . . . .
tions: Most evidence is obtained for the tance will be faster with increasing potency of the

zidovudine resistance—related mutation at COdOQ:ombination as has been modelled by Stilianakis
215 of the RT gene, which seems to be a predicto& all173] '

of virological response or of disease progression
in zidovudine-treated patien#$3-1671The fact that
clinical drug resistance and drug failure are no

Iwi viral drug resistance will remain . ; .
always due to viral drug resistance ema afor drug resistance, higher dosages, able to in-

confounding factor in these studies. Arise in viral : . )
g duce a larger virological benefit than lower dos-

load can, for example, also be due to poor compli-

ance, drug intolerance or poor drug absorption. Ada9es: did not delay the emergence of nevirapine

ditionally, nucleoside analogues that must be met[e5|stancé‘¥ In the Delta trial, zidovudine resis

abolised to the active triphosphate derivat¥d, tange develop_ed earl_|er n th_e more potent zido-
and that are relatively toxic, have been reported tyudine plus didanosine or zidovudine plus zal-

select for cellular resistance accompanied by los§taPiné combination arms than in the zidovudine

. . . . . 74 :
of efficacy in the patient, without any resistance of"onotherapy arrit/4 although the viral load was
the virus itself169-172] lower in the combination arms. Similarly, resis-

tance against didanosine was seen earlier in pa-
tients receiving hydroxyurea in combination with
didanosine than in the didanosine monotherapy

Since virus drug resistance results in a loss offm[*7%! In this combination arm, the increased
drug potency, strategies to delay resistance may beotency of didanosine is due to a hydroxyurea-
expected to prolong therapeutic effectiveness. Thénduced decrease in the levels of dATP, the cellular
more potent a therapy is, the higher the selectivéompetitor of the active form of didanosine,
pressure and the more clearcut the relation betweettd ATPI176] In these cases, the residual viral repli-
the development of resistance and a rise in viratation with the more potent therapy as judged by
load. Considering the fact that virus replication isthe viral load during the period of maximal virus
both cause and consequence of virus resistance,suppression was still high: 1000 to 10 000 HIV

Several observations confirm these theoretical
t'assumptions. When using monotherapy with nev-
irapine, which requires only a single mutation

5. Delaying Virus Resistance
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RNA copies per millilitre of plasma, ensuring suf- in half of the patients in the triple combination arm.
ficient residual virus replication to maintain a high Similarly, delavirdine resistance is delayed during
level of genomic variability. triple therapy with zidovudine plus didanosine plus
On the other hand, as mentioned in section 1, redelavirdine, compared with the bitherapy arms zido-
sistance will develop more slowly when high-level vudine plus delavirdine or didanosine plus dela-
resistance requires increasing numbers of mutavirdine[1’”] and lamivudine resistance is delayed in
tions. This has been confirmed by clinical observa+triple-drug combination therapies that contain that
tions: in monotherapies with similar potency, thedrug/178
development of resistance is slower with Pls, Combining data from several trials, Jacobsen et
which require several mutations to develop high-al?® showed that a delay in the development of
level resistance, than with nevirapine and lamivu-resistance was observed in the triple combination
dine, which require only single mutations for the arm (zidovudine plus saquinavir plus zalcitabine)
same level of resistance (table I). but not in the double combination arms (zidovud-
Several authors have demonstrated that it genine plus zalcitabine) or monotherapy arms (zido-
erally takes a triple-drug combination therapy tovudine or saquinavir). This delay of resistance was
reduce viral load sufficiently to delay viral resis- linked to a significantly larger viral load reduction
tance. Zidovudine resistance developed earlier inn the triple combination (fig. 3). These triple-drug
the zidovudine plus didanosine arm than in thecombinations, exerting a powerful antiretroviral
zidovudine plus didanosine plus nevirapine arm ofeffect, are called highly active antiretroviral ther-
the INCAS triall””] Viral load was reduced to less apy (HAART). Additionally, combination drug ther-
than 20 HIV RNA copies per millilitre of plasma apies always require several mutations for high-

