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Human immunodeficiency virus type 1 (HIV-1) resistance to protease inhibitors (PI) is a major obstacle to
the full success of combined antiretroviral therapy. High-level resistance to these compounds is the conse-
quence of stepwise accumulation of amino acid substitutions in the HIV-1 protease (PR), following pathways
that usually differ from one inhibitor to another. The selective advantage conferred by resistance mutations
may depend upon several parameters: the impact of the mutation on virus infectivity in the presence or absence
of drug, the nature of the drug, and its local concentration. Because drug concentrations in vivo are subject to
extensive variation over time and display a markedly uneven tissue distribution, the parameters of selection for
HIV-1 resistance to PI in treated patients are complex and poorly understood. In this study, we have
reconstructed a large series of HIV-1 mutants that carry single or combined mutations in the PR, retracing the
accumulation pathways observed in ritonavir-, indinavir-, and saquinavir-treated patients. We have then
measured the phenotypic resistance and the drug-free infectivity of these mutant viruses. A deeper insight into
the evolutionary value of HIV-1 PR mutants came from a novel assay system designed to measure the
replicative advantage of mutant viruses as a function of drug concentration. By tracing the resultant fitness
profiles, we determined the range of drug concentrations for which mutant viruses displayed a replicative
advantage over the wild type and the extent of this advantage. Fitness profiles were fully consistent with the
order of accumulation of resistance mutations observed in treated patients and further emphasise the key

importance of local drug concentration in the patterns of selection of drug-resistant HIV-1 mutants.

Protease inhibitors (PIs) are widely used in the highly active
antiretroviral therapy regimens currently prescribed for the
treatment of human immunodeficiency virus type 1 (HIV-1)
infection. These compounds block the activity of the HIV
protease (PR) (1, 12, 17-19) and exert a profound inhibitory
effect on HIV infectivity in vitro and in vivo, yielding long-term
suppression of detectable HIV replication in treated patients
and spectacular stabilization of the evolution of HIV disease
(22, 24). However, when antiretroviral therapy fails to be fully
suppressive of HIV replication, viral variants with decreased
susceptibility to PIs can emerge (10, 20, 29, 31, 33, 37, 42, 45).
HIV-1 resistance to PIs is the result of the accumulation of
amino acid substitutions in HIV-1 PR, following a stepwise
process that leads to increasing levels of resistance (4, 9, 20,
33). Most of the residues involved in PI resistance are highly
conserved within the different clades of HIV-1 (3, 49). It is
therefore assumed that these residues are essential for optimal
PR function, ensuring optimal infectivity of HIV particles.
Correspondingly, it has been shown by several laboratories that
a number of HIV-1 mutants carrying PI resistance mutations,
whether selected in vitro or in treated patients failing PI ther-
apy, display significantly reduced infectivity, related to incom-
plete processing of the structural and enzymatically active pro-
teins of HIV by PR (5, 7, 11, 29, 32, 43, 51). Particular
substitutions or combinations of substitutions appear to exert
more profound enzymatic and virus replicative defects: this is
often the case for substitutions that are located within the
active site of the enzyme and are directly involved in inhibitor
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and substrate binding (20, 23, 30, 41, 43). Interestingly, the
enzymatic and replicative defects induced by such mutations
can be partially, or even in some instances completely, com-
pensated for by the emergence of secondary mutations located
outside of the substrate-binding region of the enzyme (5, 20,
27, 29, 35).

