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To determine whether C-C chemokines play an important role in the phenotype switch of human immuno-
deficiency virus (HIV) from CCRS to CXCR4 usage during the course of an infection in vivo, macrophage
inflammatory protein (MIP)-1a-resistant variants were isolated from CCRS5-tropic (R5) HIV-1 in vitro. The
selected variants displayed reduced sensitivities to MIP-1a (fourfold) through CCR5-expressing CD4-HeLa/
long terminal repeat—{3-galactosidase (MAGI/CCRS) cells. The variants were also resistant to other natural
ligands for CCRS, namely, MIP-1f3 (>4-fold) and RANTES (regulated upon activation, normal T-cell ex-
pressed and secreted) (6-fold). The env sequence analyses revealed that the variants had amino acid substi-
tutions in V2 (valine 166 to methionine) and V3 (serine 303 to glycine), although the same V3 substitution
appeared in virus passaged without MIP-1a. A single-round replication assay using a luciferase reporter HIV-1
strain pseudotyped with mutant envelopes confirmed that mutations in both V2 and V3 were necessary to
confer the reduced sensitivity to MIP-1ae, MIP-13, and RANTES. However, the double mutant did not switch
its chemokine receptor usage from CCRS5 to CXCR4, indicating the altered recognition of CCRS by this mutant.
These results indicated that V2 combined with the V3 region of the CCR5-tropic HIV-1 envelope modulates the

sensitivity of HIV-1 to C-C chemokines without altering the ability to use chemokine receptors.

The principal receptor for human immunodeficiency virus
(HIV) is the CD4 molecule on T cells and monocytes/macro-
phages. HIV strains vary greatly in their ability to infect and
replicate in CD4-positive T-cell lines or primary T lymphocytes
and monocytes/macrophages, defined as T-cell-line-tropic (T-
tropic) or macrophage-tropic (M-tropic) strains, respectively.
M-tropic strains are often non-syncytium inducing and are
commonly recovered from patients in early disease stages,
while T-tropic strains are syncytium inducing and are prevalent
in patients at advanced disease stages (6, 50), indicating the
importance of the cell tropism and phenotypes of HIV strains
to the pathogenesis of HIV. Since the discovery that chemo-
kine receptors act as coreceptors for HIV entry, the chemokine
receptor usage of each strain has been shown to determine the
cell tropism; i.e., CXCR4 serves as the major coreceptor for
T-tropic (called X4 or CXCR4-tropic) HIV-1 isolates and
CCRS serves as the major coreceptor for M-tropic (called RS
or CCR5-tropic) HIV-1 isolates (1, 8, 12, 17-19). Natural li-
gands for CCRS, including macrophage inflammatory protein
(MIP)-1a, MIP-1B, and RANTES (regulated upon activation,
normal T-cell expressed and secreted), are also shown to block
R5 but not X4 HIV-1 infection (9, 17, 18). In some cases,
disease progression in HIV-1-infected individuals is associated
with a gain of CXCR4 usage (i.e., emergence of R5X4 or X4
virus) (10, 13) and with a loss of sensitivity to these C-C
chemokines (26, 44), coinciding with the phenotypic change
from M-tropism to T-tropism. These results suggest that the
change of the chemokine receptor from CCRS5 to CXCR4 may
have a key role in the pathogenesis of HIV. However, it re-
mains to be solved how HIV can acquire the ability to use
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CXCR4 during the course of infection. Although C-C chemo-
kine production levels in HIV-1-infected individuals in differ-
ent clinical stages vary (3, 36, 56), we hypothesized that the
selective pressure by natural ligands for CCRS, including MIP-
la, MIP-1B8, and RANTES, may lead to the evolution of
HIV-1 variants in vivo. Several studies which have indicated
that these C-C chemokines inhibit R5 virus but enhance X4
virus (14, 29) also support this hypothesis. To determine (i)
whether X4 or R5X4 viruses emerge from RS HIV by selective
pressure of ligands for CCRS and (ii) which envelope regions
are responsible for the reduced sensitivity to C-C chemokines,
MIP-1a-resistant mutants of the RS HIV strain were selected
in vitro. Our resistant variants which had a single amino acid
substitution in both the V2 and the V3 region showed a re-
duced sensitivity to C-C chemokines and no change in core-
ceptor usage, indicating that HIV-1 variants with a reduced
sensitivity to C-C chemokines can emerge without the alter-
ation of chemokine receptor usage.

