ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Apr. 2000, p. 920-928
0066-4804/00/$04.00+0

Vol. 44, No. 4

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

A Novel Phenotypic Drug Susceptibility Assay for Human
Immunodeficiency Virus Type 1

CHRISTOS J. PETROPOULOS,* NEIL T. PARKIN, KAY L. LIMOLI, YOLANDA S. LIE, TERRI WRIN,
WEI HUANG, HUAN TIAN, DOUGLAS SMITH, GENINE A. WINSLOW, DANIEL J. CAPON,}
AND JEANNETTE M. WHITCOMB

ViroLogic, Inc., South San Francisco, California 94080

Received 27 September 1999/Returned for modification 1 December 1999/Accepted 5 January 2000

Although combination antiretroviral therapy has resulted in a considerable improvement in the treatment
of human immunodeficiency virus (HIV) type 1 (HIV-1) infection, the emergence of resistant virus is a
significant obstacle to the effective management of HIV infection and AIDS. We have developed a novel
phenotypic drug susceptibility assay that may be useful in guiding therapy and improving long-term suppres-
sion of HIV replication. Susceptibility to protease (PR) and reverse transcriptase (RT) inhibitors is measured
by using resistance test vectors (RTVs) that contain a luciferase indicator gene and PR and RT sequences
derived from HIV-1 in patient plasma. Cells are transfected with RTV DNA, resulting in the production of virus
particles that are used to infect target cells. Since RTVs are replication defective, luciferase activity is measured
following a single round of replication. The assay has been automated to increase throughput and is completed
in 8 to 10 days. Test results may be useful in facilitating the selection of optimal treatment regimens for
patients who have failed prior therapy or drug-naive patients infected with drug-resistant virus. In addition,
the assay can be used to evaluate candidate drugs and assist in the development of new drugs that are active

against resistant strains of HIV-1.

The extent of virus replication (i.e. viral load) is the stron-
gest single predictor of progression to AIDS and death both in
antiretroviral (ARV) drug treatment-naive and -experienced
human immunodeficiency virus (HIV) type 1 (HIV-1)-infected
patient populations (19, 46, 48). The goal of highly active ARV
therapy is to delay disease progression and prolong survival by
achieving sustained suppression of viral replication (7).

Antiviral therapies that use combinations of nucleoside re-
verse transcriptase inhibitors (NRTIs) and protease inhibitors
(PRIs) or NRTIs and nonnucleoside reverse transcriptase in-
hibitors (NNRTIs) produce the largest reductions in viral load
and provide the greatest clinical benefit (16, 23, 24, 33, 49, 51)
and are therefore the recommended treatment for HIV-1 in-
fection in the United States (7). However, in typical clinical
practice, up to 50% of patients who begin combination therapy
either do not achieve or do not maintain complete suppression
of virus replication (8, 18; for a review, see reference 32). Viral
load rebound (i.e., virologic failure) often occurs within the
first few years of treatment in patients who appear to achieve
complete suppression by the existing assays during an initial
course of combination therapy and is frequently accompanied
by the emergence of drug-resistant viral variants. Furthermore,
response to salvage therapies decreases with increasing drug
experience in terms of both duration of treatment and the
number of drugs with which the patient has been treated (45).

The use of routine viral load (VL) measurements to deter-
mine when to change treatment has been shown to improve
treatment outcome (R. Haubrich, J. Currier, D. Forthal, G.
Beall, C. Kemper, M. Dube, J. Ignosci, D. Johnson, J. Hwang,
J. McCutchan, and T. C. C. T. Group, Fifth Conf. Retroviruses
and Opportunistic Infections, 1998). However, VL measure-
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ments do not reveal the underlying cause(s) of treatment fail-
ure, which may include drug resistance, poor adherence, or
inadequate drug absorption; nor does VL provide guidance to
the physician for the selection of an effective salvage regimen.
Such information may, in part, be provided by “resistance
testing” performed by assays designed to measure drug sus-
ceptibility either directly (phenotyping) or indirectly by detect-
ing mutations associated with drug resistance (genotyping) (31).

