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In order to track the evolution of primary protease inhibitor (PI) resistance mutations in human immuno-
deficiency virus type 1 (HIV-1) isolates, baseline and follow-up protease sequences were obtained from patients
undergoing salvage PI therapy who presented initially with isolates containing a single primary PI resistance
mutation. Among 78 patients meeting study selection criteria, baseline primary PI resistance mutations
included L90M (42% of patients), V82A/F/T (27%), D30N (21%), G48V (6%), and I84V (4%). Despite the
switching of treatment to a new PI, primary PI resistance mutations present at the baseline persisted in 66 of
78 (85%) patients. D30N persisted less frequently than L90M (50% versus 100%, respectively; P < 0.001) and
V82A/F/T (50% versus 81%, respectively; P � 0.05). HIV-1 isolates from 38 (49%) patients failing PI salvage
therapy developed new primary PI resistance mutations including L90M, I84V, V82A, and G48V. Common
combinations of primary and secondary PI resistance mutations after salvage therapy included mutations at
amino acid positions 10, 82, and 46 and/or 54 in 16 patients; 10, 90, and 71 and/or 73 in 14 patients; 10, 73,
84, 90, and 46 and/or 54 in 5 patients; 10, 48, and 82 in 5 patients; and 30, 88 and 90 in 5 patients. In summary,
during salvage PI therapy, most HIV-1 isolates with a single primary PI resistance mutation maintained their
original mutations, and 49% developed additional primary PI resistance mutations. The persistence of L90M,
V82A/F/T, G48V, and I84V during salvage therapy suggests that these mutations play a role in clinical
resistance to multiple PIs.

Mutations at more than 20 positions in human immunode-
ficiency virus type 1 (HIV-1) protease have been associated
with resistance to present protease inhibitors (PIs). Several PI
resistance mutations are of particular importance because they
occur in the substrate cleft or independently reduce drug sus-
ceptibility. Six of these mutations (D30N, G48V, I50V, V82A/
F/S/T, I84V, and L90M) have been designated primary resis-
tance mutations in recent published guidelines for antiretroviral
drug resistance testing (10).

Much of what is known about PI resistance mutations is
based on preclinical studies of laboratory isolates and early
clinical studies in patients given PI monotherapy. These iso-
lates usually contain a single or just a few protease mutations.
As a consequence, there are major gaps in what is known about
the development of PI resistance in patients receiving PIs in
combination or in sequence. Specifically, the extent to which
protease mutations confer selective resistance to some PIs but
not others is not completely known. Knowing the extent of
cross-resistance conferred by each of the protease mutations is
essential for choosing antiretroviral drugs when genotypic test-
ing is done in patients failing PI-containing regimens as well as
for designing new non-cross-resistant PIs.

The primary PI resistance mutations do not occur as natural
polymorphisms in HIV-1 isolates from untreated persons.
Each of these mutations has also been shown to impair HIV-1
replication in vitro (3, 14–17). Mutations selected during treat-

ment with one PI that persist during treatment with a second
PI are therefore likely to contribute resistance to the second PI
because, in the absence of selective drug pressure, these mu-
tations would be expected to have been replaced with wild-type
residues (5, 24).

Genetic sequences of HIV-1 isolates from patients failing
antiretroviral therapy demonstrate which mutations are most
significant in vivo. To elucidate the extent of cross-resistance
conferred by each of the primary PI resistance mutations, we
looked at how HIV-1 isolates containing only one primary PI
resistance mutation evolved in patients undergoing changes in
PI therapy.

MATERIALS AND METHODS

Patients. The patients included individuals who had HIV-1 isolates sent to
Stanford University Hospital (SUH) for protease and reverse transcriptase (RT)
sequencing between 1 August 1997 and 1 April 2001. All patients were from
northern California and had failed a PI-containing regimen (plasma HIV-1 RNA
level, �500 to 1,000 copies/ml) at the time sequencing was done. Detailed
treatment histories were obtained, and sequence analyses were performed on
isolates from those patients who had been treated with PIs and had had an
original sequence containing one primary PI mutation and whose HIV-1 isolates
were resequenced after a change in PI therapy.