Resistant mutant

= Little suppression

Partial suppression

Relative viral RNA load

Time on antiviral therapy I Cessation of therapy
1

Fig. 3. Delay or prevention of resistance using antiviral therapy against HIV. Suboptimal therapies that provide only little suppression
of virus replication, as measured by the HIV RNA viral load, will result in a rapid development of resistant mutant virus. Powerful
therapy that provides a substantial but only partial suppression of virus replication will delay resistance but will eventually also result
in resistant mutant virus. Only complete suppression of virus replication can prevent resistance, but to date has not been shown to
eradicate the virus. Wild-type virus replication will recover as soon as therapy is interrupted (figure drawn according to an idea by

Coffina79),
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level resistance to develop to the combination regiwas found to be responsible for the development
men. This can explain the delay of resistance, evenf resistancé’”]
against lamivudine which requires only one muta-
tion for high-level resistance against lamivudine 6. Clinical Use of Genotypic and
monotherapy:&d! Phenotypic Resistance Testing

Results from Giinthard et &P3! and Wong et ) o _
al['81] suggest that even though resistance can be For many patients, optimising anti-HIV treat-
delayed by HAART, it cannot be prevented if therelgnheg;;"glpchu;ne :JeeSIfr:iral\(;eu:gztI:gir;rgherezgﬁl:s:tiizze
is residual virus replication. Their data seem to SUGY - ced or enzyme-based as$8y&17IFor pheno-

gest that we will need to consider the use of ultra; . ; R

nsitive viral load detection limit ar nOItyp|ctest|ng of patient isolates, the only assays that
sensitive viral load assays (de ectio arounCyre sensitive enough are those based on HIV repli-
20 to 50 HIV RNA copies per millilitre of plasma)

: ) cation. The fastest and most reproducible among
mste_ad. of the currently used assay_s with a qe_tecthese is the recombinant virus assay, which still
tion limit of around 500 HIV RNA copies per milli- requires at least 4 weelt8,76.186.187Iphenotypic

litre of plasma, and that the goal of HAART should tests measure the average sensitivity towards the
be to obtain undetectable viral load with these ultratested drugs. They are not able to identify minor
sensitive assays. Only if virus replication is com-populations of highly resistant virlf§! Their big
pletely suppressed will the virus have no opportu-advantage is that they measure the effective sensi-
nity to develop resistance (fig. 3). Upon cessatiortivity resulting from known or unknown resistance-
of therapy, however, WT virus replication recov- related mutations and their interactions.

ersit’9 arguing in favour of continuous treatment.  Genotypic tests feasible for patient isolates in-
Since the majority of the infected CD4+ cells areclude direct PCR sequencing, selective PCR, point
trapped in the lymphoid tissue, virus must bemutation assays and hybridisation assays such as
cleared not only from the plasma but also from thethe Line Probe Assay (LiPAj?-155.188.18%Results
lymph nodes and other sanctuary sites. In som&0m these assays can be made available within a
patients, HAART resulted in reduction of virus few days. Sequencing has the advantage of detect-
replication in the lymph nodé$21831Since moni- ?ng all possible res_i_starjce-relat(_ad mu_tations, but
toring of lymph node viral load is not an estab-It IS NOt very sensitive in detecting mixed geno-
lished procedure, individual patient follow-up will tYPes®®®®"1%I Specific assays such as selective
for now be forced to rely on plasma viral load as aPCR or LiPA are much more s_ensmve to detect
marker for residual virus replication. minor populations of resistant virus (down to 1 to

0, i [87] i
To block virus replication in order to prevent 5% for LiPA) " but they do not cover all possible

. L . . resistance-related mutations and, because of back-
resistance, it is also very important that patients are

: . op ground sequence variability, some codons cannot
compliant with the powerful but difficult HAART be typed in some patient isolates.

