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Previous data have indicated that the development of resistance to amprenavir, an inhibitor of the human
immunodeficiency virus type 1 protease, is associated with the substitution of valine for isoleucine at residue
50 (I50V) in the viral protease. We present further findings from retrospective genotypic and phenotypic
analyses of plasma samples from protease inhibitor-naïve and nucleoside reverse transcriptase inhibitor
(NRTI)-experienced patients who experienced virological failure while participating in a clinical trial where
they had been randomized to receive either amprenavir or indinavir in combination with NRTIs. Paired
baseline and on-therapy isolates from 31 of 48 (65%) amprenavir-treated patients analyzed demonstrated the
selection of protease mutations. These mutations fell into four distinct categories, characterized by the
presence of either I50V, I54L/I54M, I84V, or V32I�I47V and often included accessory mutations, commonly
M46I/L. The I50V and I84V genotypes displayed the greatest reductions in susceptibility to amprenavir,
although each of the amprenavir-selected genotypes conferred little or no cross-resistance to other protease
inhibitors. There was a significant association, for both amprenavir and indinavir, between preexisting
baseline resistance to NRTIs subsequently received during the study and development of protease mutations
(P � 0.014 and P � 0.031, respectively). Our data provide a comprehensive analysis of the mechanisms by
which amprenavir resistance develops during clinical use and present evidence that resistance to concomitant
agents in the treatment regimen predisposes to the development of mutations associated with protease
inhibitor resistance and treatment failure.

There are currently six protease inhibitors (PIs) approved
for the treatment of human immunodeficiency virus type 1
(HIV-1) infection: saquinavir (SQV), ritonavir (RTV), indina-
vir (IDV), nelfinavir (NFV), amprenavir (APV), and lopinavir
(LPV). Reduced susceptibility to each of these antiretroviral
agents can arise, both in vitro and in vivo, following selection
and outgrowth of viral mutant strains and is associated with
specific amino acid substitutions in the viral protease (1, 3).
Additional compensatory mutations may also be selected in
the protease substrate Gag cleavage sites (8, 35).

APV, a novel hydroxyethylamine sulfonamide, is a potent
and selective inhibitor of HIV-1 and HIV-2 proteases, with Ki

of 0.6 and 19 nM, respectively (13). In vitro selection experi-
ments in which virus was passaged in increasing concentrations
of APV, identified an isoleucine-to-valine substitution at pro-
tease position 50 (I50V) as a key marker of resistance devel-
opment to this protease inhibitor (21, 23, 31). The I50V mu-
tation alone confers a two- to three-fold decrease in

susceptibility compared to the wild-type virus (21, 23, 31). In
the presence of other protease mutations, especially M46I/L
and I47V, reduction in susceptibility to APV can increase to
greater than 10-fold (21, 31). Protease substitutions L10F and
I84V have been observed much more rarely in vitro (21). The
eventual replacement of I84V by I50V during continued in
vitro selection suggests that the latter genotype is more viable
in the presence of the inhibitor at concentrations achieved
during these experiments. Limited clinical data derived pre-
dominantly from patients receiving APV monotherapy (6, 20)
have confirmed the role of the I50V protease mutation in the
evolution of reduced viral susceptibility to this agent.

Data from some earlier studies have indicated that the re-
sistance and cross-resistance profiles of APV appear to be
distinct from those seen with other protease inhibitors (21, 31,
32). For example, the viral genotypes selected by APV in vitro
confer minimal cross-resistance to other protease inhibitors,
but cross-resistance, when it does occur, is confined to RTV.
Indeed, the induction of increased sensitivity to SQV and IDV
has been observed in some viral variants selected by APV in
vitro (31). In other studies, clinical isolates which have been
selected in vivo by protease inhibitors other than APV and that
are resistant to one or more drugs in this class, frequently
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retain susceptibility to APV (24, 29). Increased sensitivity to
APV induced by the protease substitution N88S, which is as-
sociated with prior IDV or NFV therapy, has also been ob-
served in clinical isolates, and this effect has been confirmed by
site-directed mutagenesis studies (36).

