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Continued use of antiretroviral therapy despite the emergence of drug-resistant human immunodeficiency
virus (HIV) has been associated with the durable maintenance of plasma HIV RNA levels below pretherapy
levels. The factors that may account for this partial control of viral replication were assessed in a longitudinal
observational study of 20 HIV-infected adults who remained on a stable protease inhibitor-based regimen
despite ongoing viral replication (plasma HIV RNA levels consistently >500 copies/ml). Longitudinal plasma
samples (n � 248) were assayed for drug susceptibility and viral replication capacity (measured by using a
single-cycle recombinant-virus assay). The initial treatment-mediated decrease in plasma viremia was directly
proportional to the reduction in replicative capacity (P � 0.01). Early virologic rebound was associated the
emergence of a virus population exhibiting increased protease inhibitor phenotypic resistance, while replicative
capacity remained low. During long-term virologic failure, plasma HIV RNA levels often remained stable or
increased slowly, while phenotypic resistance continued to increase and replicative capacity decreased slowly.
The emergence of primary genotypic mutations within protease (particularly V82A, I84V, and L90M) was
temporally associated with increasing phenotypic resistance and decreasing replicative capacity, while the
emergence of secondary mutations within protease was associated with more-gradual changes in both pheno-
typic resistance and replicative capacity. We conclude that HIV may be constrained in its ability to become both
highly resistant and highly fit and that this may contribute to the continued partial suppression of plasma HIV
RNA levels that is observed in some patients with drug-resistant viremia.

All currently available antiretroviral agents select for geno-
typic mutations that confer reduced phenotypic drug suscepti-
bility (24). Theoretically, the selection of drug-resistant vari-
ants in vivo will result in higher levels of viral replication,
decreased CD4� T-cell counts, and a greater risk of disease
progression. However, there are limited longitudinal data re-
lating the emergence of drug resistance with subsequent treat-
ment failure. Indeed, observational data from our group and
others suggest that the level of viremia remains suppressed
below the off-treatment set point even after the emergence of
highly resistant human immunodeficiency virus (HIV) and that
this partial viral suppression is associated with durable CD4�

T-cell gains, reduced T-cell activation, and reduced T-cell turn-
over (2, 8, 11, 20, 26, 35).

There is substantial in vitro and in vivo evidence that anti-
retroviral therapy selects for mutations that impair the inher-
ent ability of HIV to replicate (15). Goudsmit and colleagues,
for example, noted that the zidovudine-related T215F/Y mu-
tation is not stable in the absence of the drug and that this
mutation therefore confers a significant negative effect on viral

replication (19). Similar observations have been made with the
M184V mutation associated with lamivudine (3TC) resistance.
Patients experiencing virologic failure with 3TC monotherapy
often have persistent partial viral suppression (16). Since
M184V confers very-high-level phenotypic resistance to 3TC,
continued drug activity is unlikely to account for this partial
suppression of viral replication (27). Rather, reduced replica-
tive capacity is believed to be the primary cause, perhaps be-
cause M184V reduces the processivity of reverse transcriptase
(1, 18, 31). Primary protease inhibitor-associated mutations
also appear to decrease the enzymatic efficiency of HIV pro-
tease (7, 39). The D30N and L90M mutations, for example,
confer drug resistance but reduce the ability of HIV to repli-
cate in vitro (32).

We previously studied the replicative capacity of drug-resis-
tant HIV in the setting of a prospective treatment interruption
study (12). Replicative capacity was measured in vitro by using
recombinant vectors containing patient-derived protease and
reverse transcriptase sequences. At study entry, when high-
level drug resistance was present, replication capacity was
markedly diminished (compared to a wild-type reference). Af-
ter antiretroviral therapy was discontinued, phenotypic drug
resistance waned and the relative capacity of recombinant vec-
tors to replicate increased. This increased replication capacity
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was temporally associated with an increase of plasma HIV
RNA to a new and higher steady-state level. There was a
strong correlation between the increase in replicative capacity
and the increase in plasma HIV RNA levels, suggesting that
the recombinant-vector replication capacity assay provides a
direct measurement of in vivo fitness differences between drug-
resistant and wild-type variants. These data also suggested that
reduced viral fitness is an important factor in persistent partial
suppression of viral replication during long-term virologic fail-
ure.

