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Human immunodeficiency virus type 1 (HIV-1)-infected individuals who develop drug-resistant virus during
antiretroviral therapy may derive benefit from continued treatment for two reasons. First, drug-resistant
viruses can retain partial susceptibility to the drug combination. Second, therapy selects for drug-resistant
viruses that may have reduced replication capacities relative to archived, drug-sensitive viruses. We developed
a novel single-cell-level phenotypic assay that allows these two effects to be distinguished and compared
quantitatively. Patient-derived gag-pol sequences were cloned into an HIV-1 reporter virus that expresses an
endoplasmic reticulum-retained Env-green fluorescent protein fusion. Flow cytometric analysis of single-round
infections allowed a quantitative analysis of viral replication over a 4-log dynamic range. The assay faithfully
reproduced known in vivo drug interactions occurring at the level of target cells. Simultaneous analysis of
single-round infections by wild-type and resistant viruses in the presence and absence of the relevant drug
combination divided the benefit of continued nonsuppressive treatment into two additive components, residual
virus susceptibility to the drug combination and selection for drug-resistant variants with diminished repli-
cation capacities. In some patients with drug resistance, the dominant circulating viruses retained significant
susceptibility to the combination. However, in other cases, the dominant drug-resistant viruses showed no
residual susceptibility to the combination but had a reduced replication capacity relative to the wild-type virus.
In this case, simplification of the regimen might still allow adequate suppression of the wild-type virus. In a
third pattern, the resistant viruses had no residual susceptibility to the relevant drug regimen but nevertheless
had a replication capacity equivalent to that of wild-type virus. In such cases, there is no benefit to continued
treatment. Thus, the ability to simultaneously analyze residual susceptibility and reduced replication capacity
of drug-resistant viruses may provide a basis for rational therapeutic decisions in the setting of treatment
failure.

Treatment of human immunodeficiency virus type 1 (HIV-
1)-infected patients with highly active antiretroviral therapy
(HAART) can reduce plasma virus levels to below the detec-
tion limit (19, 20, 40) and can allow a significant degree of
immune reconstitution when control of viremia is maintained
(2, 33). However, eradication of HIV-1 infection has not been
achieved despite suppression of viremia to below detection
limits for as long as 7 years (53). A viral reservoir in latently
infected resting memory CD4� T cells has shown remarkable
stability and can support life-long persistence of replication-
competent HIV-1 (8–10, 17, 18, 41, 53, 57, 59; reviewed in
reference 5). This reservoir in resting CD4� T cells can serve
as a permanent archive for all major forms of the virus present
during the entire course of infection, including the original
drug-sensitive forms as well as drug-resistant viruses that arise
due to inadequate suppression of viral replication by antiret-
roviral drugs (41, 49).

Although HAART can effectively suppress viremia to below
the limit of detection for prolonged periods in some infected

individuals, virologic failure, as evidenced by consistently de-
tectable viremia, is also common (32, 34). Failure is frequently
associated with the development of resistance to one or more
of the drugs in the regimen (15, 22), and drug resistance has
emerged as a major problem in the management of HIV-1
infection.

Several assays can monitor the development of drug resis-
tance. Population-level sequencing of viruses in plasma can
reveal the existence of characteristic mutations associated with
drug resistance (reviewed in reference 51). Genotypic data can
be used to predict drug resistance phenotypes by using com-
piled databases and established algorithms (50). Direct phe-
notypic assays of drug resistance have also been developed (25,
42) and are of particular value when multiple mutations are
present. These assays use pooled HIV-1 reverse transcriptase
(RT) and protease sequences amplified from plasma to mea-
sure susceptibility to individual antiretroviral drugs. The inter-
pretation of these assays is complicated by the fact that viruses
replicating in vivo experience simultaneous selection by each
of the drugs in the regimen. The possible synergy and antag-
onism that may occur with treatment with multiple agents are
not reflected in current assays. A particular problem is that
current assays do not provide a clear indication of whether or
not multiple antiretroviral drugs acting synergistically might
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still have some residual activity against viruses with resistance
mutations. Thus, phenotypic assays that can compare the sus-
ceptibility of viral isolates to drug combinations, rather than to
individual drugs, would be a valuable tool for choosing alter-
native regimens in the setting of treatment failure.

The choice of treatment regimens in the setting of failure is
further complicated by the issue of replication capacity. Ele-
gant studies by Deeks et al. (13, 14) have demonstrated that
some patients who are failing therapy maintain relatively high
CD4 counts despite detectable viremia. Interruption of therapy
leads to the loss of this immunologic benefit. Because some
drug resistance mutations can reduce the fitness of the virus
relative to wild-type virus in the absence of drugs (reviewed in
references 39 and 47), Deeks et al. suggested that the immu-
nologic benefit of continued treatment in the presence of vi-
rologic failure may reflect selection for drug-resistant mutants
with diminished replication capacities (4, 12, 14). This benefit
is entirely dependent upon the assumption that the wild-type
virus with higher fitness is preserved and will reappear if ther-
apy is stopped. Indeed, wild-type viruses do reappear several
weeks after treatment interruption (14). The reappearance of
wild-type virus is unlikely to be simply genetic reversion be-
cause different forms of resistance involving either single mu-
tations or accumulations of multiple mutations disappear with
similar kinetics (14). Phylogenetic evidence suggests that the
reemerging wild-type viruses are archival (29). At the present
time, the only site in which wild-type viruses have been shown
to persist despite prolonged replication of and selection for
drug-resistant viruses is the latent reservoir in resting memory
CD4� T cells (35, 41, 49).

