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We tested chemokine receptor subset usage by diverse, well-characterized primary viruses isolated from
peripheral blood by monitoring viral replication with CCR1, CCR2b, CCR3, CCRS5, and CXCR4 US87MG.CD4
transformed cell lines and STRL33/BONZO/TYMSTR and GPR15/BOB HOS.CD4 transformed cell lines.
Primary viruses were isolated from 79 men with confirmed human immunodeficiency virus type 1 (HIV-1)
infection from the Chicago component of the Multicenter AIDS Cohort Study at interval time points. Thirty-
five additional well-characterized primary viruses representing HIV-1 group M subtypes A, B, C, D, and E and
group O and three primary simian immunodeficiency virus (SIV) isolates were also used for these studies. The
restricted use of the CCRS chemokine receptor for viral entry was associated with infection by a virus having
a non-syncytium-inducing phenotype and correlated with a reduced rate of disease progression and a pro-
longed disease-free interval. Conversely, broadening chemokine receptor usage from CCRS5 to both CCRS5 and
CXCR4 was associated with infection by a virus having a syncytium-inducing phenotype and correlated with
a faster rate of CD4 T-cell decline and progression of disease. We also observed a greater tendency for infection
with a virus having a syncytium-inducing phenotype in men heterozygous for the defective CCR5 A32 allele
(25%) than in those men homozygous for the wild-type CCRS5 allele (6%) (P = 0.03). The propensity for
infection with a virus having a syncytium-inducing phenotype provides a partial explanation for the rapid
disease progression among some men heterozygous for the defective CCR5 A32 allele. Furthermore, we did not
identify any primary viruses that used CCR3 as an entry cofactor, despite this CC chemokine receptor being
expressed on the cell surface at a level commensurate with or higher than that observed for primary peripheral
blood mononuclear cells. Whereas isolates of primary viruses of SIV also used STRL33/BONZO/TYMSTR and
GPR15/BOB, no primary isolates of HIV-1 used these particular chemokine receptor-like orphan molecules as
entry cofactors, suggesting a limited contribution of these other chemokine receptors to viral evolution. Thus,
despite the number of chemokine receptors implicated in viral entry, CCR5 and CXCR4 are likely to be the
physiologically relevant chemokine receptors used as entry cofactors in vivo by diverse strains of primary

viruses isolated from blood.

Primate immunodeficiency viruses enter target cells by fu-
sion at the cell surface membrane. Viral entry requires a spe-
cific interaction among the viral envelope glycoprotein, the
CD4 cell surface molecule, and members of the seven-span
transmembrane chemokine receptor family as entry cofactors
(1,9, 12, 15, 16,20-23, 29, 37, 42). Coreceptor activity has been
observed with the CC chemokine receptors CCR2b, CCR3,
CCRS5, CCRS, and US28; the CXC chemokine receptor
CXCR4; and the chemokine receptor-like orphan molecules
STRL33 or BONZO or TYMSTR, GPR15 or BOB, and V28
(1, 9, 10, 16-18, 20-23, 36, 42). Nonetheless, among the dif-
ferent chemokine receptors used as entry cofactors, CXCR4
and CCRS are the major ones utilized by both primary and
laboratory strains of human immunodeficiency virus type 1
(HIV-1) (1, 5, 10, 14, 16, 21, 45, 46, 48, 50).

Viruses that differ in their phenotypic properties use differ-
ent subsets of chemokine receptors as entry cofactors. Our
knowledge of chemokine receptor usage stems mostly from
HIV-1 isolates that have been extensively propagated in vitro
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and from recombinant envelope proteins derived from these in
vitro viral cultures (1, 10, 16, 21, 22). It is only recently that the
chemokine receptor usage by the primary HIV-1 isolates has
been extensively studied, albeit with a limited number of vi-
ruses (5, 14, 45, 46, 48). It was found that viral isolates obtained
during the asymptomatic stages generally used only CCRS as a
coreceptor and were inhibited by RANTES, MIP-1a, and
MIP-1B but not SDF-1 (46). In contrast, viral isolates obtained
during the later stages of infection have expanded their core-
ceptor usage primarily from CCRS to CXCR4, although a
small number of isolates has also acquired the ability to use
CCR3 (5, 46). A majority of the isolates, however, still retain
their CCRS5 usage after acquiring new coreceptor usage (5,
44-46, 48). This finding supports the notion that the adaptation
of HIV-1 to use CXCR4 or other chemokine receptors during
phenotypic evolution may not necessarily be at the expense of
CCRS usage.

