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The association of genotypic changes in human immunodeficiency virus (HIV) protease with reduced in vitro
susceptibility to the new protease inhibitor lopinavir (previously ABT-378) was explored using a panel of viral
isolates from subjects failing therapy with other protease inhibitors. Two statistical tests showed that specific
mutations at 11 amino acid positions in protease (L10F/I/R/V, K20M/R, L24I, M46I/L, F53L, I54L/T/V, L63P,
A71I/L/T/V, V82A/F/T, I84V, and L90M) were associated with reduced susceptibility. Mutations at positions 82,
54, 10, 63, 71, and 84 were most closely associated with relatively modest (4- and 10-fold) changes in phenotype,
while the K20M/R and F53L mutations, in conjunction with multiple other mutations, were associated with
>20- and >40-fold-reduced susceptibility, respectively. The median 50% inhibitory concentrations (IC50) of
lopinavir against isolates with 0 to 3, 4 or 5, 6 or 7, and 8 to 10 of the above 11 mutations were 0.8-, 2.7-, 13.5-,
and 44.0-fold higher, respectively, than the IC50 against wild-type HIV. On average, the IC50 of lopinavir
increased by 1.74-fold per mutation in isolates containing three or more mutations. Each of the 16 viruses that
displayed a >20-fold change in susceptibility contained mutations at residues 10, 54, 63, and 82 and/or 84,
along with a median of three mutations at residues 20, 24, 46, 53, 71, and 90. The number of protease mutations
from the 11 identified in these analyses (the lopinavir mutation score) may be useful for the interpretation of
HIV genotypic resistance testing with respect to lopinavir-ritonavir (Kaletra) regimens and may provide
insight into the genetic barrier to resistance to lopinavir-ritonavir in both antiretroviral therapy-naive and
protease inhibitor-experienced patients.

A rebound in viral load during antiretroviral therapy is often
associated with the development of phenotypic resistance to
one or more of the drugs in the treatment regimen. For most
antiretroviral drugs, a decline in phenotypic susceptibility has
been correlated with specific mutations in the target protein
for the drug of interest. Longitudinal analyses of the genetic
sequences that encode human immunodeficiency virus (HIV)
protease in viral isolates from patients experiencing viral re-
bound during protease inhibitor (PI) therapy often show the
sequential accumulation of several mutations that produce
changes in susceptibility (4, 15). Mutations in HIV protease
both within and outside of the enzyme active site can contrib-
ute to viral resistance. The former group (primary mutations)
can produce significant changes in the affinity of binding of the
inhibitor to the mutant active site (8) and often occur early
during rebound (11). Mutations outside of the active site have
been referred to as secondary mutations and may in some cases
contribute to changes in phenotypic susceptibility by upregu-
lating the enzymatic function of the mutant protease (and thus
the growth rate of the mutant virus) rather than by a direct
diminution of drug binding (21). The patterns of mutations
selected by different PIs have been characterized (11), al-
though more than one genotypic pattern can emerge in differ-

ent patients being treated with the same drug regimen (3).
Further, although the primary mutation(s) selected by a given
PI may be distinct, the accompanying secondary mutations
tend to be common to the PI class. This commonality poten-
tially limits the success of subsequent therapy following viro-
logic failure of PI-containing regimens, since fewer new muta-
tions may be required to produce viruses that are clinically
resistant to the PI(s) in the salvage regimen.

Lopinavir (previously ABT-378) is a new PI that displays
significant virologic potency in both antiretroviral therapy-na-
ive (18) and single-PI-experienced HIV-infected subjects
(S. Deeks et al., Abstr. 7th Conf. Retroviruses Opportunistic
Infect., abstr. 532, 2000) when coadministered with low-dose
ritonavir (RTV), which enhances and sustains plasma lopinavir
levels (22). HIV strains resistant to lopinavir have been pro-
duced using in vitro passaging (2), and viral isolates from
PI-experienced patients that display in vitro resistance to other
PIs (particularly RTV and indinavir [IDV]) may also show
reduced in vitro susceptibility to lopinavir (16). However, to
date, the patterns of mutations in HIV protease associated
with viral rebound on therapy with lopinavir-RTV (Kaletra) in
previously antiretroviral therapy-naive individuals have not
been characterized. In the absence of data from primary treat-
ment failures, the genotypic correlates of reduced in vitro
phenotypic susceptibility to lopinavir in viral isolates selected
during therapy with other PIs have been examined. Definition
of this relationship provides information with which to inter-
pret the results of HIV resistance testing and insight into the
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genetic barrier to clinical resistance to lopinavir-RTV in either
antiretroviral therapy-naive or PI-experienced individuals.

