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Combination therapy with protease (PR) and reverse transcriptase (RT) inhibitors can efficiently suppress
human immunodeficiency virus (HIV) replication, but the emergence of drug-resistant variants correlates
strongly with therapeutic failure. Here we describe a new method for high-throughput analysis of clinical
samples that permits the simultaneous detection of HIV type 1 (HIV-1) phenotypic resistance to both RT and
PR inhibitors by means of recombinant virus assay technology. HIV-1 RNA is extracted from plasma samples,
and a 2.2-kb fragment containing the entire HIV-1 PR- and RT-coding sequence is amplified by nested reverse
transcription-PCR. The pool of PR-RT-coding sequences is then cotransfected into CD41 T lymphocytes
(MT4) with the pGEMT3DPRT plasmid from which most of the PR (codons 10 to 99) and RT (codons 1 to 482)
sequences are deleted. Homologous recombination leads to the generation of chimeric viruses containing PR-
and RT-coding sequences derived from HIV-1 RNA in plasma. The susceptibilities of the chimeric viruses to
all currently available RT and/or PR inhibitors is determined by an MT4 cell–3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide-based cell viability assay in an automated system that allows high sample
throughput. The profile of resistance to all RT and PR inhibitors is displayed graphically in a single PR-RT-
Antivirogram. This assay system facilitates the rapid large-scale phenotypic resistance determinations for all
RT and PR inhibitors in one standardized assay.

Within the last decade, many drugs have become available
for the treatment of individuals infected with human immuno-
deficiency virus type 1 (HIV-1). Despite their initial antiretro-
viral activity, the benefit of treatment with these agents is of
limited duration. Complete suppression of HIV-1 replication is
rarely achieved with reverse transcriptase (RT) inhibitors ei-
ther alone or in dual combinations (2). In contrast, treatment
with triple drug combinations that include a protease (PR)
inhibitor (6, 9, 20) can reduce the virus load in plasma to
undetectable levels and provide substantial clinical benefit.
Nevertheless, the breakthrough of drug-resistant mutants re-
mains one of the most serious obstacles to sustained suppres-
sion of HIV (3, 4, 10, 30, 44). Continuous high-level in vivo
replication of HIV-1 and the intrinsic error rate of the RT
enzyme are the major driving forces behind the generation of
drug-resistant variants (13, 33, 46). When drug pressure is
applied to this divergent and rapidly replicating virus popula-
tion, variants with the appropriate mutation(s) in their ge-
nomes will escape the drug inhibition and outgrow the wild-
type drug-susceptible viruses.

The inclusion of different RT and PR inhibitors in antiret-

roviral treatment regimens has resulted in the emergence of
many drug-resistant HIV-1 variants (3, 4, 10, 22–24, 30, 34, 36,
41, 43, 44, 47). More than 100 resistance-associated mutations,
spanning the HIV-1 RT- and PR-coding regions, have been
described (37). In addition, an increasing number of variants
carrying multiple or multidrug resistance-associated mutations
have been reported (15, 38). Consequently, methods for de-
tecting resistance and cross-resistance are likely to be needed
for patient management. Various assays for the genotypic de-
tection of resistance-associated mutations have been devel-
oped (11, 18, 42). However, phenotypic assays are needed to
determine the effect of complex genotypic mutational patterns
on virus drug susceptibility. This is especially the case with
viruses having complex combinations of mutations that may
result in unpredictable patterns of resistance, cross-resistance,
multidrug resistance, or resistance reversal. Phenotypic resis-
tance testing is often performed by peripheral blood mononu-
clear cell-based methods (16). However, these require freshly
isolated donor lymphocytes, isolation of whole virus, and long
culture times and are generally considered to be too labor-
intensive and expensive for routine use. The prolonged virus
culture times have also been shown to select for subpopula-
tions of HIV-1 variants (21) which can influence the drug
susceptibility profile. Therefore, the description of the recom-
binant virus assay by Kellam and Larder (19) generated inter-
est in the development of more rapid and reproducible deter-
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minations of the resistance of HIV to RT inhibitors in clinical
samples from HIV-1-infected patients (1, 7, 12, 17). With the
introduction of combinations of PR and RT inhibitors in an-
tiretroviral treatment regimens, there was clearly a need to
extend phenotypic resistance assays. Here we report the devel-
opment of a phenotypic recombinant virus assay that can de-
termine the susceptibility of HIV-1 to both RT and PR inhib-
itors.

MATERIALS AND METHODS

Plasma samples. Plasma samples obtained from HIV-1-infected individuals
were shipped with dry ice and stored at 270°C until analysis. Plasma samples
used for repeated analyses were thawed no more than two times.

Viral RNA extraction. Viral RNA was isolated from 200 ml of plasma with the
QIAamp Viral RNA Extraction Kit (Qiagen, Hilden, Germany) as instructed by
the manufacturer.

Amplification of RT- and PR-coding sequences. cDNA encoding PR and RT
was made with Expand Reverse Transcriptase (Boehringer, Mannheim, Germa-
ny). Each reaction mixture (final volume, 20 ml) contained 5 mM MgCl2, 1 mM
deoxynucleoside triphosphates (Pharmacia, Uppsala, Sweden), 20 U of RNase
inhibitor (Perkin-Elmer, Foster City, Calif.), 2 ml of Expand RT reaction buffer
(103), 4 ml of RNA, 6.5 U of RT enzyme, and 0.75 mM the HIV-1-specific
primer OUT3 (see below). The reaction mixture was incubated at 42°C for 30
min to enable cDNA synthesis. The RT enzyme was subsequently inactivated by
incubation of the reaction mixture at 99°C for 5 min. All incubations were carried
out in a GeneAmp 9600 thermocycler (Perkin-Elmer).