The considerations presented above suggest that patients
failing HAART may derive benefit from continued treatment
for two reasons, namely the residual susceptibility of the resis-
tant viruses to the drug regimen and the diminished replication
capacities of the resistant viruses. Current assays do not pro-
vide a simple way to determine the relative importance of these
two effects. We describe here a single-cell-level phenotypic
assay that allows analytical comparison of the contributions of
residual susceptibility and reduced replication capacity,
thereby providing a rational basis for treatment decisions in
the setting of virologic failure.

MATERIALS AND METHODS

Vectors. The green fluorescent protein (GFP)-tagged HIV-1 vector pNL4-3-
�E-GFP was modified from a previously described reporter virus construct (43).
The KpnI-NheI fragment of the HIV-1 NL4-3 env gene (nucleotides 6351 to 7260
in HXB2 coordinates) was replaced with a 745-bp fragment containing the GFP
gene. The deleted env region was downstream of the N-terminal Env signal
peptide coding sequence and did not overlap with other HIV-1 open reading
frames or the Rev-response element (RRE). The GFP-encoding fragment was
amplified from the pEGFP-N1 plasmid (Clontech) with primers containing KpnI
and NheI sites (GFP 5�primer, ATTGGGTACCTGTCGCCACCATGGTG
AGC; GFP 3�primer, GTCCGTGCTAGCTTACAGCTCGTCCTTGTACAGC
TCGTCCATGCC). The 3� primer introduced an in-frame endoplasmic reticu-
lum (ER) retention signal (KDEL) followed by a TAA stop codon at the end of
the GFP gene. To insert the KpnI/NheI-flanked GFP fragment into the pNL4-3
backbone, a three-way ligation was set up, involving the KpnI/NheI-digested GFP
PCR product, the 13.3-kb EcoRI/NheI fragment, and the 605-bp EcoRI/KpnI
fragment of pNL4-3. Correct construction was verified by MfeI digestion and
expression of GFP in transfected 293T cells, as detected by flow cytometry. The
GFP-KDEL-stop sequence was inserted so as to preserve splice junctions as well
as the RRE.

Patient samples. gag-pol sequences with drug resistance mutations were ob-
tained from the latent reservoir or plasma of compliant pediatric and adult
patients who were failing HAART with consistently detectable viremia, as pre-
viously described (24, 41, 49). Isolates from the latent reservoir were obtained
from replication-competent viruses grown out of the reservoir at a limiting
dilution in cultures in which resting cells from patients were stimulated in vitro
with mitogens and then cocultured in the presence of CD4� lymphoblasts from
healthy donors (18).

Insertion of patient-derived HIV-1 gag-pol sequences into pNL4-3-�E-GFP.
Recombinant HIV-1 vectors containing patient-derived gag-pol sequences were
made by replacing the 1.5-kb ApaI/AgeI fragment of pNL4-3-�E-GFP with cor-
responding patient-derived sequences amplified by RT-PCR from plasma virus
(24) or by PCR from proviral DNA in latently infected resting CD4� T cells (49).
This portion of the gag-pol gene includes a sequence encoding the Gag protein
p7 C terminus, p1 and p6 (Gag codons 406 to 500), full-length protease, and the
first 314 amino acids of RT. Viral RNA and proviral DNA were obtained as
previously described (24, 49). The following nested sets of primers were used for
PCR amplification: 5�outer, GCAAGAGTTTTGGCTGAAGCAATGAG
(HXB2 positions 1867 to 1892); 3�outer, CCTTGCCCCTGCTTCTGTATTT
CTGC (HXB2 positions 3528 to 3553); 5�inner, TGCAGGGCCCCTAGGAAA
AAGGGCTG (HXB2 positions 2002 to 2027); 3�inner, CATGTACCGGTTCT
TTTAGAATCTCTCTGTT (HXB2 positions 3465 to 3495).

ApaI and AgeI sites were incorporated in the 5� and 3� inner primers. PCR was
performed with high-fidelity Platinum Pfx DNA polymerase (Invitrogen). The
thermocycling protocol was denaturing at 94°C for 3 min, 30 rounds of denatur-
ing-annealing-extension cycles (94°C for 20 s, 60°C for 30 s, and 68°C for 1.5
min), and a final extension at 68°C for 5 min. The outer PCR products were
diluted 1:200 and used as templates in the second-round inner PCR. The 1.5-kb
final PCR products were resolved in a 0.7% agarose gel and purified by use of a
Qiaquick PCR purification kit (Qiagen). The patient-derived gag-pol PCR prod-
ucts were then cloned into pNL4-3-�E-GFP by ligation of ApaI/AgeI-digested
PCR products with the 13.2-kb ApaI/AgeI fragment of pNL4-3-�E-GFP at an
insert/vector molar ratio of 5:1. Ligation products were then transformed into
STBL-2 competent cells (Invitrogen). Transformants were plated on Luria-Ber-
tani agarose selection medium containing 50 �g of carbenicillin (Sigma)/ml.
Positive clones were identified by MfeI digestion and were sequenced by using
the following primers: PR, CAGAAAGGCAATTTTAGGAACC; RT5�, ACCT
ACACCTGTCAACATAATTGG; and RT3�, GATAAATTTGATATGTCCA
TTG.

