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We describe a rapid and simple novel phenotypic assay for drug susceptibility of human immunodeficiency
virus type-1 (HIV-1) using a CCR5-expressing HeLa/CD4" cell clone 1-10 (MAGIC-5). MAGIC-5 cells pro-
duced large amounts of HIV-1 in culture supernatants, which enabled us to perform the phenotypic resistance
assay. Determination of HIV-1 susceptibility to various protease inhibitors (PI) and nucleoside reverse
transcriptase inhibitors was completed within 15 days in T-cell-tropic (X4) and macrophage-tropic (R5)
viruses using fresh plasma samples containing at least 10* copies/ml. The nucleotide sequence of the envelope
V3 region of HIV-1 in plasma was almost identical to that of the virus isolated by MAGIC-5 cells, suggesting
a lack of selection bias in our assay. The assay variability was confined to within five-fold in all drugs examined.
Accordingly, we used a 10-fold increase in the 50% inhibitory concentration as the cutoff value for viral
resistance in the present assay. HIV-1 resistant to lamivudine, which was not detected by conventional
genotypic assays, was isolated. In HIV-1 with Pl-associated primary amino acid substitutions, our assay
showed that drug resistance profiles correlated well with previously reported genotypic-assay data. Further-
more, our assay provided comprehensive results regarding PI resistance in the presence of multiple mutations.
The novel assay successfully quantified the level of resistance of clinical HIV-1 isolates to a battery of anti-HIV
drugs, indicating its clinical usefulness, particularly in patients who failed to respond to antiretroviral

chemotherapy.

The morbidity and mortality associated with AIDS are de-
clining with the use of highly active antiretroviral therapy
(HAART) (26). The benefits of HAART are attributed to
efficient virus suppression and the consequent increase in CD4
counts (28). However, the potency of certain HAART agents
against human immunodeficiency virus type 1 (HIV-1) has
diminished in some patients due to single or multiple viral
mutations (5, 17, 20, 23, 25). Therefore, detection of HAART-
resistant viruses is important for better management of the
disease (1, 9, 13, 27).

A phenotypic drug susceptibility assay using peripheral
blood mononuclear cells (PBMC) was standardized by the
AIDS Clinical Trial Group for use in clinical trials (15). How-
ever, the original phenotypic assay using PBMC is time-con-
suming, labor-intensive, and expensive. Therefore, the AIDS
Clinical Trial Group method was subsequently modified and
automated to reduce time and labor. On the other hand, se-
quencing of HIV-1 to identify specific genetic changes that
confer resistance to HAART (18), namely, the genotypic re-
sistance assay, is widely used in many laboratories instead of
the conventional phenotypic assay because it is easier to per-
form. A few genotypic methods are currently being developed
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commercially for use as simple kits (32). However, the results
of these assays do not always reflect the clinical course of the
disease because they are deduced only from the given muta-
tions and/or obtained from the major population of quasispe-
cies. Several groups have developed recombinant-virus assays
in which chimeric viruses generated by homologous recombi-
nation of PCR-derived sequences and the molecular clone are
assessed phenotypically (2, 11, 16, 30). This method could
become one of the most reliable assays of viral resistance in
well-equipped laboratories in the future.

HeLa/CD4-positive cells were first established by Chesebro
and Wehrly (3) for quantitative measurement of HIV-1 and
were subsequently used as a drug susceptibility test termed the
quantitative plaque reduction assay (4, 19). This reduction
assay is simple and reproducible but can only analyze a T-cell-
line-tropic (T-tropic) phenotype, namely, CXCR4-dependent
viruses (7), because HeLa/CD4 cells lack CCRS, which is the
second receptor for the macrophage tropic (M-tropic) pheno-
type (6).

In order to determine the drug susceptibilities of both phe-
notypes, we introduced CCRS into HeLa/CD4 cells with the
expressing vector pEFBOSbsrHuCCRS. In the present study,
we describe the establishment of a novel phenotypic drug re-
sistance assay using CCRS5-expressing HeLLa/CD4 cells. In the
process of testing several clones, we identified MAGIC-5A
1-10 (MAGIC-5), a clone that produced a large amount of
HIV-1 RNA in the supernatant of the primary culture of clin-
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ical isolates. Subsequently, the clone was used to develop a
rapid and simple phenotypic resistance assay.

