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During the use of a phenotypic anti-hmman immunodeficiency virus type 1 (HIV-1) drug resistance assay in
a large set of clinical virus isolates, we found a unique variant (CL-4) that exhibited a high level of nelfinavir
(NFV) resistance and rather enhanced replication under subinhibitory concentrations of NIV (0.001 to 0.1
pM). Comparison of gag-pol sequences of the CL-4 variant and its predecessor virus isolates showed a stepwise
accumulation of a toial of 19 amino acid substitutions in protease (PR) and Gag pl17 during 32-month
NFV-containing antiretroviral therapy, while other Gag regions incinding the cleavage sites of the p55 pre-
cursor remained highly conserved. To understand the relationship between the genetic and phenotypic changes
in CL-4, we constructed chimeric viruses nsing pNL4-3, replacing the PR, p24PR, or p17PR gene segment of
CL-4 or its predecessor. A series of tissue culture infections with the chimeras in the absence or presence of
increasing concentrations of NFV demonstrated that only the p17PR segment of CL-4 could confer the
NFV-dependent replication enhancement phenotype on NL4-3. Our data suggest a novel adaptation mecha-
nism of HIV-1 to NFV, in which coevolution of Gag and PR genes generates a variant that replicates more

efficiently in the cellular environment in the presence of NFV than without the drug,

Human immunodeficiency virus type 1 (HIV-1) protease
(PR) is essential for maturation of virus particles. During or
after budding of virus particles from the plasma membrane, PR
cleaves Gag and Gag-Pol precursor proteins into the multi-
functional Gag proteins (matrix [MA; p17), capsid [CA; p24],
and nucleocapsid [NC; p7]) and three enzymes (reverse tran-
scriptase [RT), integrase, and PR), which are indispensable for
de novo retroviral replication (13, 26). Protease inhibitors
(PIs) are designed to bind into the active site of the PR ho-
modimer, a functional entity of PR, and block its catalytic
activity. Consequently, PI treatment of infected cells results in
accumulation of morphologically immature, replication-in-
competent viral particles, leading to prevention of de novo
infection. Various PIs, such as indinavir, saquinavir (SQV),
ritonavir, amprenavir, and nelfinavir (NFV), are now widely
used clinically as the main drug in highly active antiretroviral
therapy (HAART), in combination with other classes of anti-
HIV-1 drugs.

When suppression of HIV-1 replication by PI-containing
therapy is incomplete, variants with reduced sensitivity to the
PT can emerge by accumulating nonsynonymous mutations in
the PR gene (4, 14, 17, 20), causing a serious reduction in the
clinical efficacy of HAART (1, 5, 10). PI resistance-associated
mutations often affect the substrate specificity of PR (8) and
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can impair enzyme function, resulting in reduction of the rep-
licative capacity of the variants (2, 7, 16-18, 28). In some in
vivo infection cases, however, the impaired growth capacity
recovers partially by accumulation of secondary mutations at
the cleavage sites in the Gag-Pol precursor (6, 16, 21, 29) or at
non-cleavage sites in Gag (11). Thus, under selective pressures
of PIs, HIV-1 seems to evolve through stepwise accumulation
of amino acid substitutions to increase the replicative advan-
tages under the PI environment.

While the assumption is conceivable, no study has thus far
addressed a variant(s) that replicates better in the presence of
a PI than without the drug. Here, we report a remarkable
HIV-1 NFV-resistant case, in which HIV-1 had evolved after
prolonged administration of an NFV-containing regimen to
display not only a high level of NFV resistance but also en-
hanced replication under subinhibitory concentrations of
NFV. Molecular characterization of the variant suggested that
coevolution of Gag and PR genes had provided the predeces-
sor virus in the host the ability to replicate better in the pres-
ence of NFV than in the absence of the drug. Our data illus-
trate a novel mechanism, ie., NFV-dependent replication
enhancement, for HIV-1 adaptive evolution under the selec-
tive pressure of NFV,

MATERIALS AND METHODS

Clinical specimens and ethical considerations. A Japanese homosexual man
infected with HIV-1 had consulted the AIDS Clinical Center, International
Medical Center of Japan, since 1997. Plasma samples and clinical isolates were
obtained serially from the patient. The patient had been treated with various
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anti-HIV agents, including zidovudine, zalcitabine (ddC), and SQV, before treat-
ment with lamivudine plus stavudine combined with NFV. The Institutional
Ethics Committee approved this study (IMCJ-H13-80), and a written informed
consent was obtained from the patient.