Rapid, high-throughput genotypic assays based either on the
detection of specific point mutations or on complete DNA
sequencing are being developed (11, 15, 63). However, the
increasing number of reported drug resistance mutations and
the sequence heterogeneity of HIV-1 present technical obsta-
cles for point mutation assays. Even when complete protease
(PR) and reverse transcriptase (RT) sequences are available,
the large number of distinct PR and RT mutation patterns and
the complex interaction of mutations have made it difficult to
accurately predict drug resistance. Initially, phenotypic drug
susceptibility assays used replication-competent viruses de-
rived directly from the patient by cocultivation methods and
were both labor-intensive and time-consuming (35). The de-
velopment of recombinant virus assays (RVAs) that use virus
stocks generated by homologous recombination between
HIV-1 vectors and PR and RT sequences amplified from the
patient virus have greatly simplified testing procedures and
improved assay reproducibility (29, 37). However, to date
RVA methods have not significantly reduced assay turnaround
time (generally, 4 to 6 weeks). In the absence of rapid, reliable
methods for assessment of drug susceptibility, treatment deci-
sions regarding use of specific antiviral drugs are often empir-
ical and are based on accepted treatment guidelines (7) and
clinical experience.

This report describes a novel phenotypic assay that can be
used for the rapid and accurate assessment of HIV-1 drug
susceptibility. The assay, which has been automated to achieve
high throughput, is used to determine the susceptibility profile
of a patient’s HIV-1 isolates to all currently available ARV
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drugs. This technology provides drug susceptibility data that
physicians can use to select more effective ARV regimens
when treating HIV-infected patients at the time of treatment
initiation or after treatment failure.

MATERIALS AND METHODS

Antiviral drugs. The following is a list of drugs and their sources: zidovudine
(ZDV, AZT), didanosine (ddI), stavudine (d4T), and zalcitabine (ddC), Sigma
Chemical (St. Louis, Mo.); lamivudine (3TC), Moravek Chemical (Brea, Calif.);
nevirapine (NVP), Roxanne Laboratories (Redding, Conn.); delavirdine (DLV),
Pharmacia-Upjohn (Kalamazoo, Mich.); efavirenz (EFV), DuPont Pharmaceu-
ticals (Wilmington, Del.); saquinavir (SQV), Roche Pharmaceuticals (Nutley,
N.J.); indinavir (IDV), Merck, Inc. (Blue Bell, Pa.); ritonavir (RTV), Abbott
Laboratories (Abbott Park, Ill.); nelfinavir (NFV), Agouron Pharmaceuticals
(San Diego, Calif.); abacavir (ABC) and amprenavir (AMP), Glaxo/Wellcome
(Research Triangle Park, N.C.); and adefovir (ADV), Gilead Sciences (Foster
City, Calif.).

Sample preparation and amplification. Virus was pelleted by centrifugation at
20,400 X g for 60 min from plasma (typically, 1 ml) prepared from blood samples
collected in evacuated tubes containing either EDTA, acid-citrate dextrose, or
heparin as an anticoagulant. Virus particles were disrupted by resuspending the
pellets in 200 pl of lysis buffer (4 M guanidine thiocyanate, 0.1 M Tris HCI [pH
8.0], 0.5% sodium lauryl sarcosine, 1% dithiothreitol). RNA was extracted from
viral lysates by using oligo(dT) linked to magnetic beads (Dynal, Oslo, Norway)
(47). Reverse transcription was performed with Superscript II (Gibco/BRL,
Gaithersburg, Md.) with an antisense internal primer, and PR and RT sequences
were amplified with the Expand High Fidelity PCR kit (Boehringer Mannheim,
Indianapolis, Ind.) with a forward primer containing an Apal site and a reverse
primer containing a PinAl site (6). The 1.5-kb amplification product spans the
p7-pl-p6 protease cleavage sites in the gag polyprotein, the entire PR coding
region, and the RT coding region from amino acids 1 to 313.