MATERIALS AND METHODS

Chemokines. Saccharomyces cerevisiae-derived recombinant MIP-1a (yLD78B
[38, 39]), kindly supplied by the Chemo-Sero-Therapeutics Research Institute
(Kumamoto, Japan), was used for the selection of MIP-1a-resistant virus. Other
chemokines, MIP-1B and RANTES, were purchased from R&D Systems (Min-
neapolis, Minn.).

Cells and culture conditions. The CD4-positive T-cell lines MOLT-4#8,
CEM, MT-2, and MT-4 were maintained in RPMI 1640 (Gibco BRL, Grand
Island, N.Y.) supplemented with 10% heat-inactivated fetal bovine serum (Gibco
BRL), 2 mM L-glutamine, and antibiotics. The HeLa-CD4/long terminal repeat
(LTR)-B-galactosidase (B-Gal) cell line (28) was kindly provided by M. Emer-
man through the AIDS Research and Reference Reagent Program, Division of
AIDS, National Institute of Allergy and Infectious Diseases, National Institutes
of Health, and maintained in Dulbecco modified Eagle medium (Gibco BRL)
supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine,
antibiotics, 0.1 mg of G418 (Gibco BRL) per ml, and 0.05 mg of hygromycin B
(Wako, Osaka, Japan) per ml. COS-7 and 293T cells were also maintained in
Dulbecco modified Eagle medium supplemented with 10% heat-inactivated fetal
bovine serum and antibiotics. A human CD4-expressing glioma cell line, NP-2/
CD4 (27), was maintained in Eagle’s minimal essential medium (Gibco BRL)
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supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine,
penicillin, and streptomycin.

Construction of the CCRS and CXCR4 expression vectors and transfection to
the CD4-positive cell line. The cDNA clones encoding human CCRS and
CXCR4 were obtained by PCR using a human primary lymphocyte cDNA as the
template. PCR was performed using LA-Tag (Takara, Tokyo, Japan) (an initial
2 min at 95°C followed by 30 thermal cycles of 98°C for 10 s, 60°C for 1 min, and
72°C for 1 min, with a final extension at 72°C for 10 min). The primers used were
as follows: 5'-TGCACAGGGTGGAACAAGATGGATTATC-3" and 5'-TAAG
CCATGTGCACAACTCTGACTGGGTCA-3' for the CCRS5 gene and 5'-CCA
TGGAGGGGATCAGTATAT-3" and 5'-CTGTGTTAGCTGGAGTGAAAAC
T-3' for the CXCR4 gene. The amplified products were ligated into a TA cloning
vector, pCR2.1 (Invitrogen, NV Leek, The Netherlands), and then designated
pCR2-CCRS and pCR2-CXCR4, respectively. The complete sequences of the
products were verified with an automated DNA sequencer (ABI Prism 377;
Applied Biosystems). The CCR5- or CXCR4-encoding fragment was then li-
gated into a pZeoSV2 expression vector (Invitrogen) using the HindIII and Xhol
sites to give pZeoSV-CCRS or pZeoSV-CXCR4, respectively.