A 2.2-kb PR-RT-coding sequence was amplified from cDNA by nested PCR.
The first-round PCR used primers PRTO5 (59-GCCCCTAGGAAAAAGGGC
TGTTGG-39) and OUT3 (59-CATTGCTCTCCAATTACTGTGATATTTCTC
ATG-39). The reaction mixture contained 2.5 mM MgCl2, 200 mM deoxynucleo-
side triphosphates, 0.15 mM (each) primer, 5 U of Expand High Fidelity
Polymerase mixture (Boehringer), 10 ml of Expand Reaction buffer (103), and
20 ml of the cDNA mixture. The final volume of the PCR mixture was 100 ml. Ten
microliters of the first-round PCR mixture was used for the second-round PCR.
All components of the reaction mixture were the same as those used in first-
round PCR, but the reaction mixture contained 0.15 mM primers PRTI5 and IN3
(59-TGAAAGATTGTACTGAGAGACAGG-39 and 59-TCTATTCCATCTAA
AAATAGTACTTTCCTGATTCC-39, respectively). All reactions were carried
out in a Biometra Uno Thermocycler (Biometra, Göttingen, Germany). PCR
conditions for both rounds were 95°C for 3 min and then 30 cycles of 90°C for 1
min, 55°C for 30 s, and 72°C for 2 min, followed by a final 10 min of incubation
at 72°C. All amplification products were analyzed by 1% agarose gel electro-
phoresis. For amplification of sequences encoding only RT, PCR was performed
with the primers and under the conditions described previously (19).

Purification of amplified coding sequences. The PCR product was purified
with a QIAquick PCR Purification kit (Qiagen) and was reanalyzed by 1%
agarose gel electrophoresis.

Construction of the proviral clone pGEMT3DPRT. The previously described
(19) proviral molecular clone pHIVDRTBstEII from which the sequence for RT
was deleted was used as starting material for the construction of a proviral clone
from which the sequences for PR and RT were deleted. The construct was
obtained from the Medical Research Council AIDS Directed Programme Re-
agent Project (repository reference ADP206) and contains a 12.5-kb XbaI insert
of HXB2 (HIV-IIIB) and flanking cellular sequences. The nucleotide and amino
acid positions used in this paper are those of the GenBank HIVHXB2CG
sequence (sequence identification no. 327742; accession no. KØ3455). To gen-
erate the proviral clone from which the sequences for PR and RT were deleted,
pHIVDRTBstEII was digested with XbaI, and the resulting full-length HIV-1
proviral RT-deleted fragment was subcloned into the XbaI site of pGEM9zf(2)
(Promega, Madison, Wis.). After BstEII linearization of this intermediate con-
struct (pGEM9HIVDRT), the reaction mixture was treated with DNA polymer-
ase I (Klenow fragment) and was further digested with ApaI to remove a 750-bp
ApaI-BstEII fragment. In parallel, the original molecular clone pHIVDRTBstEII
was linearized with AhdI, incubated with DNA polymerase I, and subsequently
treated with ApaI. The resulting 270-bp ApaI-AhdI fragment was then subcloned
into the recipient vector, pGEM7zf(2). A 270-bp ApaI-XmaI fragment was
recovered from this clone (pGEM7Apa/Sma) by consecutive XmaI digestion,
treatment with DNA polymerase I, and ApaI digestion. Finally, the 750-bp
ApaI-BstEII fragment, removed from the vector pGEM9HIVDRT, was replaced
by the 270-bp ApaI-XmaI fragment recovered from the construct pGEM7Apa/
Sma. Restriction analysis and PCR with the appropriate primers (see above)
were used to confirm the identity and length of the new construct,
pGEMT3DPRT. PR- and RT-coding sequences were thus deleted from the
HIV-1 proviral genome starting from the AhdI cleavage site (nucleotide position
2280 of the PR sequence; amino acid 9 of the PR sequence) to nucleotide
position 4115 (amino acid 483) of the RT sequence. The resulting construct was
transformed into Escherichia coli JM109. For use in recombination experiments,
large-scale plasmid DNA preparations (Qiagen) were linearized by BstEII di-
gestion, purified with phenol-chloroform, precipitated with ethanol, and resus-

pended in water. The pHIVDRTBstEII construct was also used for all compar-
ative validation experiments.

