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Ten subjects received 600 to 1,200 mg of the human immunodeficiency virus type 1 (HIV-1) protease
inhibitor ritonavir per day. Following 2 weeks of therapy, plasma HIV RNA levels decreased by a mean of 1.57
(range, 0.89 to 1.96) log units. With continued therapy, HIV RNA levels began to rise in eight subjects. The
initial rise in plasma RNA levels was temporally associated with the development and quantitative increase in
the V82 resistance mutation. Doubling times of the V82A mutant virus were estimated to be 2.4 to 4.8 days. An
L63P/A mutation was commonly present at baseline even in subjects with a durable virologic response. The
concomitant acquisition of an L63P/A mutation with the V82A/F mutation at the time when plasma RNA levels
rebounded suggests a role for the L63P/A mutation in improving the fitness of the V82A/F mutation. Subse-
quent additional genotypic changes at codons 54 and 84 were often associated with further increases in plasma
RNA levels. Ongoing viral replication in the presence of drugs resulted in the appearance of additional
genotypic changes, including the LI0M saquinavir resistance mutation, and decreased phenotypic suscepti-
bility. The relative fitness of the protease V82A ritonavir resistance mutation and reverse transcriptase
T215Y/F zidovudine resistance mutation following drug withdrawal were estimated to be 96 to 98% that of the
wild type. Durability of the virologic response was associated with plasma RNA levels at the nadir. A virologic
response beyond 60 days was not observed unless plasma HIV RNA levels were suppressed below 2,000
copies/ml, consistent with estimates from V82A doubling times for selection of a single resistance mutation to

dominate the replicating population.

Efforts to treat human immunodeficiency virus type 1 (HIV-
1)-infected individuals have been directed towards the devel-
opment of inhibitors of viral enzymes necessary for viral rep-
lication. The viral reverse transcriptase (RT) is the target of
most drugs now in use. Virus variants with reduced suscepti-
bility to several of these drugs have been selected in vitro (2,
11, 46) and have emerged with therapy in vivo (22, 42, 44).
Genotypic changes in the RT gene following long-term zidovu-
dine (ZDV) therapy have been associated with phenotypic
losses in sensitivity to ZDV (21, 22). Establishing the in vivo
relationship between the development of genotypic resistance
and changes in plasma HIV RNA levels during ZDV mono-
therapy, however, required the development of methodologies
to measure plasma HIV RNA levels and to determine the
amounts of genotypic variants in a population. Recently cor-
relations of the development of genotypic resistance in plasma
virus RNA with the loss of viral suppression in vivo have been
demonstrated for the K70R mutation with ZDV (9) and the
M184V mutation with lamivudine (42). Interestingly, the
K70R mutation is associated with only an eightfold decrease in
susceptibility to ZDV in vitro (21) while the M184V mutation
results in a >500-fold decrease in susceptibility to lamivudine
(46). Similarly, with the nonnucleoside RT inhibitors, such as
delavirdine and nevirapine, the Y181C mutation results in
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>100-fold reduction in drug susceptibility in vitro (37) and has
been associated with loss of HIV suppression in patients (12,
37, 39).

A new class of drugs has been evaluated in phase I/II clinical
trials (8, 26). The target of these drugs is the HIV protease
which is required for cleavage of the Gag and Gag-Pol polypro-
teins and production of infectious virus (20, 35). As with the
RT inhibitors, HIV variants with reduced susceptibility to pro-
tease inhibitors have been isolated in vitro (15, 18, 25, 34).
Characterization of these drug-resistant variants has revealed
several changes in the protease amino acid sequence which
have been associated with low-level (<10-fold) decreases in
phenotypic susceptibility to a number of inhibitors (6, 7, 28).
Some of these mutations result in a reduced susceptibility to
more than one protease inhibitor (6, 7, 33, 41, 47).

We have previously described a differential hybridization
assay for determination of relative amounts of wild-type (WT)
virus and resistant mutants (MUT) in the plasma HIV RNA of
infected individuals (10). The assay is linear and reproducible
over a wide dynamic range. Here we apply this technology to
detect increases in the amount of plasma virus with specific
mutations in association with increases in plasma HIV RNA
levels following treatment with ritonavir (Norvir). Molla et al.
(28) have described an ordered accumulation of mutations
during ritonavir therapy based on the frequency of mutations
observed. Here we describe an ordered pattern of accumula-
tion based on the accumulation of mutations associated with
changes in viral load during ritonavir therapy. Furthermore,
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TABLE 1. Description of hybridization probes

Location” Temp (°C)
Probe Sequence
(nt) Hybridization Wash
M46 WT ACCAAAAATGATAGKRGG 1934-1951 45 45
M4el MUT ACCAAAAATHATAGKRGG 1934-1951 45 45
M46L MUT ACCAAAAYTGATAGKRGG 1934-1951 45 45
154 WT AGGTWTTATYAAAGTAA 1958-1974 35 35
154v MUT AGGTWTTGTYAAAGTAA 1958-1974 35 35
L63 WT TCAGATACTYRTAGAAA 1985-2001 45 40
L63P MUT TCAGATACCYRTAGAAA 1985-2001 45 40
L63A MUT TCARATAGCYRTAGAAA 1985-2001 45 40
AT71 WT ACATAAAGCTRTAGGTA 2009-2025 45 35
A71V MUT ACATAAAGTTRTAGGTA 2009-2025 45 35
V77T WT GTATTAGTAGGRCCTA 2028-2043 35 35
V771 MUT GTATTAATAGGRCCTA 2028-2043 35 35
V82 WT ACMCCTGTCAACRTAAT 2042-2057 50 35
V82A MUT TACMCCTGCCAACRTA 2042-2057 50 35
V82F MUT TACMCCTTTCAACRTA 2042-2057 35 35
184 WT TDYCAACATAATTGG 2048-2062 40 30
184V MUT TDYCAACGTAATTGG 2048-2062 40 30
L90 WT AGRAAYCTGTTRACTCA 2064-2080 45 40
L90OM MUT AGRAAYCTGATGACTCA 2064-2080 45 40
Protease GNR CAGAGCCAACAGCCC 1700-1714 45 40

“ HIV-1gg, (40).

differential hybridization allowed estimates of the doubling
times of MUT populations during viral load rebounds and of
the fitness of the expanding viral populations. Linear regres-
sion analysis of the rate of reversion of MUT populations
following cessation of therapy provided an estimate of fitness
of the replicating MUT population. These data indicate that
the doubling time of the expanding resistant population is
short, that the fitness of the resistant population is very close to
that of the WT virus, and, that as a result, reversion of MUT
populations in the absence of selective pressure is a slow pro-
cess. Finally, the durability of the virologic response was cor-
related with the maximum suppression of viral replication,
suggesting that the appearance of virus containing multiple
mutations is a result of continued selection during ongoing
viral replication.