Pseudotype virus production and infection. The vesicular stomatitis virus
glycoprotein (VSV-G)-pseudotyped HIV-1 virus was produced as described pre-
viously (43). Briefly, 293T cells were cotransfected with wild-type or recombinant
pNL4-3-�E-GFP and pVSV-G by use of Lipofectamine 2000 (Invitrogen) ac-
cording to the manufacturer’s instructions. Four hours after transfection, the
medium was replaced with RPMI 1640 (Invitrogen) supplemented with 10%
fetal bovine serum (Gemini) and 50% normal human serum (Gemini). Where
appropriate, protease inhibitors (PIs) were added at this step. Supernatants
containing VSV-G-pseudotyped HIV-1 virus were collected 48 h after transfec-
tion. Cell debris was removed from the supernatant by spinning at 450 � g for 5
min and filtering through Steriflip filters (Millipore). Viral supernatants were
then used for infection or stored at �80°C.

The viral supernatants were standardized based on the number of GFP-
positive transfected 293T cells per unit volume, which was calculated as the
concentration of 293T cells times the fraction of GFP-positive 293T cells at 24 h
posttransfection. Specific volumes of viral supernatants that were equivalent to a
given number of virus-producing 293T cells were used to infect 0.5 � 106 Jurkat
cells. The infection was induced by mixing each viral supernatant with 0.5 � 106

washed Jurkat cells in a constant final volume and spinning at 1,800 � g at 30°C
for 2 h. Where appropriate, PIs, nucleoside analogue RT inhibitors (NRTIs), and
nonnucleoside RT inhibitors (NNRTIs) were added during the infection and
maintained throughout the culture. When NRTIs were used, the Jurkat cells
were precultured in the presence of NRTIs for 16 h before infection in order to
allow for intracellular phosphorylation to produce the active triphosphate forms
of the drugs. After the 2-h spin infection, Jurkat cells were washed, resuspended
in 2 ml of culture medium (RPMI 1640, 10% fetal bovine serum, 50% human
serum), and incubated in 24-well plates at 37°C for 48 h before analysis by flow
cytometry.

Analysis of Jurkat cells infected with recombinant NL4-3-�E-GFP. For quan-
tification of the replication of recombinant HIV-1 containing patient-derived
gag-pol sequences, the percentage of infected Jurkat cells was measured. Jurkat
cells were collected at 48 h postinfection, washed, and fixed with 1% parafor-
maldehyde in phosphate-buffered saline for 30 min on ice. Flow cytometry was
performed in a FACScan instrument (Becton Dickinson) and analyzed with Cell
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Quest software (Becton Dickinson). Replication was quantified as the percent-
age of GFP-positive Jurkat cells after gating for live cells. The 50% inhibitory
concentration (IC50) for each antiretroviral drug was determined by drug titra-
tion in this system. Minimum and maximum concentrations in plasma (Cmin and
Cmax, respectively) for current antiretroviral drugs were obtained from the man-
ufacturers and from the Micromedex database. Viral isolates were compared
with respect to the replication capacity index, defined as the ratio of the fraction
of target cells infected by the test isolate to the fraction of target cells infected by
the reference wild-type NL4-3 clone in the absence of drugs, and the drug
resistance index, defined as the ratio of the fraction of infected target cells in the
presence of drugs to the fraction of infected target cells in the absence of drugs.
The replication index was defined as the product of the replication capacity index
and the drug resistance index. This value sums the two effects on a log scale and
represents the total treatment benefit.

RESULTS

Rationale. The goal of this study was to compare the relative
contributions of two treatment effects that benefit patients with
drug resistance, namely the residual susceptibility of resistant
viruses to inhibition by drug combinations and the selection
pressure to maintain drug-resistant mutants with reduced rep-
lication capacities relative to the wild-type virus. Both effects
reduce viral replication relative to the replication of wild-type
virus in the absence of drugs, and thus both effects can be
measured on the same scale in replication assays. However,
because of the potent inhibitory effects of multiple antiretro-
viral drugs used in combination, an assay with a wide dynamic
range is essential. To this end, patient-derived gag-pol se-
quences, including sequences for protease and part of RT,
were cloned into a novel HIV-1 vector carrying an ER-retained
form of the fluorescent reporter GFP. This vector was used to
generate pseudotyped virus particles that were used to infect
CD4� T cells in the presence or absence of relevant drug
combinations. In this system, viral replication can be measured
over a wide dynamic range (4 logs) by the detection of infec-
tion at the single-cell level by flow cytometry.

Production and characterization of a recombinant HIV-1
vector for single-cell phenotypic analysis. A portion of the env
gene of the pNL4-3 proviral clone was replaced with an in-
frame insert encoding an enhanced form of GFP followed by
in-frame codons for a KDEL ER retention signal (38) and a
stop codon (Fig. 1A). The resulting vector, pNL4-3-�E-GFP,
expresses an Env-GFP fusion protein that is translocated into
the ER and retained there, resulting in the accumulation of
high levels of intracellular GFP. The expression of GFP fused
to a virion structural protein under transcriptional control of
the HIV-1 long terminal repeat allowed a high level of expres-
sion in infected cells.