Cotransfection of PR-RT-coding sequences with pGEMT3DPRT. MT4 cells
were subcultured at a density of 250,000 cells/ml on the day before transfection.
Cells were pelleted and resuspended in phosphate-buffered saline at a concen-
tration of 3.1 3 106 cells/ml. A 0.8-ml portion (2.5 3 106 cells/ml) was used for
each transfection. Transfections were performed with the Bio-Rad Gene pulser
(Bio-Rad, Hercules, Calif.) with 0.4-cm electrode cuvettes (Bio-Rad). Cells were
electroporated with 10 mg of BstEII-linearized pGEMT3DPRT and approxi-
mately 5 mg of purified PR-RT-PCR product at 250 mF and 300 V, followed by
a 30-min incubation at room temperature. Ten milliliters of fresh culture me-
dium was then added to the suspension of transfected cells, and incubation was
performed at 37°C in a humidified atmosphere with 5% CO2. Cell cultures were
monitored for the appearance of viral cytopathic effect (CPE). Culture super-
natants were typically harvested by centrifugation at 8 to 10 days after transfec-
tion and were stored at 270°C for subsequent infectivity and drug susceptibility
determinations. Infectivity was determined by the viral CPE assay described
below by using a 50% endpoint method (50% cell culture infectious dose).

Drug susceptibility assays. HIV-1 drug susceptibility was determined by an
MT4 cell–3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
(MT4-MTT)-based CPE protection assay (32). MT4 cells were infected with 200
50% cell culture infective doses of recombinant viruses in the presence of fivefold
dilutions of different antiretroviral drugs. In general, the susceptibilities of the
viruses to zidovudine (AZT; 39-azido-39-deoxythymidine), lamivudine (3TC; b-L-
29,39-dideoxy-39-thiacytidine), didanosine (ddI; 29,39-dideoxyinosine), zalcitabine
(ddC; 29,39-dideoxycytidine), stavudine (d4T; 29,39-didehydro-39-deoxythymi-
dine), loviride (R89439), nevirapine, tivirapine (8CI-TIBO, R91767), saquinavir
(Ro-31-8959), indinavir (MK-639), and ritonavir (ABT-538) were determined in
one assay. Four replicate determinations were performed in duplicate plates for
each concentration of antiretroviral drug. Four wild-type recombinant viruses
derived from HIV-1 IIIB/LAI RNA were generated and tested in parallel with
clinical samples for each assay. Fold resistance values were calculated by dividing
the mean 50% inhibitory concentration (IC50) for a recombinant virus from a
patient by the mean IC50 for recombinant wild-type viruses.

Dideoxynucleotide-based sequence analysis (genotyping). A 785-bp fragment
containing the first 260 codons of the RT sequence was amplified by PCR with
primers A(35) (59-TTGGTTGCACTTTAAATTTTCCCATTAGTCCTATT-39)
and NE-1(35) (59-CCTACTAACTTCTGTATGTCATTGACAGTCCAGCT-39)
(25). The PCR product was treated with shrimp alkaline phosphatase and exo-
nuclease I (reagent pack for PCR product pretreatment; Amersham) and ana-
lyzed by cycle sequencing (Thermo Sequenase fluorescent labelled primer cycle
sequencing kit with 7-deaza-dGTP; Amersham) with the following fluorescein
isothiocyanate-labelled primers: RTGSS01 (59-TTAGCCCTATTGAGACTGT
ACC-39) and RTGSS02 (59-TACTGGATGTGGGTGATGCATA-39) in the
sense direction and RTGAS03 (59-TCCCTGTGGAAGCACATTG-39) and
RTGAS04 (59-GTTCATAACCCATCCAAAG-39) in the antisense direction.
The reaction products were analyzed with an ALF automated sequencer (Phar-
macia). DNA sequences were aligned to the HXB2 reference sequence with
GeneWorks software, version 2.5 (Oxford Molecular). For PR, a 400-bp frag-
ment containing all 99 codons of protease plus gag- and RT-flanking sequences
was amplified with primers DP10 (59-CAACTCCCTCTCAGAAGCAGGAGC
CG-39) and DP11 (59-CCATTCCTGGCTTTAATTTTACTGGTA-39) (26). The
primers used for sequence analysis were FH1P1802 (59-CAAATCACTCTTTG
GCAACGACC-39) and FH1P2055A (59-AATCTGAGTCAACAGATTTCTTC
C-39).

Viral load measurements. HIV-1 RNA levels in plasma were quantified with
the Amplicor HIV-1 Monitor Kit (Roche), as instructed by the manufacturer.

RESULTS

Construction of proviral clone pGEMT3DPRT from which
sequences for PR and RT were deleted. Proviral clone
pHIVDRTBstEII from which the sequence for RT was deleted
(19) was used to construct proviral clone pGEMT3DPRT from
which the sequences for PR and RT were deleted (Fig. 1A).
PR- and RT-coding sequences located upstream from the RT
deletion in pHIVDRTBstEII were deleted starting with the
AhdI cleavage site (nucleotide position 2280; amino acid 9 in
the PR gene) (Fig. 1B). Cotransfection of MT4 cells with the
BstEII-linearized proviral construct pGEMT3DPRT from
which the sequences for PR and RT were deleted and the
appropriate PR-RT-coding sequences, amplified from viral
RNA in plasma, resulted in the homologous recombination
and the generation of infectious virus. An extensive HIV-in-
duced CPE became apparent within 8 to 10 days of transfec-
tion. After harvesting and titration of recombinant viruses,
drug susceptibility assays were performed to determine the
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resistance profile of the virus in any given patient plasma sam-
ple (see below). Population-based sequencing confirmed there
were no major differences in the RT mutational patterns be-
tween HIV RNA in the original sample and the RNA of the
corresponding recombinant viruses (Table 1).