HIV-1 protease sequencing. Sequencing was performed by using a previously
described method (21). Briefly, RNA was extracted from 0.2 ml of plasma by
using the guanidine-thiocyanate lysis reagent contained within the AMPLICOR
HIV Monitor test kit (Roche Diagnostic Systems, Branchburg, N.J.). Reverse-
strand cDNA was generated from viral RNA, and first-round PCR was per-
formed by using Superscript One-Step RT-PCR (Life Technologies, Rockville,
Md.). A 1.3-kb product encompassing the protease gene and the first 300 resi-
dues of the RT gene was then amplified with nested PCR primers. Direct PCR
(population-based) cycle sequencing was performed by using AmpliTaq DNA FS
polymerase and dRhodamine terminators (Applied Biosystems, Foster City,
Calif.). Electropherograms were created with Sequence Analysis software, ver-
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sion 3.0 (Applied Biosystems), and the sequences were assembled with the
manufacturer’s FACTURA and AUTOASSEMBLER sequence analysis soft-
ware. Each amino acid sequence was compared to the subtype B consensus
reference sequence, and those sequences with differences from the reference
sequence were considered mutations.

HIV-1 protease mutations. D30N, G48V, I50V, V82A/F/S/T (but not V82I),
I84V, and L90M were defined as primary PI resistance mutations in agreement
with recent International AIDS Society–USA Panel drug resistance testing
guidelines (10). Secondary PI resistance mutations were defined as those with
any change(s) from the consensus B reference sequence and included the fol-
lowing: L10I/V/F, K20R/M/I, L24I, V32I, M36I/L/V, M46I/L, I47V, F53L,
I54V/L, A71V/T/I, G73C/S/T/A, and N88D/S/T. Mutations at positions 63, 77,
and 93 were not categorized as drug resistance mutations because, although
mutations at these positions contribute to resistance, these positions are highly
polymorphic within individuals. Positions containing mixtures of wild-type and
mutant residues were classified as mutant.

Sequence analyses. Nucleotide distances were calculated between the present-
ing and follow-up sequences of each study patient. Synonymous and nonsynony-
mous nucleotide substitution rates were calculated by using the method of Nei
and Gojobori (18) using the Synonymous-Nonsynonymous Analysis Program
(http://hiv-web.lanl.gov) (12). PS represents the number of observed synonymous
substitutions (causing no amino acid change) divided by the number of possible
synonymous substitutions in a sequence. PN represents the number of observed
nonsynonymous substitutions (causing an amino acid change) divided by the
number of possible nonsynonymous substitutions in a sequence. The Jukes-
Cantor correction adjusts for multiple substitutions at the same codon and was
used to calculate DS (synonymous nucleotide distance) and DN (nonsynonymous
nucleotide distance) from PS and PN.

Phylogenetic trees of paired sequences from each of the study patients con-
firmed the absence of laboratory cross-contamination. Subtypes were determined
by comparing the protease and RT sequences of HIV-1 isolates to reference
sequences, and all sequences were found to belong to subtype B (8). The Gen-
Bank accession numbers for the 156 sequences are AY030416, AY030418,
AY030452, AY030476, AY030496, AY030529, AY030572, AY030592,
AY030597, AY030601, AY030603, AY030618, AY030625, AY030628,
AY030636, AY030652, AY030666, AY030689, AY030721, AY030723,
AY030726, AY030733, AY030741, AY030773, AY030818, AY030854,
AY030875, AY030903, AY030906, AY030940, AY030953, AY031074,
AY031176, AY031179, AY031231, AY031259, AY031262, AY031275,
AY031280, AY031353, AY031758, AY032084, and AY047367 to AY047480.