After cotransfection of 293T cells with the Env-negative
pNL4-3-�E-GFP vector and a construct encoding VSV-G,
VSV-G-pseudotyped HIV-1 virions were harvested and used
to infect cells of the CD4� human T-cell Jurkat line in single-
round infections. Figure 1B shows the results of infection of
Jurkat cells with pseudotyped viruses carrying gag-pol se-
quences from the reference HIV-1 clone NL4-3 or from a
patient isolate. Infected cells were readily detected by flow
cytometry. By confocal microscopy, infected cells showed
bright perinuclear staining, consistent with ER localization of
the Env-GFP fusion protein (not shown). Because of the high
levels of fluorescence in infected cells and the low background
fluorescence (�0.01%) (Fig. 1B), the dynamic range of the

assay is limited principally by the number of cells analyzed. In
this system, a dynamic range of up to 4 logs can be readily
achieved.

Measurement of replication capacity. In order to compare
the replication capacities of viruses with different gag-pol se-
quences, it was necessary to normalize viral stocks to control
for differences in transfection efficiency. Transfection superna-
tants could not be normalized based on p24 levels in the su-
pernatants since virus release is influenced by protease (27)
and since Gag cleavage to generate p24 is dependent on pro-
tease activity and can be influenced by protease mutations (60).
Similarly, RT assays could not be used since drug resistance
mutations in RT can reduce the function of the enzyme (3).
We normalized stocks of pseudotyped virus based on the num-
ber of transfected cells, as determined by GFP expression.
GFP expression was measured in an aliquot of transfected
293T cells to determine how many cells were successfully trans-
fected with the vectors and were capable of expressing viral
genes and thus producing pseudovirions. CD4� T cells were
infected with normalized viral supernatants representing fixed
numbers of virus-producing cells, and the number of infected
target cells, as measured by flow cytometry, was used as a
readout for viral replication. This approach ensures that the
efficiency of every step in the viral life cycle, including viral
assembly, release, maturation, entry, reverse transcription, in-
tegration, and viral gene expression, is captured in the mea-
surement of replication capacity. We observed a direct linear
relationship between the number of target cells infected and
the input amount of pseudotyped viral stock representing a
known number of virus-producing cells (Fig. 1C). This linear
relationship was observed for all isolates tested, including wild-
type and drug-resistant isolates from patients in the presence
and absence of drugs. This allowed us to use the number of
infected cells as a direct readout for viral replication. Measure-
ments of replication capacity by this method showed a very low
variation coefficient (0.05 � 0.02).

Effective concentration and estimated in vivo potency for
individual drugs. To demonstrate the usefulness of this phe-
notypic assay for measuring the inhibition of viral replication
by antiretroviral drugs, we determined by drug titration the
concentrations of protease and RT inhibitors needed to inhibit
the replication of the reference wild-type NL4-3 clone in this
system. In order to make the system mimic in vivo conditions
as closely as possible, we performed assays with 50% human
serum to account for the propensity of some antiretroviral
drugs to bind to plasma proteins. PIs were added 4 h after
transfection and were maintained in the culture during virus
production and maturation and the infection of target cells.
Target cells were preincubated with NRTIs for 16 h to allow
these drugs to be converted to active triphosphate forms via
intracellular phosphorylation. Longer preincubation times (24
h) did not further increase the inhibition by NRTIs (not
shown). NRTIs, PIs, and NNRTIs were added to the viral
supernatants during spin infections and were maintained in the
culture medium during the subsequent incubation.

Figure 2 shows typical titration curves for representative
drugs from the three major classes of antiretroviral drugs, the
NRTI stavudine (d4T), the NNRTI efavirenz (EFV), and the
PI amprenavir (APV). Each drug produced the expected sig-
moidal dose-response curve for the inhibition of viral replica-
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tion. The IC50 values were calculated from the titration curves
by fitting of a median-effect pharmocokinetic model (6, 7).
Differences in potency revealed by this analysis take on addi-
tional significance when viewed in the context of the different
Cmin and Cmax values achieved by each drug under normal

dosing. We estimated the in vivo potency for the antiretroviral
drugs in current use by calculating the ratios of published Cmin

and Cmax values to the IC50 values measured in this system
(Fig. 3). Consistent with the clinical potency of the NNRTI
EFV (1, 21, 55), this drug demonstrated extraordinary potency