The primary objective of the current study was to explore
and describe the evolution of viral genotypes and phenotypes
in patients who have experienced virological failure on an
APV-containing antiretroviral regimen. In order to accomplish
this, a retrospective virological analysis was performed on
plasma samples obtained from previously PI-naïve patients
who experienced virological failure while receiving APV and
nucleoside reverse transcriptase inhibitor (NRTI) combination
therapy during a phase III clinical trial, PROAB3006. This
open label study, comparing IDV to APV in PI-naïve, NRTI-
experienced patients has generated the largest body of data
thus far relating to the development of resistance to APV in
the clinical setting. In vivo evolution of viral resistance to
indinavir has been explored extensively and reported in previ-
ous studies (4, 5, 35) and is therefore not discussed in detail
here.

The present study describes the distinct viral genotypes that
evolved in response to APV exposure during clinical use, the
impact of these genotypes on susceptibility to APV, and their
impact on susceptibility to other PIs. In addition, it highlights
the influence of baseline viral susceptibility to concomitantly
administered NRTIs on subsequent viral protease evolution.
These findings have important general implications for combi-
nation antiretroviral therapy that includes a PI.

MATERIALS AND METHODS

Study population. A total of 504 patients were enrolled into study
PROAB3006. All were NRTI experienced and PI naïve at entry and were
randomized to receive either APV (1,200 mg twice daily) or IDV (800 mg three
times daily) plus background NRTI therapy for 48 weeks in an open-label study
design.

The study population comprised patients who were selected on the basis of
experiencing virological failure by week 48 of the study. Patients identified as
experiencing virological failure by week 48 either had plasma HIV-1 RNA levels
of �400 copies/ml (at two consecutive time points at week 8 or beyond or at the
last time point within the randomized phase) or had prematurely discontinued
the randomized phase prior to week 48 due to virological failure. Patients who
discontinued the randomized phase for reasons other than virological failure
(e.g., adverse experience, lost to follow-up, etc.) were not included. Paired
baseline and postvirological failure samples from 48 APV-treated and 28 IDV-
treated patients were analyzed.

Genotypic and phenotypic analysis for protease (PRO), 3� gag terminus (CS),
and reverse transcriptase (RT) was attempted for samples taken from this pop-
ulation at baseline and, where possible, postbaseline (weeks 8, 12, 16, 24, 32, and
48). However, where plasma viral RNA was insufficiently high (particularly
�1,000 copies/ml), analysis was not always possible.

In addition to the samples from the patients who experienced virological
failure, pretreatment samples from all patients who participated in the study
were subjected to phenotypic analysis, wherever possible.

Viral RNA extraction and nested RT-PCR. Plasma viral RNA was extracted
using reagents provided with the Amplicor HIV-1 Monitor test kit (19) (Roche
Diagnostics). Two nested RT-PCRs were performed to reverse transcribe and
amplify protease (PRO)/3� gag terminus (CS) and RT (amino acids 15 to 418).
SuperScript II (Life Technologies) and Taq polymerase (PE Applied Biosys-
tems) were used for reverse transcription and amplification, respectively, by a
method outlined previously (15).

Population sequencing. The nucleotide sequence of amplified cDNA products
was determined using the Applied Biosystems Inc. PRISM BigDye kit, and
reaction products were resolved by electrophoresis on a 4.5% polyacrylamide gel
(30% [wt/vol] acrylamide/Bis solution, 29:1; Gibco BRL) with the Applied Bio-
systems 377 sequencer. Sequences processed by FACTURA were then aligned,
analyzed, and compared to consensus B sequences (Los Alamos database) by
using the Sequence Navigator program.

Clonal sequencing. The TOPO cloning kit (Invitrogen Inc.) was used to insert
the viral protease/3� gag into the plasmid vector pCRII. Escherichia coli TOP10F�

cells were transformed with the resulting ligation products. Following overnight
growth on agar plates overlaid with X-Gal (5-bromo-4-chloro-3-indolyl-�-D-ga-
lactopyranoside; Sigma), 10 white colonies from each transformation were se-
quenced as described above.