MATERIALS AND METHODS

Viral isolates. The 112 HIV isolates used for the correlation of genotype and
susceptibility to lopinavir were taken during days 26 to 1 in two lopinavir-RTV
phase I/II studies: study M97-765 (56 isolates) and study M98-957 (56 isolates).
Subjects entering study M97-765 had plasma HIV RNA levels between 1,000 and
100,000 copies/ml while still on their first single-PI-based treatment regimen.
Subjects entering study M98-957 had plasma HIV RNA levels .1,000 copies/ml
and had been treated with at least two PIs, either sequentially or simultaneously.
These studies have been described elsewhere (Deeks et al., 7th Conf. Retrovi-
ruses Opportunistic Infect., abstr. 532; S. Becker et al., Abstr. 40th Intersci. Conf.
Antimicrob. Agents Chemother., abstr. 697, 2000). Plasma HIV RNA from the
baseline samples (prior to initiation of therapy with lopinavir-RTV) was ampli-
fied by PCR and incorporated into recombinant viruses for phenotypic suscep-
tibility testing (compared to a standard wild-type [wt] recombinant virus) and
genotypic sequencing of the protease gene. Samples from study M97-765 were
analyzed by Virco, Inc., using the Antivirogram method (version 3.0) (10; R.
Pauwels et al., Abstr. 2nd Int. Workshop HIV Drug Resist. Treatment Strategy,
abstr. 51, 1998). Samples from study M98-957 were analyzed by ViroLogic, Inc.,
using the PhenoSense HIV assay (20). Phenotypic data were expressed as fold
change in 50% inhibitory concentration (fold IC50), which was calculated by
dividing the IC50 of lopinavir against the recombinant virus containing the HIV
protease and reverse transcriptase genes of the baseline patient plasma sample
by the IC50 against the standard wt recombinant virus. Genotype data from
Virco, Inc., and ViroLogic, Inc., were determined by population sequencing and
reported as sequence changes with respect to the sequences of the HXB2 and
pNL4-3 laboratory wt strains, respectively. In the HIV protease gene, the pNL4-3
and HXB2 sequences differ by the identities of amino acids at position 3 (iso-
leucine and leucine, respectively) and position 37 (glutamine and serine, respec-
tively). Thus, for the purposes of analyzing the combined panel of isolates,
genotypic data for the M97-765 baseline samples were translated at amino acid
positions 3 and 37 in HIV protease to reflect sequence changes from a common
(pNL4-3) wt sequence.

Statistical methodology to identify amino acid positions in HIV protease
associated with reduced in vitro susceptibility to lopinavir. Two univariate sta-
tistical analyses were performed to determine the mutations in HIV protease
associated with reduced in vitro susceptibility to lopinavir. In the first analysis,
the median fold IC50 of lopinavir against isolates containing any mutation at a
particular amino acid position was compared to the median fold IC50 of lopinavir
against isolates that had the wt sequence at that position using the Wilcoxon rank
sum test. The normal approximation (with continuity correction) was used to
determine the significance level (P value) for each of the 66 out of 99 amino acid
positions in HIV protease at which any variance from the pNL4-3 sequence was
observed. An exact Wilcoxon rank sum test was performed for amino acid
positions in which there were five or fewer isolates with a mutation. Results from
the exact test were similar to those obtained using the normal approximation
(with continuity correction). In the second analysis, each fold IC50 of lopinavir
was converted using a Box-Cox (1) transformation as follows: (fold IC50)20.4; this
produced a distribution that was approximately symmetrical. This allowed com-
parison of the mean transformed values of fold IC50 of lopinavir against isolates
either containing or lacking any mutation at a particular amino acid position
using one-way analysis of variance (ANOVA). A P value for each of the 66
positions was determined. A modified Bonferroni adjustment (13, 23) was used
to identify potentially important mutations that may not have been identified
using the traditional (conservative) Bonferroni adjustment, particularly those
that may occur with relatively low frequency but that contribute to high levels of
phenotypic resistance to lopinavir. Therefore, a P value of 0.0062 (0.05 divided
by the square root of 66) was considered significant in the above analyses.

Two multivariate linear regression analyses were performed to assess the

relative association between the change in lopinavir susceptibility and individual
PI mutations. The first, a (forward) stepwise linear regression model, considered
all mutations with a prevalence of .4 of 112 and a positive correlation with the
fold IC50 of lopinavir in the combined panel of isolates. An entry and exit P value
of 0.05 was used. The second, a backward-elimination linear regression model,
considered all of the mutations judged to be significantly or marginally associated
with reduced susceptibility to lopinavir in the above univariate analyses. An exit
P value of 0.05 was used in this model.

Assignment of mutations associated with reduced susceptibility. Since the wt
sequence at many amino acid positions can mutate to more than one amino acid,
specific amino acid changes at the positions in HIV protease found to be asso-
ciated with reduced in vitro susceptibility to lopinavir in the initial Wilcoxon rank
sum test or ANOVA analyses were judged as either likely to contribute to
reduced susceptibility or of unknown contribution based on searches of three
public databases (the Los Alamos HIV Sequence Database [http://hiv-web.lanl
.gov], the Antiviral Drug Resistance Online website [http://www.viral-resistance
.com], and the Stanford HIV RT and Protease Sequence Database [http://hivdb
.stanford.edu/hiv/index.asp]) and two review documents (7, 11). Specific amino
acid changes were judged likely to contribute to reduced susceptibility if they had
been previously associated with resistance to the PI class or if they were found
only in the context of sequences that contained several other mutations known to
confer PI resistance. Otherwise, they were judged to be of unknown contribution.