The evolution of drug resistance and replicative capacity has
not been carefully assessed in patients who remain on long-
term combination antiretroviral therapy despite incomplete
viral suppression. Current models of viral evolution predict
that additional mutations will lead to the emergence of a virus
with reduced drug susceptibility, increased replicative capacity,
or both and that such evolution will invariably lead to higher
levels of viral replication and accelerated loss of peripheral
CD4� T-cell counts (3–6, 14, 17, 29, 33). We therefore per-
formed a longitudinal observational study to determine the
evolution of viral characteristics during long-term treatment
failure (defined as persistent plasma HIV RNA levels above
500 copies/ml), focusing on the relative contributions of drug
susceptibility and replicative capacity. Since we enrolled pa-
tients who chose to remain on stable therapy despite incom-
plete viral suppression, our data may not be generalizable to all
patients experiencing virologic failure.

MATERIALS AND METHODS

Design. This is a longitudinal observational study of 20 patients who, in
consultation with their primary-care provider, chose to remain on a stable pro-
tease inhibitor-based regimen despite detectable plasma viremia (plasma HIV
RNA viremia � 500 copies/ml). Patients were seen every 3 to 6 months up to the
time therapy was modified or discontinued. Plasma was archived at each study
visit for future analysis. This study was approved by the University of California,
San Francisco, Committee on Human Research. All patients provided signed
informed consent.

Stored pretreatment plasma samples, obtained prior to initiation of the pro-
tease inhibitor-based regimen, were available for 11 patients. All 11 patients had
been previously enrolled in clinical studies: 5 in a prospective clinical trial of
nelfinavir-saquinavir salvage therapy, 3 in an observational study, and 3 in a
clinical trial evaluating indinavir (9, 10). For each patient, plasma samples were
obtained from the date protease inhibitor therapy was initiated through the date
that virologic failure was confirmed.

Measurements. Circulating plasma HIV RNA levels were measured by using
the branched-chain DNA methodology (Quantiplex version 3.0; limit of quanti-
fication, 50 to 500,000 copies of RNA/ml). Plasma HIV RNA levels obtained
during clinical practice or as part of an ongoing clinical trial were also used in
these analyses. Genotypic resistance testing was performed by population-based
sequencing. Phenotypic resistance testing was performed by using a recombi-
nant-virus-based assay (Phenosense; ViroLogic, Inc., South San Francisco, Cal-
if.) (34). Drug susceptibility is reported as the fold change between the 50%
inhibitory concentration (IC50) for the patient virus and the IC50 for a drug-
sensitive reference virus (NL4-3).

Replicative capacity was measured by using a modification of the phenotypic
drug susceptibility assay (12). Briefly, patient-derived reverse transcriptase and
protease gene sequences were inserted into a viral vector containing a luciferase
gene. Following a single round of viral replication in the absence of drug,
luciferase activity was measured and compared to that for a reference virus
containing the reverse transcriptase and protease sequences derived from the
NL4-3 strain of HIV type 1 (HIV-1). Replicative-capacity measures for each
patient were calculated by comparing the luciferase activity generated by recom-
binant viruses containing patient-derived sequences to that generated by the
reference virus, after adjusting for minor differences in transfection efficiencies.
Replicative-capacity values were expressed as percentages and reflect the level of

replication for patient-derived virus compared to that for the wild-type reference
(values less than 100% imply reduced replicative fitness).

Data analysis. The baseline date for this analysis is defined as the earliest date
during virologic failure (defined as a viral load of �500 copies of RNA/ml) at
which a plasma sample was available for analysis. Data were censored at the time
antiretroviral therapy was modified or discontinued. The following measure-
ments were considered in these analysis: (i) plasma HIV RNA levels, (ii) pe-
ripheral CD4� T-cell counts, (iii) fold change in drug susceptibility to the pro-
tease inhibitor administered to the patient, (iv) fold change in drug susceptibility
to the nucleoside reverse transcriptase inhibitor, and (v) replicative capacity.
Plasma HIV RNA levels and phenotypic susceptibility values were log10 trans-
formed prior to multivariate analyses. Most patients were on a regimen contain-
ing two nucleoside reverse transcriptase inhibitors and at least one protease
inhibitor. Zidovudine resistance was used as a surrogate for nucleoside reverse
transcriptase inhibitor resistance in order to simplify the analysis. For patients on
a dual-protease inhibitor-based regimen, the fold change in susceptibility to the
pharmacokinetically enhanced protease inhibitor was used. Set point viral load is
defined as the viral load prior to the initiation of any therapy or the viral load
achieved after at least 16 weeks of a treatment interruption. (23)

The primary analysis focused on all data from study baseline through the time
treatment was modified or discontinued or until follow-up for this study was
completed. A secondary analysis was performed for the 11 patients for whom
plasma samples were available prior to the initiation of the study-related pro-
tease inhibitor-based regimen and during the initial virologic response (prior to
virologic failure). Changes in viral load, drug susceptibility, and replicative ca-
pacity were modeled on data for the 6-month period after therapy was modified.