Drug susceptibility phenotype. Drug susceptibility phenotypes for a panel of
12 anti-HIV drugs (zidovudine, lamivudine, abacavir, stavudine, didanosine,
zalcitabine, nevirapine, APV, IDV, RTV, NFV, and SQV) were determined for
baseline isolates by Virco NV (Mechelen, Belgium) using the recombinant virus
assay (RVA) (11). Drug susceptibilities for the chimeric viruses produced by
homologous recombination were determined using a colorimetric cytopathic
effect protection assay (22). Susceptibility to all the test drugs of a wild-type IIIB
virus was determined in parallel. The 50% inhibitory concentrations (IC50s) of
the test virus and IIIB control virus were determined for each drug. A ratio, the
fold reduction (FR) in susceptibility relative to the control (IC50 of test virus/IC50

of IIIB control), was calculated for each of the 12 drugs for each viral isolate. For
the purposes of this study, a value greater than 10-fold was considered significant
for nevirapine and lamivudine, while greater than 4-fold was considered signif-
icant for all other drugs. LPV susceptibility for viral isolates derived from pa-
tients experiencing APV therapy failure during the study was also evaluated
(LPV was unavailable at study commencement; therefore, baseline isolate LPV
susceptibility data were not available).

Site-directed mutagenesis. A panel of 28 mutant viruses was generated by
site-directed mutagenesis of an HXB2 clone using the QuikChange kit (Strat-
agene) in conjunction with custom-synthesized oligonucleotides. Mutant virus
APV susceptibility was evaluated by an RVA. The method and construct used
have been detailed previously (25).

Statistical analysis. Fisher’s Exact tests were performed. All data manipula-
tion, tabulations, and calculations were performed using the SAS 6.12 system
(SAS Institute, Cary, N.C.) under UNIX. A test was interpreted to be statistically
significant if the P value was �0.05.

RESULTS

Phenotypic susceptibility of isolates from PI-naïve patients
to APV and other PIs. A large volume of PI susceptibility data
was generated for pretreatment (i.e., PI-naïve) isolates from
patients participating in the PROAB3006 study, and although
some of the data were not required for the purposes of the
specific analyses which are the focus of this report, these data
are summarized here for completeness. Table 1 shows the
mean, standard deviation, median, minimum, and maximum

TABLE 1. PI susceptibility of isolates from PI-naïve patients

Parameter
Drug IC50 (�M)

APV (n � 334) IDV (n � 332) NFV (n � 334) RTV (n � 324) SQV (n � 334)

Mean (� SD) 0.029 � 0.025 0.043 � 0.037 0.061 � 0.069 0.067 � 0.055 0.0065 � 0.004
Median 0.020 0.038 0.045 0.060 0.005
Maximum 0.204 0.374 0.574 0.478 0.032
Minimum 0.002 0.0014 0.0012 0.0025 0.0006
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IC50s of all pretreatment isolates (n � 334) from patients with
available data for APV, IDV, NFV, RTV, and SQV.

Association between baseline NRTI susceptibility and devel-
opment of protease mutations. Patients and investigators had
been encouraged to change background NRTIs at the start of
the study, but retrospective analysis revealed that many pa-
tients had either not switched or had switched to an alternative
NRTI to which they had previously developed resistance.

Paired baseline and postvirological failure protease geno-
typic data were available for 48 APV-treated and 28 IDV-
treated patients, of whom 31 out of 48 (65%) and 15 out of 28
(54%) harbored virus that developed protease mutations dur-
ing treatment with APV or IDV, respectively. Evidence of
baseline genotypic mutations associated with resistance to one
or more of the NRTIs subsequently received in the study was
present in 44 out of 48 (92%) and 25 out of 28 (89%) APV-
and IDV-treated patients, respectively (data not shown).

Evidence of decreased susceptibility (�4 FR) at baseline to
NRTIs administered subsequently during the study was shown
to be significantly associated with an increased likelihood of
the development of viral protease mutations in both treatment
groups. Among the viruses from 41 out of 48 patients in the
APV-treated group with available baseline NRTI phenotypic
data, 21 of 28 (75%) that developed a protease mutation had
evidence of resistance to an NRTI received during the study,
compared to 4 of 13 (31%) that did not develop a protease
mutation (Fisher’s P value � 0.014). Similarly, for the 20 out of
28 IDV-treated patients with available baseline NRTI suscep-

tibility data, 12 of 13 (92%) that developed a protease muta-
tion had evidence of resistance to an NRTI subsequently re-
ceived during the study, compared with 3 of 7 (43%) that did
not develop a protease mutation (Fisher’s P value � 0.031).