Statistical association of viral genotype with levels of reduced in vitro suscep-
tibility to lopinavir. Using cutoff fold changes in IC50s of 4-, 10-, 20-, and 40-fold,
each of the amino acid positions judged likely to contribute to reduced suscep-
tibility was individually evaluated using Fisher’s exact test. This analysis was
limited to the baseline isolates from study M98-957 since the range of IC50s in
that study was much larger than that in study M97-765. Fold IC50s equal to the
cutoff values were considered above the cutoff. The P value for 2-by-2 compar-
isons of mutation (yes, no) by the dichotomized fold change in IC50 (above cutoff,
below cutoff) for each of the 11 amino acid positions was calculated for each of
the four cutoff levels defined above. Based on a modification to the Bonferroni
adjustment (13, 23), P values ,0.0075 (0.05 divided by the square root of 44)
were considered statistically significant. At amino acid positions containing more
than one mutation, only the particular mutations judged likely to contribute to
reduced susceptibility were scored as “yes.” Mutations judged of unknown con-
tribution were scored as “no.”

RESULTS

To define the genotypic correlates of reduced in vitro sus-
ceptibility to lopinavir, we examined the genotypes and phe-
notypes of 112 viral isolates from subjects experiencing viro-
logic failure of therapy with one or more other PIs who entered
one of two lopinavir-RTV phase I/II studies (studies M97-765
and M98-957; see Materials and Methods). The prior PI ex-
perience of subjects participating in these studies is provided in
Table 1. As anticipated, the M98-957 isolates (from multiple-
PI-experienced subjects) displayed markedly lower susceptibil-
ity to lopinavir (median, 16.2-fold; range, 0.5- to 96-fold) than
the isolates from study M97-765 (single-PI-experienced sub-
jects; median, 1.1-fold; range, 0.7- to 26-fold) (Fig. 1).

Identification of amino acid positions associated with re-
duced susceptibility to lopinavir. To define the genotypic changes
correlated with reduced susceptibility to lopinavir, the entire
amino acid sequences of HIV proteases in the panel of 112
isolates were analyzed. Mutations, compared to the pNL4-3 wt
sequence, were found at a total of 66 out of 99 amino acid

TABLE 1. Viral isolates used in the correlation of genotypic and phenotypic susceptibility to lopinavir

Study No. of
isolates

Median no. of
previous PIs

% Identity of previous PIa: Fold change in IC50 of lopinavir

IDV NFV RTV SQV Mean Median Range

M97-765 56 1 41 38 7 16 2.8 1.1 0.7–26.0
M98-957 56 3 86 57 77 71 16.2 5.2 0.5–96.0

a For study M98-957, previous PIs were tallied irrespective of dose and simultaneous or sequential PI treatment.
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positions. Mixtures of mutant and wt amino acids were scored
as mutant. Since the average trough plasma lopinavir concen-
trations in HIV-infected subjects (produced by a dose of 400
mg of lopinavir and 100 mg of RTV twice daily) are $75-fold
above the serum-adjusted IC50 of lopinavir against wt HIV
(18), we required the identification of sets of mutations asso-
ciated with large as well as small phenotypic changes. Thus,
rather than treating phenotypic susceptibility as a categorical
response variable, we investigated methods of analysis that
used a continuous response variable to define phenotype. Be-
cause the phenotype did not follow a normal distribution, the
Wilcoxon rank sum test, which compared the median fold IC50

against those isolates scored as mutant to the median fold IC50

against those with the wt amino acid at that position, was
initially employed. In this initial analysis, mutations at 11
amino acid positions in HIV protease (positions 54, 82, 10, 71,
46, 20, 90, 84, 24, 53, and 63, in order of greatest to least
significance) were found to be statistically significantly associ-
ated (P , 0.0062 [0.05/{661/2}]) with the loss of phenotypic
susceptibility to lopinavir (Table 2). The association with six
additional amino acid positions (73, 43, 93, 58, 33, and 12) was
found to be marginally significant (0.0062 , P , 0.05). The
association of genotype with the fold IC50 of IDV, nelfinavir
(NFV), RTV, and saquinavir (SQV) was analyzed in the same
manner (complete data were not available for amprenavir
[APV]). With one exception (position 93), this method of anal-
ysis identified amino acid positions at which mutations have
previously been shown to be selected during therapy with PIs
and to produce cross-resistance to the PI class (rather than
specifically associated with resistance to one PI, such as the
D30N mutation). This high correlation lends credence to the
relevance of this method of identifying mutations that are
associated with reduced in vitro susceptibility (and thus poten-
tial in vivo cross-resistance) to lopinavir-RTV.