PCR amplification of full-length RT- and combined PR- and
RT-coding sequences. Following cDNA synthesis, nested PCR
amplification of cDNA was performed to generate either a
1.7-kb DNA amplicon encompassing the full-length RT-coding
sequence or the combined 2.2-kb PR- and RT-coding sequence
(Fig. 1B). To determine the sensitivity of the reverse transcrip-
tion-PCR procedure, two approaches were followed. First, the
amplification efficiency was determined with a serially diluted
stock of a laboratory HIV strain (IIIB/LAI) containing 108 to
10 RNA copies/ml (data not shown). Second, 10- and 100-fold
serial dilutions of RNA isolated from patient plasma samples

with known copy numbers per milliliter (Roche Amplicor) were
tested. Reverse transcription-PCR was performed with both un-
diluted and diluted RNAs. These experiments showed that the
RT-only sequences (1.7 kb) could be amplified from as few as 50
copies of viral RNA (250 copies/ml). Amplification of the com-
bined PR- and RT-coding sequences (2.2 kb) required at least 200
copies of viral RNA (1,000 copies/ml) (Table 2). The difference in
sensitivity between the two different reverse transcription-PCRs is
caused by the differences in the lengths of the amplicons that need
to be generated. Similar results were obtained with serially diluted
IIIB/LAI culture supernatants (data not shown).

Reproducibility of phenotypic drug susceptibility testing.
The RT susceptibility profiles obtained with plasma-derived
recombinants from patients treated with AZT and 3TC were
generated by the HeLa CD4 plaque reduction assay (19) and
were compared with the susceptibility profiles obtained by the
MT4 cell viability-based assay (32). The fold resistance values
for AZT (fold increase in IC50 relative to the IC50 for the wild
type) obtained by the two methods are presented in Fig. 2 and
were strongly correlated (n 5 43; r 5 0.8; P , 0.00001).
However, the MT4-MTT method was more amenable to au-
tomation and thus was the method of choice for high sample
throughput. To evaluate the reproducibility of the susceptibil-
ity assay, the entire procedure including RNA extraction, re-
verse transcription-PCR amplification, cotransfection, and sus-
ceptibility testing was repeated four times with plasma samples
with known HIV-1 drug resistance profiles. All independently
generated recombinant viruses (carrying plasma-derived se-
quences encoding RT only or PR and RT) were harvested and
tested for drug susceptibility by the MT4-MTT method. The
results (IC50s and the corresponding fold resistance values) of
four independent susceptibility determinations with a sample
with documented AZT and 3TC and nonnucleoside RT inhib-
itor (NNRTI) resistance and a sample with documented PR
inhibitor resistance are presented in Table 3 and demonstrate
that the respective phenotypic resistance profiles can be repro-
ducibly detected in these plasma samples.

Comparison of susceptibility data obtained with recombi-
nant viruses carrying plasma-derived sequences encoding RT
only with data obtained with recombinant viruses carrying
plasma-derived sequences encoding PR and RT. To evaluate
whether similar drug susceptibility data are obtained with re-
combinant viruses carrying plasma-derived sequences encod-
ing PR and RT and recombinant viruses carrying plasma-de-
rived sequences encoding only RT, HIV-1 RNA was extracted
from 35 plasma samples and both recombinant viruses (those
carrying plasma-derived sequences encoding RT only and PR
and RT) were produced, and virus susceptibilities to five
HIV-1 RT inhibitors were determined in one MT4-MTT-
based assay. There were no significant differences in suscepti-
bility results obtained with recombinant viruses carrying plas-
ma-derived sequences encoding RT only and recombinant
viruses carrying plasma-derived sequences encoding PR and
RT. Representative results (IC50s and the corresponding fold
resistance values) are given in Table 4.

Simultaneous measurement of HIV-1 susceptibility to PR
and RT inhibitors with recombinant viruses carrying the plas-
ma-derived sequences encoding PR and RT. To investigate
combined phenotypic PR and RT resistance testing with re-
combinant viruses carrying plasma-derived PR- and RT-coding
sequences, a selection of samples from patients with docu-
mented PR and RT inhibitor therapy was analyzed as outlined
above. Representative results are given in Table 5 and are
discussed below.

(i) Sample 1. The patient from whom sample 1 was obtained
had been treated with AZT, ddC, and saquinavir for 1 year and

FIG. 1. (A) Proviral clone pGEMT3DPRT from which the sequences encod-
ing PR and RT were deleted was constructed by removing a 750-bp ApaI-BstEII
fragment upstream of the RT deletion of the proviral clone pHIVDRTBstEII
and replacing it with a 270-bp ApaI-XmaI fragment recovered from the inter-
mediate construct pGEM7Apa/Sma (see Materials and Methods). This resulted
in a clone from which coding sequences starting from amino acid position 10 in
the HIV-1 PR gene to amino acid position 484 in the HIV-1 RT gene have been
removed. (B) Nested PCR is used to amplify either RT-only coding sequences
(1.7 kb) (primer pairs OUT3-OUT5 and IN3-IN5) or combined PR-RT-coding
sequences (2.2 kb) (primer pairs OUT3-PRTO5 and IN3-PRTI5). RT-only cod-
ing sequences encompass all resistance-associated amino acid changes between
residues 41 and 483 of the HIV-1 RT gene. Combined PR- and RT-coding
sequences encode for all resistance-associated mutations between amino acid
residue 9 of the PR gene and residue 483 of the RT gene.
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harbored a virus with decreased susceptibility to AZT and
saquinavir. This susceptibility profile is in agreement with the
therapeutic history and other clinical manifestations. Viral
load was 26,000 RNA copies/ml, while the CD4 count had
dropped from 301 to 224 cells/ml over a period of 1 year.