Pathways of viral protease evolution in response to APV
therapy. Four distinct genetic pathways of viral protease evo-
lution producing a reduction in susceptibility to APV were
identified among the isolates from 25 of the 48 patients who
experienced APV/NRTI combination therapy failure and from
whom paired baseline and postvirological failure genotypic and
phenotypic data were obtained. These data are presented in
Table 2, in which patients are grouped according to which of
the four APV-selected viral genotypes were detected. Three of
the four pathways were characterized by the selection of single
protease amino acid changes at positions 50 (I50V), 54 (I54L
or I54M), or, more rarely, 84 (I84V), respectively. The fourth
pathway was characterized by an APV-selected viral genotype
which harbored a double protease substitution at residues 32
and 47 (V32I�I47V). Additional concomitant amino acid
changes, especially at M46 in protease and at p7/p1 (A431V)
and p1/p6 (L449F) in Gag, were also observed. Sequential
isolates from 2 of the 25 patients displayed one of these geno-
types at a particular time point and a different one at a subse-
quent time point (Table 2, asterisks).

Isolates from the remaining 23 of the 48 patients displayed
either no genotypic changes in protease (n � 17) or developed
M46I/L protease mutations in the absence of amino acid
changes at positions characteristic of any of the four pathways

TABLE 2. Summary of amino acid changes in viral protease and Gag amino acid positions A431 and L449 (p7/p1 and p1/p6 cleavage sites,
respectively) selected by APV therapy and the impact of these genotypes on susceptibility to a panel of six PIsa

Patient
no. Visit/week

APV-selected mutations in protease Gag A431/
L449

Phenotypic susceptibility (FR)

Key Other APV IDV NFV RTV SQV LPV

1 16 I50I/V ND ND 16.00 0.40 1.40 5.00 0.90 2.40
2 48 I50V M46I, A71A/V ND NA NA NA NA NA NA
3 48 I50V M46I, V82I L449F NA NA NA NA NA NA
4 36 I50V C67W L449F 5.90 1.00 3.30 3.80 1.00 2.90
5 48 I50V V82I L449F 9.60 0.50 1.40 8.30 0.80 2.00
6� 36 I50V M46I, L63R L449F 5.90 1.00 2.10 1.30 0.30 3.40
7 48 I50V M46I L449F 5.00 2.00 3.70 3.60 0.50 5.70
8 48 I50V M46I, A71A/V ND 5.30 1.30 1.00 2.50 1.30 4.00
9 48 I50V M46L ND 3.30 0.30 0.70 1.50 0.20 0.90
6� 24 V32I, I47V ND ND 2.60 1.00 1.10 0.70 0.60 2.90
10 24 V32I, I47V ND ND 5.40 1.50 2.30 1.80 0.50 2.80
11 48 V32I, I47V L10I, M46I ND NA 1.40 1.10 0.50 0.10 0.40
12 24 V32I, I47V ND ND 7.00 1.20 2.00 2.00 0.40 4.50
13 48 V32I, I47V ND ND NA NA NA NA NA NA
14 48 V32V/I, I47V L10F, M46M/L/I A431A/V 3.60 3.10 2.10 4.80 0.40 6.60
15�� 24 V32I, I47V ND ND 5.90 0.30 3.20 4.40 0.60 0.80
15�� 16 I54L ND ND NA NA NA NA NA NA
16 24 I54M ND ND 4.90 0.60 2.10 0.80 0.60 0.80
17 48 I54L L33F ND 7.60 2.10 5.90 1.80 0.70 1.80
18 48 I54L M46M/L ND 0.70 0.60 0.50 0.70 1.20 0.70
19 48 I54M ND ND 4.00 0.50 2.40 0.90 0.70 1.20
20 48 I54L M46L ND 2.00 1.70 6.20 2.00 0.90 1.80
21 48 I54M ND ND 3.40 0.80 2.30 2.60 0.80 1.40
22 48 I54I/M M46I ND 2.00 1.70 1.50 3.90 0.30 0.90
23 48 I54L M46L ND NA NA NA NA NA NA
24 48 I84V M46L, L63A A431V 4.50 1.00 0.80 1.60 0.90 4.50
25 48 I84V K55R A431V 10.30 1.10 1.30 4.60 0.60 3.20

a FR, fold reduction in susceptibility relative to reference virus. �, V32I�I47V was subsequently displaced by I50V -containing genotype; ��, I54L genotype
subsequently displaced by V32I�I47V-containing genotype; ND, none detected; NA, not available.
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listed above (n � 6). Since these isolates displayed no reduc-
tion in phenotypic susceptibility, they will not be discussed
further.