(This study was presented in part at the 3rd Conference on
Retroviruses and Related Infections, January 28 to February 1,
1996.)

MATERIALS AND METHODS

Patients and sample material. The subjects represent a subset of the study
subjects previously described (26). All subjects on previous antiretroviral therapy
discontinued all medications except Prneumocystis carinii pneumonia prophylaxis
for 2 weeks before therapy was initiated.

HIV-1 RNA quantification. HIV-1 RNA in plasma was quantified by
branched-DNA (bDNA) signal amplification-based hybridization with a Quan-
tiplex HIV RNA assay kit (32). Plasma samples with values below the detection
limit of the standard assay (10,000 HIV-1 RNA equivalents per ml, expressed as
copies per milliliter) were tested by a modified bDNA assay with a detection limit
of 500 HIV copies/ml (19).

RT-PCR of the HIV-1 protease gene. Plasma virus RNA was prepared as
previously described (16). PCR was performed as a modification of the proce-
dure described by Eastman et al. (10). cDNA synthesis was performed on 10 pl
of prepared RNA (100-wl equivalent of the starting plasma). The 100-u.l reaction
mixture included a buffer that contained 50 mM Tris (pH 8.3), 2.5 mM MgCl,,

10 mM KClI, 0.1 mg of bovine serum albumin/ml, 0.25 mM (each) deoxynucleo-
side triphosphate, and 30 pmol each of the primers PROT2083.UP (5'-GGAAG
GACACCAAMTGAAAGA-3', bp 1596 to 1616, HIV-1gg_, [40]) and biotinyl-
ated PROT2662.DOWN (5'-ATTCCTGGCTTTAATTTTACTGG-3', bp 2127
to 2149). Samples were heated to 65°C for 90 s, cooled to 42°C for 1 min before
200 U of Moloney murine leukemia virus RT (GIBCO/BRL) was added, and
incubated at 42°C for 15 min. The samples were heated to 100°C for 2 min, then
cooled to 55°C for 5 min, during which time 5 U of Taq polymerase (Perkin-
Elmer, Norwalk, Conn.) was added. The temperature was raised to 72°C for 3
min, with 40 subsequent cycles of denaturation at 94°C for 1 min, annealing at
55°C for 1 min, and extension at 72°C for 3 min to generate a 554-bp fragment.

Analysis of PCR product. For differential hybridization analysis, 10 .l of the
PCR product was diluted in 90 pl of phosphate buffer, pH 5.5. Fifty microliters
was dispensed to duplicate wells in which streptavidin (XENOPORE Corpora-
tion, Saddle Brook, N.J.) was covalently bound and incubated at 50°C for 30 min.
The wells were washed, and the bound PCR product was denatured in 0.15 N
NaOH for 5 min followed by washing. To the appropriate wells, 100 nl of
hybridization solution (5X SSC [1X SSC is 0.15 M NaCl plus 0.015 M sodium
citrate], 1% sodium dodecyl sulfate, 0.5% polyvinylpyrrolidone, 0.5% bovine
serum albumin) containing either WT or MUT alkaline phosphatase-labeled
probe (Table 1) was added and incubated for 1 h at the appropriate temperature.
All wells were washed three times for 5 min each time at the appropriate
temperature with prewarmed 1X SSC-0.1% sodium dodecyl sulfate, followed by
three washes with prewarmed 1X SSC-0.1% Triton X-100, followed by four
room-temperature washes in 1X SSC. For chemiluminescent detection, 50 .l of
chemiluminescent substrate (LumiphosTM 530; Lumigen, Detroit, Mich.) was
added to each well, incubated at 37°C for 30 min, and measured on a luminom-
eter (Chiron, Emeryville, Calif.). In order to account for the amount of PCR
product bound to each well, each well was stripped with 0.15 N NaOH and
rehybridized with an alkaline phosphatase-labeled probe to a highly conserved
region, the generic (GNR) probe, and washed as described above. The probes,
probe sequences, map locations, hybridization temperatures, and wash temper-
atures are presented in Table 1. Controls for hybridizations with MUT probes
were generated by site-directed mutagenesis (25). Alternatively, a biotinylated
synthetic oligonucleotide containing both MUT probe and GNR probe target
sequences was used as a hybridization control. HIV-1xp, was used as the WT
control.