Virus resistance is usually calculated by measuring the con-
centration of drug that is required to inhibit 50% (ICs,) or
90% (1C,) of virus infectivity. For each virus variant, the level
of resistance is therefore calculated relative to its own infec-
tivity in drug-free conditions, regardless of whether this infec-
tivity is affected by the presence of resistance mutations. The
selection of any resistance mutation, however, is a function of
both its impact in terms of resistance, as expressed by the ICs,
and IC,, values for the virus, and its effect on virus infectivity
both in the presence and in the absence of inhibitors. In fact,
the probability of selection of any resistance mutation is a
function of the concentration of drug at the site of virus rep-
lication: at a low drug concentration, the selective pressure will
be insufficient to ensure the emergence of mutations that in-
duce high levels of resistance but may significantly reduce
drug-free virus infectivity, while at high drug concentrations,
the pressure will be to high for selection of mutations that
confer only low-level resistance. Therefore, each HIV variant
carrying one or several PI resistance mutations should be best
characterized by describing the range of drug concentrations
for which it is advantaged relative to its parent strain and the
extent of this selective advantage as a function of drug con-
centration.

In this study, we have examined the effect of single and
combined amino acid substitutions in HIV-1 PR both in terms
of resistance to PIs and in terms of drug-free infectivity of the
virus. These mutants are representative of the described path-
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ways of in vivo selection for HIV resistance to indinavir (IDV),
ritonavir (RTV), and saquinavir (SQV) (9, 31, 33, 42, 47),
three PIs often used in current antiretroviral regimens. Addi-
tionally, for each mutant we have determined the level of its
selective advantage relative to wild-type virus over a range of
drug concentrations, thus defining a unique and characteristic
“fitness profile.” The fitness profiles that were calculated for
viruses representing each of the mutational pathways studied
were fully consistent with the observations made in vivo re-
garding the order of appearance of the mutations in treated
patients. Therefore, we show that by integrating in vitro the
main parameters of the selection for drug resistance, drug-free
infectivity, resistance, and drug concentration, it is possible to
anticipate the pattern of accumulation of resistance mutations
in HIV-1 PR.

MATERIALS AND METHODS

Plasmid construction. To construct a convenient vector for site-directed mu-
tagenesis of HIV-1 PR, we cloned the fragment encompassing the entire PR
sequence of pNL-4.3XCS into pBlueScript-SKII+ (Stratagene), generating plas-
mid SK-PR. The HIV-1 proviral clone pNL-4.3XCS is a modification of the
molecular clone pNL-4.3 in which an Xbal site has been inserted immediately
upstream of the PR coding sequence together with a Clal site immediately
downstream (generating pNL-4.3CX) (38) and which carries a SnaB1 site in-
serted by silent mutagenesis at position 3872. The Quick-change site-directed
mutagenesis kit (Stratagene) was used to alter residues in the PR coding region
of SK-PR, using for each mutation a positive- and a negative-strand oligonucle-
otide, according to the manufacturer’s instructions. The mutated PR sequences
were used to replace the corresponding fragment of pNL-4.3XCS, generating
full-length mutant clones carrying typical RTV, IDV, and SQV resistance mu-
tations. Mutant clones contained single PR mutations or combinations of two,
three, and four mutations, retracing the accumulation pathways observed in
treated patients.

The positive-strand oligonucleotides used in the mutagenesis procedure were
as follows: L10-I+, 5'-CTCTTTGGCAGCGACCCATCGTCACAATAAAGA
TAG-3'; M36-I+, 5'-CAGTATTAGAAGAAATTAATTTGCCAGGAAGAT
GG-3'; M46-1+, 5'-GAAGATGGAAACCTAAGATAATAGGGGGAATTG-
3", G48-V+, 5'-CAAAACCAAAAATGATAGTGGGGATCGGAGGTTTTA
TCAAAC-3'; I54-V+, 5'-GAATTGGAGGTTTTGTCAAAGTGAGACAGTA
TGATCAG-3'; A71-V+, 5'-GAAATCTGCGGACATAAAGTTATAGGTAC
AGTATTAG-3"; V82-A+, 5'-GGACCTACACCTGCCAACATAATTGG-3';
and L90-M+, 5'-CAACATAATTGGAAGAAATCTCATGACTCAGATTGG
CTGCAC-3'.