The temporal relationship between the emergence of genotypic resistance
mutations within the protease and replicative capacity was also determined. Only
amino acid residue changes known to be associated with protease inhibitor
resistance were considered. Mutations were defined as primary or secondary
mutations based on published guidelines (D30N, M46I, G48V, I50V, V82A,
I84V, and L90M were considered primary mutations; all other resistance-asso-
ciated mutations were classified secondary) (24).

Statistical analysis. Analyses were performed with SAS system 8.2 for Win-
dows (SAS Institute, Inc., Cary, N.C.). Mixed effects were assessed with Proc
Mixed in the SAS System (R. C. Littell, G. A. Milliken, W. W. Stroup, and R. D.
Wolfinger, SAS system for mixed models, SAS Institute, Inc., 1996). Nonpara-
metric statistics were employed for univariate correlations and comparison tests
(Spearman rank test and Wilcoxon two-sample test, respectively). Midpoint
tendency values are reported as medians and interquartile ranges (IQR), except
as noted. All rate estimates and multivariable models were generated in mixed-
effect model analyses, with a random effect specified for the individual (inter-
cept) (13). In the analysis of cross-resistance within a drug class, a mixed-effect
model with a random effect for the individual (intercept) was employed to
account for the contribution of multiple time points for each subject to the
analysis.

RESULTS

Baseline values. Twenty subjects remaining on a stable pro-
tease inhibitor-based regimen despite incomplete viral sup-
pression contributed longitudinal data to this analysis (Table
1). Eight patients were experiencing virologic failure of their
initial protease inhibitor-based regimen, while the remainder
were on their second (n � 12) or third (n � 1) protease
inhibitor-based regimen. Subjects were observed for a median
of 26.2 months (IQR, 16 to 44 months) (Table 2). Twelve
patients switched to a new regimen or interrupted therapy
during the study observation (after a median duration on study
of 16.5 months).

At study baseline (the earliest date during confirmed viro-
logic failure for which a plasma sample was available for anal-
ysis), patients had been on their study regimens for a median of
3.6 months (IQR, 2.2 to 8.5 months). The median plasma HIV
RNA level was 3.65 log10 copies of RNA/ml (IQR, 3.1 to 3.7
log10 copies of RNA/ml), and the median CD4� T-cell count
was 266 cells/ml (IQR, 183 to 316 cells/ml). These levels re-
flected a median decrease in plasma HIV RNA levels of 1.74
log10 copies of RNA/ml from the off-therapy set point (IQR,
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decrease of 2.3 to 1.3 log10 copies of RNA/ml) and a median
CD4� T-cell count increase from a pretherapy nadir of 108
cells/ml (IQR, 70 to 174 cells/ml).

The baseline patient-derived virus had a median 4.0-fold
decrease in drug susceptibility to the study regimen protease
inhibitor (IQR, 1- to 11-fold) and a median 5.6-fold decrease in
drug susceptibility to zidovudine (IQR, 1.7- to 8.5-fold). The
median replicative capacity at baseline was 25% (IQR, 22 to
37%). This level was significantly lower than the replicative
capacities previously reported for untreated patients with wild-
type HIV (median of 62%, P � 0.001; data not shown) (11).
Replicative capacity was lower among patients with high-level
3TC resistance (median, 23%) than among patients with low-
level 3TC resistance (median, 42%) (P � 0.02). There was no

association between baseline replicative capacity and baseline
resistance to drugs other than 3TC.

Virologic changes during long-term virologic failure. Most
patients exhibited significant increases in plasma HIV RNA
levels during the first several months of virologic failure, while
the remainder maintained a low but detectable level of viremia
throughout the study. Of the 19 patients who had a viral load
�10,000 copies of RNA/ml at the study baseline, 10 eventually
had a confirmed increase in viremia to �10,000 copies of
RNA/ml (Fig. 1).