To confirm the associations of genotype and phenotype
identified using the Wilcoxon rank sum test, we performed a

second, independent statistical analysis using transformed val-
ues of fold IC50. Because the distribution of IC50s was highly
asymmetric, each value of fold IC50 was converted to (fold
IC50)20.4 using a Box-Cox transformation (1) to achieve a
distribution that was approximately symmetric. For each amino
acid position, the mean transformed values of fold IC50 of
lopinavir against isolates either containing or lacking each par-
ticular mutation were compared using ANOVA. The amino
acid positions at which mutations were found to be statistically
associated (P , 0.0062) with a loss of susceptibility to lopinavir
were exactly the same as those identified using the Wilcoxon
rank sum test, although in slightly different order (positions 54,
82, 10, 71, 46, 20, 90, 84, 24, 53, and 63, in order of greatest to
least degree of statistical significance). Additionally, the asso-
ciation with changes at positions 73, 43, 33, 58, 93, and 12 was
marginally significant, as observed in the Wilcoxon analysis.

Identity of specific amino acid changes associated with re-
duced susceptibility. Since multiple amino acid substitutions
have been observed at many of the amino acid positions in
HIV protease, we sought to identify which particular amino
acid changes are likely to contribute to reduced in vitro sus-
ceptibility to lopinavir. Each individual mutation in the com-
bined panel of viral isolates at the 17 amino acid positions
found to be either statistically or marginally significantly asso-
ciated with phenotype was assigned as either likely to contrib-
ute to reduced susceptibility or of unknown contribution based
on several considerations. A particular amino acid was deemed
likely to contribute to reduced susceptibility if it previously had
been associated with PI resistance through either virologic or
clinical studies. In cases where a link with PI resistance was not
established, database searches were performed (see Materials
and Methods). If the particular mutation was found only in the
context of sequences that contained several mutations known
to confer PI resistance, it was deemed likely to contribute to
reduced susceptibility. In contrast, if the mutation was a com-
mon polymorphism or appeared in multiple sequences that did
not contain multiple other mutations known to confer PI re-
sistance, it was deemed of unknown contribution.

Following the above assignments, those positions (20, 24, 33,
43, 63, and 82) at which more than one mutant amino acid was
present were reanalyzed using both the Wilcoxon rank sum test
and ANOVA, considering only those mutations judged likely
to contribute to reduced susceptibility to lopinavir. By limiting
the analysis to the specific subset of mutations at the above
sites, it was found that the P values for both tests did not
change substantially (i.e., positions 20, 24, 63, and 82 and

FIG. 1. Phenotypic susceptibilities of baseline isolates from studies
M97-765 and M98-957 to lopinavir.

TABLE 2. Amino acid positions associated with reduced in vitro
susceptibility to PIs in combined panel of viral isolates

Inhibitor
Amino acid positions associated with reduced susceptibilitya at:

P , 0.0062 0.0062 , P , 0.05

Lopinavir 54, 82, 10, 71, 46, 20, 90, 84, 24, 53, 63 73, 43, 93, 58, 33, 12
IDV 10, 54, 82, 46, 90, 93, 71, 84, 20, 73, 63 24, 53, 58, 62, 60
NFV 10, 90, 54, 71, 84, 20, 73, 88, 93, 46, 33 82, 19, 77, 63
RTV 54, 82, 10, 90, 84, 63, 71, 20, 24, 53, 46, 73 43, 33, 93, 58, 14
SQV 90, 10, 84, 71, 73, 54, 63, 20 53, 19, 33, 93, 48, 67

a Ordered from greatest to least degree of significance (Wilcoxon rank sum
test).
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positions 33 and 43 remained statistically and marginally asso-
ciated, respectively, with reduced susceptibility to lopinavir).
Thus, 11 specific mutations were found to be consistently as-
sociated with reduced in vitro susceptibility to lopinavir (Table
3). This set of mutations is very similar to those reported to be
selected during therapy with IDV (5) or RTV (16) and con-
tains many of the mutations associated with resistance to the PI
class (7, 11). The exception is the F53L mutation, which has
only previously been reported in one isolate from a subject
receiving RTV (24) but appeared in 13 of 112 isolates exam-
ined in this analysis.

Analysis of in vitro susceptibility to lopinavir with respect to
the number of mutations. The susceptibility (log fold lopinavir
IC50) of the combined panel of isolates as a function of the
number of the above 11 mutations identified as likely to con-
tribute to reduced susceptibility to lopinavir (designated the
lopinavir mutation score) is shown in Fig. 2. In general, isolates
with mutation scores of 2 or less displayed wt susceptibility
(only 2 of 34 of these isolates contained primary mutations at
position 82, 84, or 90). In contrast, isolates with a mutation
score of 3 or more displayed correspondingly greater degrees
of reduced susceptibility to lopinavir, as illustrated by the log-
linear regression line (R2 5 0.62). Virtually all (71 of 73) of

these isolates had changes at position 82, 84, and/or 90, con-
sistent with the role of primary mutations, in combination with
secondary mutations, in producing changes in susceptibility to
PIs. The estimated slope of the regression line was 0.24 log fold
IC50/mutation (95% confidence interval: 0.20 to 0.28 log fold
IC50/mutation). Transforming the regression to the original
(linear) scale of measurement provided the following expres-
sion for estimation of the lopinavir fold IC50 as a function of
the mutation score: 0.303 3 1.74(lopinavir mutation score).