Statistical analysis. Comparisons were made between groups of patients with
different primary PI resistance mutations. Chi-square and Kruskal-Wallis rank
sum tests were used to compare proportions and medians, respectively, between
multiple patient groups. Fisher exact and Mann-Whitney tests were used to
compare proportions and medians, respectively, between two patient groups.

RESULTS

Prevalence of primary PI resistance mutations. Between 1
August 1997 and 1 April 2001, 670 persons had more than one
sequence sent to SUH for HIV-1 sequencing. Treatment his-
tories were available for 430 of these patients. Of these 430
patients, 166 had received at least one PI and had a sequence
containing exactly one primary PI resistance mutation. Of
these 166 patients, 78 changed to a new PI and thus met study
selection criteria; 88 remained on their initial PI (54 patients)
or discontinued PI therapy (34 patients).

Among the 78 patients in this study, isolates from 33 con-
tained HIV-1 with the protease mutation L90M (42%), iso-
lates from 21 contained V82A/F/T (27%), isolates from 16
contained D30N (21%), isolates from 5 contained G48V (6%),
isolates from 3 contained I84V (4%), and no isolates contained
I50V.

PI treatment regimens. The PIs received by the 78 study
patients prior to protease sequencing are shown in the third
column of Table 1. Among the 33 patients presenting with
L90M, the most common previous PIs included indinavir
(IDV) (20 patients), saquinavir (SQV) (19 patients), and nelfi-

navir (NFV) (18 patients). Among the 21 patients with V82A/
F/T, 19 had received IDV. Among the 16 patients with D30N,
all had received NFV. Among the five patients with G48V, all
had received SQV. Among the three patients with I84V, all
had received IDV. The median duration of PI therapy before
presentation was 68 weeks (range, 8 to 164 weeks). Forty
patients had had previous treatment with more than one PI
regimen. The median duration of previous PI therapy and the
proportion of patients receiving more than one PI regimen did
not differ among the different patient groups.

The fifth column of Table 1 shows the PIs that were used as
salvage therapy for each of the 78 study patients. The most
commonly used follow-up PI regimens included ritonavir
(RTV)-SQV (45 patients), IDV (21 patients), NFV (17 pa-
tients), and amprenavir (APV) (17 patients). RTV-SQV was
used as salvage therapy for about two-thirds of the patients
with D30N, V82A/F/T, or L90M. IDV was used as salvage
therapy for all of the patients with G48V and for about one-
third of the patients with D30N or L90M. NFV was used as
salvage therapy for about one-third of the patients with V82A/
F/T or L90M. APV was used as salvage therapy for about
one-third of the patients with L90M. The median duration of
salvage therapy was 48 weeks (range, 8 to 169 weeks). Eighteen
patients had follow-up treatment with more than one PI regi-
men before their second sequences. The median duration of
salvage therapy and the proportion of patients with more than
one follow-up PI regimen did not differ between the different
patient groups.

Evolution of primary PI resistance mutations. Following
salvage therapy, each of the patients with L90M, 17 of 21
patients with V82A/F/T, 8 of 16 patients with D30N, and each
of the patients with G48V and I84V maintained a virus pop-
ulation in which the initial primary PI resistance mutation
continued to predominate (Fig. 1). D30N persisted less often
than L90M (P � 0.001), V82A/F/T (P � 0.05), or G48V (P �
0.06). New primary PI resistance mutations developed in 9 of
33 (27%) patients starting with L90M, in 12 of 21 (57%)
starting with V82A/F/T, in 11 of 16 (69%) starting with D30N,
in 5 of 5 (100%) starting with G48V, and in 1 of 3 (33%)
starting with I84V. New primary PI resistance mutations were
significantly less likely to develop in patients starting with
L90M than in those starting with D30N (P � 0.007) or V82A/
F/T (P � 0.03).