regimgns. The gccumulated adverse effects and As explained above in section 2, because differ-
sometimes drug intolerance as a result of HAART g ces in genetic environment in patient-derived

and the accompanying therapies for opportunisticiains can influence the resistance phenotype, and
infections may seriously affect the quality of life hecause new combination treatments might select
of these patientd®!! Unfavourable drug interac- for new mutations with unknown phenotype or
tions and antagonistic anti-HIV drug combinations ynknown interactions with other resistance-related

such as zidovudine plus stavudine should bemutations, the correlation between genotype and
avoided(!® Compliance should be stressed andphenotype is not always clearcut. The most fre-

monitored. Poor compliance, even for a few daysquently used phenotypic test, the recombinant
gives the virus the opportunity to replicate, and thisvirus assay, and all the genotypic tests, depend on
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the ability to amplify the RT and/or PRO gene from some countrieg?4-1961Additionally, some resistance
a patient isolate. Therefore, genetically divergentmutations may be present as natural variants (quasi-
strains are sometimes difficult to amplify. species) in untreated patieft¥.198] Resistance
For these tests, the source of genetic materiakesting might also be used to prevent the transmission
should be plasma RNA rather than circulatingof resistant virus, e.g. to guide the drug choice in
lymphocyte DNA. Their detection limit is thus postexposure prophylaxis orin prenien of ver-
comparable with the detection limit of template tical transmission. Therefore, combination therapy
amplification-based viral load assays. Plasma RNAIn pregnant women should be considered, espe-
is used because resistance development is delayeihlly in mothers harbouring zidovudine-resistant
in proviral DNA from peripheral blood mono- virus[t93.199]
nuclear celld!5319U mainly for 2 reasons: (i) the Phenotypic assays can be used when predomi-
turnover of infected lymphocytes is much slowernant virus populations need to be evaluated and
than the turnover of free virus — it takes longer towhen the results are not extremely urgent, such as
replace all WT proviral DNA by resistant geno- before the initiation of therapy. Genotypic tests
types; and (ii) the majority of virus turnover is in could be employed when results are urgently re-
lymphoid tissue from which virus is spilled in cir- quested, as is the case in postexposure prophylaxis.
culating blood, and resistance is thus anticipated t®irect PCR sequencing will map all known muta-
occur first in lymphoid tissues. However, in casestions in the predominant virus population. Specific
of prolonged drug exposure it might be informative assays that can detect minor variants (e.g. selective
to investigate resistance mutations in the proviralPCR or LiPA) are useful in cases where particular
DNA. Resistance reversal might result in WT viral mutations are expected to appear (e.g. M184V in
RNA while resistance might still be lingering in the lamivudine-containing drug regimens). They will
proviral DNA, ready to reappear if selective pres-be able to detect these mutations earlier than is the
sure for this drug is renewed. Unfortunately, incase with sequencing strategies, and before their
most cases it is not practically feasible to test botleffect is measurable in phenotypic tests. In many
viral RNA in the plasma and proviral DNA in the studies, both phenotypic and genotypic tests are
lymphocytes, and so viral RNA should be theused. To guide salvage therapy, resistance testing
source of genetic material for resistance testingmight be the only option left to select a possibly
For this reason, the recommendations are never tactive triple-drug therapy. Drugs to which the virus
recycle a drug that was part of a failing regimen. is not phenotypically resistant could be combined
The use of resistance testing in individual pa-and potential antagonistic effects of drug resistance
tient follow-up is still vigorously debated, espe- mutations could be maximally exploited.
cially since the clinical validation of each test has Although resistance testing is very expensive,
not yet been performed&?! In our opinion, the its use to guide therapy can be cost effective, since
optimal usage of resistance testing to guide drughe administration of inactive drugs represents a
choice in individual patient follow-up is depicted huge waste of money. Performing HIV resistance
in figure 4. This should be practised with the advicemutation assays or sequencing with commercial
of experts on HIV drug resistance, since interprekits (which are becoming available) costs $US150
tation of resistance results is very complicated ando $US300 per sample, whereas phenotypic assays
direct clinical benefit has not yet been proven. Al-are at present 3 to 7 times more expensive. The
though still controversial, we think that drug resis- costs of antiviral therapy are around $US500 per
tance testing at the initiation of therapy, even inmonth per patier°!
drug-naive patients, should be considered. Trans- On the basis of the observations and arguments
mission of drug-resistant virus has been increasin this review, the development of drug resistance
ingly documented and can reach up to 15% inmutations should be predictive for drug failure.
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HIV seropositive individual