Estimation of MUT populations. The relative proportions of MUT and WT
populations for each probe set was initially determined. The relative light units
(RLUs) for each sample hybridized with the WT- or MUT-specific probe were
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normalized to the respective RLUs hybridized with the GNR probe to account
for the quantity of PCR product bound to each well (WT:GNR,,,, = WT
RLUS/GNRy RLUs; MUT:GNR,,,, = MUT RLUs/GNR,;+ RLUs). Fur-
thermore, these values were normalized to 100% WT and 100% MUT control
values to control for the specific activity of the individual probes [WT:GNR =
(WT:GNR) . /(WT:GNR)wrcono; MUT:GNR = (MUT:GNR),../(MUT/
GNR)MmUTeontrotl]- The portion of MUT species was estimated by multiplication
of the plasma HIV RNA levels (HIV copies per milliliter) by the proportion of
MUT [HIV copies per milliliter X MUT:GNR/(MUT:GNR + WT:GNR)].
Method for back calculating viral densities prior to initiation of therapy. The
method for back calculating viral densities makes use of CD4* T-cell data to
infer the growth rate of MUT viruses at previous time points. The model makes
three main assumptions: (i) that viral growth can be described by means of the
simple mathematical model presented by Perelson et al. (36), (ii) that peripheral
blood CD4™" T-cell counts can be taken as a measure of the target cell densities,
and (iii) that immune responses that may contribute to the death of infected cells
and clearance of free virus do not change appreciably following the initiation of
drug therapy. The model of Perelson et al. (36), when applied to MUT virus,
consists of the following equations: dI/dt = BVT — &I and dV/dt = ndl — cV,
where T is the density of target cells, I is the density of infected T cells, V' is the
density of free HIV, B is the infection rate,  is the death rate, n is the number
of virions released by an infected cell, and c is the clearance rate of free virus.
The rate of change of a MUT virus, \, under these equations can be shown to be

_ \/_27
N - (c+9) + (2c )% + 4boT o

where b = nf is a growth rate parameter characteristic of each virus.

The densities of MUT viruses at previous times were estimated through re-
peated application of the formula V(¢ — Af) = V(¢)e 4, where V(¢) is the viral
density at time ¢ and Az is the amount of time between successive CD4*-T-cell
counts. For purposes of back calculation, it was assumed that T is proportional
to the density of CD4™ T cells (which generally increases as virus declines) but
that b, ¢, and 8 are constant. For the values of ¢ and 8, published estimates were
used (36). The growth rate parameter b was then estimated by evaluating the
solution of equation (1) for b at time points where data existed on both CD4"-
T-cell counts and the rate of change of MUT virus. In cases where there was
more than one estimate for b, the average b was used.

Because the formula V(¢ — Af) = V(t)e M4’ is only an approximation (this
becomes exact as At approaches zero), these numerical procedures were tested
against simulated data sets in which the number of data points was similar to that
in the actual trials. Baseline MUT virus densities estimated by this procedure
generally came within about 10% of the true values, indicating that rounding
errors in the back-calculation procedure do not seriously distort estimates for the
densities of MUT viruses at baseline.

Exponential growth rate method for back calculating MUT densities. MUT
virus densities were also back calculated under the simplest assumption, that the
rate of growth of MUT virus is constant from the time of drug initiation to viral
rebound. This was accomplished by a linear regression of log MUT virus versus
time through the first four to five MUT hybridization values.

This method almost certainly understates the amount of virus at early time
points. Previous theoretical treatments, such as those presented by Nowak et al.
(30), McLean and Nowak (27), and Stillianakis et al. (45), suggest that the rate
of change in the density of MUT virus will increase (often from negative to
positive) following the initiation of drug treatment. The simple exponential
model, therefore, provides a conservative minimal estimate for the prevalence of
MUT virus at the initiation of treatment.

Estimation of fitness of MUT populations following drug withdrawal. The
fitness of the MUT population was estimated from the analysis of the replace-
ment of the MUT population with the WT virus in the absence of drugs. This
approach assumes replication is continuous in time, where s, the selection coef-
ficient, is the fitness difference between the WT and MUT populations. The
selection coefficient can be estimated from a group of data points at various times
by linear regression analysis of In[p(¢)/q(¢)], with time as an independent variable
(29), where p is the frequency of the more fit WT variant and g is the frequency
of the less fit MUT variant. When the lack of detectable WT virus during the
follow-up period prevented an estimate of s by the above method, the upper limit

. [p(®/g(®)] )
of s was estimated by s = In 0] t, where p(0)/q(0), the proportion of WT,

was estimated to be no less than the mutation rate, 3 X 107 p(f)/q(f) was
estimated as the sensitivity of detection of the differential hybridization assay,
0.01 (10); and ¢ (in days) is the time of follow-up.

Sequence analysis of the protease-coding region of patient plasma RNA. RNA
was extracted from plasma virus and PCR amplified as described above. One
microliter of this reaction was diluted to 10 wl and amplified for another 40 cycles
with the same primers. Unincorporated primers were removed with a Centricon-
100 (Ambicon, Inc., Beverly, Mass.), and PCR products were sequenced directly
on a DNA sequencer (Applied Biosystems, Foster City, Calif.), with unlabeled
GNR probe as a primer. All sequences were proofread manually and aligned
with that of HIV-1gg, as a consensus sequence. Alternatively, a nested PCR
strategy was employed, followed by cloning of the PCR product and sequencing.
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FIG. 1. Time of development of various mutations in the protease gene
during ritonavir monotherapy. BSLN, baseline; RBND, viral load rebound; +56,
viral load rebound plus 56 days; >140, viral load rebound plus =140 days. The
number of subjects evaluated at each time point is indicated above each bar.

cDNA synthesis was performed in a 10-pl reaction mixture containing 0.2 pM
primer p3-2 (5'-ACCCTGCAGGATGTGGTATTCCTAA-3', bp 2376), 50 mM
Tris-HCI, 75 mM KCl, 200 pM (each) deoxynucleoside triphosphate, 3 mM
MgCl,, and 200 U of Moloney murine leukemia virus RT at 37°C for 30 min.
Following cDNA synthesis, 0.2 uM primer p5-2 (5'-AGTGTTTCAATTGTGG
CAAA-3', bp 1514 to 1533) was added and PCR was performed in a mixture
containing 10 mM Tris-HCI, 50 mM KCI, 200 pM (each) deoxynucleoside
triphosphate, 2.5 mM MgCl,, 2.5 U of Tag polymerase, and 1 pg of DNA in a
total volume of 100 pl. PCR was performed for a total of 30 cycles in a Perkin-
Elmer 9600 Thermocycler under the following conditions: melting at 94°C for
60 s, annealing at 55°C for 60 s, and extension at 72°C for 105 s. Nested PCR
employed conditions and primers previously described (15). The amplified prod-
ucts were cloned into a TA cloning vector (Invitrogen Corp., San Diego, Calif.).
Plasmid DNA was purified and sequenced by the dideoxy chain termination
method.