Following salvage therapy, additional primary PI resistance
mutations that were acquired included L90M in 18 patients,
I84V in 16 patients, V82A in 6 patients, and G48V in 4 pa-
tients. No patients acquired D30N or I50V during salvage
therapy. L90M developed in 10 of 16 patients who started with
D30N and in 8 of 21 who started with V82A/F/T. I84V devel-
oped in 9 of 33 patients who started with L90M, in 4 of 21 who
started with V82A/F/T, and in 3 of 16 who started D30N. V82A
developed in all patients who started with G48V and in 1 of 16
who started with D30N. G48V developed in 3 of 21 patients
who started with V82A/F/T and in 1 of 3 who started with I84V.

More than one primary PI resistance mutation was observed
at follow-up in 31 of 78 (40%) patients. The most common
combinations of primary PI resistance mutations that devel-
oped during follow-up included mutations at positions 84 and
90 in 12 patients, 48 and 82 in 6 patients, 82 and 90 in 4
patients, and 30 and 90 in 4 patients. Mutations at positions 48
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TABLE 1. Evolution of primary and secondary PI mutations during salvage therapy in 78 patients presenting with
a single PI resistance mutation

Amino acid no. of presenting
mutation(s) Previous therapy Salvage therapy Amino acid no. of follow-up

mutation(s)

Primary Secondary Protease inhibitor(s) Duration
(wk) Protease inhibitor(s) Duration

(wk) Primary Secondary

30 36 NFV 12 RTV-SQV 44 30, 90 20, 36, 54, 71, 88
30 36 SQV, IDV, NFV 51 RTV-SQV 19 30 36
30 36 SQV, NFV 107 IDV 78 36, 46, 71, 88
30 20, 36 SQV, NFV 53 RTV-SQV 8 84, 90 20, 36, 71
30 20, 36 NFV 20 RTV-SQV 9 84, 90 20, 36, 71, 73
30 71 IDV, NFV 27 RTV-SQV 6 90 20, 32, 36, 71, 73
30 36 IDV, NFV 68 RTV-SQV 71 30, 84, 90 36, 88
30 10 SQV, IDV, NFV 113 RTV-SQV 38 30 71, 88
30 71, 88 NFV 57 IDV 76 30, 90 20, 46, 71, 88
30 10, 20, 71, 88 NFV 49 RTV-SQV 41 30, 90 10, 20, 46, 53, 54,

71, 88
30 36, 71, 88 IDV, NFV 88 APV 50 30 36, 46, 71, 88
30 36 RTV, NFV 108 IDV 85 82 36, 46, 71, 88
30 NFV 73 RTV-SQV, IDV 35 46, 73
30 10, 88 IDV, RTV, NFV 157 RTV-SQV, RTV-APV,

RTV-IDV
41 90 10, 54, 88

30 88 SQV, NFV 52 SQV 40 90 36
30 10, 36 NFV 16 RTV-SQV 44 30, 90 20, 36, 54, 88
48 SQV 24 IDV 24 48, 82 10, 71
48 71 SQV 24 IDV 24 48, 82 10, 54, 71
48 71 SQV 26 IDV, RTV-SQV 46 48, 82 10, 54, 71
48 10, 36, 54 SQV 40 NFV, RTV-IDV 100 48, 82 10, 36, 54
48 10 SQV 24 IDV 24 48, 82 10
82 10, 46, 54, 88 SQV, IDV 59 RTV-SQV 18 90 10, 20, 71, 73
82 10, 46, 71, 88 IDV 84 NFV-SQV, RTV-SQV 120 84, 90 10, 46, 71, 88
82 10, 46, 71 IDV 53 RTV-SQV 43 82, 90 10, 32, 46, 53, 71
82 10, 24, 32, 46, 71, 73 IDV 68 RTV-SQV 75 84 10, 24, 46, 73
82 71 SQV, IDV 78 RTV-SQV 21 82 71
82 10, 36, 54, 73 IDV 44 RTV-SQV 76 48, 82 10, 20, 36, 54, 73
82 32, 46, 47 IDV 93 SQV, NFV-SQV 46 82, 90 10, 46, 54, 71
82 IDV 68 NFV-SQV, NFV 61 90
82 54 RTV 30 NFV 71 82, 90 10, 54, 71
82 10, 20, 24, 36, 71, 73 IDV, NFV-SQV 89 APV 49 82 10, 20, 24, 36, 46,