Negative-strand oligonucleotide sequences were antiparallel to those of the
positive-strand oligonucleotides.

Cell cultures and PI resistance assay. HeLa cells and P4 cells (HeLa-CD4,
LTR-lacZ) (8) were cultivated in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum and antibiotics. P4 cells were cultured in the
presence of geneticin (500 wg/ml).

Subconfluent HeLa cells in 25-cm? flasks were transfected with 8 pg of HIV
proviral plasmid DNA by the calcium phosphate precipitation method. After
18 h, the transfected HeLa cells were trypsinized and split into 200-ul subcultures
in triplicate in 96-well plates in the presence of increasing concentrations of
protease inhibitor (0, 1, 5, 25, 125, 625, and 3,125 nM for RTV and IDV and 0,
0.064, 0.32, 1.6, 8, 40, 200, and 1,000 nM for SQV). After 30 h of treatment, viral
supernatants containing equivalent amounts of p24 antigen from each subculture
were used to infect subconfluent P4 cells cultures in 96-well plates in the pres-
ence of DEAE-dextran (20 pg/ml). The p24 concentration was measured for
PI-naive subcultures and extrapolated for treated subcultures originating from
the same transfection experiment. Forty hours after infection of P4 cells, the
single-cycle titer of viruses produced in the presence of the inhibitor was deter-
mined by quantification of the B-galactosidase activity in P4 lysates, using a
colorimetric assay (termed here the CPRG assay) based on the cleavage of
chlorophenolred-p-p-galactopyranoside (CPRG) by B-galactosidase (adapted
from Eustice et al. [21]). Briefly, following elimination of the supernatant, the P4
cells were lysed in 100 pl of lysis buffer (MgCl,, 5 mM; NP-40, 0.1% in phos-
phate-buffered saline). After incubation for 5 min at room temperature, 100 .l
of reaction buffer (CPRG [6 mM] in lysis buffer) was added to the cell lysates and
incubated for between 5 min and 2 h at 37°C. Optical densities in the reaction
wells were read at 570 nm with a reference filter set at 690 nm. The susceptibility
of the different viruses to PIs was expressed as the concentration of inhibitor that
inhibited 50 or 90% of infectious events (ICs, and ICy,, respectively). Fold
change in susceptibility to PI was calculated as the ratio of the ICy, values for
mutant viruses to the corresponding value for wild-type virus.

The 40-h infection time was adopted after careful assessment that the CPRG
signal corresponded to single-cycle infections. This was established by compar-
ison with the signal obtained when zidovudine was added 6 h after infection to
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prevent subsequent virus replication cycles. Expression and accumulation of
B-galactosidase in infected P4 cells requires several hours, and at 40 h the signal
increases linearly with the infectious titer.

Infectivity assays. The single-cycle titer of the recombinant viruses was mea-
sured on indicator P4 cells. Briefly, triplicate subconfluent P4 cells in 96-well
plates were infected with the equivalent of 5 and 10 ng of HIV-1 p24 of the
different viruses obtained by transfection of HeLa cells in the presence of 20 pg
of DEAE-dextran per ml. The infectious titer was measured using the CPRG
assay and expressed as a percentage of wild-type infectivity.

Fitness profile assay. To determine the replicative advantage of mutant viruses
as a function of PI concentration, we performed resistance assays as described
above, except that instead of calculating ICy, values, we calculated the ratio of
mutant to wild-type infectivity (in CPRG units) for each drug concentration and
for each mutant. The ratios were then interpolated as a continuous profile across
the range of different drug concentrations tested using Microsoft Excel. A min-
imum of three independent experiments were performed for each of the mu-
tants, and the curves shown in Fig. 3, 4, and 5 represent the averages of the values
obtained for each drug concentration. With the wild-type infectivity set as the
reference, the curve representing a mutant virus will be above the wild-type
reference line for drug concentrations at which the mutant displayed a replicative
advantage. The height of the peak is proportional to the extent of the replicative
advantage.