(ii) Sample 2. Sample 2 was from a patient with documented
nucleoside RT inhibitor (NRTI) treatment that was extended
with 6 months of ritonavir therapy and harbored a virus with
resistance to AZT and 3TC in combination with resistance to
ritonavir and cross-resistance to indinavir. After an initial re-
sponse to ritonavir (the viral load fell to 3,000 RNA copies/ml),
the patient started failing therapy (viral load, 191,000 RNA
copies/ml), most probably because PR-RT-resistant virus had
emerged.

(iii) Sample 3. Sample 3 was from a patient with docu-
mented NRTI and NNRTI treatment that was extended with 1
year of ritonavir therapy and harbored a virus with a suscep-

tibility profile that is in agreement with therapy and viral load
status (269,000 RNA copies/ml). AZT resistance, high-level
NNRTI resistance or cross-resistance, and ritonavir resistance
accompanied by indinavir cross-resistance were observed.

(iv) Sample 4. The patient from whom sample 4 was ob-
tained was treated with all available NRTIs as well as with the
PR inhibitors ritonavir, indinavir, and saquinavir and had a
viral load of 400,000 RNA copies/ml. The combined PR-RT
susceptibility determination demonstrated the presence of
dual resistance to AZT and 3TC in combination with resis-
tance to all three PR inhibitors tested (ritonavir, indinavir, and
saquinavir).

FIG. 2. Phenotypic AZT resistance was determined either by the HeLa CD4
plaque reduction assay (y axis) or the MT4-MTT cell viability assay (x axis). The
correlation between AZT resistance data obtained by both methods and pre-
sented as log fold AZT resistance values (fold increase in the mean IC50 relative
to the mean wild-type IC50 for the wild type; the mean IC50 for both patient and
wild-type viruses is derived from two to four separate susceptibility determina-
tions) was statistically determined (n 5 43; r 5 0.8; P 5 , 0.00001).

TABLE 1. Comparison of amino acid substitutions in RT between HIV-1 from plasma and the corresponding recombinant virusa

Sample no. Virus source
Amino acid at the following position:

M41 D67 K70 A98 K101 K103 E138 Y181 M184 Y188 G190 H208 T215 K219 K238

100 Plasma L N R N V Y F T T
Recombinant L N R N V Y F Q T

200 Plasma L Y
Recombinant L Y N/K

300 Plasma E N/K A A/G ND ND
Recombinant E/K N/K A

400 Plasma N V
Recombinant N V

500 Plasma Q ND
Recombinant Q

r1 BEL4 16/0 Plasma N R G C F Q
Recombinant N R G C F Q

r9 BEL5 15/4 Plasma R H Y
Recombinant R L Y

a Viral RNA was extracted from either 200 ml of plasma or 200 ml of culture supernatant containing the corresponding chimeric virus. The RT-coding sequences were
amplified, and a population-based sequence analysis was performed with both isolates (see Materials and Methods). ND, not determined.

TABLE 2. Sensitivity of reverse transcription-PCR amplification of
RT-coding sequence (1.7 kb) versus that of amplification of PR-RT-

coding sequence (2.2 kb)a

Viral load (no. of RNA
copies/ml)

% Samples positive by PCR
(no. positive/total no. tested)

RT-coding sequence
(1.7 kb)

PR-RT-coding sequence
(2.2 kb)

,1,000 67 (10/15) 13 (2/15)
1–5,000 76 (16/21) 71 (15/21)
5–10,000 95 (20/21) 86 (18/21)
10–50,000 93 (28/30) 90 (27/30)
50–100,000 100 (21/21) 100 (21/21)
100–500,000 100 (23/23) 100 (23/23)
.500,000 100 (22/22) 100 (22/22)

a PCR amplification of RT-only or combined PR- and RT-coding sequences
was performed with plasma samples (n 5 160) with viral loads ranging from 100
to .1,000,000 copies of viral RNA/ml. Results are presented as the percentage
or number of samples included in each viral load category giving a positive PCR
result for either RT-only (1.7 kb) or combined PR- and RT (2.2 kb)-coding
sequences.
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(v) Sample 5. The patient from whom sample 5 was obtained
was treated with all available NRTIs in combination with PR
inhibitors. Recent combinations administered consisted of sa-
quinavir-ddC, saquinavir-ddI, ritonavir-3TC, ritonavir-saquinavir-
ddC, and indinavir-saquinavir-AZT-3TC. Resistance to AZT,
NNRTIs, and all PR inhibitors tested was detected.

Comparative analysis of PR resistance phenotype data with
PR genotype and treatment history. PR-coding regions were
sequenced to assess the relation between the protease resis-
tance phenotype of recombinant viruses with plasma-derived
sequences encoding PR and RT and their genotypes. Table 6
summarizes a subset of the results from this analysis. No single
pattern of amino acid substitutions in PR was required for
resistance to PR inhibitors. Although amino acid substitutions

at position 48 (G to V) and position 90 (L to M) were associ-
ated with saquinavir resistance and substitutions at position 82
were indicative of indinavir and ritonavir resistance, the level
of resistance varied and appeared to be the result of the com-
bined effects of multiple combinations of amino acid changes.
The highest levels of phenotypic resistance to PR inhibitors
were found in samples containing the most amino acid changes
in the sequence encoding PR.