The I50V protease substitution developed in nine isolates.
The most frequent protease mutation observed in the presence
of the I50V was M46I/L (detected in six isolates harboring
I50V). There was an association between the emergence of the
I50V mutation and the concurrent/subsequent emergence of
the p1/p6 L449F mutation in Gag; five of nine viral isolates that
developed the I50V developed this mutation.

In seven viral isolates, a V32I�I47V double protease amino
acid substitution was selected in response to APV. An addi-
tional M46I mutation was present in two isolates (patients 11
and 14). Two isolates bearing V32I�I47V (patients 6 and 15)
also displayed evidence of evolution of other APV-associated
genotypes during the course of APV exposure. In one isolate
(patient 15), an I54L that had emerged in the week 16 sample,
was displaced by a V32I�I47V viral genotype at week 24.
Isolates from patient 6 displayed a distinctive pattern of viral
evolution in which successive displacement of viral genotypes
was observed. Clonal sequencing (10 clones per PCR product)
of the viral protease RT-PCR products from patient 6 (Fig. 1)
revealed the early emergence of the I47V, and its subsequent
decline as the V32I�I47V genotype emerged to become the
dominant genotype in the week 24 isolate. However, following
continued APV therapy, the V32I�I47V genotype was dis-
placed by an I50V-containing viral variant and was undetect-
able in the week 36 sample. Despite extensive clonal analysis of
multiple samples from patient 6, the coexistence of V32I�
I47V and I50V on the same genome was not observed.

Changes at viral protease amino acid position 54 involving
either I54L or I54M substitutions were detected in nine viral
isolates. The I54V substitution was not detected in any of the
viral isolates derived from the 48 APV-treated patients de-
scribed in this study. The consecutive appearance and displace-
ment of I54L by V32I�I47V protease genotypes observed in
patient 15 was described above. Four of the nine viral isolates
that developed I54L/I54M protease mutations also developed

M46L/I substitutions and a fifth concomitantly developed an
L33F substitution, while the remaining four viral isolates de-
veloped I54L or I54/M without concomitant changes at other
positions in protease.

Two patients harbored virus that developed the I84V pro-
tease substitution during the course of APV treatment. One
isolate also carried an M46L substitution in the protease, and
both carried p7/p1 A431V substitutions in Gag.

Impact of APV-selected genotypes on susceptibility to APV.
All four genotypes selected by APV in this study were also
associated with decreased susceptibility to APV (Table 2).
However, the degree of reduction in susceptibility conferred by
each of the four genotypes varied (I50V: FR range, 3.3 to 16,
and mean, 7.3; V32I�I47V: FR range, 2.6 to 7.0, and mean,
4.9; I54L and I54M: FR range, 0.7 to 7.6, and mean, 3.5). The
two I84V-containing isolates exhibited reductions in APV sus-
ceptibility, of 4.5- and 10.3-fold, respectively. One of the I50V
genotypes displayed a greater reduction in susceptibility to
APV than may have been expected from the genotype (patient
1, 16 FR), which appeared to have no other changes in either
PRO or CS. This observation cannot be easily explained, al-
though it is possible that a minority population carrying addi-
tional changes that were not detected in the genotyping was
selected in the generation of the recombinant virus from which
the phenotype data were produced.

Impact of APV-selected genotypes on susceptibility to other
PIs. The APV-associated genotypes described above were as-
sociated with minimal cross-resistance to other PIs. The mean
fold susceptibility decreases to IDV, NFV, RTV, SQV, and
LPV were calculated for each of the APV-resistance genotypes
and are shown in Fig. 2. All tested isolates exhibited �4-fold
susceptibility shifts for IDV and SQV. Just two isolates dis-
played decreases in susceptibility to NFV (patients 17 and 20,
5.9- and 6.2-fold, respectively), and both of these harbored
I54L mutations. Evidence of low-level cross-resistance to RTV
was seen in 5 out of 22 isolates for which data were available,
with a maximum reduction in susceptibility of 8.3-fold. Low-

FIG. 1. Viral protease evolution in patient 6 in response to APV therapy examined by clonal sequencing (10 clones per isolate). Also shown
is the displacement of V32I�I47V genotypes by I50V-containing genotypes.
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level (maximum 6.6-fold [patient 14]) cross-resistance to LPV
was also observed in 5 out of 22 isolates.