RESULTS

Effect of mutations in PR on resistance to PIs. A large series
of virus mutants were reconstructed in a variant of the pNL4-3
HIV-1 molecular clone according to the combinations of mu-
tations typically observed in patients treated with RTV, IDV,
or SQV (9, 31, 42, 47). We first determined the impact of
amino acid substitutions in the HIV-1 PR domain on resis-
tance to RTV, IDV, and SQV. For each mutant we calculated
the fold change in susceptibility to the inhibitors as the ratio of
their ICs, or IC,, values to those for wild-type virus. Mean fold
changes based on IC,, values for the different mutants are
reported in Fig. 1. None of the single mutants displayed a
significant increase in resistance to RTV except V82A, which
was slightly but reproducibly less sensitive than wild-type virus
(Fig. 1A). Combinations of two or more mutations were re-
quired to attain significant resistance, the level of which gen-
erally increased with the number of mutations, as expected.
However, some combinations of mutations clearly conferred
higher levels of resistance than others. This trend was con-
served when resistance based on ICs, values was compared
(not shown).

The same mutations in PR are usually observed in patients
treated with RTV and in those treated with IDV, but while the
accumulation of resistance mutations to RTV in vivo follows a
conserved pathway, most often starting with the substitution at
position 82 (33), evolution of resistance to IDV lacks such a
landmark (9, 10). Analysis of resistance to IDV for the same
series of mutant viruses showed that all single mutants were at
least as sensitive as wild-type virus to IDV (Fig. 1B), as previ-
ously reported (9, 10). Only one of the three double mutants
analyzed (mutant A71V-V82A) displayed a small but repro-
ducible increase in resistance. Significant resistance could be
observed only with the clone carrying four resistance muta-
tions. Overall, the fold changes in susceptibility measured with
IDV were lower than those obtained with RTV, indicating
particular constraints to the development of resistance to IDV.

Resistance to SQV is characterized by the appearance of
mutations G48V, L90M, and V82A, with the addition of mu-
tations, like L10I, proposed to compensate for the structural
modifications induced by primary changes. Different combina-
tions of these mutations were frequently observed in SQV-
treated patients except for mutations V82A and L90M, which
have been previously reported as often being mutually exclu-
sive. The reduced SQV susceptibility measured with different
PR mutants (Fig. 1C) justifies previous observations made in
treated patients and in in vitro virus cultures. The mutation
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FIG. 1. PI resistance conferred by mutations in HIV-1 PR. Resistance to PIs was calculated for each PR mutant on the basis of ICy, values as fold increase with
respect to wild-type (WT) NL-4.3 virus. Average values with standard deviation are shown for RTV (A), IDV (B), and SQV (C). Note that different scales are used

for different inhibitors.

G48V alone is sufficient for significant SQV resistance and was
found in all combinations of mutations that conferred high-
level resistance. This mutation is more frequently observed in
patients in whom virus exposure to SQV is high due to more
bioavailable formulations of the drug than in patients in whom
SQV pressure is lower and in whom HIV-1 often displays
L90M as a genetic marker of SQV resistance (6, 42, 46, 47, 50).
In our analysis, L90M conferred a small but reproducible in-
crease in SQV resistance. Viruses carrying both G48V and
L90M mutations were markedly resistant, and if the L10I sub-
stitution was added, the fold increase in resistance was the
highest observed in our study. Surprisingly, in the NL-4.3 back-
ground, the V82A substitution did not confer significant resis-
tance to SQV, and its addition to different combinations of
mutations did not augment the resistance level. Finally, in our
system, mutants carrying both V82A and L90M displayed even
higher sensitivity to SQV than wild-type virus. The resistance
levels measured with our assay are somewhat lower than those
obtained in systems based on multiple virus replication cycles
using primary virus isolates (33). Nonetheless, the high repro-
ducibility of our results allows accurate detection of small
differences between individual clones. Both the resistance im-
pact of the individual mutations described here and the finding
that resistance to PIs increases with the number of PR muta-
tions are in agreement with previous reports in which different
techniques and target cells were used (4, 9, 10, 26, 33, 36, 39).