54, 71, 73
82 10, 54 IDV, NFV 20 RTV-SQV 22 48, 82, 84 10, 53, 54, 71
82 32, 36, 46, 71 IDV 59 RTV-SQV 90 82 10, 24, 36, 54, 71
82 10, 24, 46 IDV, SQV, NFV 136 APV 56 82 10, 24, 46
82 10, 24, 46 SQV, IDV 52 NFV 43 82 10, 24, 46
82 10, 24, 46 NFV, IDV 83 NFV, NFV-SQV 26 82, 84 10, 24, 46
82 46 IDV 124 NFV 44 82 10, 46
82 46 IDV 96 APV 24 82 46
82 20, 46, 71 IDV 54 NFV 16 82 20, 46, 71
82 10, 20, 24, 36, 46 IDV 9 RTV-SQV 44 82 10, 20, 24, 36, 46, 54
82 10, 46, 53, 54, 71 IDV 58 RTV-SQV 16 82, 90 10, 53, 54, 71
82 10, 36, 54 NFV 123 RTV-SQV 15 48, 82, 90 10, 36, 46, 54
84 10, 36, 71 IDV, NFV 68 RTV-SQV 35 84 10, 36, 71
84 46, 71 IDV 57 RTV-SQV 81 48, 84 10, 46, 71
84 10, 46, 54, 71 IDV, SQV 65 APV 13 84 10, 46, 54, 71
90 10, 36 SQV 52 IDV 11 90 10, 20, 36, 71
90 10, 54 IDV 43 RTV-SQV 28 84, 90 10, 46, 73
90 10, 46, 53, 71, 73 SQV, IDV, NFV 116 RTV-SQV, IDV 36 90 10, 53, 71, 73
90 71, 73 SQV 48 RTV-SQV 149 84, 90 10, 71, 73
90 71 IDV 48 RTV-SQV 41 90 71
90 10, 53, 71, 73 SQV 40 NFV, IDV, RTV-SQV 69 90 10, 24, 46, 53, 71, 73
90 71 SQV, NFV 104 IDV 124 90 46, 73
90 IDV 67 RTV-SQV 17 84, 90 73
90 10, 20, 36, 73 SQV, IDV, RTV-SQV,

NFV-SQV
135 IDV 28 90 10, 20, 36, 73

90 20, 71, 73 IDV 98 RTV-SQV 29 90 20, 71, 73
90 71, 88 SQV, NFV 73 RTV-SQV 14 90 10, 71, 88
90 10, 20, 71 SQV, NFV 55 IDV 37 90 10, 71, 73
90 10, 46, 73 IDV 66 NFV 59 90 10, 73
90 10, 71, 73 SQV, IDV, NFV 94 RTV-IDV, RTV-APV-SQV 71 84, 90 10, 54, 71, 73
90 20, 36, 71 IDV, NFV 79 RTV-SQV 65 90 20, 36, 54, 71

Continued on following page
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and 84; 82 and 84; 30, 84, and 90; 48, 82, and 84; and 48, 82, and
90 occurred in one patient each.

Secondary PI resistance mutations. The mean number of
secondary PI resistance mutations per patient at baseline was
2.5 for patients presenting with L90M, 2.7 for patients with
V82A/F/T, 1.6 for patients with D30N, 1.2 for patients with
G48V, and 3.0 for patients with I84V (Table 1). Common
secondary drug resistance mutations before salvage therapy
included mutations at positions 10 (17 of 33 patients), 46 (15 of
33), and 73 (17 of 33) in patients with L90M; mutations at
positions 10 (13 of 21 patients), 46 (14 of 21), and 54 (6 of 21)

in patients with V82A/F/T; and mutations at positions 36 (9 of
16 patients) and 88 (5 of 16) in patients with D30N.