The correlation between phenotype and genotype, as de-
fined by the lopinavir mutation score, was much higher than
that found by simply modeling the log fold IC50 of lopinavir as
a function of every variation from the pNL4-3 wt sequence
(R2 5 0.38; data not shown). This difference indicates that the
changes in lopinavir IC50 are primarily a consequence of the
set of 11 mutations identified as being associated with reduced
in vitro susceptibility and that the remaining variations from
the wt sequence are present at low prevalence and/or contrib-
ute little to changes in susceptibility in vitro to lopinavir. The
median IC50s of lopinavir against isolates within the combined
panel with mutation scores of 0 to 3, 4 or 5, 6 or 7, and 8 to 10
mutations were 0.8-, 2.7-, 13.5-, and 44.0-fold higher than the
IC50 against wt HIV, respectively (Fig. 3).

Association of mutations at different amino acid positions
with different degrees of reduced susceptibility. The accumu-
lation of mutations during rebound in plasma HIV RNA on PI
therapy is sequential, with one or more primary mutations
appearing early followed by several secondary mutations that
are generally correlated with a higher degree of reduced sus-
ceptibility (4, 5, 15). Since the plasma lopinavir levels in HIV-
infected subjects are sustained at many multiples above the
IC50 against wt HIV, it was of interest to probe the correlation
of particular mutations with a high degree of reduced suscep-
tibility to lopinavir. For this purpose, we chose the subset of
isolates from study M98-957, since the range of phenotype was
much greater than that for the M97-765 baseline isolates (Fig.
1). For each of the above 11 mutations, two-by-two tables were
constructed; these tables consisted of the number of isolates
either containing or lacking a mutation and the number of

FIG. 2. Log fold IC50 of lopinavir with respect to the lopinavir
mutation score.

TABLE 3. Median fold changes in IC50 against viral isolates containing mutations associated with reduced in vitro susceptibility to lopinavir

Mutation

Isolates containing mutation Isolates lacking mutation
Pa by:

n
Fold IC50

n
Fold IC50

Median Mean Median Mean Wilcoxon ANOVA

L10F/I/R/V 69 4.6 14.5 43 0.9 1.4 ,0.0001 ,0.0001
K20M/R 14 30.5 29.3 98 1.6 6.6 0.0001 ,0.0001
L24I 10 14.0 26.7 102 1.7 7.8 0.0011 0.0008
M46I/L 41 4.2 15.8 71 1.1 5.8 0.0003 0.0002
F53L 13 4.6 24.6 99 1.6 7.5 0.0019 0.0014
I54L/T/V 38 16.0 23.7 74 1.1 2.1 ,0.0001 ,0.0001
L63P 88 2.5 11.5 24 1.1 2.1 0.0026 0.0023
A71I/L/V/RT 65 3.6 11.2 47 1.1 7.1 0.0002 0.0001
V82A/F/T 40 14.0 21.5 72 1.1 2.8 ,0.0001 ,0.0001
I84V 19 6.1 14.8 93 1.4 8.4 0.0007 0.0004
L90M 48 3.4 12.4 64 1.1 7.3 0.0004 0.0003

a Since the M97-765 (Virco) and M98-957 (ViroLogic) baseline isolates were analyzed using different single-cycle phenotypic assays, a sensitivity analysis that
introduced a twofold discordance between the assays was performed. A twofold discordance in one direction did not affect which mutations were statistically significant
using the Wilcoxon rank sum test and produced only a minor change in the outcome of the confirmatory analysis (ANOVA), wherein the L63P mutation changed from
statistically to marginally significant. A twofold discordance in the other direction did not affect the statistical significance of any of the 11 mutations but produced an
apparent statistically significant association of the G73A/S/T mutation.
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isolates displaying susceptibility greater or less than arbitrary
cutoff susceptibility values. To explore a broad range of phe-
notypes, we chose cutoff values of 4-, 10-, 20-, and 40-fold
changes in IC50. The P values from Fisher’s exact test of each
comparison are shown in Table 4. Not all amino acid positions
were found to be statistically associated (P , 0.0075 [0.05/
{441/2}]) with phenotype by using any of the cutoff values,
illustrating the strength of using a continuous (Wilcoxon or
ANOVA) rather than categorical response variable to describe
the relationship of genotype to phenotype. Nonetheless, the
majority of mutations were either statistically or marginally
(0.0075 , P , 0.05) associated with a change in phenotype to
above one or more of the cutoff levels. Thus, a change in
susceptibility to lopinavir by .4-fold was uncommon in the
absence of a mutation at position 82 or 54 (7 of 30 and 6 of
29 isolates, respectively), and only 2 isolates and 1 isolate
lacking those mutations, respectively, displayed a .10-fold
change in phenotype. Similarly, mutations at positions 10, 63,
71, and 84 were most closely associated with 4- and/or 10-fold
changes in phenotype. In contrast, the F53L and K20M/R
mutations, which were present in isolates with a median lopi-
navir mutation score of 8, were most closely associated with
high levels of reduced susceptibility (20- and 40-fold, respec-
tively).