HeLa-CD4/LTR—B-Gal cells were transfected with pZeoSV-CCRS using the
calcium phosphate method (Profection kit; Promega, Madison, Wis.). An R5
HIV-1-sensitive stable transfectant was cloned in the presence of 1.0 mg of G418
per ml, 0.5 mg of hygromycin per ml, and 0.5 mg of zeomycin (Invitrogen) per ml
and designated MAGI/CCRS. The CCRS5 expression level of MAGI/CCRS was
confirmed with the anti-CCR5 monoclonal antibody 2D7 (Pharmingen, San
Diego, Calif.), by flow cytometry, using a FACScan (Becton Dickinson Immu-
nocytometry Systems, San Jose, Calif.). The susceptibility of these cells to R5
HIV was determined by infecting them with the RS HIV strain JR-FL. CCRS5-
and CXCR4-expressing NP-2/CD4 cells were also established by the transfection
of the expression vectors pZeoSV-CCRS5 and pZeoSV-CXCR4, respectively, and
stable transfectants were selected in the presence of zeomycin. The expression
levels of CCR5 and CXCR4 of the transfectants were confirmed using 2D7 and
an anti-CXCR4 monoclonal antibody, 12G5 (R&D Systems), respectively, with
a FACScan.

Retrovirus vector construction and transduction of a CD4-positive T-cell line
with the CCRS5 gene. The cDNA encoding the CCRS5 gene cloned in the pCR2
vector pCR2-CCRS5 was ligated into pBluescript IT KS(+) (Stratagene, La Jolla,
Calif.) using the HindIII and Xhol sites to yield pKS-CCRS, and the CCRS gene
carrying the NotI-EcoRV fragment of pKS-CCR5 was then transferred to the
Notl and SnaBI sites of the retrovirus vector pG1TKNeo to produce pG1TKNeo-
CCRS5. pG1TKNeo-CCRS was transfected into the murine retrovirus packaging
cell line PA317 by the calcium phosphate method, and a retrovirus-producing
cell clone was chosen in the presence of G418 (0.8 mg/ml).

The MOLT-4#8 cell line was transduced with the CCRS gene by coculturing
with retrovirus-producing cells. Briefly, MOLT-4#8 cells were cocultured with
irradiated retrovirus-producing cells for 2 days and then suspension cells were
cultured in the presence of G418 (0.8 mg/ml). The expression levels of CCRS5 in
transduced cells were confirmed using the anti-CCR5 monoclonal antibody 2D7
with a FACScan. To clone CCR5-expressing cells highly sensitive to RS HIV
infection, limiting dilution was performed, and a clone which was able to induce
ballooning after infection of JR-FL was selected for propagation and the selec-
tion of a resistant mutant, designated MOLT-4#8/CCRS3.

Virus. The M-tropic virus infectious clone pJR-FL was provided by Y. Koy-
anagi (unpublished data). The virus was recovered by the transfection of the
plasmid into COS-7 cells using Lipofectamine (Gibco BRL) according to the
manufacturer’s protocol. The cell culture supernatant was further transferred to
CCRS5-transduced MOLT-4#8 cells (MOLT-4#8/CCRS), and then virus was
recovered after 7 to 10 days of culture. Viral titers were determined using
MAGI/CCRS cells.

Isolation of the MIP-1a-resistant mutant from the R5 HIV JR-FL in vitro. For
the selection of MIP-1a-resistant virus, MOLT-4#8/CCRS5 cells were treated
with various concentrations of MIP-1a and then infected with JR-FL. After the
virus was passaged in MOLT-4#8/CCRS cells, MIP-1a was removed from the
virus-infected cells and then the virus was recovered from the cell culture super-
natant. The sensitivity of the virus resistant to MIP-la was determined using
MAGI/CCRS cells as previously described (35). Briefly, MAGI/CCRS cells (10%/
well) were seeded in 48-well flat-bottom plates (Iwaki, Chiba, Japan). The fol-
lowing day, the cells were incubated with various concentrations of C-C chemo-
kines for 1 h and then the virus which gave 200 blue cells/well was added.
Forty-eight hours after the virus exposure, cells were fixed and stained with
X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside). The blue cells in
each well were counted under a microscope. All experiments were done in
duplicate. JR-FL was also passaged in MOLT-4#8/CCRS cells in the absence of
MIP-1a for 3 months to exclude the effect of long-term culture.

DNA was also extracted from virus-infected cells using Instagene (Bio-Rad)
according to the manufacturer’s protocol and subjected to PCR using Taq poly-
merase. The amplified products were cloned into pCR2.1, and then the env
regions in both the passaged and selected virus were sequenced using an ABI
PRISM 377 automated DNA sequencer (Applied Biosystems).