MATERIALS AND METHODS

Clinical materials. Blood samples were obtained from patients attending the
outpatient clinic of the AIDS Clinical Center, International Medical Center of
Japan. Plasma HIV-1 loads were measured with the Amplicor HIV-1 Monitor kit
(Nippon-Roche, Tokyo, Japan), according to the method recommended by the
manufacturer, using fresh samples obtained on the same day. Informed consent
was obtained from all patients.

Cells. MAGI-CCR-5 cells were kindly provided by H. Mitsuya, National Can-
cer Institute, National Institutes of Health, Bethesda, Md. MAGIC-5 cells were
independently developed through the following procedure. The parental cell
line, MAGI (HeLa-CD4-LTR-B-gal), was obtained through the AIDS Research
and Reference Reagent Program, Division of AIDS, National Institute of Allergy
and Infectious Diseases, National Institutes of Health, Rockville, Md., and from M.
Emerman. MAGI cells were bioengineered to express the B-chemokine receptor
CCRS by transfecting the cells with the expression vector pEFBOSbsrHuCCRS. In
this process, the expression of human CCRS is enhanced by the elongation factor
la promoter and selected with blasticidin. Several clones were selected and
tested for functional CCRS expression using HIV-1;g gy .

Reagents. Nucleoside reverse transcriptase (RT) inhibitors (NRTIs) zidovu-
dine (AZT) and stavudine (d4T) were purchased from Sigma (Tokyo, Japan),
and lamivudine (3TC) was kindly provided by Glaxo Wellcome (Tokyo, Japan).
HIV-1 protease inhibitors (PIs) ritonavir (RTV), saquinavir (SQV), and nelfi-
navir (NFV) were generously provided by Abbott Laboratories (Chicago, IL.),
Roche Research Center (Nutley, N.J.), and Agouron (San Diego, Calif.), respec-
tively.

Primary cultures with plasma samples. MAGIC-5 cells were maintained in
complete medium (Dulbecco’s modified Eagle’s medium [GIBCO BRL, Tokyo,
Japan] supplemented with 10% fetal calf serum, 100 U of penicillin G-sodium/
ml, and 100 pg of streptomycin [GIBCO BRL]/ml; 100 pg of hygromycin B
[GIBCO BRL]/ml and 200 pg of geneticin [GIBCO BRL]/ml; or 1 pg of blas-
ticidin [Funakoshi, Tokyo, Japan]/ml for selection of B-Gal, CD4, and CCRS,
respectively). The cells were detached with 0.25% trypsin and 1 mM EDTA
(GIBCO BRL) and precultured at a density of 2 X 10%well in a 48-well tissue
culture plate with complete medium the day before infection. The cells were 30
to 40% confluent on the day of infection. Preliminary tests showed that the
sensitivity cutoff value ranged between 10* and 10° copies/ml.

Within 30 min of blood sample withdrawal, 1 ml of fresh plasma was centri-
fuged at 37,800 X g for 90 min at 4°C. The supernatant was removed, and the
virus pellet was resuspended with 300 pl of infection medium (complete medium
containing 20 wg of DEAE-dextran [5 prime —3 prime Inc., Boulder, Colo.] per
ml). The complete medium filling the preculture plate was replaced with infec-
tion medium. MAGIC-5 cells were incubated overnight at 37°C in a 5% CO,
incubator. The infection medium was removed from each well, and complete
medium was added. The plate was changed every 2 or 3 days when the cells
reached 80 to 90% confluence. The culture supernatants were stored at —80°C
as the virus stock for further studies.

Virus stock titration. Cells were counted and dispensed into a 96-well tissue
culture plate at 10%well with complete medium the day before infection. The
virus stock was thawed quickly and diluted with the infection medium and then
incubated in triplicate for 48 h at 37°C in a 5% CO, incubator. The medium was
removed, and the cells were fixed with phosphate-buffered saline containing 1%
formaldehyde and 0.2% glutaraldehyde at room temperature. The cells were
then stained with X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside)
(TaKaRa Shuzo Co., Shiga, Japan). The blue cells in each well were counted, and
the diluted virus stocks that produced 100 to 300 blue focus units (BFU) were
used for the drug susceptibility assays. Then, titration of the virus stock was
measured based on single-round replication by 48 h of incubation.