Phenotypic sensitivity analysis of subject PBMCs. Peripheral blood mononu-
clear cell (PBMC) viral supernatants were raised from selected stored specimens.
Five million patient PBMCs were cocultured with an equal number of uninfected
phytohemagglutinin-stimulated PBMCs in the presence of interleukin 2. Culture
supernatants were titered by p24 antigen by standard techniques. For sensitivity
testing, 5 X 10° uninfected phytohemagglutinin-stimulated PBMCs were incu-
bated with 5,000 50% tissue culture infective doses of virus. The cells were
washed and plated in duplicate onto a 96-well plate containing fivefold dilutions
of ritonavir (0.008 to 5 wM) in addition to a drug-free control. Medium contain-
ing appropriate concentrations of the drug was changed on day 4, and the p24
antigen in each well was measured on day 7. As each titration was done in
duplicate, p24 antigen levels were averaged, and percent inhibition was deter-
mined by comparison to the drug-free control.

RESULTS

Identification of resistance mutations associated with re-
bounds in plasma HIV RNA. The rapid and dramatic antiviral
effect of ritonavir on plasma HIV RNA levels has been well
documented (8, 14, 26). We studied a subset of these patients
(mean CD4"-cell concentration, 185/mm?) (14, 26) in whom
ritonavir monotherapy produced a mean decrease in plasma
HIV RNA levels of 1.7 log units within 2 weeks. A rebound in
RNA levels within 1 year of initiation of therapy was observed
in 8 of 10 subjects, while 2 of 10 maintained viral suppression.
For four subjects who had lost viral suppression, ritonavir
dosage was escalated to 1,200 mg daily with little impact on
plasma RNA levels.

We analyzed plasma HIV RNA from 10 subjects on ritona-
vir monotherapy for changes at loci identified as responsible
for decreased susceptibility to ritonavir (25, 28). The presence
of genotypic changes from the WT consensus sequence at
various times for the eight subjects who experienced viral load
rebounds are presented in Fig. 1. The bDNA assay has been
demonstrated to be able to discern threefold changes in plasma
RNA levels as significant (48). For the purposes of this anal-
ysis, a threefold (0.5 log,,) increase in plasma RNA levels
above the nadir on two consecutive determinations was em-
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ployed to define a viral load rebound. The mean increase in
plasma RNA levels over the nadir at the time of viral load
rebound was 1.3 (range, 0.66 to 2.53) log units. At the time of
the viral load rebound, relatively few mutations were detected,
primarily at codons 63 and 82. The majority of subjects, how-
ever, had changes at codon 63 at baseline. With continued viral
replication in the presence of drug after the viral load rebound,
additional genotypic changes are observed.

Alternatively, we analyzed longitudinal samples so that ge-
notypic changes could be temporally associated with changes in
plasma HIV RNA. The total HIV RNA copies per milliliter
and determinations of various MUT populations by differential
hybridization and sequencing for selected subjects are pre-
sented in Fig. 2. By differential hybridization, a change at
codon 82 (seven of eight, V82A; one of eight, V82F) was
temporally associated with the initial loss of viral suppression.

Two patterns of acquisition of the second most common
mutation, 154V, representing the 154V-V82A double MUT,
were observed. The first was exemplified by subjects 301 and
306, in whom the 154V mutation was acquired well after the
appearance of a V82A mutation and viral load rebound and
was not associated with a further rise in HIV RNA levels. Both
of these subjects also received the lowest dose of ritonavir. In
three other subjects receiving higher doses of ritonavir, the
154V mutation (I54V-V82A double MUT) appeared tempo-
rally with the V82A mutation; however, the double-MUT pop-
ulation appeared at lower levels and the rate of expansion was
slower. In two of the three subjects (304 and 409), complete
conversion of the replicating viral population to the double
MUT was associated with further increases in viral load, sug-
gesting that the 154V mutation results in a further decrease in
susceptibility to ritonavir. The slower expansion of the double-
MUT population, however, may indicate reduced fitness.

An L90M mutation was observed in two subjects (301 and
304) only well after the viral load rebound and in the presence
of a large number of other mutations. An I84V change was
observed in only one subject (310), following the development
of the V82A mutation, and was associated with a further in-
crease in viral load.

Three subjects were completely L63P/A at baseline: 306,
313, and 409. Viral RNA was a mixture of L63 WT and L63P
MUT at baseline in three subjects, 304, 310, and 401 (Fig. 1),
but became completely L63P MUT concomitant with the loss
of viral suppression. In four subjects who were mixtures or
L63P/A MUT at baseline, initiation of ritonavir therapy coin-
cided with changes to L63 WT, only to return to L63P MUT at
the time of the viral load rebound. This is most apparent in the
large fluctuations of L63P MUT in subject 310.

As shown in Fig. 2, the phenotypic sensitivity of virus iso-
lated from PBMCs from four subjects (301, 304, 306, and 313)
established a progressive decrease in susceptibility to ritonavir
with duration of therapy. Sequence analysis of subjects 301 and
304 demonstrated the stepwise accumulation of additional mu-
tations, including K20R, A71V, and L90M. An M46I mutation
appeared in subject 304 at day 57 but reverted to M46 WT,
while an M361 change was present at baseline and throughout
therapy. Similarly, an M46I mutation appeared at the time of
rebound in subject 313 by differential hybridization but had
reverted to M46 WT 14 days later (data not shown).