The rate at which plasma HIV RNA levels increased was
greater during early virologic failure (0.05 log unit per month
during first 9 months) than during later periods. Most patients
eventually achieved a relatively steady-state level of plasma
viremia (median change of 0.006 log copies/ml per month after
month 9). Phenotypic resistance to protease inhibitor and
zidovudine therapy increased continuously during prolonged
virologic failure for most patients (0.02 [P � 0.0001] and 0.01
log10 fold change in IC50 per month [P � 0.0001] for protease
inhibitor and zidovudine susceptibilities, respectively) (Fig. 2
shows the longitudinal phenotypic data from the 11 patients
for whom pretreatment values were available). Viral replica-
tive capacity declined slowly or remained stable during viro-
logic failure (minus 0.2% replicative capacity per month; P �
0.009) (Fig. 2). CD4� T-cell counts rose from study baseline at
a rate of 1.63 cells/�l per month (P � 0.0001).

Multivariable modeling revealed that the change in protease
inhibitor resistance was the best predictor of plasma HIV RNA
levels during long-term virologic failure (0.25 higher log10 HIV

TABLE 1. Patient data at study entrya

Patient
no. Treatment regimenb

Nadir CD4
T-cell count

(cells/�l)

Viral load (log
copies of
RNA/ml) Baseline CD4

T-cell count
(cells/�l)

Fold change in susceptibilityd to:
Replicative

capacity
(%)e

Off
therapyc Baseline ZDV NVP IDV NFV SQV

Regimen
protease
inhibitor

1 d4T/3TC/RTV/SQV 169 5.19 3.73 167 0.6 0.5 71 91 344 344 23
2 d4T/3TC/RTV/SQV 210 5.34 3.30 331 8.1 0.3 8.7 8.7 14 13.6 47
3 d4T/3TC/IDV 10 5.11 3.27 143 18 0.3 4.0 2.9 1.0 4.0 5
4 ZDV/3TC/RTV 159 4.93 3.30 145 8.5 0.3 3.7 3.6 1.1 3.7 24
5 d4T/ddI/RTV/SQV 97 5.70 5.51 382 230 0.6 11 58 61 61 32
6 d4T/3TC/RTV/SQV 102 4.84 4.56 182 5.5 0.5 17 25 4.1 4.1 34
7 ZDV/3TC/IDV 346 5.12 3.81 299 0.5 0.7 11 16 10 11 41
8 3TC/NVP/NFV/SQV 148 2.70 224 0.5 0.5 2.2 3.6 0.7 0.7 25
9 d4T/EFV/IDV 93 5.80 3.44 524 0.6 222 0.9 1.2 0.8 0.9 81
10 ABC/NVP/NFV/SQV 200 4.35 2.74 295 5.1 0.4 3.3 4.4 0.8 0.8 20
11 ABC/NVP/NFV/SQV 30 5.29 2.94 271 3.0 0.4 40 47 7.4 7.4 38
12 d4T/ABC/NFV/SQV 132 5.42 3.06 231 0.6 0.6 1.6 4.0 0.9 0.9 6
13 d4T/IDV 237 5.85 3.40 318 2.7 1.8 0.5 0.6 0.5 0.5 37
14 ZDV/3TC/IDV 36 5.19 3.93 86 87 0.5 4.4 11 5.0 5.0 23
15 ABC/NVP/NFV/SQV 21 3.11 240 0.6 39 45 35 3.1 3.1 17
16 d4T/3TC/NVP/NFV 121 5.49 3.31 295 1.1 34 8.0 28 28 28 23
17 d4T/ABC/NFV/SQV 196 5.18 3.65 260 16 0.8 2.2 1.7 1.0 1.0 5
18 3TC/ABC/NFV/SQV 141 5.22 2.44 315 0.4 49 5.3 6.8 3.7 3.7 47
19 ZDV/3TC/RTV 207 5.18 4.08 362 8.5 0.5 7.2 11 3.9 3.9 35
20 d4T/3TC/ddl/EFV/RTV/APV 66 5.70 3.72 183 61 700 13 32 29 12 22