Drug susceptibility assays using MAGIC-5 cells. The susceptibilities of HIV-1
to AZT, 3TC, d4T, RTV, SQV, and NFV were determined by using triplicate
samples of infected MAGIC-5 cells in each assay. Each drug was prepared in five
serial 10-fold dilutions with infection medium. MAGIC-5 cells were seeded (10*
/well) and cultured in a 96-well tissue culture plate for 24 h. The cells were
exposed to the diluted virus stock for 2 h at 37°C in a 5% CO, incubator. Media
with and without various concentrations of the test drug were added to each well.
B-Galactosidase is driven by the HIV-1 long terminal repeat in MAGIC-5 cells.
To determine the susceptibilities to various NRTIs, the cells were fixed after 48 h
and stained based on single-round replication. However, since PIs inhibit the
maturation of progeny virus, even the Pl-susceptible virus has a single-round
replication and drives the transfected long terminal repeat. If the virus is sensi-
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tive to PI, the progeny virus must be immature and not infection competent.
Then, to determine the susceptibility to PIs, the cells were cultured for 78 h for
multiple-round replication, and the supernatant was transferred to another 96-
well tissue culture plate in order to determine the virus load in the supernatant.
In the second step, the virus was cultured to examine the capability for de novo
infection in a drug-free medium. The cells were then fixed after 48 h of culture
and stained. Infected cells were counted after incubation with X-Gal under an
inverted microscope. A decrease in the number of blue cells per well, therefore,
reflected the inhibitory activity of the test drug. The 50% inhibitory concentra-
tion (ICs) of each drug was estimated from plots of the percentage of BFU
reduction versus drug concentration. Control cultures free of drugs were pre-
pared in all assays, and the infectivity of the input virus was confirmed to be 100
to 300 BFU/well at the end of assays for both NRTIs and PIs. When the
infectivity of the input virus was >300 BFU/well in the control culture, the assay
for PIs was repeated with the diluted virus. Drug susceptibility assays with PBMC
were performed using the method described by Japour et al. (15).

Sequence analysis of pol gene mutations. Viral RNA was extracted from the
plasma with a High Pure Viral RNA kit (Nippon-Roche) as instructed by the
manufacturer. The HIV-1 pol gene was amplified by PCR using the One Step
RNA PCR kit (TaKaRa) according to the instructions provided by the manu-
facturer. The sequences of primer sets for the first PCR (DRPO1 and DRRT4)
and the second PCR (DRPO2 and DRRT15) were as follows (8); DRPOI,
5'-CCAACAGCCCCACCAGA (MN pol positions, 2155 to 2171); DRRT4, 5'-
TTCTGTTAGTGCTTTGGTT (MN pol positions, 3419 to 3437); DRPO2, 5'-
ATTTTCAGGCCCATTTTTTGA (MN pol positions, 2706 to 2726); and
DRRTI15, 5-TCCCACTAACTTCTGTATGTC (MN pol positions, 3330 to
3350). The resultant PCR products were purified with SUPREC-01 (TaKaRa),
according to the instructions provided by the manufacturer, after 1% agarose gel
electrophoresis. Sequencing was performed with an automatic sequencer (Ap-
plied Biosystems, Chiba, Japan) using a Tag dideoxy terminator cycle sequence
kit (Applied Biosystems). Amino acid sequences were deduced by the Genetyx-
Win program version 3.1 (Software Development, Tokyo, Japan).