Impact of specific protease mutations on APV susceptibility.
To further elucidate the specific contribution of individual
mutations and combinations of mutations, including those se-
lected by APV or other PIs in clinical use, a panel of 28 mutant
viruses was generated by site-directed mutagenesis and the
impact on susceptibility to APV was determined. APV suscep-
tibilities for each of the 28 viruses varied widely (Fig. 3), but a
pattern of increasing APV resistance was associated with the
presence of protease mutations selected by APV therapy. All
seven viruses displaying a �4-fold APV susceptibility decrease
harbored either I54L, I54M, V32I�I47V, or I50V. Accessory
mutations clearly play a role in augmenting APV resistance
when present with these key mutations, as could be seen by the

effect of adding the M46I mutation into an I50V-containing
genetic background where the I50V�M46I virus displayed a
more than four times greater reduction in APV susceptibility
than the virus bearing I50V alone. Viruses harboring protease
mutations associated with reduced susceptibility to other PIs,
such as those with V82A, I54V, and L90M, remained fully
susceptible to APV.

The V82I protease substitution emerged in two patient iso-
lates (patients 3 and 5), both of which also developed I50V
substitutions. Site-directed mutagenesis converting the isoleu-
cine codon back to valine at position 82 and subsequent APV
susceptibility determination for the patient 3 viral isolate failed
to demonstrate an effect on APV susceptibility when compared
to the same virus carrying V82I in an identical genetic back-
ground.

FIG. 2. Impact on PI susceptibility engendered by each of the four protease genotypic pathways selected by APV. Values given are the mean
fold susceptibility decreases relative to that of HXB2 control for isolates for which data were available.

FIG. 3. APV fold susceptibility change (relative to HXB2 control) for the panel of site-directed mutants of HIV-1 strain HXB2.
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DISCUSSION

Amprenavir/NRTI combination therapy can result in the
selection of one of four alternative viral protease genotypes
characterized by the presence of either I50V, I54L or I54M,
V32I�I47V, or rarely, I84V. Viral susceptibility data pre-
sented here for both clinical isolates and site-directed mutant
viruses have confirmed the role of these mutations in reduction
of APV susceptibility. However, clinical isolates resistant to
APV exhibited infrequent cross-resistance to other PIs. A
noteworthy finding of this study was the observed role of re-
sistance to coadministered NRTIs in the subsequent develop-
ment of protease mutations.

A higher frequency of protease mutation development has
been detected in this study of PI-naïve/NRTI-experienced
patients when compared to antiretroviral therapy-naïve pa-
tients initiating combination regimens including APV (study
PROA3001; unpublished data) or IDV (7, 10, 17) where RT
mutations, especially the lamivudine-associated M184V muta-
tion, predominated in patients experiencing virological failure.
The variable baseline susceptibility to NRTIs subsequently re-
ceived during the study described here may have led to differ-
ential regimen potency and the possibility of a more rapid viral
evolution in patients where the NRTIs were exerting a subop-
timal antiviral effect. A statistically significant correlation be-
tween evidence of reduced baseline susceptibility to NRTIs
subsequently coadministered with the PIs during the study and
an increased likelihood of development of key PI mutations
were identified for both the APV- and IDV-treated patient
groups. This finding emphasizes the importance of ensuring
that the virus is susceptible to as many components of the
regimen as possible in order to achieve maximal suppression of
viral replication and minimize the opportunity for the accumu-
lation of additional mutations.

A previous study has reported a correlation between the rate
of evolution of protease mutations and plasma trough concen-
trations in patients receiving RTV where higher RTV levels in
plasma were associated with slower viral evolution (18). Selec-
tion of a maximally suppressive regimen may be aided by the
use of resistance testing at the time of therapy switch and by
including, in subsequent regimens, agents from a class to which
the patient has not been previously exposed or for which the
development of resistance or cross-resistance is distinguishable
from that of other agents (12). There have been major ad-
vances in the standard of care for HIV-1-infected patients
since the initiation of this clinical trial. A greater understand-
ing of viral resistance and cross-resistance within the NRTI
class of antiretroviral agents and recent widespread adoption
of coadministration of low-dose RTV to enhance plasma APV
levels are two factors which could be expected to improve
virological response in this patient population.