Virus isolates. Clinical HIV-1 isolates CL-1, CL-2, CL-3, and CL-4 were
obtained from the serial plasma samples obtained from our patient by using a
CCRS-expressing HeLa/CD4™ cell clone 1-10 (MAGIC-5) (12). Briefly, MAG-
1C-5 cells grown in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal calf serum (FCS) in a 48-well plate for 24 h were incubated with 1 m!
of fresh plasma. The culture medium was changed every 2 or 3 days until a
cytopathic effect was observed. Spread of HIV infection in the culture was
confirmed by staining the cells with 5-bromo-4 chloro-3-indoyl-B-p-galactopyra-
noside (X-Gal) and measuring HIV-1 p24 antigen in the culture supernatant.
The virus isolates were kept at —80°C until use.

Cells, Peripheral blood mononuclear cells (PBMCs) obtained from HIV-1-
seronegative healthy donors were stimulated with 1 pg of phytohemagglutinin
(PHA)/m! for 72 h and grown in RPMI 1640 with 10% FCS and 10 U of
interleukin-2 (Gibco-BRL, Grand Island, N.Y.) per m! for 24 h before infection.
Transformed T-cell lines (MT-2 and PM-1 [15]) were maintained in RPMI 1640
with 10% FCS.

Drug susceptibility assay with MAGIC-5 cells, NFV was Kindly provided by

the Japan Tobacco Co. (Tokyo, Japan). The drug susceptibility of the virus
isolates to NFV was determined with MAGIC-5 cells (12). Briefly, MAGIC-5
cells (10%) were infected with the diluted virus stock (300 blue cell-forming units
[BFUY]) in increasing concentrations of NFV (0, 0.001, 0.01, 0.1, and 1 pM) and
incubated for 78 h. The culture supernatant was transferred to a new well
containing MAGIC-5 cells without NFV and incubated for 48 h, fixed and
stained with X-Gal, and counted under a microscope to assess the magnitude of
de novo infection. The 50% inhibitory concentration (1Cs,) of NFV was calcu-
lated based on the dose-response curve. This experiment was performed in
triplicate and repeated twice.

Sequence analyses of gag and pol genes, Viral RNA was extracted from HIV-1
isolates with a High-Pure viral RNA kit (Boehringer, Mannheim, Germany),
followed by RT-PCR with a One-Step RNA PCR kit (TaKaRa Shuzo, Otsu,
Japan) to amplify the HIV-1 gag-pol DNA segment (2,341 bp). The first RT-PCR
was conducted with a F641-R2982 primer pair (F641, 5'-GCCCGAACAGGGA
CTTGAAAGCG, pNIA-3 primer binding site at position 641 to 662; R2982,
5'-GATATCTAATCCCTGGTGTCT, pNL4-3 pol at position 2961 to 2982).
The second PCR was performed with a F671-R2961 primer pair (F671, 5’-CC
AGAGGAGATCTCTCGACGC, pNIA-3 noncoding positions 671 to 692;
R2961, 5'-TCTTGTTTATACTAGGTATG, pNLA4-3 pol position 2940 to 2961).
The PCR products were purified with SUPREC-02 (TaKaRa Shuzo) and sub-
jected to direct sequencing with an ABI Prism 377 automated DNA sequencer
(Applied Biosystems, Foster City, Calif.). The primers used for the sequencing
reaction were F671, F990 (5'-CCTTCAGACAGGATCAGAAG, pNIA-3 gag
position 990 to 110), F1283 (5'-GCCCAGAAGTAATACCCATG, pNL4-3 gag
position 1283 to 1302), F1741 (5’-ACAGAAACCTTGTTGGTCCA, pNILA-3 gag
position 1741 to 1760), F2012 (5'-CTAGGAAAAAGGGCTGTTGG, pNLA-3
gag position 2012 to 2031), and DRPR3 (5'-AGCAGGAGACGATAGACAA
GG, pNILA-3 gag position 2228 to 2248). Amino acid sequences were deduced
with the Genetyx-Win program version 4.1 (Software Development, Tokyo,
Japan).