DISCUSSION

Serial measurement of HIV RNA levels in plasma can be
used to monitor the antiviral activities of drugs and drug com-
binations (8, 29, 31, 35, 45). Shortly after the initiation of

TABLE 3. Reproducibility of phenotypic resistance testing in the MT4-MTT cell viability assaya

Sample no.
and drug

IC50 (mM) Fold resistanceb

Determin.
1

Determin.
2

Determin.
3

Determin.
4 Mean SEM

(n 5 4)c CVd Determin.
1

Determin.
2

Determin.
3

Determin.
4 Mean SEM

(n 5 4) CV

10
AZT 13.6 3.70 6.50 12.5 9.1 2.38 0.26 211 79 137 192 155 30 0.19
Tivirapine 0.47 0.32 0.44 0.51 0.4 0.04 0.09 30 23 31 37 30 3 0.09
Loviride 0.31 0.28 0.36 0.41 0.3 0.03 0.08 8 9 11 8 9 1 0.08
ddI 8.10 8.20 8.70 12.8 9.5 1.12 0.12 1 2 2 2 2 0.3 0.14
ddC 7.50 8.30 8.90 9.20 8.5 0.37 0.04 2 2 3 3 3 0.3 0.12
d4T 10.0 3.20 5.40 9.20 7.0 1.60 0.23 2 2 3 3 3 0.3 0.12
3TC .100 .100 .100 .100 .100 NDe ND .17 .10 .10 .13 .12 ND

20
Indinavir 0.15 0.63 0.42 0.26 0.4 0.10 0.29 18 8 12 6 11 3 0.24
Ritonavir 0.56 1.71 1.72 0.38 1.1 0.36 0.33 22 20 21 10 18 3 0.15
Saquinavir 0.23 0.37 0.40 0.15 0.3 0.06 0.20 82 37 71 21 53 14 0.27

a The PR and RT inhibitor resistance profiles were determined for four different recombinant viruses separately generated from the same plasma sample (sample
10 or 20). The profiles of the susceptibilities of the respective viruses to seven RT inhibitors (sample 10) and three PR inhibitors (sample 20) are expressed as IC50s
and as the means of these determinations (Determin.). The same results are also expressed as fold resistance values.

b Fold increase in the mean IC50 relative to the mean IC50 for the wild type. The mean IC50 for both viruses from patients and wild-type viruses is derived from two
to four separate susceptibility determinations by the MT4-MTT assay.

c SEM, standard error of the mean.
d CV, coefficient of variation.
e ND, not determined.

TABLE 4. Comparison of RT susceptibility data obtained with recombinant viruses with sequences encoding RT only or with recombinant
viruses with sequences encoding PR and RTa

Patient no. Construct
IC50 (mM) (fold resistanceb)

AZT 3TC ddI Loviride Nevirapine

3 DRT 1.91 (44) .100 (.67) 9.15 (2) 2.41 (50) 16.4 (214)
DPR/RT 4.54 (49) .100 (.13) 12.3 (2) 3.49 (46) 94.7 (622)

11 DRT 0.16 (13) .100 (.13) 10.1 (2) 0.09 (2) NDc

DPR/RT 1.49 (16) .100 (.13) 13.1 (2) 0.10 (1) 0.53 (3)

12 DRT 0.10 (2) 9.25 (1) 7.02 (3) 0.08 (1) ND
DPR/RT 0.09 (1) 9.76 (1) 9.52 (1) 0.14 (2) 0.31 (2)

13 DRT 1.51 (19) .100 (.48) 56.4 (4) 0.08 (1) 0.28 (2)
DPR/RT 1.87 (17) .100 (.42) 53.7 (5) 0.08 (1) 0.14 (1)

14 DRT 11.6 (142) .100 (.48) 47.4 (4) 0.18 (3) 1.08 (8)
DPR/RT 6.68 (60) .100 (.42) 36.1 (4) 0.21 (3) ND

a RT susceptibility data for chimeric viruses with RT only (DRT) were compared with similar data obtained with recombinant viruses with PR and RT (DPR/RT).
Plasma samples from 35 patients (70 recombinant viruses) were investigated. Data for five samples with profiles indicating resistance to NRTI and NNRTI are
presented. Resistance data are given as IC50s and as fold resistance.

b Fold increase in the mean IC50 relative to the mean IC50 for the wild type. The mean IC50s for both patient and wild-type viruses were derived from two to four
separate susceptibility determinations by the MT4-MTT assay.

c ND, not determined.
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antiretroviral treatment, the levels of HIV RNA in a patient’s
plasma usually decrease. The order of magnitude of this re-
duction greatly depends on the type and combination of anti-
retroviral drugs used. After an initial decline, HIV RNA levels
may increase, indicating drug failure. Drug therapy may fail for
several reasons including drug potency, noncompliance, phar-
macological factors, and the emergence of drug-resistant virus
strains (3, 4, 10, 22–24, 30, 34, 36, 39, 41, 43, 44, 47). Therefore,
drug susceptibility testing is becoming increasingly important.
Current methods for the detection of drug resistance include
phenotypic and genotypic assays. Genotypic assays (11, 18, 41)
are relatively rapid and particularly useful when a strong cor-
relation between a specific single mutation and drug resistance
exists. Interpretation of genotypic information is much more
difficult when complex mutational patterns that can interact to
cause resistance, cross-resistance, or resistance reversal are
identified.