The most commonly acquired secondary PI resistance mu-
tations occurred at positions 10 (17 patients), 54 (14 patients),
71 (13 patients), 46 (11 patients), 73 (9 patients), 20 (8 pa-
tients), and 88 (6 patients). New secondary PI resistance mu-
tations were more likely to develop in patients presenting with
D30N (15 of 16 patients [94%]) than in those presenting with
L90M (17 of 33 [52%]; P � 0.003) or V82A/F/T (10 of 21
[48%]; P � 0.003).

Common combinations of primary and secondary PI resis-
tance mutations after salvage therapy included mutations at
positions 10, 82, and 46 and/or 54 in 16 patients; 10, 90, and 71
and/or 73 in 14 patients; 10, 73, 84, 90, and 46 and/or 54 in 5
patients; 10, 48, and 82 in 5 patients; and 30, 88, and 90 in 5
patients.

Plasma HIV-1 RNA levels. Plasma HIV-1 RNA levels (in
log10 copies per milliliter) were available from 68 of the 78
patients, including 29 of 33 presenting with L90M, 19 of 21
presenting with V82A/F/T, 13 of 16 presenting with D30N, 4 of
5 presenting with G48V, and 3 of 3 presenting with I84V (Fig.
2). The mean plasma HIV-1 RNA levels (� standard error) of
each patient group at four times are shown in Fig. 2 as follows:
(i) prior to the first sequence, (ii) at the time of the first
sequence, (iii) at the time with the lowest RNA level between
the first and second sequences, and (iv) at the time of the
second sequence. Plasma HIV-1 RNA levels increased 1.1
log10 copies/ml between times i and ii, indicating that the
patients were on average experiencing virologic rebound at the
time of the first sequence. Plasma HIV-1 RNA levels de-
creased 1.4 log10 copies/ml between times ii and iii after sal-
vage therapy was begun. Plasma HIV-1 RNA levels then in-
creased 1.0 log10 copies/ml by the time of the second sequence
(iv), indicating virologic rebound on salvage therapy.

FIG. 1. Bar graph indicating the extent to which primary protease
inhibitor resistance mutations present at baseline (gray bars) were also
present following salvage therapy (black bars).

TABLE 1—Continued

Amino acid no of presenting
mutation(s) Previous therapy Salvage therapy Amino acid no. of follow-up

mutation(s)

Primary Secondary Protease inhibitor(s) Duration
(wk) Protease inhibitor(s) Duration

(wk) Primary Secondary

90 20, 46, 73 NFV 56 RTV-IDV 72 90 20, 73
90 10, 46, 73 IDV, NFV 112 RTV-SQV 35 90 10, 73
90 46, 71, 73 IDV 6 NFV, IDV-SQV, RTV-

SQV, APV-NFV
154 84, 90 10, 54, 71, 73

90 SQV, SQV-APV 36 NFV, RTV, RTV-IDV 169 84, 90 10, 20, 36, 71
90 10, 46, 73 IDV, NFV-SQV 108 NFV-SQV, RTV-SQV 76 90 10, 46, 73
90 10, 54, 71, 73 IDV, IDV-SQV, NFV-