Here we tested the chemokine receptor usage of 137 diverse,
well-characterized primary virus isolates by monitoring viral
replication in US7MG.CD4 transformed cell lines expressing
CCR1, CCR2b, CCR3, CCRS5, and CXCR4 and HOS.CD4
transformed cell lines expressing STRL33/BONZO/TYMSTR
and GPR15/BOB. These 137 primary viruses were isolated
from 79 men with incident HIV-1 infection enrolled in the
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Chicago component of the Multicenter AIDS Cohort Study
(MACS) on the basis of a demonstrated time of primary in-
fection and the availability of viably frozen peripheral blood
mononuclear cells (PBMC) obtained within 3 months after
infection. Fifty-eight of these 79 men also had PBMC samples
available from a subsequent time point. All the men had clin-
ical examinations, CD4 T-cell counts, and plasma viral burden
measurements performed during approximately 6-month-in-
terval study visits, and all had defined CCR5 wild-type and
defective CCR5 A32 alleles (28). We isolated virus from ap-
proximately 5 X 10° cryopreserved PBMC from the patients by
cocultivation with 5 X 10° phytohemagglutinin-stimulated nor-
mal donor PBMC, as previously described (6, 27). Culture
supernatants were monitored for p24 production on days 4, 7,
and 14 by using a commercial enzyme immunoassay (Abbott
Laboratories, Abbott Park, Ill.). A culture was considered pos-
itive if the p24 value was above a cutoff of 30 pg/ml. We titrated
viruses in PBMC to determine the 50% tissue culture infec-
tious dose (TCIDs,). We also obtained nucleotide sequences
of the C2-V3 region of env from these 79 men to assess the
genetic identity of the isolated virus. Phylogenetic analyses of
these viral sequences revealed distinct lineages for each subject
without clustering, indicating the lack of epidemiological link-
age and the absence of contamination by prototypic laborato-
ry-adapted virus strains (data not shown).

We determined the phenotypes of the 137 isolated primary
viruses by their abilities to induce syncytia in the MT-2 trans-
formed T-cell line, as previously described (13). Among the 79
isolated viruses obtained near the time of primary infection, 71
(89.9%) had a non-syncytium-inducing (NSI) phenotype while
only 8 (10.1%) had a syncytium-inducing (SI) phenotype, sug-
gesting that viruses with an NSI phenotype predominate at this
time. The proportion of viruses with an SI phenotype is some-
what higher than that in the earlier findings of others (30, 31,
35, 38). This increase in the proportion of viruses with an SI
phenotype may reflect the increase in viral pathogenicity and
transmissibility over the course of the epidemic. The predom-
inance of a viral population with an NSI phenotype during
primary infection supports the hypothesis of selective viral
transmission of amplification (11, 35, 51, 52). While this hy-
pothesis does not exclude the transmission of viruses with an SI
phenotype, transmission of such viruses is likely to be much
less efficient. We find support for this conclusion in the obser-
vation that individuals homozygous for the defective CCRS
A32 allele can be infected by viruses with an SI phenotype;
presumably, viral entry here is mediated through CXCR4 co-
factor usage (39, 41, 49). Furthermore, a hybrid construct be-
tween simian and human immunodeficiency viruses with exclu-
sive CXCR4 usage in vitro penetrates the genitourinary
mucosal barrier and establishes persistent infection in the rhe-
sus macaque model (9a). Thus, the selection pressure exerted
during the course of transmission is a likely consequence of
both the availability and the level of the CCRS and/or CXCR4
chemokine receptor expressed on the target cells as well as the
phenotypic composition of the infecting virus.