Analysis of HIV-1 V3 sequence. Viral RNA from HIV-1 isolates from MAG-
IC-5 cultures or from plasma was extracted by the SMI Test (Nihon Genetex,
Tokyo, Japan) using the protocol provided by the manufacturer. The V3 domain
of HIV-1 gp120 was amplified by PCR with the One Step RNA PCR kit. The
sequences of primer sets for the first (YT001 and MK650) and the second (SI01
and SI02) PCRs were as follows (14): YT001, 5'-ACAATTTCTGGGTCCCCT
CCTGAGGA {North American and European Consensus [AMEU (C)] env
positions, 1077 to 1092}; MK650, 5'-AATGTCAGCACAGTACAATGTACAC
[AMEU (C) env positions, 708 to 732]; SI01, 5'-ATGGAATTAGGCCAGTA
GTG [AMEU (C) env positions, 733 to 752]; and SI102, 5'-CTCCTAATTTTGT
AACTAC [AMEU (C) env positions, 1013 to 1032]. Sequencing was performed
using the method described above for the analysis of the pol gene.

Flow cytometric analysis. MAGIC-5 cells were washed twice with phosphate-
buffered saline (Ca, Mg —) containing 0.5% bovine serum albumin. The cells
(10°/tube) were incubated for 15 min at 4°C with 1 pg of anti-human immuno-
globulin (Sigma)/tube. Then, the cells were incubated with Cy-chrome-labeled
anti-human CD4 monoclonal antibody (Pharmingen, San Diego, Calif.), fluores-
cein isothiocyanate-labeled anti-CXCR4, or fluorescein isothiocyanate-labeled
anti-CCRS monoclonal antibodies (R&D Systems, Tokyo, Japan) for 40 min at
4°C. After being washed, the cells were fixed with 1% paraformaldehyde and
analyzed by flow cytometry (Coulter, Hialeah, Fla.).

Nucleotide sequence accession numbers. Accession numbers of nucleotide
sequences were assigned at the DDBJ as follows: AB037015 to AB037079.

RESULTS

Expression of CD4, CXCR4, and CCRS and viral culture.
We analyzed the expression of CD4, CXCR4, and CCRS on
MAGIC-5 and MAGI-CCRS5 (National Institutes of Health)
cells by flow cytometry (Table 1). We also challenged MAG-
IC-5 and MAGI-CCRS cells with HIV-1 strains NL432 and
BAL and plasma samples. Higher expression levels of CD4 and
CCRS were noted on MAGIC-5 than on MAGI-CCRS cells
(Table 1), indicating that the efficiency of virus isolation by
MAGIC-5 cells was superior to that by MAGI-CCRS cells for
both type strains and clinical isolates. Although the expression
of CXCR4 on MAGI-CCRS cells was slightly higher than that
on MAGIC-5 cells, HeLa cells constitutively express CXCR4,



VoL. 45, 2001

ANTI-HIV PHENOTYPIC ASSAY WITH MAGIC-5 497

TABLE 1. Comparison of expression of CD4, CXCR4, and CCRS5 and of virus isolation in MAGIC 5 and MAGI-CCRS cells

Expression (%)

No. of blue cells*

Cell type
CD4 CXCR4 CCRS5 NL432 BAL Plasma 1 Plasma 2 Plasma 3
MAGIC 5 99 0.2 86.5 >1,000 >1,000 >1,000 >1,000 >500
MAGI-CCRS5 78.5 1.8 1.1 128 = 11 23 £ 3.5 0 0 0

“ The number of isolated viruses is expressed as mean + standard deviation of triplicate determinants. Plasmas 1, 2, and 3 contained 10%, 10°, and 10° copies of HIV-1

RNA/ml, respectively.

and the difference could not influence the sensitivity. There-
fore, we used MAGIC-5 cells in subsequent studies.

Primary culture of clinical isolates using MAGIC-5 cells.
We examined HIV-1 isolated from 272 plasma samples using
MAGIC-5 cells. Syncytia (blue cells) were observed with an
inverted microscope in 150 samples. Isolation was considered
positive when at least one blue cell was identified within 2
weeks. The positive result was further confirmed by detection
of p24 antigen in the supernatant of culture medium. The
mean latency to the peak titer of p24 antigen was 5.1 days.
Since MAGIC-5 cells produced a large amount of infection-
competent virus in the culture supernatant, we were able to use
this cell line in our phenotypic drug resistance assay. As shown
in Table 2, isolation of the virus from plasma samples was
dependent on the plasma virus load; a minimum virus load of
10* copies/ml was necessary for the primary culture.