FIG. 1. Single-cell phenotypic assay for drug susceptibility and replication capacity. (A) Proviral construct used to generate pseudotyped virus
for infections. Patient-derived gag-pol sequences were cloned in frame into a pNL4-3 proviral clone with the coding sequence for GFP replacing
a portion of the env gene. The GFP sequence was followed by a KDEL ER retention signal and a stop codon. As a result, cells transfected with
this vector or infected with pseudotyped viruses generated from this vector express an Env-GFP fusion protein that is directed into the ER by the
Env signal peptide and retained in the ER by the KDEL sequence. (B) Expression of GFP by infected CD4� T cells. The CD4�-T-cell Jurkat line
was infected in vitro with GFP-encoding HIV-1 pseudotyped with VSV-G. Representative dot plots of GFP expression are shown for uninfected
Jurkat cells (left), Jurkat cells infected with pseudovirions carrying the reference NL4-3 gag-pol sequence (center), and Jurkat cells infected with
pseudovirions carrying a patient-derived wild-type gag-pol sequence, Pt0311-5M7 (right). (C) Linear relationship between the number of infected
Jurkat cells and the amount of input viral inoculum. Jurkat cells were infected under standard conditions with increasing amounts of viral
supernatant equivalent to the indicated numbers of virus-producing cells. GFP expression in Jurkat cells was measured by flow cytometry on day
2 after infection. The dotted line represents a fitted linear regression.
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in that even the Cmin was 	1,000-fold higher than the IC50 in
this assay. The PIs were relatively potent, with Cmin values that
were at least 10-fold higher than the IC50 values (except for
APV and indinavir). For some of the NRTIs, particularly d4T
and didanosine (ddI), Cmax values were close to or below the
IC50 values.

Inhibition by multiple drugs in combination. In infected
individuals undergoing HAART, HIV-1 evolves in the simul-
taneous presence of multiple antiretroviral drugs. Most phe-
notypic assays measure the capacity of viruses to replicate in

the presence of individual drugs. Such assays, therefore, do not
take into account the complex synergistic and antagonistic
interactions between antiretroviral drugs in the setting of
HAART. Antiretroviral drugs can affect each other’s efficacies
at the level of absorption, systemic metabolism and elimina-
tion, prodrug activation, and the targeted enzymatic reaction
(31). Interactions affecting absorption and metabolism alter
drug concentrations in the blood and are compensated for
clinically by adjustments in dosage so that optimal blood levels
are achieved. Interactions affecting prodrug activation and en-
zyme inhibition occur at the level of the target cells and can be
directly assessed by using in vitro assays such as the one de-
scribed here. Table 1 shows that zidovudine (AZT) and d4T
strongly antagonize each other in this system, as previously
reported for other in vitro (26) and in vivo (23) assays. The
inhibition of viral replication observed in the presence of both
drugs is much less than expected based on the fraction product
principle (58) This antagonism reflects the fact that both are
thymidine analogue prodrugs that share the same intracellular
phosphorylation pathway (26). These results suggest that drug
interactions that are operative in target cells can be accurately
modeled in this in vitro system.

Analysis of drug susceptibility and replication capacity. For
the reasons described above, we were able to use the percent-
age of target cells infected by a standardized viral inoculum as
a direct readout for the replication of viruses with different
gag-pol inserts. Thus, we could compare the abilities of patient-
derived resistant HIV-1 isolates and wild-type HIV-1 to repli-
cate in the absence and presence of drugs.

To facilitate these comparisons, we defined a replication
capacity index, a drug resistance index, and a replication index
(see Materials and Methods). A replication capacity index of
�1 indicates a diminished replication capacity relative to that
of the reference virus, NL4-3. A drug resistance index of �1
indicates susceptibility to the drug. The replication index, de-
fined as the product of the replication capacity index and the
drug resistance index, sums the two effects on a log scale and

FIG. 2. Measurement of viral susceptibility to antiretroviral drugs using the pNL4-3-�E-GFP-derived pseudoviruses. The ability of pseudoviri-
ons carrying wild-type NL4-3 gag-pol sequences to infect Jurkat cells was measured in the presence of increasing concentrations of the NRTI d4T,
the NNRTI EFV, and the PI APV. APV was added to cultures of virus-producing cells beginning 4 hours after transfection and was maintained
throughout the course of viral assembly, release, maturation, and spin inoculation into the target cells. d4T was added to target cells beginning 16 h
before infection and was maintained in all steps thereafter. EFV was added at the time of spin infection and was maintained thereafter. The IC50
for each drug was calculated by fitting data to the median-effect pharmacokinetic model (6, 7).

FIG. 3. Ratios of Cmin and Cmax to IC50 for individual antiretroviral
drugs. The in vitro IC50 was measured for each drug by using pseudovi-
ruses carrying the reference NL4-3 sequence as described in Fig. 3.
The ratios between published Cmax and Cmin values and the IC50 for
each drug are plotted. ABC, abacavir; TDF, tenofovir disoproxil fu-
marate; RTV, ritonavir; NFV, nelfinavir; SQV, saquinavir; LPV, lopi-
navir; IDV, indinavir.
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represents the total treatment benefit. For example, Fig. 4
compares the abilities of pseudoviruses carrying two patient-
derived drug-resistant HIV-1 sequences to replicate in the
presence and absence of the NRTI lamivudine (3TC). Both
isolates are from the same patient and contain an almost iden-
tical spectrum of multiple drug resistance mutations in pro-
tease and RT, differing only by the presence of the character-
istic 3TC resistance mutation M184V in one isolate. Both
mutants exhibited a slightly diminished replication capacity
relative to the wild-type NL4-3 virus. The replication capacity
index of each was 
0.5. Yet, as expected from the genotype,
the isolate containing the M184V mutation was fully resistant
to 3TC (drug resistance index of 1 up to 2.5 �M 3TC and of 0.8
at 12.5 �M 3TC). The isolate lacking this mutation showed the
same high degree of susceptibility to 3TC as wild-type NL4-3
over about 3 logs of inhibition (drug resistance index of �0.002
at 12.5 �M 3TC). This result demonstrates that the phenotypic

assay can simultaneously measure replication capacity and
drug resistance for HIV-1 gag-pol isolates from patients. Inter-
estingly, for the multidrug-resistant isolate pt2019-1-2 analyzed
here, the magnitude of the decrease in replication capacity
relative to that of NL4-3 in the absence of drugs was small
compared to the profound degree of inhibition by 3TC of the
viruses lacking the M184V mutation.