RTVs. A retroviral vector designed to measure antiretroviral drug susceptibil-
ity was constructed by using an infectious molecular clone of HIV-1 (1). The
vector, referred to as an indicator gene viral vector (IGVV), is replication
defective and contains a luciferase expression cassette inserted within a deleted
region of the envelope (env) gene (see Fig. 1A). Resistance test vectors (RTVs)
were constructed by incorporating amplified PR and RT regions into the IGVV
by using Apal and PinAl restriction sites and conventional cloning methods (2).
RTVs were prepared as libraries (pools) in order to capture and preserve the PR
and RT sequence heterogeneity of the virus in the patient. IGVVs lack PR and
RT sequences, and RTVs that lack patient virus-derived inserts are excluded
from RTV pools (C. J. Petropoulos et al., patent application in preparation).
Amplification products were digested with Apal and PinAl (Gibco/BRL), puri-
fied by agarose gel electrophoresis, and ligated to Apal- and PinAl-digested
IGVV DNA. Internal Apal and PinAl recognition sites within the PR-RT seg-
ment occur infrequently (approximate frequency, 1 to 2%) in HIV-1 (Los
Alamos National Laboratory sequence compendium [50] see also http:/hiv-
web.lanl.gov/HTML/98compendium.html). Alternative ligation strategies with
additional restriction sites can be used to evaluate viruses that contain Apal or
PinAlI sites within this region without changing the boundaries of the patient-
derived fragment. Ligation reactions were used to transform competent Esche-
richia coli (Invitrogen, Carlsbad, Calif.). An aliquot of each transformation was
plated onto agar, and colony counts were used to estimate the number of viral
segments represented in each RTV library (generally, 500 to 5,000 clones). RTV
libraries that comprised less than 100 members are not considered representative
of the patient virus. RTV plasmid DNA was purified by silica column chroma-
tography (Qiaprep; Qiagen, Valencia, Calif.).

Drug susceptibility assay. The virus stocks used for drug susceptibility testing
were produced by cotransfecting human embryonic kidney 293 cell cultures (host
cells) (AIDS Research and Reference Reagent Program, National Institutes of
Health) with RTV plasmid DNA and an expression vector encoding the Env
proteins of amphotropic murine leukemia virus 4070A (26, 39) (see Fig. 1B). To
measure susceptibility to PRIs, the cells were trypsinized at approximately 16 h
after transfection and were distributed into 96-well plates containing serial PRI
dilutions spanning an empirically determined range for each drug. Viral stocks
generated in the presence of PRIs were harvested at approximately 48 h after
transfection and were used to infect fresh 293 cell cultures (target cells) in
96-well plates in the absence of drug. To measure susceptibility to RT inhibitors
(RTISs), viral stocks generated in the absence of drug were harvested approxi-
mately 48 h after transfection and were used to infect fresh 293 cell cultures in
96-well plates containing serial RTI dilutions spanning an empirically deter-
mined range for each drug. Replication was monitored by measuring luciferase
expression in infected target cells at approximately 48 h after infection. Deter-
mination of the virus titer prior to infection is not necessary and has been
demonstrated by comparing the 50% inhibitory concentrations (ICss) generated
over a wide range of virus inocula (neat, 1:10, 1:100, and 1:1,000) and transfec-
tion efficiencies (data not shown). These observations are consistent with the
single-replication-cycle format of this assay. RTVs containing mutations that
disrupt the active site of either PR (D25G) or RT (D185G) were used to
demonstrate that the ability of the virus to complete a single round of replication
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(i.e., produce luciferase activity) is dependent on functional PR and RT activities
provided by the inserted PR-RT segment (data not shown).

Data are displayed by plotting the percent inhibition of luciferase activity
versus log;, drug concentration. The percent inhibition was derived as follows: [1
—(luciferase activity in the presence of drug/luciferase activity in the absence of
drug)] X 100. Mean percent inhibition for each drug concentration was deter-
mined from replicate determinations by a bootstrapping procedure (61). Inhibition
curves defined by the four-parametric sigmoidal function f(x) = a —[b/(1 + (x/c)¥)],
were fit to the data by nonlinear least-squares and bootstrapping and were used
to calculate the drug concentrations required to inhibit virus replication by 50%
(ICs0). The fold change in drug susceptibility is determined by comparing the
1Cs, for the sample virus to the ICs, for a drug-sensitive reference virus (strain
CNDO) containing the PR and RT sequences of the NL4-3 strain of HIV-1 (1).