The mean trough levels of lopinavir in plasma achieved by

lopinavir doses of 400 mg and RTV doses of 100 mg twice daily
exceed the serum protein-adjusted IC50 of lopinavir against wt
HIV by .75-fold (18). Consequently, clinical resistance man-
ifested as in vivo virologic failure is expected to require a high
level of reduced phenotypic susceptibility to lopinavir. Al-
though a single consensus pattern of mutations producing
large changes in phenotype was not evident, each of the 16
viral isolates in the panel that displayed .20-fold-reduced sus-
ceptibility to lopinavir contained mutations at amino acid po-
sitions 10, 54, 63, and either 82 or 84. In addition, the median
number of the remaining mutations (at positions 20, 24, 46, 53,
71, and 90) was three (range, zero to five). Although the mu-
tations at positions 20 and 53, in the context of multiple other
mutations, were associated with high-level reduced susceptibil-
ity, only 8 of the above 16 isolates had one or both of these
mutations, suggesting that additional genotypic patterns can
also produce marked phenotypic changes.

Relative association of mutations with reduced susceptibil-
ity to lopinavir. Mutations in HIV protease occur together in
complex patterns that produce changes in susceptibility to PIs
(5, 15). Since the M97-765 and M98-957 baseline isolates were
selected during therapy with other PIs rather than with lopi-
navir-RTV, the relative association of individual mutations
with changes in lopinavir susceptibility was assessed using mul-
tivariate analyses (see Materials and Methods). A (forward)
stepwise linear regression model that considered a total of 42
amino acid positions (all positions with a mutation prevalence
of .4 of 112 and a positive correlation with fold IC50 of
lopinavir) showed that 6 of the above 11 mutations (positions
54, 46, 10, 82, 84, and 20) were independently associated (P ,
0.05) with reduced susceptibility to lopinavir (Table 5). In a
separate analysis, the set of 17 mutations either statistically
significantly or marginally associated with reduced susceptibil-
ity to lopinavir in the two univariate analyses (Table 2) were
considered in a backward-elimination stepwise linear regres-
sion model. The same set of six mutations was found in this
analysis to be independently associated with reduced suscep-
tibility (Table 5).

Phenotypic comparison of lopinavir and other PIs. To pro-
vide more information regarding viral isolates with reduced
susceptibility to lopinavir, the relative susceptibilities (log fold
IC50) of the M98-957 baseline isolates to lopinavir were com-
pared to the susceptibilities of the panel to other PIs (each
comparison was restricted to those isolates displaying .2.5-
fold-reduced susceptibility to one of the two drugs being com-
pared). The correlation was highest between lopinavir and

FIG. 3. Median fold IC50 of lopinavir with respect to the number of
mutations associated with reduced in vitro susceptibility to lopinavir.

TABLE 4. Association of viral genotype with levels of
reduced susceptibility to lopinavir

Mutation No. of
occurrences

Pa for cutoff of fold lopinavir IC50

4 10 20 40

L10F/I/R/V 45 0.0013 0.0013 0.0261 ns
K20M/R 13 ns ns 0.0028 ns
L24I 8 ns ns ns ns
M46I/L 27 ns ns ns ns
F53L 9 ns ns 0.0479 0.0173
I54L/T/V 27 ,0.0001 ,0.0001 ,0.0001 0.0016
L63P 49 0.0371 0.0160 ns ns
A71I/L/V/T 35 0.0137 0.0301 ns ns
V82A/F/T 26 ,0.0001 ,0.0001 0.0005 0.0011
I84V 14 0.0121 ns ns ns
L90M 32 ns ns ns ns

a P values ,0.0075 were considered statistically significant; P values between
0.05 and 0.0075 were considered marginally significant; P values .0.05 were
considered not significant (ns).

TABLE 5. Multivariate analyses evaluating the association between
lopinavir susceptibility and individual protease mutations

Amino acid
position Pa

10..................................................................................................0.0001
20..................................................................................................0.0181
46..................................................................................................0.0048
54..................................................................................................0.0001
82..................................................................................................0.0002
84..................................................................................................0.0016

a Final models were identical for the (forward) stepwise and backward-elimi-
nation logistic regression analyses.

7466 KEMPF ET AL. J. VIROL.



RTV (R2 5 0.82) and intermediate between lopinavir and
either IDV (R2 5 0.67) or NFV (R2 5 0.49). In contrast, the
correlation between susceptibility to lopinavir and either SQV
(R2 5 0.27) or APV (R2 5 0.21) was relatively low (Fig. 4). The
median fold changes in IC50 against the set of 16 isolates in the
combined panel with .20-fold-reduced susceptibility to lopi-
navir for the PIs were as follows: lopinavir, 40-fold; RTV,
92-fold; IDV, 40-fold; NFV, 56-fold; SQV, 18-fold; and APV,
6.5-fold (data for APV were missing for one viral isolate from
study M98-957 with a lopinavir fold IC50 of .20). The numbers
of viral isolates in this subset with .20-fold-reduced suscepti-
bility to the other PIs were the following: RTV, 16 of 16; IDV,
14 of 16; NFV, 16 of 16; SQV, 9 of 16; and APV, 1 of 15.