SQV
124 NFV, RTV-APV 118 90 10, 36, 71, 73

90 10, 20, 36, 46, 73 NFV 68 RTV-SQV 28 84, 90 10, 20, 36, 46, 73
90 71, 73 IDV, NFV, SQV 83 RTV-APV, LPV 75 84, 90 10, 54, 71, 73
90 10, 46 IDV, NFV-SQV, SQV 125 APV 47 90 10
90 46, 71 NFV 137 APV 46 90 10, 71
90 32, 46, 47 IDV 58 NFV, SQV, RTV-NFV 83 90 10
90 10, 71, 73 SQV 35 NFV 17 90 10, 71, 73
90 20, 46 IDV, SQV 136 APV 35 90 10, 20
90 10, 46, 73 IDV, NFV-SQV, IDV 89 APV 33 90 73
90 20, 36 NFV 72 APV 51 90 10, 73
90 46 NFV, NFV-SQV 96 APV, RTV-SQV 62 90
90 10, 46, 53, 73 SQV, IDV, RTV-SQV,

NFV
164 RTV-IDV 20 84, 90 10, 53, 73

90 10, 20, 36, 46, 71 IDV 106 APV 37 90 10, 20, 36, 71
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Patients presenting with isolates containing D30N or V82A/
F/T consistently had lower plasma HIV-1 RNA levels than
those presenting with G48V, I84V, and L90M. The patients
with D30N had the greatest response to salvage therapy (P �
0.03, analysis of variance test). However, this group of patients
also had the greatest increase in plasma HIV-1 RNA levels by
the time of the second sequence.

Nucleotide distances. Table 2 characterizes the nucleotide
differences between the first and second sequences in each of
the 78 study patients. Nucleotide differences were categorized
as either synonymous or nonsynonymous, and nonsynonymous
changes were further categorized as to whether they occurred
at positions associated with drug resistance.

Patients presenting with D30N had the most nucleotide
changes between their first and second sequences (median, 8.5
changes per patient), and this was significantly greater than the
median number of changes between the two sequences from

patients presenting with L90M (median, 5 changes per pa-
tient). For each of the five groups of patients, most nucleotide
changes were nonsynonymous (range, 64% to 72%), and this
was reflected by the low DS/DN ratios for each patient group
(range, 0.9 to 2.4).

DISCUSSION

Among 78 patients presenting with HIV-1 isolates contain-
ing a single primary PI resistance mutation, the most common
mutations included L90M (42%), V82A/F/T (27%), and D30N
(21%). G48V and I84V occurred in 6 and 4% of patients,
respectively. I50V did not occur in this cohort. Despite switch-
ing therapy to a regimen containing a new PI, the original
primary PI resistance mutations persisted in 85% (66 of 78) of
patients. The only mutation that did not persist in the majority
of patients was D30N. The differences in persistence between
D30N and the other two most common mutations, V82A/F/T
(50% versus 81%, respectively; P � 0.05) and L90M (50%
versus 100%, respectively; P � 0.001), were statistically signif-
icant.

Our findings support the results of previously reported stud-
ies of PI salvage therapy. In patients changing from one PI-
containing regimen to a second PI-containing regimen, suc-
cessful salvage therapy occurs most often in patients with
HIV-1 isolates containing D30N and no other primary PI re-
sistance mutations (2, 23, 27) and in patients receiving dual PIs
in conjunction with a nonnucleoside RT inhibitor (11, 13). The
fact that D30N was the only mutation in our study that often
reverted to the wild type corroborates the clinical data that this
mutation confers less cross-resistance to other PIs than the
other primary PI resistance mutations.

Most HIV-1 isolates from patients failing the follow-up PI-
containing regimen developed new primary and secondary PI
resistance mutations. Although classified as primary PI resis-
tance mutations (i.e., those that appear first in the course of
development of resistance mutations), L90M, I84V, V82A/
F/T, and G48V mutations often developed during salvage ther-
apy. D30N and I50V did not occur during salvage despite the
fact that NFV and/or APV was used for salvage in 31 patients.
This accumulation of primary and secondary mutations was
not random, and several combinations of drug resistance mu-
tations occurred in a high proportion of patients. These pat-
terns provide important insight into how HIV-1 develops mul-