a Values obtained at study baseline (earliest point during virologic failure for which a plasma sample could be evaluated).
b Antiretroviral agents: zidovudine (ZDV), abacavir (ABC), didanosine (ddl), 3TC, stavudine (d4T), efavirenz (EFV), nevirapine (NVP), amprenavir (APV),

indinavir (IDV), nelfinavir (NFV), ritonavir (RTV), and saquinavir (SQV).
c Load obtained prior to initiation of any therapy or during a treatment interruption lasting more than 16 weeks.
d Defined as IC50 for the patient-derived virus/IC50 for the wild-type reference strain.
e Defined as the amount of luciferase activity (replication) for the patient-derived vector containing mutant pol and gag gene sequences divided by the luciferase

activity of the wild-type reference strain (NL4-3).

TABLE 2. Rate of change per month for virologic and
immunologic measurements during long-term virologic failure of a

stable protease inhibitor-based regimena

Variable Estimate P

(n � 20)
Plasma HIV RNA level (log copies/ml/mo) 0.008 �0.0001
CD4� T cells (cells/�l/mo) 1.63 �0.0001
Protease inhibitor susceptibility

(fold change/mo, log transformed)
0.02 �0.0001

Zidovudine susceptibility
(fold change/mo, log transformed)

0.01 �0.0001

Replicative capacity (% change/mo) �0.17 0.009

a Rate-of-change estimates were calculated from the earliest date during vi-
rologic failure for which a specimen was available until therapy was modified or
discontinued (median duration of observation, 26.2 months per individual).
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RNA level per 1 log10-fold increase in IC50; P � 0.03). Fur-
thermore, increasing protease inhibitor resistance was associ-
ated with decreasing viral replication capacity over time (0.005
higher log10 fold change in IC50 per 1% decrease in replicative
capacity; P � 0.04). There was no association between change
in replicative capacity and change in plasma HIV RNA levels
during long-term virologic failure.

Longitudinal relationship between genotype, phenotype,
and replicative capacity. Protease gene sequences from 141
time points were available. At 20 of these time points at least
one new primary-site mutation within protease was observed
(19 of these changes involved V82A, I84V, and/or L90M). The
emergence of a primary-site mutation was temporally associ-
ated with a median change in replicative capacity of �7%
(IQR, �11 to �1%), while the emergence of secondary mu-
tations was associated with a median increase in replicative
capacity of �1% (IQR, �3 to � 6%) (P � 0.003 for primary
versus secondary mutations) (Fig. 3). Furthermore, the emer-
gence of a new primary mutation was associated with a large
increase in phenotypic resistance (0.26 log10-fold change in
IC50; IQR, 0.10 to 0.72 log10-fold change in IC50), while the
emergence of a secondary mutation was associated with small
increases in phenotypic resistance (0.07 log10-fold change in
IC50; IQR, 0.01 to 0.23 log10-fold change in IC50) (P � 0.01 for
primary versus secondary mutations).

Cross-resistance is common in patients remaining on a sta-
ble regimen. The level of phenotypic drug resistance increased
over time in most patients, particularly within the protease
inhibitor class (Fig. 2). Reduced susceptibility to one drug was
often associated with reduced susceptibility to drugs within the
same therapeutic class (Fig. 4). This was particularly true
among protease inhibitors. For example, reduced susceptibility
to ritonavir was strongly associated with reduced susceptibility
to indinavir (0.43-unit change in fold change in IC50 for ritona-
vir per 1-unit increase in fold change in IC50 for indinavir; P �
0.0001), nelfinavir (0.93-unit change in fold change in IC50 for
ritonavir per 1-unit increase in fold change in IC50 for nelfi-
navir; P � 0.0001), and amprenavir (2.7-unit change in fold
change in IC50 for ritonavir per 1-unit increase in fold change
in IC50 for amprenavir; P � 0.0005). Among the nucleoside

reverse transcriptase inhibitors, there was a strong correlation
between the zidovudine and stavudine susceptibilities (28.7-
unit change in fold change in IC50 for zidovudine per 1-unit
increase in fold change in IC50 for stavudine; P � 0.004) and a
strong association between abacavir and didanosine (4.56-unit
change in fold change in IC50 for abacavir per 1-unit increase
in fold change in IC50 for didanosine; P � 0.0001). Finally, in
the nonnucleoside reverse transcriptase inhibitor drug class,
reduced susceptibility to efavirenz was strongly associated with
reduced susceptibility to nevirapine (0.33-unit change in fold
change in IC50 for efavirenz per 1-unit increase in fold change
in IC50 for nevirapine; P � 0.0001).