Construction of mutant envelope expression vectors. For the construction of
mutant envelope expression vectors, we used pCXN2, which has a chicken
B-actin promoter. Briefly, the JR-FL env region was cloned by PCR and ligated
into pCR2.1, generating pCR2-FLenv wild type. The sequence of the amplified
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env region of JR-FL was confirmed using an ABI Prism 377 automated DNA
sequencer. The EcoRI fragment of pCR2-FLenv containing the entire env region
was ligated into pCXN2 to give pCXN-FLenv wild type. For the cloning of the
V2 region of env, an Ndel-Stul fragment cloned by PCR with a valine-to-methi-
onine substitution at codon 166 (V166M) was ligated into pCXN-FLenv, gener-
ating pCXN-FLenv V166M. For the cloning of the V3 region, a Bg/II-BglIl
fragment with a serine-to-glycine substitution at codon 303 (S303G) in the env
region cloned by PCR was ligated into pCXN-FLenv, generating pCXN-FLenv
S303G. A mutant envelope expression vector which contains both V166M and
S303G was also constructed in the same manner, generating pCXN-FLenv
V166M/S303G. The NL4-3 env region was also amplified and ligated into
pCXN2, generating pCXN-NLenv in the same manner as pCXN-FLenv.

Determination of the chemokine sensitivity and chemokine receptor usage of
each mutant clone by single-round replication assay. Recombinant luciferase
reporter virus stocks pseudotyped with various HIV-1 envelopes were generated
by cotransfection of 293T cells with 10 ug of HIV-INLLucABgl and 5 pg of
pCXN2 plasmids expressing envelope from NL4-3 or JR-FL using the calcium
phosphate method. At 3 days posttransfection, the cell culture supernatant was
filtered (0.22-pm pore size) and used as pseudotype virus. For the determination
of the sensitivities to chemokines, MAGI/CCRS5 cells (10%well) in 48-well plates
were first incubated with various concentrations of chemokines for 1 h at 37°C
and then infected with the above-named luciferase reporter viruses. Three days
after the infection, the cells were lysed with 100 pl of luciferase assay buffer
(Promega). Luciferase activity was measured by adding 50 wl of the luciferase
assay substrate (Promega) to 10 pl of lysate and reading the light activity in a
luminometer detector (Lumat LB 9501/16; EG&G Berthold, Bad Wildbad, Ger-
many). The light activity is reported in relative light units. The sensitivity of a
chemokine was determined from the 50% inhibitory concentration (ICs) of the
virus.

For the determination of chemokine receptor usage, CCR5- or CXCR4-
expressing NP-2/CD4 cells were infected with the above-named luciferase re-
porter viruses pseudotyped with envelope containing the intended mutations.
The luciferase activity of cell lysates was also measured 3 days after infection
under the conditions mentioned above.

RESULTS

Selection of an MIP-la-resistant virus from the M-tropic
virus JR-FL. For the isolation of the MIP-1a-resistant mutant
from RS HIV in vitro, CCRS-expressing MOLT-4#8 cells,
designated MOLT-4#8/CCRS5 cells, were established since this
cell line expressed both CXCR4 and CCRS5 and was sensitive
to both X4 and R5 HIV and accompanied by prominent syn-
cytia (data not shown). This cell line was, therefore, expected
to enable a possible shift in coreceptor usage from CCRS to
CXCR4. An RS HIV strain, JR-FL, which uses CCRS5 but not
CXCR4 as the coreceptor and is also known to be an M-tropic
HIV strain, was used for the selection of MIP-la-resistant
virus. For the determination of the sensitivity, the CCR5-ex-
pressing MAGI cell line, designated MAGI/CCRS, was estab-
lished since this cell line also expresses both CXCR4 and
CCRS and is sensitive to both X4 and RS HIV (data not
shown).