DISCUSSION

In this study, statistical methods were used to identify 11
mutations in HIV protease that correlate with reduced in vitro
susceptibility to lopinavir within a panel of viruses selected in
vivo by other PIs. Two separate univariate analyses, both using
a continuous response variable to describe phenotype, gave
essentially identical results. Furthermore, one of these meth-
ods (the Wilcoxon rank sum test), applied to the other PIs for
which the complete data set was available, identified sets of
mutations associated with reduced susceptibility similar to
those previously reported to be selected by and/or to produce
cross-resistance to those PIs (11). Since the panel of isolates

used for this analysis was selected during therapy with PIs
other than lopinavir-RTV, the set of 11 mutations does not
necessarily describe the development of de novo resistance to
lopinavir-RTV (i.e., this analysis would not identify mutations
that might be uniquely selected by lopinavir but not by other
PIs). This limitation is illustrated by the fact that the D30N
mutation was not found to be associated with reduced suscep-
tibility to NFV. That lack of association is presumably due to
the fact that other genotypes, selected either by other PIs (4,
15) or by NFV itself (3), also confer resistance to NFV. The
analysis is further limited by the prior PI treatment experience
of subjects entering studies M97-765 and M98-957 (predomi-
nantly IDV, NFV, RTV, and/or SQV). Thus, the potential
effects of unique mutations selected by other PIs on the sus-
ceptibility to lopinavir are not addressed with this analysis. In
spite of these limitations, the mutations identified in this anal-
ysis provide a set of common mutations that might be expected
to occur during virologic rebound on therapy with lopinavir-
RTV. In this context, mutations at 9 of the 11 positions defined
by the lopinavir mutation score (positions 10, 20, 24, 46, 53, 54,
63, 71, and 82) have been observed at least once following viral
rebound on lopinavir-RTV therapy in subjects previously
treated with one or more of the other PIs (A. Molla et al.,
unpublished results). These observations provide additional
insight into the possible relevance of this set of mutations as
determinants of changes in susceptibility that may be clinically
relevant.

Six of the 11 mutations determined by univariate analyses to
be associated with reduced susceptibility (positions 10, 20, 46,
54, 82, and 84) were confirmed to be independently associated
in both multivariate analyses. The independent association
with phenotype strongly suggests that these mutations, in the
context of different combinations of other mutations, can con-
tribute directly to incrementally reduced susceptibility to lopi-
navir. However, the precise role of each mutation will be best
examined by in vitro site-directed mutagenesis. The role of the
remaining five mutations (positions 24, 53, 63, 71, and 90) as
determinants or simply markers of reduced susceptibility by
virtue of association with other mutations will also require
experimental assessment. Nonetheless, the associations found
in this analysis may be useful for estimating the potential for
reduced susceptibility to lopinavir in patients failing therapy
with other PIs.

The 11 mutations associated with reduced in vitro suscepti-
bility to lopinavir were identified using a conservative approach
(P , 0.0062), as dictated by a modified Bonferroni adjustment
(13, 23). With larger sample sizes, other mutations might be
found to be associated with reduced susceptibility (e.g., those
marginally associated with reduced phenotypic susceptibility
from the present analysis [amino acid positions 73, 43, 93, 58,
and 33]). In particular, it is likely that mutations in addition to
those at positions 20 and 53 will be found to contribute incre-
mentally, in combination with multiple other mutations, to
high-level in vitro resistance (e.g., the K20M/R and F53L mu-
tations are only present in 8 of 16 and 5 of 16 viral isolates,
respectively, in the panel with .20-fold-reduced susceptibili-
ty). For example, the L33F mutation occurred in only 3 of 112
isolates examined, but 2 of those displayed .20-fold-reduced
susceptibility to lopinavir. Likewise, the K43T mutation was
present in three isolates with .10-fold-reduced (range, 18- to

FIG. 4. Relative susceptibility of M98-957 baseline viruses to lopi-
navir and other PIs.
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53-fold-reduced) susceptibility to lopinavir. While not statisti-
cally associated with phenotype because of small numbers,
these mutations may still contribute to reduced susceptibility to
lopinavir. In this regard, the appearance of L33F as a new
mutation following plasma HIV RNA rebound in a previously
PI-experienced subject who began lopinavir-RTV therapy with
multiple mutations in protease (17) lends credence to this
hypothesis.