RESULTS

Assay description. RTVs were constructed by amplifying PR
and RT sequences derived from patient plasma samples and
inserting the amplification products into a modified HIV-1
vector derived from the NL4-3 molecular clone (Fig. 1A; see
the experimental protocol described above for details). Sam-
ples with a VL at or above the detection limit of standard VL
assays (400 to 500 RNA copies/ml) can be amplified efficiently
(52). Viral stocks were prepared by cotransfecting 293 cell
cultures with RTV DNA and an expression vector that pro-
duces the envelope proteins from an amphotropic murine leu-
kemia virus. Pseudotyped virus particles were harvested from
the transfected cell cultures and were used to infect fresh 293
cells. RTVs contain a luciferase gene cassette within the env
region and the production of luciferase in target cells is de-
pendent on the completion of one round of virus replication.
Drug susceptibility was measured by adding serial concentra-
tions of PRIs to transfected cells or RTIs to infected cells (Fig.
1B). Drugs that inhibit virus replication reduce luciferase ac-
tivity in a dose-dependent manner, providing a quantitative
measure of drug susceptibility.

The phenotypic drug susceptibility profile for a representa-
tive patient virus is shown in Fig. 2. Inhibition of luciferase
activity was plotted versus drug concentration (log,,) for each
drug tested. Drug susceptibility was measured by comparing
the IC;,, for the RTV stock derived from the patient virus with
the ICs, for a drug-sensitive reference RTV stock (strain
CNDO) that contains PR and RT sequences derived from the
NLA4-3 strain of HIV-1 (1). The assay measures the suscepti-
bility of patient-derived HIV-1 PR and RT to all ARV drugs
approved for use in the United States. In comparison to the
reference virus tested in parallel, this patient’s virus exhibited
large reductions in susceptibility to 3TC (>150-fold), NFV
(141-fold), ZDV (15.9-fold), and ABC (9.2-fold); i.e., the in-
hibition curves are shifted toward higher drug concentrations
for the patient’s virus (Fig. 2). Less pronounced reductions in
susceptibility to IDV (3.3-fold), SQV (2.7-fold), and ddC (2.1-
fold) were also observed.

Assay performance. The ability of this assay to accurately
measure alterations in drug susceptibility was demonstrated
with a comprehensive panel of isogenic viruses generated by
site-directed mutagenesis (56). Over 100 viruses containing
one or more mutations engendering resistance to PR or RT
inhibitors have been constructed and tested. The drug suscep-
tibilities of representative viruses containing some of the more
common and/or well-characterized mutations are displayed in
Table 1. Measurements of altered susceptibility for all drug
classes (NRTIs, NNRTIs, and PRIs) were consistent with
those in the existing scientific literature in terms of both the
magnitude and specificity of altered drug susceptibility (for
reviews, see references 4, 31, and 57). For example, the
M184V/I mutations in RT dramatically reduce susceptibility to
3TC (20, 58, 64), and the D30N mutation in PR reduces sus-
ceptibility to NFV but not to other PRIs (54). The assay cor-
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FIG. 1. RTV structure and overview of drug susceptibility assay. (A) Amplified PR and RT gene segments from patient plasma samples are inserted into an
indicator gene viral vector by using Apal and PinAl restriction sites (vertical arrows). The Apal site is located upstream of the gag polyprotein p7-p1-p6 cleavage sites.
The PinAl site is located at amino acid 313 of RT. To monitor virus replication, a luciferase indicator gene cassette was inserted into a deleted region of the env gene,
preventing HIV-1 envelope protein expression. (B) Pseudotyped virus particles are produced by cotransfecting cells with RTV DNA and a plasmid that expresses the
envelope proteins of amphotropic murine leukemia virus (MLV). Following transfection, virus particles are harvested and are used to infect fresh target cells. The ability
of virus particles to complete a single round of replication is assessed by measuring luciferase activity in target cells. The antiviral activities of PRIs and RTIs are

measured by adding PRIs to transfected cells and RTIs to infected cells.

rectly demonstrated incremental reductions in susceptibility to
ZDV when mutations associated with ZDV resistance were
incorporated sequentially into viruses (36). The assay also ac-
curately measured resensitization to ZDV when the M184V or
Y181C mutation was added to ZDV-resistant viruses (5, 42,
43). The assay precisely characterized viruses containing com-
plex combinations of mutations known to confer multi-NRTI
resistance (i.e., the Q151M combination [34, 62] and the
T69SSX combination [13, 41, 66, 67]) or PRI cross-resistance
(9, 65; for reviews, see references 4 and 17).