Monitor CD4, VL, clinical progression
Decide to start therapy based on current recommendations

v

Consider resistance testing

Start therapy, excluding drugs to which the virus is resistant,
exploit antagonistic drug resistance mutations
Try to achieve undetectable VL levels

Stress compliance

v

Monitor CD4, VL, clinical
progression and compliance

A

!

}

Drug failure as judged by a
high VL, or arise in VL, by a
decrease in CD4 counts or by
substantial clinical progression

Moderately sucessful therapy
as judged by low but detectable
VL 6 months after start or
change of therapy

Highly sucessful therapy
as judged by undetectable
VL within 6 months after
start or change of therapy

Consider resistance testing

v

Change therapy, excluding
drugs to which the virus is
resistant, exploit antagonistic
drug resistance mutations
Stress compliance

After change of therapy,
highly successful therapy
(= undetectable VL within 6
months) has not been reached

Maintain therapy

> Maintain most active therapy }_

Fig. 4. Algorithm for a possible strategy for managing HIV-1 drug resistance. Current recommendations to start or change anti-HIV
therapy based on viral load (VL), CD4+ cell count (CD4) or clinical progression are reviewed in Fauci et al.['% Failure of anti-HIV
therapy can be due to insufficient concentrations of active drug (e.g. poor compliance, poor drug absorption, cellular resistance),
drug intolerance or virus drug resistance.
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Thus, theoretically, changing therapy on the basigore viral load starts to rise. This is because sub-
of resistance testing in addition to virological, optimal therapies will in most cases result in drug-
immunological and clinical markers could antici- resistant virus. Viral load under HAART seems to
pate drug failure. The facts that resistance mutafollow a biphasic decline, with an initial rapid fall
tions have the tendency to appear in an orderedithin 2 to 4 weeks and a slower second phase
fashion with initial mutations often displaying re- declining to maximum suppression within 6
duced viral fitness, and that the level of phenotypicmonthsl193.2011|f yndetectable viral load cannot be
resistance and cross-resistance gradually increasesached within this period, changing antiviral ther-
with the number of mutations added, suggest thagpy, for example by adding a fourth drug, might be
genotypic resistance testing may be able to deteGiecessary to prevent the development of resistance
imminent drug failure earlier than phenotypic (fig. 4). To minimise residual replication in sanctu-
resistance testing or viral load monitoring. Early 5y sites such as the central nervous system (CNS),
switch of therapy, based on genotypic resistancg js recommended that at least 1 drug be included
development, could ensure a more prolonged befnat can gain access to the CNS, such as zidovudine

efit of ant_i-HIV therapy. It would incI_ude_resis- or stavudind2°2 Compliance should be stressed
tance testing every 3 months along with viral load, ¢ viral load, CD4+ cell counts and clinical pro-

measurement during patient follow-up, and wouldyesgjon should be monitored every 3 moffith.
only be feasible and affordable with fast, relatively = ¢ drug failure is imminent, as judged by a high

Fhe"’_‘p genotypi_c test; of which t_he ‘gold St":md"j‘rd'or rising viral load, by declining CD4+ cell counts
is still sequencing. Since changing therapy on th