The cell culture supernatant of JR-FL-infected MOLT-4#8/
CCRS cells was first used for the selection of virus. The initial
concentration of yeast-derived recombinant MIP-1a (yLD78pB)
for the selection process was 10 ng/ml, which inhibits JR-FL
infection by 50% as determined by the MAGI/CCRS assay. For
the selection of an MIP-la-resistant mutant, MOLT-4#8/
CCRS cells were first treated with MIP-1o and then infected
with JR-FL. After observing the syncytium formation, virus
was recovered for the next infection with increasing amounts of
MIP-1a. JR-FL was also passaged in MOLT-4#8/CCRS cells
in the absence of MIP-1a to exclude the effect of long-term
culture. After 3 months of passage with increasing concentra-
tions of MIP-1a (up to 200 ng/ml), the virus was subjected to
an MAGI cell assay using MAGI/CCRS cells. After removing
the residual MIP-1a from the culture by passaging infected
cells for 3 days without MIP-1a, MAGI/CCRS cells were in-
fected with the supernatant from a selected culture after treat-
ment with various concentrations of MIP-1a and then the blue
cells were counted 2 days after infection (Fig. 1). The selected
virus displayed reduced sensitivity (fourfold) to MIP-1a (Fig.
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FIG. 1. Sensitivity of a selected mutant to C-C chemokines. MAGI/CCRS cells were treated with various concentrations of MIP-1a (a), MIP-1B (b), and RANTES
(c), followed by an inoculation of wild-type JR-FL (O0) and virus selected for 3 months in the presence of increasing concentrations of MIP-1a (). Blue cells were
counted 2 days after infection. The y axis represents the percentages of positive blue cells counted. The x axis represents the concentrations of each C-C chemokine.
All experiments were performed in duplicate. The data are expressed as means * standard deviations.

1la). The ICs, of the selected virus for MIP-1a was 45 ng/ml,
while that of wild-type JR-FL was 11 ng/ml. This resistant
mutant also displayed reduced sensitivity to MIP-1B (>4-fold)
and RANTES (6-fold) (Fig. 1b and c).

Sequence analysis of the envelope region of the resistant
mutant. To determine which region is responsible for the re-
duced sensitivity of this resistant mutant to C-C chemokines,
the V1-V2, V3, V4, C3, and C4 regions of the envelope were
sequenced after the cloning of the PCR product of each region

a V2 amino acid sequences

(Fig. 2) using DNAs from infected cells as templates. Ten to 22
clones from each PCR product were isolated and sequenced.
Analyses of the env sequences of the resistant isolate using
DNA from selected virus-infected cells revealed that the se-
lected virus had a valine-to-methionine substitution at codon
166 (V166M) in the second variable (V2) region of the enve-
lope (9 out of 10 clones) and also a serine-to-glycine substitu-
tion at codon 303 (S303G) in the third variable (V3) region
(Fig. 2) (22 out of 22 clones).

clones with sequence/

JR-FL CSFNITTSIRDEVQKEYALFYKLDVVPIDNNNTSYRLISC total tested
passaged 2 wks.  --—-————— - 9/9
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FIG. 2. V2 and V3 amino acid sequences from JR-FL-infected cells passaged and selected in MIP-1a for 3 months. Amplified products from infected MOLT-
4#8/CCRS cells passaged for 2 weeks and 3 months and selected by MIP-1a were cloned, and 8 to 22 clones from each sample were sequenced. The wild-type JR-FL
amino acid sequences of V2 and V3 are shown in the top line. Numbers on the right are the numbers of clones with the sequence over the total number of clones tested.
In each set of clones, the deduced amino acid sequences of the V2 (a) and V3 (b) regions were aligned by the single-amino-acid code. Dashes denote sequence identity.
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FIG. 3. Sensitivities of luciferase reporter HIV strains pseudotyped with mutant envelope to MIP-1a. MAGI/CCRS cells were infected with luciferase reporter HIVs
pseudotyped with the JR-FL envelope wild type (), an S303G mutant (#), a V166M mutant (@), an S303G/V166M mutant (A), and the NL4-3 envelope (m).
Luciferase (Luc) activity was measured 3 days after infection. The y axis represents the relative luciferase activity of each virus. All experiments were performed in

duplicate. The data are expressed as means * standard deviations.