The development of the recombinant virus assay (19) and
modifications thereof (1, 7, 12, 17) opened the way for rapid,
reproducible, and large-scale phenotypic analysis of drug re-
sistance. Phenotypic assays directly measure the ability of HIV
to grow in the presence of each drug. As a result, they can
provide information on cross-resistance, multidrug resistance,
or resistance reversal. Phenotypic resistance testing was ini-
tially described for the analysis of resistance to HIV-1 RT
inhibitors. However, inclusion of PR inhibitors into treatment
regimens also requires testing for susceptibility to these drugs.
Here we report the first recombinant virus assay that allows the
simultaneous testing of HIV-1 susceptibility to PR and RT
inhibitors in one standardized assay system (PR-RT Antiviro-
gram). Amplification of the combined PR-RT (2.2-kb)-coding
sequences was possible from as few as 1,000 viral RNA cop-
ies/ml of plasma from a patient. Higher plasma HIV RNA
levels, associated with the emergence of drug-resistant virus

TABLE 5. Simultaneous determination of resistance to HIV-1 PR and RT inhibitors by recombinant viruses with plasma-derived
sequences encoding PR and RTa

Drug
IC50 (mM) (fold resistanceb)

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

AZT 0.32 (5) 66.6 (998) 5.60 (57) 73.6 (460) 31.9 (426)
3TC 7.77 (1) 35.7 (5) .100 (.13) .100 (.11) 18.42 (4)
ddI 2.34 (1) 10.1 (1) 12.4 (2) 1.98 (1) 7.62 (1)
ddC 1.94 (1) 3.52 (1) 9.75 (3) 9.21 (3) 2.06 (1)
d4T 1.95 (1) 7.68 (1) 7.21 (1) 7.73 (2) 7.15 (4)
Loviride 0.047 (1) 0.09 (1) 3.49 (46) 0.02 (1) .100 (.1700)
Nevirapine ND 0.32 (2) 94.7 (622) ND .100 (.758)
Indinavir 0.023 (3) 0.11 (7) 0.39 (21) 0.63 (8) 1.95 (104)
Saquinavir 0.046 (15) 0.003 (1) 0.05 (8) 0.36 (37) 3.50 (579)
Ritonavir 0.092 (4) 1.15 (23) 7.71 (120) 1.71 (20) 11.3 (175)

Viral loadc 26,000 191,000 269,000 400,000 NA
CD4 count 224 75 54 314 NA

a The combined PR-RT resistance pattern (10 drugs) was determined for different samples. The results for five samples with different patterns of resistance to all
inhibitors are presented. Resistance to nevirapine was not determined (ND) for samples 1 and 4. Results are expressed as IC50s and fold resistance. Viral load data
and CD4 count (numbers of cells per milliliter) were not available (NA) for sample 5.

b Fold-increase in the mean IC50 relative to the mean IC50 for the wild type. The mean IC50s for both patient and wild-type viruses were derived from two to four
separate susceptibility determinations by the MT4-MTT assay.

c Number of HIV-1 RNA copies per milliliter of plasma as determined by the Roche Amplicor HIV-1 Monitor assay.

TABLE 6. Comparative analysis of PR phenotypes and genotypes of recombinant viruses containing plasma-derived
sequences for PR and RTa

Sample
no.

Fold resistanceb

PR mutational patternc PR inhibitor treatment history
RTV IDV SQV

1 4 3 15 10I, 19Q, 35D, 36I, 37N, 48V, 63P, 69Y/H, 71T, 90M, 93L SQV, 1 yr
2 23 7 1 14R, 15V, 32I, 36I, 37N, 46I, 82A RTV, 6 mo
3 120 21 8 10I, 20R, 36I, 37D, 54V, 57K, 60E, 61R, 63P, 71V, 72V, 82A, 90M, 93L RTV, 1 yr
4 20 8 37 36I, 37N, 48V, 54V, 60E, 62V, 63P, 82A RTV-IDV-SQVd

5 175 104 579 10I, 13V, 36I, 37D, 48V, 54V, 60E, 61E, 62V, 64V, 71V, 82A, 90M, 93L RTV-IDV-SQVd

6 8 18 1 32I, 37N, 46I, 63P, 82A, 93L IDV, 6 mo
7 38 15 1 34K, 37N, 41K, 43R, 54V, 62V, 63I, 71V, 74S/T, 82A, 90M RTV, 18 mo
8 3 4 21 10I, 35D, 36I, 37N, 48V, 60E, 63P, 69Y RTV, 1 mo; SAQ, 7 mo
9 23 45 121 13V/I, 14R/V, 20M, 35D/N, 36I/M, 37G/D, 45R/K, 63P, 69K/Q/N/H,