Selection through viral culture with MAGIC-5 cells. HIV-1
exists as quasispecies in the host. In order to investigate any
selection bias in the viral culture, we compared the sequences
of the V3 region of ENV in viruses isolated by plasma culture
with MAGIC-5 to those obtained from uncultured plasma by
PCR followed by direct sequencing. In 8 out of 10 pairs exam-
ined, the sequences were identical (Table 3). All isolated vi-
ruses were genotypically deduced to be M tropic. Then, we
applied the culture supernatant to MT-2 cells. We were able to
obtain T-tropic viruses in cases 2 and 3. The V3 sequences of
both viruses were compatible with the T-tropic genotype (data
not shown). These results indicated that selection bias was not
frequent and that MAGIC-5 cells could simultaneously isolate
both CCRS5-tropic (M-tropic) and CXCR4-tropic (T-tropic)
viruses, even though T-tropic virus was a minor population in
the plasma.

IC;, of each drug for NL432. We repeated our experiments
five times to evaluate the reproducibility of the ICs, of each
drug for NL432. In each experiment, the assay was performed
in triplicate using the same virus stock. As shown in Table 4,
the assay variability was confined to within five fold in all drugs
examined. Accordingly, we used a 10-fold increase in 1Cs, as
the cutoff value for viral resistance in the present assays. In
each experiment, NL432 was used as a standard, and the data
were expressed as fold increase, comparing the ICys for NL432
with those for clinical isolates in each assay.

ICs,s for viruses obtained from antiviral-naive patients. As
summarized in Table 5, the mean ICy, of each test drug was
similar to the mean ICs, for NL432. However, when we ana-
lyzed the fold increase in the resistance of each clinical isolate
to each drug relative to that of NL432, some viruses showed a
10-fold increase of ICsy (resistance) to SQV and NFV, even
though they were isolated from antiviral-naive patients. The
genotypes of all these viruses were similar to the AMEU (C)

genotypes (no mutations) at the codons for the specific amino
acids known as the source of drug resistance.

Comparison of phenotypic and genotypic results. In the
following experiments, viruses obtained from antiviral-experi-
enced patients were used. The RT- and protease (PR)-coding
regions of uncultured PCR-derived viruses were sequenced.
The genotypes were compared with the phenotypic data de-
rived from MAGIC-5 cells. Phenotypic data of clinical isolates
were expressed as fold increase relative to the ICs, for NL432
in each assay.

(i) AZT. HIV-1 isolates with mutations at codons 41 and/or
215 of RT (primary mutations for resistance to AZT) were
resistant to AZT (ICs,, >10-fold increase) with the exception
of one case (Fig. 1A). However, some but not all viruses with
mutations at three sites (41, 184, and 215 [Fig. 1A]), were AZT
susceptible (mean ICs,, 8-fold; range, 0.53- to 14-fold), as
reported previously (21). Further mutation at codon 67, 70,
and/or 219 of RT, in addition to the above three sites, was
associated with a further shift in ICs, up to 333-fold.

(i) 3TC. All isolates with one point mutation at codon 184
of RT (Fig. 1B) were resistant to 3TC (ICs,, >120-fold). How-
ever, in cases where patients had been treated with NRTIs and
the isolated virus showed no mutation at codon 184, the ICs,s
of some of these isolates demonstrated moderate resistance
(up to 31-fold). These isolates had neither codon 44 and 118
mutations (12) nor other common polymorphism changes in
RT (data not shown).

(iii) d4T. In the case of d4T, none of the isolates showed a
substitution at codon 75 of RT. In patients treated previously
with NRTIs, the ICsys of some isolates were increased (Fig.
1C), albeit insignificantly. These isolates showed neither
multinucleoside drug resistance mutations, such as at codon
151 (31), nor codon 69 insertion (22, 33).