Two approaches were taken to evaluate assay reproducibil-
ity. The ability of the cell-based portion of the assay to gener-
ate reproducible measurements of drug susceptibility was eval-
uated by repeatedly testing a drug-sensitive reference RTV
(strain CNDO) and a multidrug-resistant reference RTV
strain (strain R268). The mean ICss, standard deviations and
95% confidence intervals derived from 13 separate determina-
tions with 15 drugs are shown in Table 2. The reproducibility of
sample preparation (RTV assembly) was evaluated by process-
ing separate aliquots of plasma from nine subjects infected
with viruses that exhibited distinct drug susceptibility profiles.
The results of these paired determinations are shown in Table
3. For 99% of the determinations (106 of 107), ICs,s from

replicate assays differed by less than 2.5-fold (the actual value
of the single determination that exceeded 2.5-fold was 2.7-
fold). The variations for 94% of the determinations (101 of
107) were less than twofold. PR and RT amino acid sequences
for each virus were consistent with the observed phenotypic
drug susceptibility profiles (Table 3).

Assay sensitivity was assessed with virus preparations con-
taining incremental mixtures of drug-susceptible and drug-re-
sistant viruses or DNA preparations containing incremental
mixtures of drug-susceptible and drug-resistant RTV DNA.
The results of representative experiments that evaluated the
sensitivity of the assay to mixtures of wild-type and NFV-
resistant or wild-type and ZDV-resistant virus are displayed in
Fig. 3. These data demonstrate that the assay readily distin-
guished mixtures that comprised 25, 50, or 75% resistant virus
from the samples with 100% drug-sensitive or 100% drug-
resistant virus.

DISCUSSION

The phenotypic assay presented here can rapidly, accurately,
and reproducibly measure the susceptibility of HIV-1 to all
currently available ARV drugs. The assay is intended to aid
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FIG. 2. Phenotypic drug susceptibility profile. Phenotypic drug susceptibility testing was performed with a plasma sample obtained from a patient receiving combination antiretroviral therapy. The viral load was 78,620
RNA copies per ml. Susceptibility to a panel of 15 antiretroviral drugs is shown. A reference virus (strain CNDO) that exhibits wild-type levels of susceptibility to all drugs was tested in parallel. Inhibition curves shifted
to the right (higher drug concentration) of the reference curve for the drug-susceptible virus indicate reduced drug susceptibility. Inhibition curves shifted to the left (lower drug concentration) of the reference curve for
the drug-susceptible virus indicate increased drug susceptibility. Fold differences in drug susceptibility were determined by comparing the ICs, for the reference virus to the ICs, for the sample virus. Drug abbreviations
are defined in Materials and Methods. Dashed blue line, drug-sensitive reference virus; solid red line, patient virus. The patient virus genotype was as follows: for RT, M41L, D67N, M184V, L210W, and T215Y; for PR,
L10F, D30N, L63P, V771, N88D.
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TABLE 1. Drug susceptibilities of viruses containing mutations associated with drug resistance”

Mutation

Fold change in susceptibility (ICs, for sample virus/ICs, for reference virus)

3TC

ddC ddI

ABC

DLV

NVP EFV  SQV RTV IDV NFV AMP

NRTI
M41L,T215Y

M41L,D67N,K70R,T215Y,K219Q

M184V
M1841

M41L,D67N,K70R,M184V,T215Y,K219Q
M41L,D67N,K70R,Y181C,T215Y,K219Q

K65R
L74V
V75T

M41L,A62V,T69SSA,L210W,T215Y

Q151M

A62V,V75LF77L,F116Y,Q151M,M184V

NNRTI
L1001
K101E
K103N
V106A
V1081
Y181C
Y188L
GI190A
G190S
K101E,G190A
K101E,G190S
K103N,Y181C
K103N,G190A

PRI
D30N,N88D

0.6
>1,000

7.4

307.4

D30N,M461,L63P,N88D
MA46I,L63P, V82T, 184V
L10R,M46L,L63P,V82T,I84V
L10LL63P,A71V,I84V,L90M
L10L,M461,L63P,A71V,184V,L90M

G48V,L90M

~150

3.1
11.6 5
55.0
64.0

3 1.7

161.0
>500

75.0

206.0
>500
>500
>500
>500

47.0

123.0
>500
31

213.0

0.4
1.0
16.1
22.4
12.0
11.3
4.4

0.5
1.2
2.8
3.9
3.6
4.2
3.7

“ Resistance test vectors containing defined amino acid substitutions were generated either by site-directed mutagenesis (56) or by isolating RTV clones derived from
patient viruses. PR and RT amino acid sequences were verified by nucleic acid sequence analyses.