Impact of resistance mutations on viral infectivity. We and
others have previously observed that viral variants carrying PI
resistance mutations display a variable reduction in drug-free
virus infectivity, often termed viral fitness (11, 29, 32, 43, 51).
Here we determined the impact of single and combined mu-
tations in the PR on drug-free virus infectivity, measured in a
highly reproducible single-cycle infectivity assay (7, 8, 30, 51).
For each of the mutants described above, we measured the
infectivity of viral particles produced in drug-free cultures as a
percentage of that of wild-type NL-4.3XCS virus. Most viral
clones carrying single RTV or IDV resistance mutations were
characterized by wild-type levels of infectivity (Fig. 2A). Inter-
estingly, mutants with two mutations could be as infectious as
wild-type virus (mutant A71V-V82A) or markedly impaired

(mutant 154V-V82A). The same was true for the different
combinations of three mutations. Wild-type infectivity was also
observed for the clone carrying four mutations. Comparison of
the infectivity of the different clones suggests that mutation
154V, which had no major impact on drug-free virus fitness
when expressed alone, markedly decreased the infectivity of
viral clones when other resistance mutations were present.
This effect seemed to be neutralized to some extent by the
addition of the substitution A71V.

The infectivities of viral clones carrying SQV resistance mu-
tations are shown in Fig. 2B. The G48V mutation associated
with high-level SQV resistance markedly affected viral infec-
tivity whether expressed alone or in combination with other
mutations. We previously described this phenomenon working
on viral clones carrying patient-derived viral PR alleles (51). In
line with the observations of other authors, the rare combina-
tion of V82A and L90M determined a marked reduction in
viral infectivity, which could be only partially rescued by the
compensatory mutation L10I. Addition of mutation L10I had a
similar effect on the infectivity of clones G48V-V82A and
G48V-L9OM.

Selective advantage as a function of drug concentration: the
fitness profiles. To determine the range of drug concentrations
for which each combination of mutations conferred a replica-
tive advantage and the extent of this advantage, we traced
fitness profiles for each of the mutants, representing the ratio
of infectivity (in CPRG units) with respect to wild-type virus in
variable drug concentrations (Fig. 3 and 4). From these com-
parisons, we could determine that mutation V82A conferred a
small but reproducible replicative advantage in the presence of
RTYV concentrations ranging from 20 to 400 nM (Fig. 3A). For
lower drug concentrations, this mutant displayed wild-type in-
fectivity, while for higher drug concentrations, both wild-type
and V82A mutant viruses were noninfectious. Again, none of
the other single mutants analyzed displayed a replicative ad-
vantage with respect to wild-type virus. Caution should be used
in interpreting minor differences in profiles at relatively high
drug concentrations, at which wild-type virus infectivity is close
to 0 CPRG units. Viruses carrying multiple mutations in the
PR generally showed significant differences from wild-type vi-
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FIG. 2. Resistance-associated loss of viral infectivity. Drug-free infectivity of PR mutants of the RTV/IDV series (A) and SQV series (B) is shown as a percentage
of wild-type (WT) NL-4.3 virus. Average values with standard deviation are illustrated.

rus (Fig. 3B; note the different scale with respect to Fig. 3A).
A marked replicative advantage was observed for mutant
A71V-V82A in the presence of drug concentrations of up to
1,000 nM. Mutant M46I-V82A replicated to a lower extent
than V71A-V82A in low drug concentrations, but it was infec-
tious even when produced in medium containing high concen-
tration of RTV. The two mutants carrying a combination of
three mutations in the PR gene had remarkably different phe-
notypes, showing that A71V was a more advantageous addition
to I54V-V82A than was M46l, in terms of both extent of
replication and range of inhibitor concentrations at which
some infectivity was preserved. The mutant virus carrying four
substitutions in the PR was characterized by a very high infec-
tivity titer over a wide range of RTV concentrations, confirm-
ing that high-level resistance to PIs relies on the accumulation
of several mutations.