) ; : r by substantial clinical progression, patients
basis of genotypic resistance data has never beesri‘]ould change to a new HAART combination. Since

evaluated, the decision to change therapy in ﬁgur%hanges in CD4+ counts and clinical progression
4 does not include resistance testing. Clinical stud- ight be delayed compared with changes in viral
!es to vaIiQate the use of genotypic resistance tes oad, and because of the scientific rationale for con-
ing to decide when to change therapy are urgemh{rolling virus replication, the decision to change
needed before we can recommend a change of ther- : .
apy based on genotypic testing therapy should be mainly based on viral load
' datall93] Theoretically, changing therapy as soon
as viral RNA becomes detectable should be bene-
ficial, considering the reduced virus fitness of

many initial drug-resistant mutants and the increas-

The delay and possibly prevention of viral resis-ing_ Ievels_ of cro;s—re_sistance when addition_al mu-
tance is entirely dependent on the power of antifations arise QUrmg virus recovery, as explained in
viral therapy to reduce or even block viral replica-S€ction 3 on fitness of resistant virus. Even though
tion. If therapy is initiated, based on viral load, @ Possible reversion to the more fit WT virus after
CD4+ cell counts and clinical progression (for & Very early change in therapy might not eliminate
guidelines see Fauci et@3)), the goal should be resistant proviral copies in quiescent lymphocytes,
to obtain a viral load that is undetectable with thethe new therapy would exert its selective pressure
most sensitive assay available. Resistance testingn replicating WT virus, avoiding the accumula-
may help in the initial choice of drugs (fig. 435!  tion of mutations which would result in virus cross-
For compliant drug-naive patients without pre-resistant to the previous and the changed therapy.
existing resistance mutations, HAART should be If resistance testing is proven to be predictive
able to keep the viral load at least temporarilyfor therapy failure, its use in patient follow-up in
below the detection limit93.2011For patients who the decision when to change therapy, implying the
started on suboptimal bi- or monotherapies, aneed to test every 3 months, might in the future
change to HAART might be considered even be-become an acceptable strategy for predicting ther-

7. Strategies for Managing
Drug Resistance
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apy failure and managing drug resistance. Preserand easier combinations with less opportunity for
recommendations recognise the need for an earlgesidual virus replication and better compliance.
change of therapy based on a detectable viral load, To stay a step ahead of resistance, new and more
but practical considerations may result in furtheractive PRO and RT inhibitors should be developed.
observation in patients with a detectable but lowSome of the new-generation NNRTIs, which re-
viral load[193] Resistance testing is, however, notquire multiple mutations in the viral RT to evoke
currently recommended in routine U8l In the  high-level resistance, might give anti-HIV treat-
absence of resistance testing, the new drug combment a new lease of 1if8%6-21% Drugs inhibiting
nation should exclude all previously experiencedother targets of the HIV replication cycle would
drugs. be most effective against current resistant strains,
Alternatively, resistance testing might permit and would probably allow more potent combina-
the re-use of drugs to which the virus is still sensition strategies. A particularly attractive new class
tive, especially when previous suboptimal thera-0f compounds is the bicyclams, which are targeted
pies limit the choice of agents (fig. 4). Resistancedt the chemokine receptor CXCR4 and inhibit
testing additionally gives the clinician the oppor- Virus-cell fusion?'t) Promising new targets such

tunity to exploit antagonistic drug resistance mu-aS Proviral DNA integration and HIV gene regula-
tations. tionl?12.213 should also be further explored and

exploited. Possibly, gene therapy approaches can

After a change of therapy, the goal for the new : .
combination is again to achieve undetectable virahe![ﬁ’zfg target infected cells, whether resistant or
ot!

load. In some drug-experienced patients, HAART"
may decrease viral load, but undetectable levels
may never be reached, even after a change of ther- 8- Conclusion
apy. In these cases, the most active HAART should

b intained (fia. 4) and patients should b HIV drug resistance is currently the major fac-
e maintained (fig. 4) and patients should be Caror responsible for antiviral drug failure in patients.