P NT, not tested.

physicians in the selection of more efficacious treatment regi-

mens after treatment failure or at the initiation of therapy in

drug-naive patients at risk of infection with resistant virus.
This assay has several advantages over the existing pheno-

typic drug susceptibility assays (29, 35, 37). First and foremost,
the assay can be completed in 8 to 10 days, whereas most
phenotypic assays typically require 4 to 8 weeks for completion.
RTV plasmid DNAs are assembled by DNA ligation and are

TABLE 2. Reproducibility of drug susceptibility determination”

Virus and statistic

NRTI ICs, (uM)

NNRTI ICs, (nM)

PRI ICy, (nM)

ZDV ddI d4T ddc 3TC ABC ADV NVP DLV EFV SQvV IDV RTV NFV AMP
CNDO
Mean ICs 0.030 457 0.66 0.68 1.77 1.74 138 78.0 32.0 2.0 3.0 6.0 14.0 3.0 120
SD 0.005 1.04 013 0.23 0.48 0.50 0.28 11.0 6.6 0.3 0.7 0.9 2.1 0.7 2.4
95% CI 0.003 057 0.07 0.12 0.26 027 0.15 6.0 3.6 0.2 0.4 0.5 1.1 0.4 1.3
R268
Mean ICs, 2.81 996 196 1.60 >300 2217 326 38179 8073 322 4703 3380 >3.0 163.8 523
SD 1.18 2.66 057 052 NA? 1037 085 1,379.0 248.0 8.0 1347 644 NA 423 123
95% C1 0.64 145 031 028 NA 5.64  0.46 749.4 1349 4.5 73.2 350 NA 23.0 6.7

“ The mean ICs of each drug, standard deviation (SD; derived from 13 independent determinations), and 95% confidence interval (CI; derived from 13 independent
determinations) are listed for drug-sensitive (strain CNDO) and multidrug-resistant (strain R268) reference viruses. The multidrug-resistant reference virus contains
RT mutations M41L, D67N, K103N, M184V, L210W, T215Y, and K219Q and PR mutations L10I, M36I, L63P, A71V, and V82T.

> NA, not applicable.
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TABLE 3. Reproducibility of drug susceptibility assay starting with plasma“
Fold change in susceptibility (ICs, for sample virus/ICs, for reference virus)
Sample? NRTI NNRTI PRI

ZDV ddI d4T ddc 3TC NVP DLV SQv IDV RTV NFV AMP
178A 39.8 1.40 1.57 1.77 —° 0.38 0.27 3.12 6.42 12.05 3.97 3.24
178B 51.1 1.71 2.02 1.76 — 0.52 0.42 3.09 6.09 25.40 7.04 3.67
268A 371 2.50 212 2.14 — 1.13 23.9 91.0 20.3 — 34.7 5.23
268B 30.0 2.86 2.25 1.88 — 1.45 28.4 121.4 21.9 — 36.5 3.69
372A 2.79 1.22 1.46 2.20 — 194.5 — 0.76 4.41 5.89 3.36 2.25
372B 2.67 1.86 1.13 1.17 — 236.1 145.6 2.08 9.66 5.84 5.06 2.15
644A 1.04 1.24 0.84 ND“ 1.56 581.2 2.78 1.00 3.56 4.40 5.05 0.90
644B 2.17 0.98 0.64 1.09 0.82 6223 1.78 0.47 2.17 4.57 242 0.68
648A 1.51 0.56 1.15 0.64 0.83 1.00 1.59 0.37 0.93 0.90 11.14 0.43
648B 1.36 0.70 0.80 1.14 0.48 0.88 1.99 0.32 1.36 0.69 15.48 0.31
649A 333 0.99 0.72 0.71 0.92 0.37 0.62 1.17 1.71 2.09 2.01 2.30
649B 2.81 0.83 0.71 0.82 0.93 0.38 0.59 1.62 2.03 2.00 3.42 2.87
675A 5.09 1.75 1.08 1.96 — 4.70 1.45 0.92 0.86 1.81 2.29 0.36
675B 4.03 2.31 1.15 2.15 — 7.33 2.73 0.92 0.53 2.22 2.10 0.51

682A 21.4 1.51 2.83 0.66 — 0.17 0.21 29.1 32.16 203.2 121.7 10.8
682B 38.9 1.83 3.86 1.15 — 0.26 0.10 374 42.31 136.8 167.3 8.87