Surprisingly, the virus passaged in MOLT-4#8/CCRS cells
for both 2 weeks and 3 months without MIP-1a showed the
substitution at codon 303 (S303G) (10 out of 11 clones) but not
the V166M substitution (none of 10 clones). This passaged
virus without MIP-1a showed almost the same sensitivity to
MIP-1a (data not shown), suggesting that the V3 region sub-
stitution in selected viruses was not due to a selective pressure
of MIP-1a but that it was probably due to an adaptation in
MOLT-4#8/CCRS cells. Other regions, including V1, V4, C3,
and C4, had no remarkable changes in the resistant mutant
envelope (data not shown).

Determination of the chemokine sensitivity of each mutant
clone by single-round replication assay. To confirm whether
V2 and V3 region mutations in the envelope were responsible
for the reduced sensitivity to MIP-1a, an envelope comple-
mentation assay was performed. First, the envelope expression
vectors with intended mutations were constructed using the
pCXN2 vector with the chicken B-actin promoter. Luciferase
reporter HIV stocks pseudotyped with HIV envelopes were
generated by cotransfecting 293T cells with HIV envelope ex-
pression vectors and a luciferase reporter HIV plasmid. Lucif-
erase-reporter viruses were recovered pseudotyped with wild-
type JR-FL, singly mutated with V166M in the V2 region,
singly mutated with S303G in the V3 region, and doubly mu-
tated with V166M and S303G. A luciferase reporter virus
pseudotyped with the NL4-3 envelope, which uses CXCR4 as
a coreceptor, was also recovered. As expected, the luciferase
reporter HIV strain pseudotyped with the NL4-3 envelope was
totally resistant to MIP-1a (Fig. 3). On the other hand, neither
the strain with a single mutation at codon 166 (V166M) nor
that with a single mutation at codon 303 (S303G) displayed a
reduced sensitivity to MIP-1a (Fig. 3). Only the strain with a
double mutation of both V166M and S303G (V166M/S303G)
displayed a reduced sensitivity to MIP-1a (fourfold) to a level
similar to that in the selected virus. This double mutant enve-
lope was also responsible for reduced sensitivities to both
MIP-1B and RANTES in the same assay (Table 1). The level
of resistance to MIP-1a was similar to that of a selected variant
(fivefold).

Determination of the chemokine receptor usage of each mu-
tant clone and cellular tropism. We used MOLT-4#8/CCRS5

and MAGI/CCRS5 cells for determination of sensitivity to C-C
chemokines and the selection of an MIP-la-resistant mutant,
respectively. If the resistant mutant has acquired the ability to
use another major coreceptor, CXCR4, which was expressed
on both cell lines, the selected variant would display resistance
to C-C chemokines because MIP-1a, MIP-1B, and RANTES
are not able to interact with CXCR4. To determine whether
these resistant mutants acquire the ability to use CXCR4, we
used a CD4-expressing glioma cell line, NP-2/CD4, since this
cell line does not allow replication of any HIV strain as de-
scribed previously (27). First, we established CCRS- or
CXCR4-expressing NP-2/CD4 cells, designated NP-2/CD4/
CCRS or NP-2/CD4/CXCR4 cells, respectively. The expres-
sion of each chemokine receptor in these cells was verified
using anti-CCRS and anti-CXCR4 monoclonal antibodies. NP-
2/CD4/CCRS cells expressed only CCRS on their surfaces,
while NP-2/CD4/CXCR4 expressed only CXCR4 (data not
shown). These cells were infected with luciferase reporter vi-
ruses pseudotyped with the wild-type or mutant JR-FL enve-
lope or NL4-3 envelope. Luciferase reporter HIV pseudotyped
with the wild-type JR-FL envelope was able to infect only
NP-2/CD4/CCRS cells, while HIV pseudotyped with the
NL4-3 envelope was able to infect only NP-2/CD4/CXCR4
cells, verifying the functional expression of the chemokine re-

TABLE 1. Sensitivities of luciferase reporter HIV strains
pseudotyped with mutant envelope to C-C chemokines