Dissecting the benefits of nonsuppressive HAART into re-
sidual drug susceptibility and selection for resistant variants
with diminished viral replication capacities. To demonstrate
the utility of this assay for distinguishing residual suppression
from diminished replication capacity, we analyzed drug-resis-
tant viruses from patients who were failing HAART regimens.
Three general patterns emerged (Fig. 5 and Table 2). In the
first pattern, as shown in Fig. 5A, the resistant variant exhibited
both a diminished replication capacity (replication capacity
index of �1) and partial susceptibility to the drug combination
being used (drug resistance index of �1), particularly when
each drug was present at its Cmax. In this case, the defect in
replication capacity relative to NL4-3 was slight (replication
capacity index � 0.8), indicating that the multiple mutations in
protease and RT did not substantially decrease the capacity of
these enzymes to function, possibly due to the compensatory
effects of some of the secondary mutations. The replication of
the wild-type clone NL4-3 was strongly inhibited by the four-
drug combination that constituted the patient’s regimen at the
time of virus isolation (drug resistance index � 0.0003 at the
Cmax). The drug-resistant isolate was only partially inhibited
(drug resistance index � 0.63 at the Cmin and 0.03 at the Cmax).
This partial inhibition represents the residual suppression of
the drug-resistant virus by the regimen. Therefore, this
HAART regimen may exert some control on viremia via both
partial suppression and selection for isolates with diminished
replication capacities.

FIG. 4. Simultaneous measurement of susceptibility to 3TC and
replication capacity for different HIV-1 clones. Pseudovirions carrying
patient-derived isolates and NL4-3 gag-pol sequences were used to
infect Jurkat cells in the presence of the indicated concentrations of
3TC. Drug resistance mutations in the protease and RT of patient-
derived HIV-1 clones are shown in Table 2.

TABLE 1. Measurement of intracellular drug interactions between AZT and d4T

Drug treatmenta % GFP-positive target
cellsb

Mean % GFP-positive
target cells

Drug resistance
indexc

P value for
antagonismd

No drug 18.62 20.09
24.16
20.08
17.49

10 �M AZT 7.61 7.15 0.356
6.70
7.59
6.71

10 �M d4T 6.83 6.54 0.325
7.04
5.74

10 �M AZT plus 10 �M d4T 7.14 7.25 0.361 �0.001
8.76
5.78
7.33

a Jurkat cells were infected in replicate with pseudotyped reporter viruses carrying the NL4-3 gag-pol sequence in the presence of the indicated drug(s). The drug(s)
was added to target cells 16 h before infection and was maintained throughout the experiment.

b Measured 48 h after infection.
c The drug resistance index is the ratio of the measured replication in the presence of drug(s) to that in the absence of drugs.
d Antagonism is scored according to the fraction product principle. f0 represents the fraction of infected cells in the absence of drug; fAZT and fd4T represent the

fractions of infected cells in the presence of 10 �M AZT and 10 �M d4T, respectively; f(AZT�d4T) represents the fraction of infected cells in the presence of the
combination of 10 �M AZT and 10 �M d4T. If AZT and d4T function independently, then f(AZT�d4T)/f0 should equal fAZT/f0 � fd4T/f0; if f(AZT�d4T)/f0 	 fAZT/f0 �
fd4T/f0, then there is antagonism, and if f(AZT�d4T)/f0 � fAZT/f0 � fd4T/f0, then there is synergism. f0, fAZT, fd4T, and f(AZT�d4T) were measured as the means of three
or four replicates for each condition. The P value is of the coefficient for the interaction term ln (fAZT/f0) � ln (fd4T/f0) being equal to zero in a multilinear regression.
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In the second pattern, the patient-derived drug-resistant
HIV-1 had a high replication capacity and minimal drug sus-
ceptibility. Figure 5B shows data for a drug-resistant isolate
with a replication capacity slightly higher than that of NL4-3.
The replication capacity index relative to NL4-3 was 1.34. We
also compared the replication capacity of this resistant virus to
that of a wild-type virus isolated from the latent reservoir of
the same patient. In this case, the replication capacity index
was 1.02. Thus, this resistant isolate was highly fit despite the
presence of several major drug resistance mutations (Table 2).
In addition, the resistant isolate was only minimally suppressed
by the drug combination (drug resistance index � 0.94 and 0.39
at the Cmin and Cmax, respectively). Thus, for this isolate,
treatment provides little benefit.

In the third pattern, shown in Fig. 5C, the patient-derived
isolate was fully resistant to the HAART regimen (drug resis-
tance index of �1 at both the Cmin and Cmax), yet it had a

diminished replication capacity (replication capacity index �
0.21) relative to that of the wild-type NL4-3 isolate. Therefore,
if the patient harbors a wild-type virus that is similar in repli-
cation capacity to NL4-3, the HAART regimen may benefit the
patient mainly by selecting for a resistant variant with a re-
duced replication capacity.