(iv) RTV. Viruses with only one secondary mutation at
codon 36 or 71 were still sensitive to RTV, with the exception
of one isolate, which had a mutation at codon 20 (11-fold) (Fig.
1D). Viruses with two or three secondary mutations but with-
out a primary mutation exhibited moderate-to-high resistance

TABLE 2. Viral cultures of plasma samples with MAGIC 5 cells

Virus load (copies/ml) No. positive?/tested % Positive
>10° 5/5 100
=10° - <10° 63/68 92
=10* - <10° 73/102 71
=10° - <10* 5/63 7
<10° 4/34 11

“ At least one blue cell was observed within 2 weeks in positive isolates. A large
amount of infection-competent virus was present in the culture supernatant
thereafter.
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TABLE 3. Comparison between PCR-derived and MAGIC
S-isolated V3 sequences of HIV-1 in plasma

ANTIMICROB. AGENTS CHEMOTHER.

DISCUSSION

Case V3 sequences” The available methods for the detection of drug resistance

T P CTRPNNNTRK SVNIGPGRAF YATGAIIGDI RQAHC ar¢ usually classified into three types; genotypic (1, 23, 32),

M phenotypic (15), and recombinant (2, 11, 16, 30) virus assays.

Among these, the genotypic assay is widely used in many lab-

2, P —IH K— oratories because it is relatively rapid and easy. However, since

M ————— -H K— this assay only detects specific known mutations, interpretation

I p R —IN 4D of the results is sometimes difficult in the presence of complex

M R —IN #D multiple mutations (24). Furthermore, genotypic changes can-

not quantify the magnitude of resistance. Our data on PI re-

Ao "\DA - _llss"::’;_Q_ % sistance in the presence of one or two secondary mutations

- —Q— = clearly demonstrated the superiority of our method to the

5 e, P — R -I[HM—R— —G—=D N genotypic resistance assay. A phenotypic assay using PBMC

M —— R —-IHM—R— -G-=D _ directly measures the growth of HIV in the presence of the test

drug. However, the method is, in general, labor-intensive,

O :\DA 7% :Séwn:if(: ':':DD— - time-consuming, expensive, and difficult to perform in clinical

settings. Although the recombinant assay is promising, it is still

T eeeererreranne P —IHM-L—W -T—G—N- ———— difficult to perform in most clinical laboratories because trans-

M ———— -HM-L—W -T—G—N- —— fection of the PCR-derived long fragment, for instance, is

B P —HM—C— D SOIlrsleiLIIilseie:t[r)grl(ty 'we have described a novel phenotypic assay
M— IHM—G— D ’

using MAGIC-5 cells and the application of the assay to test

LI P G GIH E-T— —VY- the susceptibilities of clinical isolates to PIs and NRTIs, with

M G SIH E-T— —V- the exception of didanosine (ddI) and zalcitabine (ddC). In a

0. P GIH o— o series of preliminary experiments, we examined the suscepti-

M P— GIH o— o) bilities of viruses to ddI or ddC using MAGIC-5 cells; however,

“ P, PCR-derived V3 sequence; M, MAGIC 5-isolated V3 sequence. A dash
indicates identity with case 1 P, an asterisk indicates a deletion, and an underline
indicates an amino acid substitution within a pair.

(ICs, 12- to 106-fold). Mutation at codon 82 of the PR region,
which is known as the primary mutation for resistance to RTV,
was associated with a high resistance in all such isolates (ICsy,
>100-fold), regardless of the number of secondary mutations.

(v) SQV. The presence of a single secondary mutation at
codon 10 or codon 82 did not alter sensitivity to SQV (range,
0.34- to 3.2-fold) (Fig. 1E). In contrast, a mutation at codon 48
or 90 of the PR region, which are known as the primary mu-
tations for resistance to SQV, was associated with acquired
resistance in all but one case.

(vi) NFV. A number of viruses isolated from antiretrovi-
ral-naive patients exhibited one or two secondary mutations
at codons 36, 63, 77, and 63 plus 77 (Fig. 1F). These muta-
tions were considered polymorphisms. However, in those
patients who had previously received antiretroviral therapy,
the ICs,s for some of the isolates with one point mutation
and all those with two mutations increased by more than
10-fold, even though the genotypes were similar (63 plus 77,
for example). The primary mutation for resistance to NFV is
at codon 30 of the PR region. Isolates with the primary
mutation were resistance to NFV (ICs, >50-fold). The
presence of three secondary mutations in the absence of a
primary mutation was associated with an increase in ICs,s of
11- to 333-fold. Most patients infected with these isolates
had previously received PI-containing therapies other than
NFV.