1Cs (ng/ml)* of:

Envelope
MIP-1a MIP-18 RANTES
JR-FL
Wild type 16 = 0.5 260 = 7.1 130 =9.2
S303G 14*+13 290 = 42 160 = 6.4
V166M 1312 220 = 7.1 110 = 0.7
V166M/S303G 69+ 1.4 >400 320 = 35
NLA4-3 >100 ND ND

“ All assays were performed in duplicate, and the mean ICsys (* standard
deviations) are shown. ND, not done.
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FIG. 4. Chemokine receptor usage of luciferase reporter HIVs pseudotyped with mutant envelope. CXCR4 (filled bar)- or CCRS (open bar)-expressing NP-2/CD4
cells were infected with luciferase reporter HIVs pseudotyped with the JR-FL envelope with the indicated mutations or the NL4-3 envelope. Luciferase activity was
measured 3 days after infection. The data are geometric means = standard deviations of duplicate determinations.

ceptors of each cell for HIV infection (Fig. 4). Luciferase
activity after the infection of pseudotyped viruses with mutant
JR-FL envelope clones, including S303G, V166M, and S303G/
V166M mutants, showed that none of the mutants changed
their chemokine receptor phenotype (Fig. 4). We also at-
tempted to infect MOLT-4#8, CEM, MT-2, and MT-4 cells,
which have only CXCR4 and not CCRS5 for the coreceptor of
HIV entry. The infection was determined from both p24 anti-
gen production in the cell culture supernatant and an indirect
immunofluorescence assay using an anti-p24 antigen monoclo-
nal antibody. The cell lines used were not infected with the
S303G/V166M mutant (data not shown), confirming that this
resistant mutant does not display acquisition of other corecep-
tor usage.

DISCUSSION

Our in vitro resistant mutant which had reduced sensitivity
to MIP-la showed amino acid substitutions in both V2
(V166M) and V3 (S303G). Importantly, the amino acid change
in V3 (S303G) also occurred in long-term culture without
MIP-1q, indicating that this substitution might be necessary for
the adaptation in MOLT-4#8/CCRS5 cells and not for resis-
tance. However, we confirmed that both mutations in V2 and
V3 are crucial for the reduced sensitivity to MIP-1a using
luciferase reporter HIV pseudotyped with molecularly cloned
mutant envelopes. Neither a single mutation in V2 nor a single
mutation in V3 displayed reduced sensitivity to C-C chemo-
kines, suggesting that a single amino acid change in the enve-
lope region is not sufficient to obtain mutants resistant to C-C
chemokines.

We expected that this variant would have the ability to use
CXCR4 as a coreceptor for HIV-1 entry. However, it is un-
likely that this resistant mutant uses CXCR4 and other che-
mokine receptors, including CCR2b, CCR3, CCRS8, GPR15
(BOB), STRL33 (Bonzo), V28 (CX;CR1), and Apj (reviewed
in reference 23), since the mutant was not able to replicate in
parental MOLT-4#8 cells. Our chemokine receptor usage ex-
periment with pseudotype HIV confirmed that the double mu-
tant clone (V166M/S303G), which displayed reduced sensitiv-
ity to MIP-1«, did not acquire the ability to use CXCR4.

Recent studies using chimeric chemokine receptors showed
that multiple sites of the extracellular domains were involved
in the interaction of HIV-1 but that the chemokine binding site

was limited to only the N-terminal domain of the receptor (2,
4,16, 34, 40, 43, 53). Thus, it is possible that the double mutant
interacts with another portion(s) of CCRS5. An SDF-1a-resis-
tant virus isolated from X4 virus by another group did not
switch coreceptors (45), also supporting our speculation. Al-
ternatively, the affinity of the resistant mutant envelope for
CCRS after CD4 binding may compete the binding of MIP-1a
to CCRS even if it uses the same portion of CCRS.