CD4� T-cell changes during long-term virologic failure.
Five of 20 patients experienced declining CD4� T-cell counts
during the study and stopped or switched therapy at an earlier
date than the balance of the cohort, resulting in less observa-
tion time (average of 26 versus 34 months). These patients did
not differ from the balance of patients with respect to baseline
plasma HIV RNA levels, resistance phenotype, or replicative
capacity at study baseline. However, patients with declining
CD4� counts during prolonged virologic failure tended to have
a poorer virologic response to therapy than those whose CD4�

counts did not decline (median, 0.32 log10 copies of RNA/ml
above baseline versus 0.49 log10 copies of RNA/ml below base-
line; P � 0.06).

Initial virologic response to protease inhibitor therapy in a
subset of patients. Eleven of the 20 patients had samples avail-
able from before treatment initiation, thus allowing measure-
ment of changes during the initial virologic response to treat-
ment. At date of initiation of a new regimen, median
replicative capacity was 35% (IQR, 23 to 42%) and the plasma
HIV RNA level was 4.23 log10 copies/ml. Patients had limited
evidence of protease inhibitor and zidovudine resistance (me-
dian decreases in drug susceptibility of 1.9-fold and 2.9-fold,
respectively). The median nadir HIV RNA was 3.15 log10

copies/ml (IQR, 2.75 to 3.73 log10 copies/ml), or 1.3 log10

copies/ml below the pretherapy baseline (IQR, 2.19 to 1.05
log10 copies/ml below the pretherapy baseline). This nadir HIV
RNA was achieved a median of 1.9 months (IQR, 1.3 to 4.2
months) after the initiation of a new protease inhibitor-based
regimen. Phenotypic resistance to the protease inhibitor regi-
men increased at a rate of 0.08 log10-fold change in IC50 per
month (P � 0.0001). Viral replication capacity decreased at a
rate of 2.1% per month (P � 0.009), or an approximately 13%
decrease during the first 6 months of response. Phenotypic
resistance to zidovudine did not change significantly (0.02
log10-fold change in IC50 per month; P � 0.13). In a multivar-
iate model, change in plasma HIV RNA levels during initial
virologic response was significantly associated with change in
replication capacity (HIV RNA decreased 0.02 log10 copies/ml
per 1% decrease in replicative capacity; P � 0.02) but not with
change in protease inhibitor or zidovudine resistance (0.27
log10-fold change in IC50 per month [P � 0.34] and �0.26
log10-fold change in IC50 per month [P � 0.33], respectively).

DISCUSSION

We previously reported that interrupting antiretroviral ther-
apy in patients with highly resistant HIV results in the reemer-
gence of an archived wild-type variant with greater replicative

FIG. 1. Time to virologic rebound to greater than 10,000 copies of
RNA/ml. The proportion of patients maintaining plasma HIV RNA
levels below 10,000 copies/ml is shown by using the Kaplan-Meier
method. All 19 patients who had a plasma HIV RNA levels of �10,000
at the study baseline date are included. The first plasma HIV RNA
level greater than 10,000 copies of RNA/ml was used as the failure end
point.
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capacity and that this shift in viral phenotype during the treat-
ment interruption was temporally associated with increased
levels of viral replication and decreased CD4� T-cell counts
(12). These data provided indirect support for continuing a
stable antiretroviral regimen in such patients, particularly if no
treatment options that would likely result in complete viral
suppression are available. However, the evolution of HIV

among patients who remain on a stable but failing regimen has
not been carefully studied.

In our present study, we observed the evolution of drug
resistance, viral replicative capacity, plasma HIV RNA levels,
and CD4� T-cell counts in patients who remained on a stable
protease inhibitor-based regimen despite detectable plasma
viremia. A consistent pattern of viral load, phenotype, and