Two main characteristics distinguished the curves describing
resistance to IDV for the same series of mutant viruses (Fig.
3C and D): lower peaks, indicating that mutations conferred a
smaller advantage with respect to RTV, and limitation of mu-
tant virus infectivity at low IDV concentrations. Both of these
findings reflect the difficulty that HIV-1 encounters in devel-
oping high-level resistance to IDV. Among the single mutants,
only A71V surfaced over the wild-type infectivity threshold,
while A71V-V82A seemed preferable to M461-V82A in terms
of both infectivity and range of IDV resistance, although lim-
ited to very low drug concentrations. As in the analysis per-
formed with RTV, mutant I154V-A71V-V82A showed signifi-
cant infectivity in the presence of IDV, and a marked
advantage could be determined for the mutant virus carrying
four mutations in the PR. The resistance-associated loss of
viral fitness seems to be a limiting factor and may be respon-
sible for the replicative disadvantage of virus M46I-154V-
V82A even in the presence of IDV.

Analysis of curves from SQV-resistant viruses (Fig. 4) clearly
showed the advantage conferred by mutation L90OM in low
drug concentrations and the requirement for G48V to resist

high concentrations of SQV. Less-expected features were the
remarkable level of infectivity of mutant L10I-G48V-L90M in
different SQV concentrations and the resistance of mutant
L10I-G48V-V82A to a wide range of inhibitor concentrations,
although for this virus the flat shape of the fitness profile
indicated only a limited advantage. The phenotype of mutant
L10I-G48V-L90M was even more impressive when compared
to the profiles of mutants carrying combinations of two of the
three mutations involved, which at the most showed a three-
fold advantage over wild-type virus. Finally, under no condi-
tion did mutants carrying both V82A and L90M present an
advantage, reflecting the rare observation of such a combina-
tion in SQV resistance pathways both in patients and in virus
culture.

Role of compensatory mutations in Gag. We and others
have previously reported that mutations in Gag cleavage sites
can partially restore the viral infectivity of an HIV-1 PR mu-
tant (16, 30, 52). In particular, we described an RTV-resistant
patient-derived virus that, besides developing PR mutations
154V and V82A (one of the combinations of mutations ana-
lyzed here), displayed a Gag cleavage site amino acid change
(A431V) associated with a significant rescue of drug-free in-
fectivity. Here we measured the impact of this Gag cleavage
site mutation on the reconstructed clone carrying the PR mu-
tations 154V and V82A in different RTV concentrations (Fig.
5). Mutant I54V-V82A failed to display significant replicative
advantage with respect to wild-type virus at any RTV concen-
tration (Fig. 4B and 5A), despite the relatively frequent detec-
tion of this combination of mutations in treated patients (47).
The addition of the A431V Gag mutation significantly in-
creased the infectivity of this mutant virus over a wide range of
RTV concentrations (Fig. 5A). Interestingly, in the presence of
variable IDV concentrations (Fig. 5B), the presence of the Gag
A431V substitution largely compensated for the resistance-
associated loss of viral fitness of mutant 154V-V82A, producing
a fitness profile similar to that of the wild type. Although this
clone does not display a replicative advantage over the wild
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FIG. 3. Fitness profiles: virus infectivity as a function of RTV and IDV concentration. Infectivity was measured for wild-type and PR mutant viruses in a range of
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high-level resistance to RTV reached by some mutant viruses.

type in the presence of IDV, it may represent a viable inter-
mediate for the subsequent accumulation of mutations in PR,
in agreement with the reported high frequency of Gag cleavage
site mutations in viruses from IDV-treated patients (52).