the range of ICyys was very narrow, and the increase between
NL432 and all clinical isolates, including those obtained from
patients who failed to respond to ddI or ddC therapy, was
limited to 10-fold (data not shown). Thus, we omitted further
testing of ddI and ddC using this assay, although other inves-
tigators have reported that a high titer of input virus could deal
with this problem (29). In phenotypic assays using PBMC, 2 to
4 weeks elapse before clinical isolates (primary cultures) be-
come available, in addition to the time required for the prep-
aration of phytohemagglutinin-stimulated PBMC. In contrast,
the use of fresh plasma samples that contain >10* copies/ml
allows the production by MAGIC-5 cells of large amounts of
HIV-1 in the culture supernatant within 1 week on primary
culture of clinical samples. Thus, our assay could be completed
in about 2 weeks. In this study, we measured p24 antigen in the
supernatant to confirm the positive results. However, in prac-
tice, positive results can be established by examination under
the inverted microscope and detection of blue cells alone.
Consequently, our phenotypic assay is rapid, simple, and cost-
effective compared with PBMC assays. Since the variability of
the present assay was limited to within 5-fold, we used a 10-fold
increase in the ICs, as the cutoff value for viral resistance. Future
clinical studies should further confirm the cutoff value. ICss de-
termined by phenotypic assays can be influenced by several fac-
tors. The introduction of automated procedures such as dilution
of drugs, is likely to improve the reliability of the assay.

The susceptibility of clinical isolates to SQV and NFV varied
in antiviral-naive patients, suggesting that some isolates have a
natural resistance. However, specific mutations related to re-
sistance to these drugs could not be detected by the genotypic
assay. Alternatively, it is possible that the observed resistance
was due to yet-unknown mutations that could not be identified
in our genotypic assay. Harrigan et al. (10) recently indicated
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TABLE 4. Reproducibility of MAGIC-5 assay with NL432
" IC5, (M)
Repetition 50 Overall o

Drug no.“ 1¢ 2 3 4 5 mean * SD CV*(%)
AZT 1 0.010 0.012 0.030 0.056 0.030

2 0.036 0.010 0.044 0.030 0.042

3 0.028 0.011 0.045 0.054 0.074

Mean 0.025 0.011 0.040 0.047 0.049 0.034 = 0.02 46
3TC 1 1.20 1.20 0.52 0.26 1.20

2 0.40 0.42 1.00 0.58 0.42

3 1.80 1.20 0.86 0.70 0.85

Mean 1.13 0.94 0.79 0.51 0.82 0.84 = 0.23 27
d4T 1 2.1 1.4 2.6 2.2 2.6

2 2.3 22 1.8 2.0 1.3

3 1.9 2.3 1.4 12 2.1

Mean 2.10 1.97 1.93 1.80 2.00 1.96 = 0.11 6
RTV 1 0.028 0.027 0.010 0.090 0.010

2 0.021 0.013 0.100 0.060 0.013

3 0.030 0.024 0.022 0.042 0.046

Mean 0.026 0.021 0.044 0.064 0.023 0.03 £ 0.02 51
SQV 1 0.0010 0.0010 0.0024 0.0010 0.0076

2 0.0044 0.0020 0.0042 0.0032 0.0086

3 0.0056 0.0062 0.0043 0.0040 0.0012

Mean 0.0037 0.0031 0.0036 0.0027 0.0058 0.0038 = 0.001 31
NFV 1 0.0028 0.0029 0.0038 0.0032 0.0021

2 0.0015 0.0025 0.0023 0.0025 0.0025

3 0.0022 0.0011 0.0012 0.0022 0.0020

Mean 0.0022 0.0022 0.0024 0.0024 0.0022 0.0023 = 0.0001 5

“To examine reproducibility of the assay, experiments were repeated in triplicate five times.

> CV, coefficient of variation.
¢ Experiment number.

that the drug resistance profile could be used to predict the
response to therapy in a community setting.