Previous studies have shown that the V3 configuration is
crucial to the cellular tropism of HIV-1 (7, 11, 15, 22, 25, 47,
48, 51, 52). Other studies have suggested, however, that the
V1/V2 configuration was also involved in cellular tropism. Sev-
eral amino acid changes in the V2 region were able to alter
cellular tropism (5, 21, 30, 31). We also observed that the
V1/V2 configuration was important to cellular tropism and
soluble CD4 sensitivity in combination with the V3 configura-
tion (37). Since the discovery of chemokine receptors for
HIV-1 entry, several studies have shown the importance of the
V3 region in the determination of coreceptor usage. More
recently, V1/V2 and other variable portions have been shown
to influence or alter the usage (24, 42). However, the mecha-
nism(s) by which the coreceptor usage changes is still poorly
understood. The present study showed that the V2 region
modulated sensitivity to C-C chemokines in combination with
the V3 region without affecting chemokine receptor usage.

Cocchi et al. (9) reported that the blockade of RS HIV-1 by
C-C chemokines was determined by the V3 region. Jansson et
al. (26) further showed that a serine-to-glycine substitution in
the V3 region, which was also found in our mutant (S303G in
our case), was associated with a loss of sensitivity to C-C
chemokines together with an additional amino acid substitu-
tion (glutamic acid to arginine) in the V3 region of some
HIV-1-infected individuals during disease progression. Previ-
ous studies showed that positively charged amino acid substi-
tutions in the V3 region were correlated with the syncytium-
inducing phenotype of HIV-1 isolates (11, 20). Our resistant
mutant, however, did not acquire positively charged amino
acid changes in V3 during the selection, suggesting that it
displays an intermediate preference for the chemokine recep-
tors CCRS and CXCR4. This serine-to-glycine substitution
might increase the replicative ability of HIV since it occurred
in passaged virus in MOLT-4#8/CCRS cells. Further, several
amino acid changes, especially of positively charged amino
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acids in the V3 region, might be necessary to change the
coreceptor usage. On the other hand, our chimeric envelope
experiments revealed that the sensitivity of HIV to C-C che-
mokines was dependent on the cooperative interaction of
CCRS with both V2 and V3. Previous studies have shown that
the V2 configuration is associated with disease progression in
combination with the V3 configuration (21, 46, 49, 55), sug-
gesting that this amino acid position in V2 has a role in the
evolution of HIV. It is also of note that some primary isolates
in the Los Alamos database (32) have methionine at position
166 in the V2 region although the sensitivities to C-C chemo-
kines of those isolates are not known. Thus, both the V2 and
V3 region may be associated with a loss of sensitivity to C-C
chemokines and a phenotype switch from CCRS to CXCR4
usage during the evolution of HIV and disease progression in
vivo.

Recently, the structure of the HIV gp120 cores crystallized
in a ternary complex with a two-domain fragment of CD4 and
the 17b Fab, which recognizes the gp120 epitope after soluble
CD4 binding, was solved (33, 54) and a conserved structure in
gp120 for CCRS binding was determined (41). The gp120 core
is composed of an inner domain, an outer domain, and a
“bridging sheet,” including a V1/V2 stem. The V1/V2 stem and
fourth conserved region make up the CD4-induced epitope.
CD4 binding to gp120 distorts the V1/V2 loop, and then re-
positioning of the bridging sheet allows for CCRS binding. The
mutations in the V1/V2 stem combined with V3 mutations
might affect the formation of the bridging sheet, allowing this
mutant to interact with CCRS differently after CD4 binding.
Alternatively, some residues in the V2 stem may also be di-
rectly involved in chemokine receptor interaction, as previ-
ously suggested (41, 54). It is also conceivable that this V2
mutation combined with the V3 mutation alters the binding
affinity of gp120 for CD4, resulting in conformational changes
in the bridging sheet.

Our resistant mutant did not alter cellular tropism (data not
shown) probably because of its low level of resistance. It is also
possible that another factor is necessary for the phenotype
switch from CCRS5 to CXCR4 usage. Further selection of mu-
tants resistant to C-C chemokines might elucidate the role of
C-C chemokines in the ability to switch chemokine receptors
and in cellular tropism during the course of HIV infection in
vivo.
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