The additional analysis of phenotype as a categorical re-
sponse variable also provides insight into particular mutations
that are likely to appear in isolates over a broad phenotypic
range (i.e., those likely to be selected early) as opposed to
those that appear predominantly in isolates that display high-
level changes in susceptibility (i.e., those likely to be accumu-
lated later). Several of the mutations closely associated with
resistance to other PIs (e.g., those at positions 82, 54, 10, 63,
71, and 84) were found to be most closely associated with
relatively modest (4-fold and/or 10-fold) changes in suscepti-
bility. Reduced baseline susceptibility (fourfold or less) or the
presence of one or two mutations or both have been found to
be predictive of diminished virologic response to PI regimens
(7, 14), including those containing RTV-SQV (6, 9, 25), IDV
(19), and NFV (A. K. Patick et al., Abstr. 2nd Int. Workshop
HIV Drug Resist. Treatment Strategy, abstr. 57, 1998). In
contrast, neither a fourfold change in baseline susceptibility
nor the presence of three or more mutations at positions 10,
54, 71, and 82 at baseline was associated with diminished re-
sponse to lopinavir-RTV in single-PI-experienced patients
(Kempf et al., 7th Conf. Retroviruses Opportunistic Infect.,
abstr. 731). This difference is likely to be a consequence of the
high, sustained plasma lopinavir levels provided by the lopina-
vir-RTV regimen. Consequently, the identification of second-
ary mutations that accumulate on top of a platform of other
mutations resulting in a greater degree of reduced in vitro
susceptibility to lopinavir is important for the optimal inter-
pretation of HIV genotypic resistance tests. In this context, the
association of the K20R/M and F53L mutations (along with
multiple other mutations) with increases in lopinavir IC50 of
.20- and .40-fold, respectively, may provide useful informa-
tion for interpreting in vivo cross-resistance to lopinavir-RTV.

Viruses with one or two (nearly exclusively secondary) mu-
tations displayed wt susceptibility to lopinavir. In isolates with
3 or more mutations, virtually all of which contained at least 1
primary mutation, the average change in phenotypic suscepti-
bility per mutation (out of the above set of 11 mutations) was
0.241-log-fold (1.74-fold) per mutation. The median fold IC50

values for isolates containing 6 or 7 and 8 to 10 mutations were
13.5- and 44-fold, respectively. Although the relative contribu-
tions of the above 11 mutations to the incremental change in
susceptibility to lopinavir are not expected to be equal, a
greater number of mutations is usually associated with more
profoundly reduced susceptibility (5, 15), and the average
change in phenotype over a range of mutations may be useful
in assessing the likelihood of substantial activity against a given
isolate in vivo. Since trough plasma lopinavir levels with the
400-mg lopinavir dose in combination with the 100-mg RTV
dose average more than 75-fold above the serum-adjusted IC50

of lopinavir against wt HIV (18), the results of this analysis
suggest that lopinavir-RTV is likely to exert significant antiviral
activity in subjects whose viruses contain 6 or 7, and possibly

more, of the 11 mutations identified with reduced in vitro
susceptibility to lopinavir. Although this analysis is unlikely to
completely describe the de novo development of resistance to
lopinavir-RTV in previously antiretrovirus treatment-naive pa-
tients, the incremental loss of susceptibility over many muta-
tions suggests that the in vivo genetic barrier to resistance to
lopinavir-RTV may be high, particularly in subjects who are PI
naive and who have not received a PI-resistant virus through
transmission. This conclusion is supported by the observation
that, in subjects experiencing a rebound in plasma HIV RNA
to .1,000 copies while on lopinavir-RTV, evidence of viral
evolution in HIV protease and changes in susceptibility to
lopinavir (compared to the corresponding baseline isolates)
were only evident in subjects whose baseline viruses contained
at least 4 of the 11 mutations identified in this analysis (17).

In addition to providing insight into the genetic barrier to
phenotypic resistance to lopinavir-RTV, the set of mutations
identified in these analyses is useful for the analysis of virologic
response to lopinavir-RTV therapy with respect to baseline
genotype. Previous studies examining this relationship with
other PIs have focused on a small number of key mutations
(19, 25). However, that approach is likely to provide incom-
plete information with respect to lopinavir-RTV regimens be-
cause of the strong association of those mutations with only
modest levels of reduced susceptibility to lopinavir (well below
the sustained plasma lopinavir levels). The Data Analysis Plan
of the HIV Resistance Collaborative Working Group contains
a provision for treating the number of mutations associated
with PI resistance as a covariate (7). However, that list is
“generic” for the PI class and contains mutations that are
clearly not associated with reduced susceptibility to lopinavir.
The number of mutations from the list of 11 identified in this
analysis (lopinavir mutation score) provides an alternate co-
variate with which to investigate the genotypic susceptibility
breakpoint(s) for lopinavir-RTV (12). Details of those studies
will be published elsewhere.

Finally, the set of mutations found by this analysis to be
associated with reduced susceptibility is almost identical to
those selected with IDV (5) and RTV (15). Moreover, the
phenotypic susceptibility of the combined panel of isolates to
lopinavir strongly correlated with susceptibility to RTV or
IDV. These results suggest a high potential for cross-resistance
of resistant isolates selected in vivo with lopinavir-RTV to
either RTV or IDV. The phenotypic correlations between lopi-
navir and the other PIs tested, particularly SQV and APV,
were lower; nonetheless, the lopinavir mutation score includes
multiple secondary protease mutations associated with resis-
tance to the PI class. Thus, the potential for cross-resistance of
isolates selected by lopinavir-RTV to other PIs will require
careful assessment.
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