From these data, one can speculate that the emergence of
combinations of mutations that markedly decrease PR func-
tion and HIV fitness in treated patients may depend on the
presence of compensatory mutations in Gag.

DISCUSSION

When HIV-1 escapes PI therapy, viral replication under the
selective pressure of these compounds leads to the emergence
of amino acid substitutions that reduce inhibitor affinity for the
mutated PR and thereby promote resistance. The selection of
resistance mutations is a function of three main parameters: (i)
the frequency of their introduction in the viral genome during
replication; (ii) the concentration of inhibitor at the site of
selection; and (iii) the impact of the mutations on the enzy-
matic performance of PR and therefore on the replicative
fitness of the virus as a function of drug concentration. Here,
we will only consider the last two of these parameters and will
disregard the frequency of nucleotide misincorporation events
during viral DNA synthesis by reverse transcriptase (40). Thus,

we will assume that before introduction of therapy, the heter-
ogeneous population of HIV-1 quasispecies that is character-
istic of RNA viruses in vivo (15) potentially generates equal
proportions of any variant bearing a single PI resistance mu-
tation. All the amino acid substitutions analyzed here may be
generated by a single nucleotide change in the corresponding
codon.

Early stages of the selection for PI resistance. During the
process of selection for HIV drug resistance in vivo, each
mutant quasispecies confronts different conditions of compet-
itive growth relative to its parental wild-type counterpart and
relative to other mutants, in tissue compartments where the
concentration of inhibitor can vary. Resistance per se, as usu-
ally expressed by the 1C;, and/or IC,, values for a virus, merely
reflects the fraction of the viral replicative capacity that is
reduced by a particular concentration of drug, regardless of the
drug-free replicative capacity of the virus. On the other hand,
drug-free infectivity, often termed viral fitness, does not take
into account the selective advantage of a mutant in the pres-
ence of inhibitor. Here, we have devised a novel method of
evaluation of the selective value of HIV-1 variants carrying
mutations associated with resistance and viral escape to PlIs,
which is based on the assessment of the replicative advantage
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of the mutant relative to wild-type virus in the presence of
different concentrations of inhibitors. Although fitness was not
assessed using traditional growth competition experiments, the
rapid single-cycle infectivity assay used here was reproducible
and sensitive enough to allow fitness comparisons involving
multiple HIV-1 variants and multiple drug concentrations.
Using the separate methods of assessment of resistance and
infectivity, but more precisely using the novel fitness profiles
method, we found that when present as single mutations, most
of the amino acid substitutions that are part of the combina-
tions known to mediate HIV-1 resistance to PIs do not confer
any selective advantage to the virus, whatever the concentra-
tion of inhibitor. There are two notable exceptions: mutation
V82A, which appears to confer a reproducible selective advan-
tage in the presence of relatively low concentrations of RTV,
and mutation L90M, which confers significant selective advan-
tage in the presence of SQV. Interestingly, these two mutations
are consistently found to be the first to emerge during in vivo
HIV-1 escape to RTV and SQV therapy, respectively (6, 33).
As for mutant G48V, for which the traditional evaluation of
resistance by IC,, measurement revealed a significant level of
resistance, it did not appear to be significantly advantaged even
under strong SQV pressure in the absence of an accessory
mutation such as L101I. This finding must relate to the fact that
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mutant G48V consistently displays a marked reduction in
drug-free replicative capacity, which is likely to prevent its
efficient selection in spite of significant resistance. Regarding
resistance to IDV, the multiple genetic pathways leading to
resistance to this drug in treated patients consistently involve
mutations at position 46 and/or 82, with further accumulation
of substitutions at position 71 and/or 54, among others (9, 52).
Such disordered development of resistance is fully justified by
the lack of selective advantage for any of the single mutants
analyzed here (Fig. 3C).