Construction of gag-pro recombinant DNA clones, pUC18 containing the Sacl-
$5e83871 fragment (2,357 bp) of pNL4-3 (pUC18-NLA-3-8aSs) was constructed
first to facilitate molecular cloning of the gag-pro segment. The DNA fragments
amplified by PCR from the primary isolates were digested with BssHII and Ball
(BssHII-Ball; 1,908 bp), and the fragment covering the entire gag and PR gene
was cloned into pUC18-N14-3-SaSs. A subclone designated p17PRmt-BsBa,
with a sequence identical to that of each clinical isolate determined by the
direct-sequencing method, was selected as a representative clone of the virus
isolate. Subsequently, the EcoT22I-Ball fragment (1,372 bp) and the Apal-Bal
fragment (615 bp) of pl7PRmt-BsBa covering the gag p24-PR and PR genes,
respectively, were cloned into pUC18-NIA4-3-SaSs. These two clones were des-
ignated p24PRmt-EcBa and PRmt-ApBa. Lastly, three pUC18-N14-3-SaSs con-
structs carrying cloned p17PRmt-BsBa, p24PRmt-EcBa, and PRmt-ApBa were
digested with BssHII and Sse83871. Then, the digests (2,133 bp) were cloned back
into pNIA-3 to generate full-length HIV-1 molecular clones of NL4-3PRmt,
NIA-3p24PRmt, and NIA-3p17PRmt. The nucleotide sequences of the PCR-
amplified fragments and around the recombinant sites of pl 7PRmt, p24PRmt,
and PRmt were verified with an automatic sequencer.

Preparation of cell-free virus stocks of gag-pro recombinants by transfection.
HeLa cells (5 X 10° cells) were grown in DMEM with 10% FCS in a T25 fiask
for 24 h and transfected with 3 ug each of pNLA4-3, pNLA-3PRmt, pNLA-
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3p24PRmt, and pNIA-3p1 7PRmt plasmid DNA using FuGENE 6 transfection
reagent (Roche Diagnostics, Basel, Switzerland). The cells were incubated at
37°C for 24 h, washed once with DMEM, and cultured in 3 ml of DMEM
containing 10% FCS. The culture supernatant containing the chimera virus was
collected at 48, 72, and 96 h after transfection, respectively, filtered (0.45-pm
pore size), analyzed for RT activity (27), and kept at —80°C until use.

Effects of NFV on HIV replication. The method used to infect cells has been
described previously (23-25). Briefly, PHA-stimulated PBMCs (2 X 10° cells),
MT-2 cells (2 X 10* cells), and PM-1 cells (2 X 10* cells) were infected with 0.2
ml of cell-free supernatant containing HIV-1 (2 X 10* 32P cpm of RT activity) in
the absence or presence of NFV (0.1 and 1 uM) at 37°C for 16 h, washed once,
and cultured in 0.2 ml of culture medium with the same concentration of NFV.
In all infections, half of the culture medium volume was changed every 2 or 3
days, and the supernatant was kept at —80°C until use. Each experiment was
carried out in duplicate and repeated three times.

Western blot analysis. HelLa cells were transfected with 3 pg each of pNIA4-3,
pNILA-3p17PRmt, or pNIL4-3PRmt plasmid DNA in the absence or presence of
0.1 M NFV. The culture supernatant was harvested at 48 h after transfection
and centrifuged at 37,800 X g for 90 min at 4°C to pellet virus particles. Trans-
fected Hela cells were washed once with phosphate-buffered saline and pre-
pared for protein analysis as described previously (22). The virion pellet (6 X 10°
cpm of RT activity) and cellular protein (25 pg of protein) resolved in Laemmli
sample buffer (Bio-Rad Laboratories, Hercules, Calif.) were fractionated with
sodium dodecyl sulfate gradation gel (10 to 20%) electrophoresis (Bio-Rad
Laboratories) and transferred to a nitrocellulose membrane (Millipore, Bedford,
Mass.). The membrane was incubated with serum from an HIV-1-seropositive
patient and hybridized with anti-protein A antibody conjugated with horseradish
peroxidase (Amersham Pharmacia Biotech, Uppsala, Sweden). The immune
complex was visualized with an ECL system (Amersham Pharmacia Biotech)
according to the instructions provided by the manufacturer. The level of p24 in
the loading sample was measured using Lumipulse Ortho HIV-1/2 (Fuji-Rebio,
Tokyo, Japan).