The profile of mutations selected by APV is different from
that observed for other PIs. Four PRO genotypes, character-
ized by the presence of substitutions I50V, I54L or I54M,
V32I�I47V, or I84V, developed in APV/NRTI-treated pa-
tients who experienced virological failure in this study. Each of
these key mutations were usually accompanied by one or more
accessory mutations, most commonly M46I/L. Although I50V-
bearing viral variants were generally more resistant to APV
than variants harboring any one of the other three genotypes,

all four groups of amino acid substitutions were found to be
associated with reduced susceptibility to this agent.

Owing to recommended treatment strategies, evidence of
virological failure resulted in a change in the antiretroviral
regimen received by the patients described in this study. In
most cases, discontinuation of APV occurred soon after viro-
logical failure, thereby precluding any assessment of further
viral evolution in the presence of APV. However, in a small
number of patients (n � 14), the APV-containing regimen was
not changed for some time (range, 4 to 56 weeks) after viro-
logical failure, and further viral evolution was monitored. In 10
of 14 cases, the key APV-selected mutations initially identified
(I50V, n � 4; I54L/I54M, n � 3; V32I�I47V, n � 1; I84V, n
� 2) were retained and additional accessory mutations
(M46I/L, L33F), if not already present, were acquired. More
marked evolution of viral protease genotype occurred in the
remaining 4 of 14 cases: in three cases, one each with an initial
V32I�I47V, I54L/I54M, or I84V mutation at failure, these
initial key APV mutations were lost and replaced with the
I50V mutation. In the fourth case, the initial V32I�I47V mu-
tation was lost and replaced with I84V (data not shown).
Therefore, even though genotypic evolution was observed dur-
ing continued APV therapy, the mutation that prevailed, I50V
or I84V, was consistent with those previously described as
characteristic of APV resistance. Furthermore, I50V appeared
to be particularly stable: unlike the other genotypes, once se-
lected, I50V was not lost or replaced while APV therapy con-
tinued. Key mutations characteristic of selection by other PIs,
for example, L90M and V82A/F/T, were not observed during
continued APV therapy in any of these patients.

The cross-resistance to other PIs engendered by each of the
four resistance genotypes selected by APV was minimal, with
low-level cross-resistance to RTV observed most frequently.
Low-level cross-resistance to NFV was detected in a small
number of isolates. However, it is known that NFV cross-
resistance is frequently observed, even in isolates derived from
patients who are NFV naïve (24).

Three of the four patterns of protease amino acid substitu-
tions associated with APV resistance observed in this study
have been identified previously by in vitro passage studies.
Earlier studies identified I50V as a signature mutation of APV
resistance development (21, 31) while I84V appeared tran-
siently (21). More recently, in vitro passage of the RF HIV-1
viral strain in the presence of increasing APV concentrations in
MT-2 cells selected for a viral genotype bearing V32I�I47V in
addition to M46I and V82I (9). However, neither leucine nor
methionine substitutions at protease residue I54 following in
vitro APV selection experiments have been reported previ-
ously. The emergence of a particular genotype in response to
APV selective pressure, either in vitro or in vivo, may be
influenced by a number of factors. Viral protease polymor-
phisms present at baseline could predispose the virus to a
particular pathway of resistance development. Although the
possible correlation between the presence of individual base-
line polymorphisms and the acquisition of specific protease
mutations was not explored here, a previous study has high-
lighted the importance of such polymorphisms with regard to
viral fitness. It was shown that the introduction of a single L10I
mutation was sufficient to rescue the impaired growth of a virus
harboring three protease mutations (G48V, A71T, and V82A)
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(26). In vitro selection studies with the investigational PI BMS-
232632 demonstrated that the evolution of specific resistance
genotypes was dependent on the starting viral strain (9). The
quasispecies nature of HIV-1 infection, in addition to extensive
inter- and intraclade sequence heterogeneity, ensure that the
in vivo dynamics of viral resistance evolution are potentially
much more complex than those prevailing in in vitro selection
studies.