Evolution toward higher levels of resistance. The gradual
accumulation of resistance mutations resulted in a notable
increase in the extent and the range of the selective advantage
displayed by the corresponding viruses. In the presence of
RTV, we found that variants carrying combinations of A71V
with V82A among other mutations were clearly the most effi-
cient viruses, with the maximal advantage obtained for the
mutant carrying all four of the tested substitutions in combi-
nation. This mutant, which appeared as fit as wild-type virus
when tested in drug-free conditions, was considerably more
efficient than wild-type virus and than viruses carrying fewer
mutations over a wider range of both RTV and IDV concen-
trations. It has to be emphasized that although the same sub-
stitutions have been described in viruses escaping IDV or RTV
therapy, resistance to RTV, whether expressed as traditional
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ICy, values or by the viral fitness profile, was always markedly
more pronounced than resistance to IDV. In the presence of
SQV, the most favorable combination associated mutations
L10I, G48V, and L90M, a combination that is often observed
in viruses escaping SQV in vivo. Similar to what was seen with
RTV, this “optimal” combination markedly outperformed the
other mutants both in the extent of the replicative performance
and in the range of drug concentrations over which this advan-
tage could be perceived. Overall, our findings explain why the
selection for resistance to PIs is a gradual process, with only a
marginal advantage conferred by the first mutations selected.
Unlike mutations that mediate resistance to other compounds,
such as lamivudine (3TC) and nonnucleosidic reverse tran-
scriptase inhibitors, single mutations in PR are unable to lead
to rapid outgrowth of resistant virus selected from quasispecies
present even before therapy. Resistance to PIs can only be
detected following the accumulation of two or more mutations,
leading to a gradual increase in the range and extent of the
replicative advantage. Because this process requires that HIV-
1 continue to replicate in the presence of treatment, it is crucial
that treatment with PIs achieve nearly complete suppression of
viral replication in order to avoid the emergence of resistance.
Importance of drug levels for the development of resistance.
In individuals receiving antiretroviral therapy, the concentra-
tion of drug in peripheral blood can vary greatly over time
during a single day, the result of discontinuous oral drug intake
by patients and of more or less rapid drug inactivation by the
natural clearance systems of the body (28, 34, 44). Drug con-
centrations are also presumed to vary widely from one ana-
tomical compartment to another, with some compartments
often considered possible sanctuaries for virus replication in
spite of therapy (2, 13, 48). Virus variants bearing one partic-
ular mutation will therefore encounter different conditions of
drug selective pressure within an infected individual. Upon
analysis of the fitness profile of any given mutant, it is easy to
determine which conditions of drug concentration will allow its
emergence in competition with its parental wild-type counter-
part. Therefore, even if these conditions are met only at certain
periods or within particular anatomical compartments, one can
envision that selection will follow successive fitness leaps de-
pending on the virus phenotype and on its environment. In this
respect, it is striking to observe that in some treated patients
escaping a first line of therapy with a PI, resistance mutations
do not appear to accumulate in spite of a high level of virus
replication, as reflected by high amounts of virus in plasma (14,
25). In these patients, we propose that during peaks of high
drug concentration or within compartments where drug con-
centration is high, the fitness of single PR mutants is insuffi-
cient to allow their initial selection, accounting for the subse-
quent accumulation of mutations. On the other hand, during
troughs of low drug concentration or in compartments poorly
permeated by the drug, the mutants are outgrown by wild-type
virus, ensuring high viral load. It is remarkable that this phe-
nomenon appears to have been described mostly in patients
treated with IDV, a drug for which we clearly show here the
fitness margin for selection of resistant mutants is strikingly
narrower than for RTV and SQV. Overall, we believe that the
examination of virus behavior using the fitness profile method
will allow further understanding of the mechanisms of selec-
tion of HIV-1 drug resistance and may prove useful for the
management of antiretroviral therapy in HIV-infected patients.
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