Nucleotide sequence accession number. The nucleotide sequence data re-
ported here have been submitted to the DDBJ database under the accession
numbers AB083565 through AB083568.

RESULTS

Identification of an HIV-1 variant CL-4 exhibiting NFV-
dependent enhancement of replication. We have recently es-
tablished a rapid and simple assay for assessing the drug sus-
ceptibility of HIV-1 using the CCRS5-expressing HeLa/CD4*
cell clone 1-10 (MAGIC-5) (12). In conducting the phenotypic
anti-HIV-1 drug resistance assay using this system for a large
set of clinical virus isolates, we noticed that some Pl-resistant
variants appeared to replicate better in the presence of the
corresponding PI used in the treatment (data not shown). To
better understand the underlying mechanism(s) of this obser-
vation, we selected a representative case treated with an NFV-
containing regimen for the present study.

The clinical history and phenotypic drug resistance profile of
the patient are summarized in Table 1. The nadir of the CD4-
positive T-cell count was 68/ul, and the plasma HIV-1 RNA
level was 2.1 % 10° copies/in! 8 months before commencement
of treatment with the NFV-containing regimen. At the time of
obtaining clinical isolate 1 (CL-1), the patient was being
treated with ddC and SQV. Clinical isolates 2 (CL-2), 3 (CL~
3), and 4 (CL-4) were obtained 11, 23, and 32 months after
commencement of HAART, respectively. Although CD4
counts were increased to >100/ul, suppression of the viral load
was incomplete during such treatment. Coinciding with a sus-
tained high viral load, C1-3 exhibited high levels of resistance
to SQV and NFV (increases in ICses of SQV and NFV were
more than 100-fold). After receiving 9 months of the same
NFV-containing regimen, a variant CL-4 was isolated from the
patient which was found to be extremely resistant to NFV, as
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TABLE 1. Clinical data and time of isolation of clinical isolates?

Mos

: Fold resistance (1C5/uM
Isolate Regimen after CD4/l Vlra'l load (CaotM)
NFV (copies/ml) NEV SQV
b AZT -8 68 2.1 X 10° NT NT
CL-1 ddC, SQV -2 84 8.5 x 10* NT NT
CL-2 d4T, 3TC, NFV 11 246 1.6 x 10* NT NT
CL-3 d4T, 3TC, NFV 23 192 1,9 x 10° 107 (0.22) 156 (0.59)
CL-4 d4T, 3TC, NFV 32 166 3.6 x 104 600 (>1) 128 (0.48)

“ The phenotypic drug resistance assay was performed using MAGIC-5 cells. Fold resistance was calculated by dividing the ICs, of the clinical isolate by the ICs,

of N14-3. AZT, zidovudine; ddC, zalcitabine; SQV, saquinavir; d4T, stavudine; 3TC, lamivudine; NFV, nelfinavir; NT, not tested.

® —, no isolate employed.

evidenced by the significantly increased ICs, (from 107- to
600-fold). On the other hand, the ICs, of SQV remained sim-
ilar during this period (from 156- to 128-fold).

In the drug resistance assay system using MAGIC-5 cells
(12), CL-3 displayed a typical dose-response curve to NFV,
similar to that usually seen in most PI-resistant clinical isolates
(Fig. 1A). In contrast, the dose-response curve of CI-4 to NFV
was quite unique. Counts of blue cells derived from HIV-1
infection were consistently high in repeated experiments in the
presence of 0.001 to 0.1 pM NFV, reaching up to 119% of that
without NFV, suggesting that CL-4 replicates better in the
presence of subinhibitory concentrations of NFV than in the
absence of the drug in CCRS-expressing HeLa/CD4™ cells.