In vitro analysis of partial treatment interruptions. In cases
for which the clinical benefit of continued treatment is solely
due to the selection for resistant variants with diminished rep-
lication capacities, as shown in Fig. 5C, the drug regimen could
potentially be simplified to keep only the minimum number of
drugs needed to select for the resistant variants over the wild-
type virus. In this situation, none of the drugs would still exert
any direct suppressive effect on the relevant viral enzymes; they
would function only to suppress replication of the wild-type
virus. This scenario can be modeled in the in vitro system
described here. For the specific example shown in Fig. 5C, the
infections were repeated, using the original drug combination
(ddI, abacavir, 3TC, and EFV) and 3TC alone (Fig. 6). As
expected, the replication of the resistant virus was not affected,
while the replication of the wild-type virus was strongly sup-
pressed by 3TC alone, to almost the same extent as with the
four-drug combination. Even in the presence of 3TC alone, the
drug-resistant clone with a reduced replication capacity was
still 30- to 100-fold more fit than the wild-type virus; thus, this
analysis predicts that 3TC therapy alone is sufficient to main-
tain the resistant variant. Analysis of this kind could be used to
find the simplest regimen that provides the best balance be-
tween reduced toxicity and prolonged suppression of wild-type
virus.

DISCUSSION

We described a novel phenotypic assay that can simulta-
neously measure, on the same scale, HIV-1 susceptibility to
drug combinations and changes in replication capacity relative
to reference or patient-specific wild-type sequences. This pro-
vides a quantitative tool for analyzing the efficacy of antiret-
roviral therapy, especially the mechanism of the clinical benefit
of HAART in the setting of virologic failure.

It is important to note that no in vitro assay can fully dupli-
cate the in vivo conditions under which the antiretroviral drugs
mediate suppression of viral replication. Nevertheless, in vitro
phenotypic assays of drug resistance have potential clinical
utility (28, 36, 46, 52). Results from single-cycle assays of rep-
lication capacity generally parallel results of virus culture as-
says for fitness (45, 48), although the correlation is not always
perfect (48). In the assay described here, several steps have
been taken to ensure that the cultures mimic in vivo conditions
as closely as possible. First, we accounted for the protein-
binding properties of some antiretroviral drugs by supplement-
ing the culture medium with 50% normal human serum. Sec-
ond, we have accounted for the prodrug activation required for
the function of all NRTIs. Because all NRTIs require multiple
steps of intracellular phosphorylation to be converted to active
nucleoside triphosphate analogues (56), CD4� T cells were
pretreated with NRTIs 16 h prior to infection. This time is
sufficient for intracellular levels of the active forms of these
drugs to reach a steady state, as evidenced by the fact that
pretreatment for longer times does not increase inhibition.

FIG. 5. Three different patterns of replication of drug-resistant
HIV-1 clones reflecting differential contributions of residual drug sus-
ceptibility and reduced replication capacity. gag-pol sequences ampli-
fied from the plasma of patients failing therapy were used to generate
pseudovirions that were then used to infect Jurkat cells in the absence
of drugs and in the presence of failing drug combinations at the Cmin
and Cmax of each drug. Drug resistance mutations present in each
isolate are indicated in Table 2. The replication of each isolate was
compared to that of the wild-type NL4-3 sequence. (A) Resistant virus
with significant residual susceptibility and marginally reduced replica-
tion capacity. (B) Resistant virus with minimal residual susceptibility
and high replication capacity. (C) Resistant virus with no residual
susceptibility and significantly reduced replication capacity.
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Third, drugs were tested at their Cmin and Cmax values under
the conditions described above. This effectively circumvents
issues related to drug absorption and metabolism and exposes
target cells to concentrations of drugs that bracket the concen-
trations that should be experienced by cells in vivo. Finally, and
most significantly, the drugs were tested in the same combina-
tions that are used in vivo. Because many combinations of
antiretroviral drugs produce a profound synergistic inhibition
of wild-type virus, quantitative analysis of drug inhibition is
only possible with assays that have a wide dynamic range. The
flow cytometric assay described here has a dynamic range of up
to 4 logs, allowing quantification of the synergistic inhibitory
effects of drug combinations as well as of individual compo-
nents of the regimen. The assay faithfully reproduced reported
drug interactions that occur at the level of target cells. For
example, the reported antagonism between AZT and d4T
caused by competition at the step of prodrug activation was
readily observed with this assay (Table 1). Taken together,
these results suggest that the phenotypic assay described here
provides a reasonable first approximation of drug inhibitory
effects in vivo.