FIG. 2. Change in protease inhibitor susceptibility and replicative capacity in 11 patients who initiated a new protease inhibitor (PI) regimen
and remained on that regimen despite incomplete viral suppression. Day 0 is defined by the study baseline date (earliest available sample during
virologic failure of the study regimen). Patient data were censored at the time therapy was discontinued or modified. Replicative capacity is
expressed as the ratio of the luciferase activity from vectors containing patient-derived sequences to the luciferase activity from vectors containing
wild-type sequences.
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replication capacity evolution was observed in most study sub-
jects. First, initial viral-load decreases in response to therapy
were directly proportional to decreases in viral replicative ca-
pacity during the same period. This is consistent with prior
observations made during a structured treatment interruption,
where the increase in replicative capacity was strongly corre-
lated with the increase in plasma HIV RNA levels (12). Sec-
ond, virologic rebound was characterized by an early rise in
plasma HIV RNA levels, followed in most patients by a quasi-
steady state during which the level of plasma viremia remained
relatively stable or increased gradually. This new viral-load
steady state remained well below the pretherapy viral-load set
point. Third, virologic rebound was temporally associated with
the emergence of drug-associated resistance mutations and a
viral population with reduced phenotypic drug susceptibility.
The rate that protease inhibitor drug susceptibility decreased
(or resistance increased) was most rapid during the early
phases of virologic failure but was observed to increase in some
patients during 2 to 3 years of observation. Finally, the drug-
resistant viral population that was established at the beginning
of virologic failure exhibited reduced replicative capacity in
vitro compared to a wild-type reference virus. Once estab-
lished, replicative capacity generally remained stable, with de-
creases observed as primary protease inhibitor mutations
emerged and small increases observed as secondary mutations
emerged. Thus, ongoing viral evolution in the presence of
antiretroviral therapy did not restore replication capacity in
any significant manner.

These longitudinal data indicate that there is a complex
relationship between viral replication, drug resistance, and
replicative capacity during long-term treatment with an incom-
pletely suppressive regimen. Viral evolution leads to increased
drug resistance and, as a result, increased ability of HIV to
replicate in the presence of the drug (i.e., plasma HIV RNA
levels increase). However, the emergence of drug resistance
reduces the inherent ability of HIV to replicate (replicative
capacity). Continued drug pressure caused the level of drug
resistance to progressively increase, but the replicative capacity
remained low and did not increase for most patients. This

dynamic between increasing resistance and stable or decreas-
ing replicative capacity likely contributed to the stable main-
tenance of plasma HIV RNA levels below pretherapy levels, as
suggested by others (22). Further support for this hypothesis
can be found in the temporal relationship between viral geno-
type and phenotype. The emergence of primary-site mutations
within HIV protease was temporally associated with significant
increases in resistance and significant decreases in replicative
capacity. In contrast, the emergence of secondary changes was
temporally associated with gradual changes in resistance and a
small increase in replicative capacity. Thus, it appears that
HIV first evolves to preserve its capacity to replicate in the
presence of a drug but sacrifices enzymatic and replicative
efficiency in the process. Subsequent evolutionary steps to
evade the drug’s selective pressure generally result in much less
dramatic changes in both resistance levels and replicative ca-
pacity. In this way, drug-resistant viruses appears to be “paint-
ed into a corner” of a viral fitness landscape from which they
cannot readily escape without sacrificing the ability to replicate
in the presence of the drug. This inability of HIV to fully
restore replicative capacity during long-term therapy with a
failing regimen likely accounts in part for the durable mainte-
nance of partial viral suppression in some patients with drug-
resistant viremia (12).

Although most patients in this cohort did well during the
period of observation, it is noteworthy that some patients ex-
perienced declining CD4� T-cell counts. These patients
tended to have less-profound treatment-mediated virologic re-
sponses, consistent with previous observations by our group
and others (8, 30, 38). In addition, despite partial viral sup-
pression, most patients experienced continuous increases in
plasma viremia over time. Thus, although treatment-mediated
benefits were durable in this cohort, they were not permanent.
This critical observation needs to be considered in the context
of the observation that drug resistance (and cross-resistance)
continually increased over time, even as partial viral suppres-
sion was maintained. Thus, delaying a treatment modification
in patients with incomplete viral suppression may result in
continued treatment benefit for years but at significant costs in

FIG. 3. The effect of primary versus secondary mutations within HIV protease on drug susceptibility and replicative capacity. Genotypic
resistance sequences, phenotypic resistance levels, and replicative-capacity levels were available for 141 samples. The influence of a new primary
or secondary protease inhibitor-associated mutation on change in drug susceptibility and replicative capacity is shown. A primary mutation within
protease was defined based on published guidelines (most of the new mutations which emerged in this cohort were V82A, I84V, and L90M) (24).
The changes in replicative capacity and phenotypic susceptibility were defined as the differences between the values obtained at the study visit
immediately preceding the emergence of the new mutation and those at the study visit at which the new mutation was first observed. Replicative
capacity is expressed as the ratio of the luciferase activity from vectors containing patient-derived sequences to the luciferase activity from vectors
containing wild-type sequences.
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terms of the future ability to achieve complete viral suppres-
sion.