FIG. 2. Plasma HIV-1 RNA levels (log10 copies per milliliter,
means � standard errors) from 68 of 78 patients, including 29 of 33
presenting with L90M, 19 of 21 presenting with V82A/F/T, 13 of 16
presenting with D30N, 4 of 5 presenting with G48V, and 3 of 3 pre-
senting with I84V. “Presequence” indicates the lowest plasma RNA
levels in the year (median, 6 months) before the first sequence. “1st
sequence” indicates the RNA levels at the time of the first sequence
(i.e., that containing a single primary drug resistance mutation). “Post
salvage Rx nadir” indicates the lowest plasma HIV-1 RNA levels
between the first and second sequences (median, 6 months after the
first sequence). “2nd sequence” indicates the plasma HIV-1 RNA
levels at the time of the second sequence.

TABLE 2. Nucleotide distances between baseline and follow-up sequences in the 78 patients presenting with
a single primary PI resistance mutationa

Patient
group

No. of
patients

Time (mo)
between sequences

No. of nucleotide
changes/patientb

No. of nonsynonymous changesc
No. of synonymous

changes DS/DN ratio
Drug resistance positions Other positions

D30N 16 10 8.5 4 2 2 1.2
G48V 5 22 6 1 2 2 2.4
V82A/F/T 21 10 7 3 3 1 1.1
I84V 3 9 1 0.5 0.5 0.5 1.3
L90M 33 12 5 2 2 2 0.9

a Numbers in columns 2 to 7 indicate median values; DS/DN ratios indicate average values.
b The number of nucleotide changes during salvage therapy for patients starting therapy with L90M was significantly lower than the number of nucleotide changes

during salvage therapy for patients starting therapy with D30N (P � 0.02, Wilcoxon rank sum test).
c The number of changes at drug resistance positions for patients starting therapy with L90M was significantly lower than the number of changes at drug resistance

positions during salvage therapy for patients starting therapy with D30N (P � 0.003, Wilcoxon rank sum test).
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tidrug resistance, which might help in the development of new
non-cross-resistant PIs. In 18 patients, the additional muta-
tions could not be linked to a specific drug regimen, because
more than one regimen was received between the two se-
quences.

We studied the evolution of mutations in patients with vi-
rologic failure associated with a single primary PI resistance
mutation because in such patients, the primary PI resistance
mutation is by itself likely to be directly responsible for drug
resistance. Isolates with a single primary resistance mutation
may also be less likely than isolates with multiple primary
resistance mutations to be restricted in their evolution. Isolates
with multiple resistance mutations that are already resistant to
multiple drugs may be less likely to gain mutations during
salvage therapy. Isolates with multiple resistance mutations
may also be less likely to lose mutations due to significant
dependencies between multiple primary and secondary muta-
tions (1).

This study is the largest to date designed to examine the
evolution of genotypic PI resistance in sequential HIV-1 iso-
lates from patients receiving more than one course of PI ther-
apy. There have been two large cross-sectional studies of ge-
notypic PI resistance in clinical settings (9, 26) and several
small studies containing longitudinal genotypic data from pa-
tients receiving consecutive PI-containing regimens (4, 6, 7, 13,
19, 20, 22, 25). The longitudinal studies contain data from 53
patients, of whom 35 had a single primary PI resistance muta-
tion at the time salvage therapy was begun (L90M in 18 pa-
tients, V82A in 13 patients, and G48V in 4 patients). HIV-1
isolates from each of these 35 maintained their original pri-
mary PI resistance mutation during PI salvage therapy.

In summary, our data show that most primary PI resistance
mutations in the protease gene, with the possible exception of
D30N, play a role in the future development of further resis-
tance to multiple PIs. Isolates from patients with HIV-1 con-
taining G48V, V82A/F/T, I84V, or L90M who experience vi-
rologic failure on a new PI regimen continue to harbor the
primary resistance mutation that was originally present. Viro-
logic failure during PI salvage therapy leads to the accumula-
tion of new primary and secondary resistance mutations onto a
viral backbone containing the original primary resistance mu-
tation.
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