In the two subjects who experienced long-term viral suppres-
sion below the limit of detection of the bDNA assay, 406 and
408 (Fig. 1), codon 82 remained WT. Furthermore, certain
changes from the WT HIV-1g, consensus sequence present at
baseline, some of which have been associated with resistance to
protease inhibitors (7, 28), were lost with therapy in these
subjects. Most notable were changes at codons 63, 71, and 77.
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While this apparent reversion may be affected by the small
amounts of RNA introduced into the RT-PCR reactions, the
reversion of both subjects 406 and 408, as well as the mainte-
nance of WT sequence in subject 203 (28), argues against this
possibility. It is possible, therefore, that this WT virus repre-
sents viral replication in a site that is privileged with regard to
exposure to ritonavir, such as latently infected cells, brain, or
testes.

Kinetic analysis and estimation of fitness from estimates of
baseline plasma RNA levels of MUT populations. Four sub-
jects in the lowest-dosage group, 600 mg/day, experienced re-
bounds in plasma RNA within 42 days of ritonavir mono-
therapy. At time points when the V82A MUT was detectable
above the WT background, it was possible to quantify the rate
of expansion of the MUT population. Due to the frequency of
time points during the exponential viral load rebound, a fit to
the data at these time points on a log scale allowed the deter-
mination of the slope of the line as defined by linear regression
(minimally, 4 time points) in three of these subjects. From this,
an estimate of the doubling time of the V82A MUT virus was
determined (Table 2). It is possible that the longer doubling
time estimate for subject 312 is a result of longer intervals
between time points at the time of the viral load rebound than
in the other subjects.

As the steady-state level of the MUT population provides a
rough estimate of the selective disadvantage to the viability of
the virus, we wished to estimate pretreatment levels of the
MUT population. We used a variation of the model of Perel-
son et al. (36) to estimate the baseline prevalence of the V82A
MUT (see Materials and Methods). A maximum estimate of s
was calculated by using the hybridization data at the early time
points for each subject as the limit of detection of the assay to
estimate an upper limit to the amount of V82A MUT, above
which the MUT would be detected in the hybridization assay.
A conservative minimum estimate of s was calculated from the
linear regression analysis described above. Both the CD4*
model and the linear extrapolation are presented graphically
for these subjects in Fig. 2. The estimated s values are pre-
sented in Table 3. The CD4" model estimated fitness for the
V82A MUT population at 99% that of the WT population for
subjects 306 and 312, with minimum estimates on the order of
94 and 90%, respectively. Subject 301 had estimates of fitness
that were much less, to the point that the linear extrapolation
produced a value that was less than the mutation rate of HIV
(24). Plasma virus from this subject also had no genotypic
changes from the consensus WT at the initiation of therapy, as
opposed to that from subject 306, which was completely L63P
at baseline.

Impact of the presence of RT T215Y/F ZDV resistance mu-
tation on development of the V82A ritonavir resistance muta-
tion. Seven of the 10 subjects’ baseline samples demonstrated
baseline ZDV genotypic resistance mutations, including the
RT T215Y/F mutation. In order to assess the impacts of ritona-
vir treatment and the development of the V82A protease re-
sistance mutation on the RT T215Y/F locus, selected longitu-
dinal samples from these subjects were analyzed for the
amount of T215Y/F MUT. The amount of virus containing the
RT T215Y/F mutation for each of the seven subjects, along
with the amount of virus containing the V82A mutation, is
presented in Fig. 3. The rapid change from V82 WT to V82A
MUT in the protease gene in these subjects had no impact on
the T215Y/F MUT of the RT. The appearance of T215 WT
sequences was observed in four subjects (see below). Only
subject 408, a long-term responder, experienced a complete
reversion to T215 WT (day 328 of ritonavir therapy).
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FIG. 2. Plasma virus RNA levels and amounts of RNA containing various genotypes in longitudinal samples from subjects on ritonavir monotherapy. Plasma RNA
levels were determined by bDNA assay, and amounts of 154V, L63P/A, A71V, V771, V82A/F, 184V, and L90M genotypes in plasma RNA, determined by differential
hybridization as described in Materials and Methods, are labeled as such. Genotypes as determined by differential hybridization are presented below each plot; an
asterisk represents the detection of a change from the consensus WT. Changes from the HIV-1gp, consensus sequence determined by sequencing are enclosed in boxes
embedded in the plots. Closed symbols represent values below the limit of quantitation for the bDNA assay and differential hybridization. 1Cy,, 90% inhibitory

concentration; d4T, stavudine.
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Fitness of MUT virus following drug withdrawal. The rela-
tive fitness of a MUT population in the absence of drugs can be
calculated by standard formulas to model the effect of replace-
ment of the less fit (MUT) genotype by the more fit (WT)
genotype. By knowing the change in the proportion of the
MUT and WT populations over time, it was possible to calcu-
late the selective disadvantage (s) of the RT T215Y/F MUT in
four subjects in which T215 WT sequences became detectable
(Table 4). Only time points at which WT virus was detectable
were used for the regression analysis in order to get a more
accurate estimate of the rate of change.

In those subjects in which WT sequences were not detect-
able during the time of follow-up, an upper bound for s was

TABLE 2. Estimation of doubling times of V82A MUT populations

95% Confidence

calculated. To approximate the greatest rate of increase of the
WT population, the proportion of the WT population at the
end of the study period was taken to be the limit of sensitivity
of the differential hybridization assay, 1%. Similarly, the pro-
portion of the WT 1 day into drug withdrawal was conserva-
tively estimated to be the mutation rate of the virus. Limited
follow-up data on the stability of the RT T215Y/F from three
additional subjects and the V82A MUT from two subjects
following withdrawal from ZDV and ritonavir therapy, respec-
tively, was available. Estimates of the upper limit of s were on
the order of 0.03, except in subject 409, who had the shortest

TABLE 3. Estimation of relative fitness from expansion of the

. Baseline WT Doubling time limits 2
Subject (copies/ml) (days) d
Lower Upper
301 386,800 2.36 1.53 5.17 0.969
306 435,100 2.81 1.45 433 0.913
312 123,000 4.81 3.83 6.54 0.980

V82A population
s value
Subject Baseline RNA
ubjec (equivalents/ml) ~ Hybridization =~ CD4" Linear extrapolation
(maximum) model (minimum)
301 386,800 0.0013 0.148 4.22¢
306 435,100 0.0002 0.010 0.059
312 123,000 0.0005 0.010 0.103

“ Represents a prevalence less than the rate of mutation.
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FIG. 3. Impact of development of the V82A protease resistance mutation on
the RT T215Y/F ZDV resistance mutation in the indicated subjects.

follow-up. Clearly, with longer follow-up, estimates of the up-
per limit of s decrease.