fully monitored, since the ongoing low-level HIV: 0 i 50rtant issues in managing resistance are
replication increases the likelihood of drug fail- gpon in table 11. With current HAART the selec-

153 . . .. . .
ureHs3! o tive pressure on the virus is increasing, with no
Recent findings suggest that even after 30

) evidence of virus eradication. Any residual repli-
months of HAART and undetectable viral load, c4tion will eventually result in resistant virus that

patient-derived lymphocytes that are actively pro-p55 accumulated multiple drug-resistant riiotes.
ducing virus can be cultured vitro.2932%1The T resistance problem will therefore grow worse
recovered virus did not contain resistance-relategf e do not develop treatment strategies that can
mutations, indicating that virus replication had in- gnticipate future resistance. The best strategy to
deed been greatly suppressed. Therefore, for lackrevent resistance is to achieve a maximal reduc-
of proof to the contrary, at present we must assumgon of virus replication by HAART and to change
that to survive HIV infection, patients will require therapy to a new highly active combination, if pos-
permanent HAART. Long-term treatment might sible, as soon as viral replication can be detected.
ultimately result in multidrug-resistant virus, leav-  Resistance testing can help us to make intelli-
ing few options for so-called ‘salvage therapy’. gent decisions instead of blind choices for HAART.
Therefore, the development of new drugs, activePossibly, imminent drug failure due to developing
against these resistant viruses, will remain an imresistance can be detected earlier with a genotypic
portant strategy for the management of drug resisassay able to detect minor resistance populations
tance. Additionally, new and more powerful drugsthan with phenotypic assays or viral load determi-
that elicit fewer adverse effects and have greatenations. However, to justify the utility of genotypic
access to sanctuary sites will allow more powerfulresistance testing for the decision on when to
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Table Il. Important issues in managing HIV drug resistance

HIV does not have a fixed genome but exists as a quasispecies. Because of the high replication rate, single mutants are produced daily
and resistant single mutants are readily selected under drug selective pressure

In many cases, resistant single mutants are less fit than WT virus in absence

of drug. Continuing drug selective pressure may give the

virus the opportunity to recover which can eventually result in virus that is as fit as or more fit than the WT virus
The longer the selective pressure with one drug, the higher the likelihood of cross-resistance to the other drugs of the same class (NRTI,

NNRTI or PI)

Resistance is delayed when multiple mutations are needed for high-level resistance and when virus replication is suppressed below a
threshold, reducing the genetic variability to such an extent that it takes longer for the virus to accumulate resistance mutations. Both

conditions are achieved in powerful combination therapies

Resistance will only be prevented when virus replication in the circulation, lymphoid tissues and sanctuary sites is completely suppressed.

Whether this is possible has still to be assessed

Delaying and possibly preventing drug resistance will require continuous HAART able to reduce viral load below the detection limit of the

most sensitive viral load assays. Compliance with the regimen is crucial

Drug failure due to resistance should be recognised as soon as possible. The faster the change in therapy after the emergence of
resistance, the higher the likelihood of reversion to the more fit WT virus and the lower the cross-resistance to other drugs

Drug choices should be intelligent, preferably based on resistance testing

Continuing efforts should be devoted to new drug development. New drugs are the only alternative for patients carrying multiple

drug-resistant viruses

HAART = highly active antiretroviral therapy; NRTI = nucleoside analogue reverse transcriptase inhibitors; NNRTI = non-nucleoside analogue

reverse transcriptase inhibitors; Pl = protease inhibitors; WT = wild-type.

change therapy, there is an urgent need for clinical 3-
studies specifically designed to measure the pre-
dictive value of specific virus drug resistance 4,
mutations. When these goals have been achieved,
cost-efficiency studies can further promote the use
of resistance testing. 5
The drugs currently available do not leameggh

treatment options for patients experiencing drug
failure under HAART. Unabated efforts in devel-
oping new drugs to fight resistant virus, including
those that are active at targets other than the HIV 7-
RT or PRO, will remain essential for the next de-
cade. 8.
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