The replicative-capacity assay used in this study compares an
NL4-3 viral construct containing patient-derived reverse tran-

scriptase, protease, and the 3� end of gag with a wild-type
NL4-3 reference stain. Several factors that may affect viral
replication in vivo are not measured. For example, the report
of very slow disease progression among a cohort of untreated

FIG. 4. Cross-resistance patterns during long-term virologic failure of combination antiretroviral therapy. The level of drug susceptibility is
defined as IC50 for the patient-derived virus/IC50 of the wild-type reference (fold change).
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patients infected with a nef-deleted HIV-1 strain provides the
most dramatic illustration of the impact of viral fitness on
outcome in vivo (28). The contribution of nef to replicative
capacity is not measured with the replicative-capacity assay
used in this study. Envelope diversity, which may affect viral
fitness in vivo (e.g., non-syncytium-inducing/R5 versus syncyti-
um-inducing/CXCR4 phenotypes), is also not measured in this
assay (21, 36). Although the assay includes the p7/p1 and p1/p6
Gag cleavage sites, compensatory changes at other Gag cleav-
age sites may act to partially restore replicative capacity during
protease inhibitor therapy but were not measured in this assay
(37, 40). Thus, an isolated replicative-capacity measurement
may not be expected to correlate with the level of plasma
viremia in vivo. However, in longitudinal studies involving se-
rial samples from a single individual, the change in replicative
capacity over time may be more meaningful, since most of
these unmeasured viral factors remain relatively stable (i.e.,
most of the evolutionary pressure during treatment is directed
at reverse transcriptase and protease). This hypothesis is sup-
ported by the consistent association between change in repli-
cative capacity and change in plasma HIV RNA levels ob-
served during the initial virologic response (as shown here) and
during treatment interruption (as shown previously) (12).

There are several important limitations to our data that
deserve mention. First, patients who did poorly during early
virologic failure were unlikely to be eligible for our analysis
(selection bias). Some patients experience rapid rebounds in
viremia and rapid decreases in CD4� T-cell counts during
early virologic failure; such patients are likely to have patterns
of viral evolution very different from those observed here (25).
Second, those who continued to do well over time were more
likely to remain on a stable regimen (survival bias). Five of 20
patients experienced declining CD4� T-cell counts during the
study and stopped or switched therapy at an earlier date than
the balance of the cohort, resulting in less observation time
than that for patients who remained on therapy (average of 26
versus 34 months). However, when we truncated the analysis to
the first 20 months of follow-up, the study outcomes remained
the same (data not shown). Third, our data are limited to
patients who were receiving therapy with nucleoside reverse
transcriptase inhibitors and protease inhibitors; it is not clear
how well our results would translate to patients treated with
other treatment regimens. Fourth, many of the patients stud-
ied here were heavily pretreated with other agents prior to
prospective observation. This was particularly true for the nu-
cleoside analogue class. Further studies of patients failing an
initial regimen are needed, but such studies may not feasible
given the current standard of therapy, which is to switch ther-
apy during failure of a first or second regimen. Finally, al-
though a relationship between viral load, phenotypic resis-
tance, and replicative capacity was observed in this study, the
strength of these associations was relatively modest. It is likely
that other factors, such as the host response to the drug-
resistant variant, also contribute to the diverse treatment out-
comes observed in this patient population.

In conclusion, continued antiretroviral therapy is associated
with durable virologic benefit in patients with drug-resistant
viremia. This occurs despite the continued selection of drug-
associated resistance mutations. Virus evolution in the pres-
ence of a drug results in increasing levels of phenotypic resis-

tance and cross-resistance but reduced replicative capacity. As
a consequence, the level of viremia remains partially sup-
pressed and CD4� T-cell counts remain elevated. How to
weigh the benefit and risks for a patient remaining on a stable
regimen while experiencing a partial virologic response to ther-
apy remains unclear and will likely need to be assessed in a
larger randomized clinical study.
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