Using this assay, we compared the potencies of available
antiretroviral drugs by examining the ratio of the Cmin and
Cmax values to the IC50 determined in this system. Our data
highlight the extraordinary potency of the NNRTI EFV (1, 21,
55), which has a Cmin/IC50 ratio of 	1,000 in our system. In
contrast, the commonly used NRTIs d4T and ddI are relatively
inefficient at inhibiting viral replication in this system. Cmax

values for these drugs are actually below the IC50 and IC90

values, respectively. Because the actual IC50 depends on the
viral strain, the target cell type, the culture medium, and the
multiplicity of infection in specific phenotypic assay systems
(37, 44), direct comparison of Cmin/IC50 and Cmax/IC50 ratios
between different assay systems is not possible. It is worth
noting that drug susceptibility measured in this system was also
dependent on the properties of the virus-producing cells, 293T
cells, and the target cells, the Jurkat CD4�-T-cell line. These
cells may differ from primary CD4� T cells in the absorption
and metabolism of antiretroviral drugs. They may differ from
primary cells in the expression of transporters, such as the P
glycoprotein, that can export PIs from the cytoplasm (30). In

addition, the in vivo efficacy of a drug is dependent upon more
than its potency in inhibiting a single round of viral replication.
Additional factors such as genetic barriers to resistance, toler-
ability, and pharmacokinetics are important. Therefore, these
in vitro results should be interpreted with caution.

Another caveat is related to the heterogeneity of replication
capacities of wild-type HIV-1 isolates relative to that of a
reference sequence, NL4-3. The replication capacities of wild-
type HIV-1 clones from patients can vary up to 2.5-fold from
that of NL4-3 in our system. The mean replication capacity
index relative to NL4-3 was 0.81 � 0.34 (n � 7). Similar
variations have been observed by other groups (54). These
results suggest that in order to most accurately assess changes
in viral fitness in vivo, it is necessary to compare the replication
capacity of the patient’s drug-resistant virus to that of the
drug-sensitive virus obtained from the same patient. This can
be readily done in the system described here provided that the
wild-type sequence is available. In compliant patients who are
failing therapy and have drug-resistant viruses, wild-type vi-
ruses are typically not found in the plasma but do persist in the
latent reservoir in resting memory CD4� T cells (49). It is also
important to point out that viral clones with different muta-
tions are likely to be present in each patient with drug resis-
tance and that the results of this type of analysis may be
different for each clone. Ideally, a large number of distinct
clones representing the full range of variation in pol would be
analyzed, although this may not be practical as a routine clin-
ical test. Alternatively, it may be possible to analyze selected
clones that represent extremes on the spectrum of wild-type to
fully resistant viruses. A final caveat is that compensatory mu-
tations outside of the gag-pol region studied here could poten-
tially affect viral fitness. Our construct did include the Gag
p7/p1 and p1/p6 cleavage sites that frequently accumulate com-
pensatory mutations in response to PIs (16).

The ability of this assay to simultaneously measure HIV-1
drug susceptibility and replication capacity allowed us to study
the mechanisms of the apparent clinical benefit of HAART in
the setting of virologic failure. Our data show that the benefit
of nonsuppressive HAART can be quantitatively decon-
structed into two additive effects. This is illustrated graphically
in Fig. 7 and numerically in Table 2. One effect is the residual

FIG. 6. In vitro demonstration of selection for a drug-resistant virus with reduced replication capacity by a simplified regimen. The drug-
resistant virus analyzed for Fig. 5C was tested for replication in the absence of drugs, in the presence of the failing regimen, and in the presence
of a simplified regimen consisting of only 3TC. Replication of this isolate was compared to that of the wild-type NL4-3 sequence.
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suppression of replication of the resistant variants by antiret-
roviral drugs. This is a benefit that operates in real time,
reflecting direct inhibition of viral enzymes by the drugs. The
other beneficial effect is selection for drug-resistant variants
with a diminished replication capacity. This is a potential ben-
efit that only becomes apparent if the drugs are stopped and
archived drug-sensitive variants with higher replication capac-
ities emerge. A recent study by Ruff et al. (49) demonstrated
the persistence of archival wild-type HIV-1 in the latent res-
ervoir in resting memory CD4� T cells even after years of
selection for drug-resistant variants by failing drug regimens.
Further evidence for the persistence of wild-type viruses in the
setting of failure comes from the work of Deeks et al. (14)
demonstrating simultaneous loss of all drug-resistant variants
accompanied with the appearance of wild-type HIV-1 in pa-
tients with multidrug resistance who interrupt therapy. These
data suggest that the selection pressure exerted by drugs in
failing regimens can prevent drug-sensitive variants with po-
tentially higher replication capacities from emerging.

This method of analysis of the benefits of HAART could
provide the basis for the rational management of antiretroviral
therapy in the problematic setting of virologic failure. For
example, in circumstances in which the clinical benefit of the
drug combination is solely due to selection for resistant vari-
ants with diminished replication capacities, as shown in Fig.
5C, the drug regimen could potentially be simplified, retaining
the minimum number of drugs needed to provide selection
pressure favoring the resistant variants over the wild-type virus.
On the other hand, in cases in which the HAART regimen
exerts little suppression on viral replication and the evolved
resistant virus has achieved a replication capacity equivalent to
that of the archived wild-type viruses present in the latent
reservoir (Fig. 5B), continued treatment with the same regi-
men provides no obvious benefit.

In summary, we have described a novel single-cell-level phe-

notypic assay that can simultaneously analyze HIV-1 drug sus-
ceptibility and intrinsic replication capacity. This allows quan-
titative dissection of the functions of antiretroviral drugs into
suppression of viral replication and selection of resistant vi-
ruses with diminished replication capacities. Although its ap-
plication in clinical management remains to be tested, this
experimental approach provides a tool for the rational evalu-
ation of treatment decisions for patients failing antiretroviral
therapy.
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