To assess the effects of NFV on CL-~4 replication in a more
physiologically relevant system, PHA-stimulated PBMCs were
infected with CL-4 and replication kinetics were monitored in
the absence or presence of NIV (0.1 and 1.0 pM) by measur-
ing RT activity released into the culture supernatant (Fig. 1B).
In the absence of NFV, the kinetics of CL~4 replication were
similar to those of the drug-sensitive control virus NL4-3, al-
though the level of RT activity of CL-4 at the peak of infection
(day 7) was about half that of NL4-3. In the presence of 0.1 puM
NFV, replication of NIL4-3 was completely suppressed,
whereas variant CI-4 showed very efficient replication. In
three repeated experiments, the replication kinetics of CL-4
was constantly fast, and the level of RT activity at the peak of
infection was consistently higher in the presence of 0.1 pM
NFV than without the drug (Fig. 1B, CL-4), suggesting that the
subinhibitory concentration of NFV could potentiate replica-
tion of variant CL-4 in PBMCs, as well as in CCRS-expressing
1eLa/CD4™ cells. Such enhancement of replication was not
seen with other PIs, such as SQV and amprenavir, under the
same experimental conditions. It was also not seen with variant
CL-3, the predecessor virus isolate of CL-4 (data not shown),
suggesting that the phenomenon is specific to CL-4 and NFV.

Genetic changes of gag-pro genes during HAART. The above
clinical data and phenotypic profiles of the clinical isolates
suggested that PI-resistant HI'V-1 variants emerged first, from
which the CL-4 variant with the NFV-dependent replication
enhancement phenotype had evolved. To assess the genetic
changes in HIV-1 during antiretroviral therapy in our patient,
we determined the nucleotide sequences of the gag-pro genes
of CL-1, CL-2, CL-3, and CL-4 by direct sequencing of ampli-
fled DNA.

Comparison of the PR sequences showed a stepwise accu-
mulation of amino acid substitutions during 32 months of

treatment with an NFV-containing regimen (Table 2). With
regard to PI resistance-associated mutations in the PR region,
the CL-1 variant, which was isolated 2 months before the use
of the NFV-containing regimen, already possessed a single
mutation (LeulO—lle), which might have developed during
the preceding SQV-containing regimen. After 11 months of
treatment with NFV, the patient harbored variant CI.-2, which
possessed four amino acid substitutions: L10I (Leul0—lle),
G48V, I54V, and V82A. CL-3 and CL-4 gained another sub-
stitution, M361.

Interestingly, other substitutions (E35D, N378S, K43T, 162V,
172V, and T748), whose contributions to PI resistance have not
been described previously, also accumulated gradually in a
manner dependent on the duration of NFV therapy. In par-
ticular, while CL-4 showed no further substitutions compared
with CL-3 at the known drug resistance-associated mutation
sites, three novel substitutions (E35D), N37S, and K43T) had
accumulated in the N terminal of the PR.

Similarly, comparison of Gag sequences revealed several
stepwise changes that occurred most remarkably in the Gag
pl17 peptide (Table 3). A total of nine amino acid substitutions
(N47D, K55Q, M61R, G62R, F66S, V821, S109N, Q117E, and
N129D) accumulated gradually and sporadically through the
p17 region of variant CL~4 during 32 months of NFV-contain-
ing antiretroviral therapy. In contrast, other regions of Gag
were highly conserved during this period. This conservation
was also noticed around the cleavage site of the Gag p55
precursor, and only a single substitution was found in CL-4
(Table 4).

Roles of genetic changes in conferring the biological pheno-
type of CL-4. To assess the roles of the mutations described
above in shaping the biological phenotype of CL-4, several
recombinant molecular clones were constructed based on the
pNLA-3 genetic background (Fig. 2). NL4-3PRmt, NL4-
3p24PRmt, and NI4-3p17PRmt carried the cloned p1-p6-PR,
p24-p2-p7-p1-p6-PR, and p17-p24-p2-p7-pl-p6-PR segments,
respectively, from CL-4 or CL-3 virus isolates in the backbone
of pNIL4-3. They were used to assess the role of sporadic
mutations in the corresponding regions of clinical isolates with
respect to the genetic backbone of a drug-sensitive HIV-1.

PHA-stimulated PBMCs, MT-2, and PM-1 cells were in-
fected with an amount of virus corresponding to 2 X 10° cpm
of RT activity (26), and virus replication was monitored in the
absence or presence of 0.1 and 1 pM NFV (Fig. 3). In the
absence of NFV, all recombinant viruses tested retained rep-
lication competence in all tissue culture infection systems