Factors affecting the durability of the virologic response. A
multifactor one-way analysis of variance of the time to return
of the HIV plasma RNA levels towards baseline with respect
to the drug dosage, maximal decrease in RNA levels from
baseline, baseline RNA levels, nadir RNA levels, and T215Y/F
in this small cohort of 10 subjects found only the baseline
plasma HIV RNA level (r = —0.85; P = 0.002), the HIV RNA
level at the nadir (r = —0.88; P = 0.0007), and the drug dosage
(r = 0.96; P < 0.00001) significantly correlated with the time to
return to baseline RNA levels (Spearman rank order correla-
tion). Data from 16 additional ritonavir-treated subjects with
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FIG. 4. Impact of baseline and nadir plasma RNA levels on duration of
virologic response.

respect to baseline viral RNA levels and drug dosage were
included to increase the power, and the statistical analysis was
repeated. Baseline RNA levels remained weakly, but signifi-
cantly, correlated (¥ = 0.45; P = 0.0001), as did HIV RNA
levels at the nadir (#* = 0.38; P = 0.0008), while drug dosage
lost significance (+* = 0.16; P = 0.04) (Pearson product-mo-
ment correlation), although area under the curve (AUC) and
trough levels of drug concentration (C,,;,) were not available
for analysis. The impacts of baseline and nadir RNA levels on
the durability of the virologic response are presented in Fig. 4.
Inspection of the plot of the HIV RNA levels at the nadir
reveals that no subject in this study had a virologic response
longer than 60 days unless plasma HIV RNA levels fell below
2,000 copies/ml. Interestingly, both the baseline viral RNA

TABLE 4. Relative fitness of HIV populations containing the protease V82A or RT T215Y/F mutation following drug withdrawal

95% Confidence limit

Subject Mutation® Day s r? Additional genotypes
Lower Upper

408 RT T215Y/F 395 0.030 0.012 0.048 0.998 M41 WT, K70 WT
409 RT T215Y/F 311 0.039 —0.006 0.083 0.992 M41 WT, K70 WT
312 RT T215Y/F 231 0.018 —0.057 0.078 0.797 M41L MUT¢, K70 WT
304 RT T215Y/F 140 0.021 —-0.101 0.120 0.549 M41L MUT, K70 WT
310 RT T215Y/F 313 =0.019" M41L MUT, K70 WT
306 RT T215Y/F 178 =0.033" M41 WT, K70 WT
301 RT T215Y/F 184 =0.032°
401 PR V82A 198 <0.029" 154V MUT, L63P MUT
409 PR V82A 42 <0.138°

154V MUT, L63P MUT

“ Probe hybridization interrogates a specific mutation; however, this viral population most likely represents virus that is multiply MUT following extended therapy.

> See Materials and Methods for estimation of upper limit of s value.
< Boldface indicates change from consensus WT.
4 PR, protease.
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levels (* = 0.55; P < 0.00001) and the extent of decrease of
RNA from baseline (* = 0.40; P = 0.0006) were correlated
with the level of plasma RNA at the nadir, while drug dose was
not significant. Again, AUC and C,;, were not available for
analysis.

DISCUSSION

Recent clinical studies demonstrate dramatic decreases in
plasma HIV RNA levels and dramatic increases in CD4™" cells
with ritonavir monotherapy (8, 26). After extended ritonavir
monotherapy, however, plasma virus RNA levels began to rise
in many subjects, indicating a loss of susceptibility to the drug.
Molla et al. (28) have previously reported on an ordered ac-
cumulation of mutations during ritonavir monotherapy based
on their frequency of appearance. In order to identify geno-
typic changes which were associated temporally with rebounds
in the plasma HIV RNA levels in vivo, differential hybridiza-
tion of the RT-PCR product derived from plasma virus RNA
(10, 16) was coupled with plasma RNA levels in longitudinal
samples from 10 patients. Using this approach, we have been
able to define three types of mutations: primary, secondary,
and compensatory viability.

Primary resistance mutations were temporally and quantita-
tively associated with the initial loss of suppression of viral
replication. For ritonavir monotherapy, the appearance of the
V82A/F mutation was identified as the primary mutation in all
eight subjects who experienced viral load rebounds (Fig. 1 and
2) and was not observed in those subjects with a prolonged
virologic response. Secondary mutations were associated with
subsequent additional losses in viral suppression. In two sub-
jects who had higher doses of ritonavir (304 and 409), a sec-
ondary rebound in circulating plasma viral RNA levels was
associated with the acquisition of an 154V mutation and con-
version of the replicating viral population to I54V-V82A dou-
ble MUT. The 184V mutation, which was the first change
observed with in vitro selection (25), was observed in only one
subject, 310, as a secondary resistance mutation.

Two patterns of acquisition of the I54V-V82A double mu-
tation were observed wherein the appearance of 154V was
greatly delayed at lower drug doses and was not associated with
changes in plasma HIV RNA levels. However, at higher drug
doses, the appearance of the 154V secondary mutation was
much more temporally related to the appearance of the V82A
primary mutation and the return of plasma HIV RNA levels to
baseline values. This suggests that at higher drug doses, the
V82A MUT alone may require additional genotypic changes,
i.e., I54V or 184V, to overcome the selective pressure of the
drug.