686A 22.1 0.87 2.02 0.37 3.50 0.15 0.18 37.2 33.18 203.8 97.2 13.9

686B 15.5 0.74 0.92 0.72 2.01 0.20 0.14 539 37.60 135.6 73.7 19.4

“ Duplicate aliquots of nine patient plasma samples were processed in parallel.
b Patient virus genotypes were as follows: sample 178, RT, M41L, D67N, K70R, M184V/I, L210W, and T215Y; PR, L10V, M461/L, L63P, A71T/V, V82T, and 184V;
sample 268, RT, M41L, D67N, K103K/N, M184V, L210W, T215Y, K219Q, and P236P/L; PR, L10I, K20R, M361, 154V, L63P, A71V, V82T, 184V, and L90M; sample
372, RT, D67N, T69D, K70R, K103N, M184V, and K219Q; PR, M46I and A71V; sample 644, RT, K101E and G190S; PR, L10I, L63P, A71T/I, V82T, and L90L/M;
sample 648, RT, K70K/R and T215T/Y; PR, K20R, D30N, M361, L63H, and A71V; sample 649, RT, D67N, and K219Q; PR, L10I, and L63A; sample 675, RT, M41L,
L74V, A98G, M184V, and T215Y; PR, L10I, M36I, L63S, and L90M; sample 682, RT, M41L, D67N, M184V, L210W, and T215Y; PR, L10I, K20K/R, M36I, M46L,

154V, L63P, A71V, V82A, and L90M; sample 686, RT, M41L, L210W, and T215F; PR, L10I, M46M/I, 154V, L63P, A71V, V82A, and L90OM.
¢ —, no inhibition of luciferase activity was observed at the highest concentration of drug tested.

4 ND, not determined.

propagated in bacteria. This approach is efficient and repro-
ducible and does not rely on the relatively inefficient and ran-
dom process of homologous recombination to incorporate pa-
tient-derived PR and RT amplification products into HIV-1
vectors containing PR and RT deletions. Transfection of 293
cells with a standard amount of RTV DNA is a rapid method
of producing consistent high-titer virus stocks and does not
require virus outgrowth from patient samples or recombinant
virus outgrowth following homologous recombination. Since
RTVs are restricted to a single round of replication, there is
little opportunity for selection of virus subpopulations that may
not accurately reflect the susceptibility of the initial virus pop-
ulation in the patient. Viruses with drug resistance mutations
that exhibit different in vitro replication kinetics compared to
those of wild-type strains have been reported (10, 21, 22, 38).
The single-replication-cycle format of the assay and the large
dynamic range of the luciferase reaction also eliminate the
need to determine virus titers prior to the infection of target
cells. In addition to reducing the turnaround time, configura-
tion of the assay in a single-cycle format with HIV-1 vectors
containing an indicator gene (RTVs) provides increased sen-
sitivity and reproducibility over those of existing assays that
require multiple replication cycles and that are performed with
indicator cell lines. Such improvements in sensitivity and re-
producibility enable this assay to distinguish viruses that ex-
hibit subtle (2.5- to 4-fold) differences in susceptibility that

cannot be reliably measured by existing assays (3, 44). In gen-
eral, this assay can detect subpopulations of drug-resistant
viruses when they are present at a frequency of 20 to 25%, but
this is dependent on several factors, including the differential
drug susceptibilities of the variants in the mixture, the relative
fitness of the variants, the biochemistry of the mutant RT or
PR, and the mechanism of drug inhibition. As with any phe-
notypic assay, it is important to appreciate that the lower limit
of detection of mixtures may vary (from 10 to 40%) depending
on the mutant virus.