Our results using the novel assay correlated well with those
of genotypic assays in most cases, except in the case of resis-
tance to 3TC. We could not detect genotypic resistance to 3TC,
and ICs,s determined by our method indicated the resistance
of some isolates, particularly in patients who had previously
been treated with NRTTs, including 3TC. Resistance to AZT is
known to be reversible when mutations accumulate at codons
41, 184, and 215 (21). The results of our assay were consistent
with this phenomenon, at least in certain isolates. However,
the ICss of four out of seven isolates were more than 10-fold
higher than those without such mutations. Furthermore, our
results showed that this reversal effect was limited to this com-
bination of mutations.

With regard to NRTIs, this is a single-round replication
assay. Susceptibility to NRTIs in MAGTI cells has been re-
ported by other groups (19), which demonstrated similar ICss
determined by the standard PBMC culture method. For PIs,
this is a two-step assay. The first step allows multiple-round
replication with each drug, and the second step is a single-
round replication assay without the drug. In a series of prelim-
inary experiments, we examined the susceptibilities of clinical
isolates, including viruses resistant to PIs, and compared the
1C, s for them with the data obtained from the standard PBMC
assay. The results of such analysis showed a close correlation
between the results of two methods (data not shown), indicat-

ing that our method could be used for measuring susceptibility
to PIs instead of the PBMC assay. The development of primary
mutations in HIV-1 viruses was associated with a 100-fold
increase in resistance to the drugs. These findings indicated
that the results of the genotypic assay were consistent with
those of the phenotypic assay.

Viruses acquire secondary mutations to accommodate
changes in the local environment under drug pressure rather
than to increase resistance to a particular drug (13). Clinical
data demonstrated that only about 50% of patients previously
treated with PIs but not NFV responded well to NFV-contain-

TABLE 5. Variability of ICs of clinical isolates obtained from
antiviral-naive patients®

IC5o (M) .

Drug n Fold increase”

Mean *= SD Range
AZT 22 0.04 = 0.03 0.003-0.15 0.1-5
3TC 20 1.17 = 0.90 0.1-3.2 0.12-3.86
d4T 21 2.36 = 2.00 0.33-7.5 0.14-3.23
RTV 15 0.03 = 0.02 0.01-0.08 0.33-2.67
SQV 16 0.02 £ 0.02 0.001-0.1 0.1-10
NFV 14 0.007 £ 0.009 0.001-0.03 0.3-10

“ All assays were performed in triplicate.
® Fold increase was calculated by dividing the ICs, of each drug by the mean
1Cs, for NL432 in each assay.
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FIG. 1. Relationship between resistance to AZT (A), 3TC (B), d4T (C), RTV (D), SQV (E), and NFV (F) and viral phenotype and genotype.
The abscissas represent the genotypes of clinical isolates; n, number of isolates. The genotype numbers listed in panels A to C indicate the mutation
sites of amino acids that confer drug resistance. Each numbers adjacent to a symbol in panels D to F indicates the mutation site of an amino acid
that conferred drug resistance. Therapy, history of therapy using the respective drug. Phenotypic resistance is expressed as fold increase on the
ordinate. The fold increase was calculated by dividing the ICs, of each drug by the mean ICs, for NL432 in each assay. The small horizontal bars
represent the mean fold increase for each genotype. Some viruses with mutations at the sites underlined in panel A were AZT susceptible. +,

present; —, absent; +/—, both treated and naive cases are included.

ing therapies (unpublished observation). Viruses isolated from
such patients had no primary mutation for resistance to NFV
but had acquired several secondary mutations that were iden-
tified by the genotypic assay. The clinical course in these pa-
tients lends support to our assay, since the ICss determined by
our method showed a shift to a highly resistant isolate. Inter-
pretation of the results of the phenotypic assay is easier than

that of results of the genotypic assay in these cases. These
results also demonstrate the usefulness of our method when we
considered the new PI-containing regimen after failure of the
initial combination therapy.

In conclusion, we have developed a rapid and simple pheno-
typic assay for testing the susceptibility of HIV-1 to various anti-
HIV agents, using MAGIC-5 cells. Our assay might be useful in
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clinical decision making with respect to the selection of PIs for
antiviral-naive patients and patients who fail to respond to initial
combination therapy. Further longitudinal clinical trials are nec-
essary to confirm the clinical relevance of our assay.
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