The coincident expansion of the L63P and V82A popula-
tions (Fig. 1 and 2) suggests that L63P may play a role in
resistance to ritonavir in vivo. Baseline viral populations from
many of these subjects are completely L63P/A or represent
mixtures, yet potent and durable virologic response is observed
with therapy (e.g., subjects 310, 401, 408, and 409) indicating
that this mutation is not a primary resistance mutation. In vitro
studies suggest L63P may compensate for changes around the
active site, such as at codons 82 and 84 (25). Individual changes
at codons 46, 63, and 71 in a HIV-1; 45 backbone produce
phenotypic sensitivities to ritonavir identical to that of WT
virus (25). It is possible that the observed changes at codon 63
may restore viability to a replication-challenged V82A/F MUT.
Indeed, a lack of viability of virus possessing changes at V82 or
V82 and 184 has been reported (25, 34, 38). Changes at codon
10 (38) or 71 (34) have been proposed to compensate for a
reduced viability of virus from site-directed mutagenesis stud-
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ies in vitro. Furthermore, with purified enzyme preparations,
the V82A protease exhibited a reduced enzymatic activity (23,
31, 34), while a secondary A71T change was able to restore
some of the enzymatic activity (23, 34). The L63P MUT ap-
peared to improve the in vitro growth kinetics of the V82F-
184V double MUT (25). It is, therefore, possible that a change
from the consensus leucine at codon 63 may represent a com-
pensatory viability mutation.

Continued viral replication in the presence of drug resulted
in the accumulation of additional genotypic changes. Pheno-
typic sensitivity of PBMC isolates also demonstrate a progres-
sive loss of susceptibility with continued ritonavir therapy. Two
subjects eventually developed the L90M mutation, a primary
saquinavir resistance mutation (17, 18), indicating the evolu-
tion of cross-resistance to other protease inhibitors. The L90M
mutation, however, was not detected until long after the initial
viral load rebound and several additional changes had oc-
curred. It is, therefore, possible that a switch in therapy shortly
after the initial viral load rebound may prevent the potential
for cross-resistance in these subjects.

Several groups have estimated virus turnover in vivo by
measuring the decline of plasma virus levels with the initiation
of a potent antiretroviral therapy (14, 36, 49). We wished to
investigate the in vivo kinetics of expansion of the V82A MUT
population. Linear regression analysis of the amount of V82A
MUT virus in the plasma during the first-order logarithmic
expansion resulted in estimates of 2.4 to 4.8 days (Table 2) for
the doubling time of the V82A MUT population. The esti-
mated doubling times most likely represent overestimates and
could be improved with more frequent samplings. These dou-
bling times are very similar to those calculated for the Y181C
nevirapine resistance mutation (13). Consequently, assuming
an average doubling time of 3 days and no delay due to phar-
macologic delays, etc., 19 generations, or 57 days, would be
required for a resistant mutation with a predrug prevalence of
3 X 10°, the mutation rate of HIV (24), to dominate the
replicating viral population. Almost identical estimates are ob-
tained with the CD4 model.

Coffin has proposed that a single-point mutation occurs be-
tween 10* and 10° times/day in an HIV-infected individual (5).
Furthermore, the steady-state level of the MUT should be a
function of the forward and backward mutation rates and the
selective disadvantage of the mutation to the viability of the
virus, of which the latter has the greater impact. We therefore
wished to estimate the level of the V82A MUT at the time of
initiation of therapy in order to estimate the selective disad-
vantage of V82A MUT virus in vivo. To this end, we used a
mathematical model similar to that of Perelson et al. based on
CD4™ T cells as potential target cells (36). The limit of detec-
tion of the differential hybridization assay was used to define
an upper limit of the amount of V82A MUT virus at the
initiation of therapy and, therefore, a maximum fitness. A
linear extrapolation during the exponential expansion of the
V82A MUT population back to baseline was employed to
define a lower limit of the pretreatment levels of resistant
virus. This method does not take into account such consider-
ations as a delay in antiviral effects due to the time required for
drug absorption, distribution, and penetration into the target
cells nor the delay resulting from the mechanism of the pro-
tease inhibitor, in which only subsequent rounds of infection
are prevented. The estimated s values of the V§82A MUTs
derived from estimates of the prevalence of the MUT popu-
lation at the initiation of drug treatment (Table 3) are consis-
tent with the interpretation that these MUTs were present
before drug therapy. Under mutation-selection balance, the
expected steady-state frequency of a MUT in a host prior to
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drug therapy will be roughly p/s, where w (~3 X 107> [24]) is
the mutation rate and s is the selective disadvantage of the
resistance mutation in the absence of drugs (5, 29). The esti-
mates for the initial frequency of V82A mutation (Table 2) in
the two subjects (306 and 312) fall within the range that one
would expect from mutation-selection theory (i.e., s ~ 0.01).
The somewhat lower predrug frequency of the V82A mutation
in subject 301 (whose virus was WT at all amino acids in the
protease prior to drug therapy) may reflect the lower fitness of
the V82A MUT in the absence of compensatory mutations.

An alternative approach to determining the relative fitness
of a resistant viral population in vivo is to determine the rate of
reversion to WT following drug withdrawal. As part of the
protocol, subjects were removed from previous antiretroviral
therapies 2 weeks prior to initiation of ritonavir therapy. The
removal from ZDV therapy allowed an estimation of the se-
lective disadvantage of the RT T215Y/F mutation. No signifi-
cant change in the proportion of RT T215Y/F ZDV resistance
mutations was observed in those subjects who experienced a
rebound in plasma virus RNA levels and rapid development of
the V82A mutation in the protease (Fig. 3), indicating the
independence of the target genes. The lack of reversion of the
RT T215Y/F genotype with ritonavir monotherapy is very sim-
ilar to the extended periods required for reversion of this
phenotype following drug withdrawal (1, 3, 43). So, while dra-
matic turnover of sequences in the protease gene is observed
with ritonavir therapy, the sequences of the RT appear to be
quite stable in the absence of any selective pressure on this
gene. This is to be expected from a model of quasispecies of
two loci under independent selective pressures. Similar results
have been reported by Brown and Cleland (4) regarding the
independent evolution of the env and pol genes during ZDV
therapy. This suggests that therapy with a protease inhibitor
will most likely not be successful in reversing RT inhibitor
resistance. Furthermore, the independence of these loci sug-
gests that effective combination therapies directed towards dif-
ferent genetic targets will require multiple, independent ge-
netic changes in a single genome in order to completely escape
viral suppression.