Treatment failure (i.e., the loss of suppression of virus rep-
lication) now affects a significant number of infected individ-
uals receiving highly active ARV therapy (8, 18, 24, 30; for a
review, see reference 32). The emergence of multidrug-resis-
tant virus represents a significant obstacle in maintaining long-
term suppression of virus replication in both treatment-naive
and -experienced patients. Regaining sustained viral suppres-
sion in patients who have failed one or more previous treat-
ment regimens is difficult with currently available salvage treat-
ment regimens (J. Gallant, C. Hall, and S. Barnett, Fifth Conf.
Retroviruses and Opportunistic Infections, 1998; S. Hammer,
K. Squires, V. Degruttola, M. Fischl, R. Bassett, L. Demeter,
K. Hertogs, and B. Larder, Sixth Conf. Retroviruses and Op-
portunistic Infections, 1999). Furthermore, several recent stud-
ies have described poor responses to initial treatment regimens
in patients newly infected with drug-resistant HIV-1 (3, 28, 44;
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FIG. 3. Detection of drug-resistant virus subpopulations. RTV DNA repre-
senting genetically defined wild-type or drug-resistant mutant viruses were mixed
at various ratios and were cotransfected into 293 cells to generate virus stocks.
The drug susceptibility of each mixture was determined by the phenotypic assay.
(A) Mixtures of wild-type virus and a patient virus clone containing RT muta-
tions M41L, A62V, T69SSA, L74V, M184V, L210W, and T215Y tested against
ZDV. (B) Mixtures of wild-type virus and a patient virus clone containing PR
mutations K20R, L241, G48V, 154V, V771, and V82A tested against NFV. O, 0%
mutant and 100% wild type; m, 25% mutant and 75% wild type; [J, 50% mutant
and 50% wild type; @, 75% mutant and 25% wild type; ®, 100% mutant and 0%
wild type. Vertical dashed lines denote the ICs,.

R. Grant, F. Hecht, N. Bandrapalli, C. Petropoulos, T. Gittens,
M. Warmerdam, N. Hellmann, M. Chesney, M. Busch, and J.
Kahn, submitted for publication).

Several small retrospective studies have examined the po-
tential clinical utility of drug resistance testing for HIV-1 (12,
25, 40, 53, 55, 68). These analyses demonstrated that the base-
line phenotype and genotype were predictive of drug treatment
outcome. More recently, two prospective trials investigated the
use of genotyping to assist in the selection of salvage treatment
regimens (14; J. Baxter, D. Mayers, D. Wentworth, J. Neaton,
and T. Merigan, Sixth Conf. Retroviruses and Opportunistic
Infections, 1999). In both studies, both the proportion of pa-
tients who obtained complete suppression (defined as <500
copies/ml [Baxter et al., Sixth Conf. Retroviruses and Oppor-
tunistic Infections] or <200 copies/ml [14]) and the magnitude
of viral load suppression were greater in the treatment arms
that included resistance testing. Although the results of these
studies are encouraging, only 29 and 32% of the patients in the
genotyping arms obtained complete suppression of virus rep-
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lication at 12 weeks and 6 months, respectively (14; Baxter et
al., Sixth Conf. Retroviruses and Opportunistic Infections).
This suggests that there is an insufficient understanding, at
both the descriptive and the mechanistic levels, of the corre-
lation between genotype and changes in phenotypic drug sus-
ceptibility. Of course, other factors in addition to the emer-
gence of drug-resistant viral variants may contribute to
treatment failure. The results of recent studies also revealed
significant variability in the genotypic test results obtained
from different laboratories, most notably, when mixtures of
sensitive and resistant viruses were present in the same spec-
imen (59, 60). Consequently, a direct measurement of drug
susceptibility provided by a simple and rapid phenotypic assay
may provide more consistent and relevant information for
ARV drug treatment decisions. As with all resistance assays
(whether they are phenotypic or genotypic assays), results are
weighted in favor of the majority species present at the time of
sampling. This can obscure the detection of minority species,
especially in cases in which clinically important reductions in
drug susceptibility are small or are associated with impaired
replication fitness. Consequently, the interpretation of test re-
sults should always be performed with these points in mind and
in the context of other relevant clinical data, especially drug
treatment history. Modifications intended to enhance the de-
tection of minor populations of drug-resistant viruses or vi-
ruses with reduced fitness are in progress.

Ultimately, the clinical utility of this and other resistance
assays can be assessed only in carefully designed prospective
clinical trials; these studies are in progress. The assay can also
be used to monitor the frequency of drug-resistant virus trans-
mission in newly infected individuals (3, 28, 44; Grant et al.,
submitted for publication), to characterize baseline variation in
susceptibilities to various drugs in treatment-naive patients (3,
44; Grant et al., submitted for publication), and to gain a better
understanding of how and why current treatments fail (27, 52).
Finally, the assay can be used to screen for or assist in the
development of new drugs that are active against resistant
strains of HIV-1.
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