71V/A, 84V/I, 89P/M/T/L
IDV, 8 mo

a The phenotypic resistance profiles of viruses isolated from the plasma of patients (samples 1 to 9) not responding to PR inhibitor therapy were determined and
were compared with the genotypic mutation patterns of the corresponding viruses. Phenotypic resistance data are given as fold resistance. The sequences were aligned
with the corresponding sequence of HXB2D to identify mutations and polymorphisms present in the viruses from patients. RTV, ritonavir; IDV, indinavir; SQV,
saquinavir.

b Fold increase in the mean IC50 relative to the mean IC50 for the wild type. The mean IC50s for both patient and wild-type viruses were derived from two to four
separate susceptibility determinations by the MT4-MTT assay.

c Boldface indicates primary resistance-associated mutations.
d The three PR inhibitors consecutively included in treatment regimen.
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strains, will result in the most efficient amplification. The assay
has been optimized for the detection of HIV-1 subtype B virus
strains, and although amplification of other subtypes is possi-
ble, the adaptation of the assay for efficient PCR amplification
(2.2 kb) of other subtypes and samples with a viral load near
the detection limit is under investigation.

After transfection of MT4 cells, homologous recombination
of patient-derived coding sequences with proviral constructs
from which the sequences encoding PR and RT were deleted
results in recombinant viruses which are isogenic except for
their PR and/or RT genes. Except for the first 9 amino acid
residues of the sequence for PR, the inserted PR-RT amplicon
contains the coding information for all currently described
resistance-conferring amino acid substitutions (37). As a con-
sequence, changes in the susceptibilities of these viruses com-
pared to the susceptibilities of wild-type recombinant strains
should result from amino acid substitutions within the inserted
PR or RT genes. Most resistance profiles (.90%) in the pa-
tient population phenotypically tested for PR inhibitor resis-
tance so far (n 5 500) could be explained by retrospective
analysis of treatment schedules. The potential influence of
compensatory amino acid changes around the p7/p1 and p1/p6
PR cleavage sites on susceptibility to PR inhibitors and viral
fitness is being investigated with new genetic constructs and
amplicons that will include these sites.

When the genotypes of HIV RT genes in viruses from
plasma were compared with those of the genes present in
recombinant viruses, both viruses had nearly identical muta-
tional patterns (Table 1). Hence, the in vitro phenotypic resis-
tance pattern should be a good reflection of the resistance
pattern of circulating virus in vivo. Moreover, the reduction of
virus culture time for recombinant virus to 8 to 10 days post-
transfection, compared with 3 to 4 weeks for standard virus
isolation in peripheral blood mononuclear cells, lowers the
potential for the selection of minority viral species (21). Nev-
ertheless, a detailed analysis of virus mixtures is needed to
define the threshold proportion that minority species must
exceed before they can be detected either phenotypically or
genotypically. Detection of minor populations of resistant vi-
ruses in previously treated individuals may be important. A
clonal analysis (27, 40), making use of ultrasensitive PCR and
phenotypic resistance testing, is most suitable for this purpose.
Unfortunately, clonal analysis is not yet amenable to high-
throughput analysis of patient samples.

All susceptibility measurements described here were per-
formed by a standardized MT4-MTT-based cell viability assay
(32). This assay has the advantage over other assays in that it
does not require expensive reagents and can be automated.
This method, in combination with the proviral construct from
which the sequence encoding PR and RT is deleted and the
recombinant viruses that were produced also provides the op-
tion for in vitro analysis of the development of resistance to
new antiretroviral drugs at early stages. Furthermore, no
changes in the technology will be required when new drugs
such as other PR or RT inhibitors (e.g., 1592U89, DMP-266,
and VX-478) become approved for use in antiretroviral ther-
apy. At this time, the combined PR-RT assay (Antivirogram) is
being used for the simultaneous determination of resistance to
12 currently available antiretroviral drugs. Resistance to single
or multiple RT and/or PR inhibitors can be reproducibly de-
tected with the assay system described here. A high degree of
automation at all steps involved in the entire procedure makes
the assay amenable to high sample throughput, with a current
capacity of more then 300 complete (12 drugs) phenotyping
assays per week.

It has been demonstrated that any ongoing HIV replication,

even below the detection limits of the current assays, provides
resistant virus opportunities to emerge (14). Nevertheless, cir-
cumstantial evidence suggests that pharmacokinetic factors
might also be responsible for the clinical failure of patients on
combination therapy including PR inhibitors. These factors
include poor drug absorption, increased drug metabolism via
P-450 enzyme induction, and noncompliance with the drug
regimen (28). Testing of the resistance of viral isolates from
individual patients can also be considered a tool for the detec-
tion of transmission of resistant virus populations (5) and,
simultaneously, as the most valuable technology for defining
from the start of antiretroviral therapy the most potent drug
combination.

Ideally, optimal antiretroviral therapy should provide dura-
ble suppression of HIV replication. Potent combination ther-
apy may temporarily delay resistance, but drug-resistant virus
will probably be selected by any regimen that does not com-
pletely suppress virus replication. Therefore, combined high-
throughput genotypic and phenotypic monitoring of resistance
needs to be included in clinical trials to assess the usefulness of
resistance testing as a prognostic marker of treatment outcome
or failure. Moreover, the information generated by the recom-
binant virus assay described here and graphically presented in
the Antivirogram assay should not only help to detect the
resistance present in clinical samples but should also identify
the most effective therapeutic strategies active against suscep-
tible and/or resistant viral populations.
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