Linear regression analysis of the changes in the proportions
of the T215Y/F MUT and WT populations following with-
drawal from ZDV therapy resulted in estimates of s as ~0.02
to 0.04 (Table 4). In three subjects, in whom RT 215 WT
sequences could not be detected throughout the course of
study, only estimates of the upper limit of s were possible. One
disadvantage of this approach is that additional mutations in
the replicating viral population not detected by the probe used
to interrogate the amino acid in question may increase the
fitness of the population. Interestingly, s values from those
subjects who harbored virus that was doubly MUT with M41L
and T215Y/F appeared to have a slightly greater fitness, sug-
gesting that the M41L mutation may impart additional fitness
as well as additional resistance. The advantage of this ap-
proach, however, is the in vivo nature of the results.

Two subjects with limited follow-up were withdrawn from
ritonavir. Plasma virus from these subjects (401 and 409) was
found to remain completely V82A MUT at 198 and 42 days,
respectively, following withdrawal from drug. An estimate of
the upper limit for the selective disadvantage for the V82A
mutation relative to WT at codon 82 in the subject with the
greatest follow-up, 401, was approximately 0.03. The larger
upper limit estimate for the selective disadvantage for the
V82A mutation in subject 409 is a reflection of the shorter time
following drug withdrawal. The estimates of the fitness of the
expanding V82A MUT population, based on the CD4*-T-cell
model, are in general agreement with these estimates. As de-
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scribed above, with continued ritonavir therapy following the
viral load rebound, additional mutations accumulate. Indeed,
our hybridization data reveals the presence of a triple (I54V-
L63P-V82A) MUT population in both of these subjects at the
time of drug cessation (Fig. 2). It is therefore possible that the
accumulation of additional mutations served to decrease the
pleiotropic cost of the V82A mutation in the absence of drug.

The lack of a significant fitness loss in the final population of
both ZDV- and ritonavir-resistant MUTs points to a poten-
tially serious future problem with respect to antiviral resis-
tance. It suggests that in patients in whom multiply mutated
drug-resistant variants have appeared, the resistant strains will
not quickly recede following the withdrawal of therapy. The
amount of time for a resistant strain to decrease to a given level
will depend critically on the selection coefficient s. For a se-
lective disadvantage of 0.02, the time required for the density
of the resistant virus to drop to <0.01% of its original level in
the complete absence of drug will be on the order of 461 days.

Finally, the duration of virologic response to ritonavir mono-
therapy, as monitored by plasma HIV RNA levels, was corre-
lated with plasma RNA levels at both baseline and the nadir
(Fig. 4) and weakly correlated with drug dosage. It is likely that
evaluation of AUC or C,;, may result in a better correlation
with duration of therapy. Danner et al. have previously re-
ported a clear relation between increasing dosage and the
duration of the response (8). Molla et al. (28) have reported
both the AUC and trough levels were more significantly asso-
ciated with the rate of selection of mutations in the protease
during ritonavir therapy than was drug dose, most likely due to
intrasubject variation in the pharmacokinetics of ritonavir. In-
terestingly, Havlir et al. have reported an improved durability
of virologic response in some subjects with a higher dosage of
nevirapine despite the detection of virus with reduced pheno-
typic sensitivity to nevirapine (12). Similarly, if drug trough
levels can be maintained well above the 99% inhibitory con-
centration of the V82A/F MUT virus, extended suppression of
viral replication may be possible.

While the correlation of plasma HIV RNA levels at the
nadir with the time to increase of plasma RNA toward baseline
levels was significant (©* = 0.38; P = 0.0008), Fig. 4 illustrates
the significance of this correlation. In this study, no subjects in
whom plasma virus RNA levels were not suppressed below
2,000 copies/ml experienced a virologic response greater than
60 days. While there were subjects whose plasma virus RNA
levels were suppressed below this level that had short durations
of viral suppression, this may have been confounded by other
factors, such as drug dose and baseline levels of viral RNA. It
is interesting to note that this time frame is in good agreement
with our estimates of the time required for a preexisting resis-
tance mutation at a prevalence of 3 X 107*to 1 X 107° to
dominate the replicating viral population (see Results), given a
doubling time on the order of 3 days.

In conclusion, we have extended the observations of Molla
et al. (28) by identifying mutations that were associated with
initial rebounds in plasma HIV RNA levels (primary muta-
tions) and mutations that were associated with subsequent
additional rebounds in plasma HIV RNA levels (secondary
mutations). During ritonavir monotherapy, the V82A/F muta-
tion was identified as a primary mutation while 154V and 184V
were identified as secondary mutations. With continued ritona-
vir therapy, additional genotypic changes were observed and
associated with further losses in phenotypic susceptibility. An
L90M saquinavir resistance mutation was occasionally ob-
served, which may prevent subsequent therapy with alternative
protease inhibitors.

The doubling time of the expanding V82A MUT population
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ranged from 2.4 to 4.8 days. As a consequence, HIV RNA
levels frequently returned to baseline in a very short period of
time, often weeks. The fitness of the V82A MUT, as well as the
RT T215Y/F ZDV-resistant MUT, was estimated to be ~2 to
4% less than that of WT following drug withdrawal, suggesting
reversion to WT may not occur rapidly. The duration of the
virologic response was correlated with plasma RNA levels at
the nadir. No subject with plasma RNA levels >2,000 cop-
ies/ml at the nadir experienced a virologic benefit greater than
60 days, consistent with doubling time estimates for complete
conversion of the replicating viral population. Complete sup-
pression of viral replication and a long-term virologic response
were associated with low baseline viral loads and higher drug
levels. These results argue for the early initiation of effective
therapy when plasma viremia is low to thoroughly suppress
viral replication and prevent the development of drug-resistant
variants.
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