Lower drug exposure in vivo, due to either poor adherence
or host physiological factors, may favor the selection of less
resistant genotypes. APV susceptibility data presented here
from site-directed mutants and clinical isolates demonstrate
that there is a wide spectrum of APV susceptibility reduction
associated with particular genotypes and that those with I50V
in addition to M46I consistently exhibit the highest APV re-
sistance. Lower APV concentrations in plasma have been
shown to be associated with the preferential selection of less-
APV-resistant I54L- or I54M-containing genotypes while
higher APV levels in plasma were associated with selection of
more resistant I50V-containing genotypes (R. Elston, S. Ran-
dall, R. Myers, M. Maguire, A. Rakik, M. Ait-Khaled, D. Stein,
and W. Snowden, 8th Conf. Retrovir. Opportunistic Infect.,
abstr. 465, 2001). A relationship between PI concentrations in
plasma and the differential selection of protease mutants has
been demonstrated for SQV. These studies have shown that
the relative frequency of the selection of G48V and V82A
mutations by this agent in vivo was positively correlated with
higher SQV dosing (28, 34). The V32I�I47V genotype evolved
in two patients for whom it was known that there were periods
of nonadherence or partial adherence. One patient (patient 6)
discontinued APV for 17 days and then resumed it at a lower
dose for 21 days prior to resumption of the standard dose,
following which the previously evolved V32I�I47V genotype
was displaced by a more resistant I50V-containing viral vari-
ant. Clonal analysis of multiple sequential samples revealed
that the I50V and V32I�I47V viral variants were not genomi-
cally linked. They, therefore, appear to represent two mutually
exclusive pathways of APV resistance development. In other
patients, however, the V32I�I47V genotype persisted and a
pattern of acquisition of additional protease mutations, usually
M46I, was followed. Biochemical studies suggest that the I47V
mutation is compensatory for V32I (27). These two residues
form the S2 active site pocket of the protease enzyme, and the
double V32I�I47V mutation yields a pocket whose volume is
unchanged from that of the wild type.

Amino acid changes at protease residue 54 selected by IDV
(4, 5, 35) and SQV (33, 34) are always isoleucine to valine
(I54V). RTV also selects I54V variants (18, 30), but only rarely
selects I54L variants (18). In this respect, APV appears quite
distinct from the other PIs with regard to the selective pressure
that it exerts on viral protease residue 54, resulting in substi-
tutions I54L or I54M rather than I54V. APV susceptibility data
for site-directed viral mutants substantiate this assertion that
the I54V mutation, either alone or in the presence of other
protease mutations (V82A, L33F, and L10I), was not associ-
ated with reduced APV susceptibility.

A strong association between the emergence of the I50V-
containing genotype and coselection of the leucine-to-pheny-
lalanine mutation in the Gag p1/p6 cleavage site was observed.
This mutation has been detected in viral isolates that had

acquired multiple protease mutations following in vitro pas-
sage with LPV (2) and BILA 1906 BS and BILA 2185 BS (8).
The previously observed p7/p1 A431V Gag alanine-to-valine
mutation (35) was also seen in this study but was not detected
in any I50V-containing isolates.

The role in APV resistance of the V82I mutation, which
occurs as a natural polymorphism in about 5% of untreated
isolates (14, 16), is unclear. In this study, it emerged in two
isolates, both of which also developed the I50V. However,
susceptibility studies of recombinant viruses from one of these
isolates, in which a valine codon was substituted for an isoleu-
cine at residue 82, revealed that the V82I mutation does not
enhance APV resistance. Consistent with this, site-directed
mutant viruses harboring V82I remained susceptible to APV.

In summary, the role of the I50V mutation in conferring
resistance to APV has been confirmed in a large phase III
study. Three additional viral protease genotypes characterized
by the development of substitutions I54L, I54M, V32I�I47V,
and I84V, which may occur with concomitant accessory muta-
tions (e.g., M46I/L, L33F, L10F), evolved in response to APV
and generally conferred lower levels of APV resistance. Each
of these four genotypes conferred little or no cross-resistance
to other PIs. Finally, the significant association between pre-
existing viral resistance to NRTIs subsequently administered in
the PI/NRTI combination regimen and the emergence of pro-
tease mutations, emphasizes the importance of optimising
treatment regimens to ensure that the virus is susceptible to as
many components as possible.
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