We performed univariant analysis of virologic parameters
associated with disease progression by breaking down the co-
hort according to the NSI and SI viral phenotypes within 3
months of primary infection. AIDS-free survival was deter-
mined by Kaplan-Meier analysis, and the level of significance
was set at a P value of <0.05. We observed faster progression
to AIDS for the eight men who were initially infected with a
virus having an SI phenotype than for the others, who were not
(Fig. 1). We observed a switch in the phenotype of the isolated
virus from NSI to SI for 5 of the 71 men initially infected with
an NSI variant. A faster rate of CD4 T-cell loss over time was
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FIG. 1. Kaplan-Meier plot of time to development of AIDS for all 79 men
whose initial blood samples were obtained within 3 months of primary HIV-1
infection. These men are divided into two groups according to the phenotype of
the virus. The thick line represents men infected with viruses having SI pheno-
types, whereas the thin line represents men infected with viruses having NSI
phenotypes. The comparison of these two lines indicates a significant difference
in disease progression between the two groups (P < 0.05).

also observed for these 5 men than for the other 66 men, whose
isolated primary viruses maintained an NSI phenotype (data
not shown). We also observed a greater tendency for infection
with a virus with an SI phenotype in those men heterozygous
for the defective CCR5 A32 allele (25%) than in those men
homozygous for the wild-type CCRS allele (6%) (P = 0.03).
Because the number of viruses with an SI phenotype is rela-
tively small, this finding should not be overinterpreted. None-
theless, by using a population-based study of men with incident
infection we found that rapid disease progression is associated
with viruses with the SI phenotype, regardless of whether the
men were homozygous for the wild-type CCRS allele or het-
erozygous for the defective CCR5 A32 allele. This finding may
provide some explanations for the bimodal distribution in dis-
ease progression among men heterozygous for the defective
CCR5 A32 allele observed in our previous study (28). We
previously found that a lower proportion of these men were
AIDS free at 4 to 6 years after primary infection, but a higher
proportion were AIDS free at year 10 relative to the men who
were homozygous for the wild-type CCRS allele (28). Here we
confirmed that the lower proportion of men heterozygous for
the CCR5 A32 allele who were AIDS-free at 4 to 6 years after
primary infection was the result of infection with a virus having
an SI phenotype.

We tested the 137 isolated primary viruses and 35 additional
primary viruses representing HIV-1 group M subtypes A, B, C,
D, and E and group O and three primary simian immunode-
ficiency virus (SIV) isolates for different subsets of chemokine
receptors used as entry cofactors. A number of these last viral
isolates were obtained from the World Health Organization
Network for HIV-1 Isolation and Characterization and from
the National Institute of Allergy and Infectious Diseases net-
work for characterizing antigenic variation (24, 25, 32, 33, 40).
Twenty-eight of the 35 viruses had an NSI phenotype, and 7
had an SI phenotype. SIVmac251 and SIVmac239 were pro-
vided by R. C. Desrosiers of the New England Regional Pri-
mate Research Center (Southborough, Mass.) and expanded
in PBMC obtained from uninfected rhesus macaques. We
propagated SIVsmLib1, an isolate originally derived from a pet
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TABLE 1. Viral phenotype and coreceptor usage”
: Co-receptor usage®
Virus No. of viruses Viral phenotype P &
(no.) CCR1 CCR2b CCR3 CCR5 CXCR4 BOB BONZO
HIV-1 (MACS) 137 NSI (123) 0 0 0 123 0 0 0
SI (14) 0 0 0 14 14 0 0
HIV-1 (groups M and O) 35° NSI (28) 0 0 0 28 0 0 0
SI (7) 0 0 0 7 7 0 0
SIVsmLibl - - + - + +
SIVmac239 - - - + — + —
SIVmac251 - - - + - + -

¢ Correlation between phenotype of isolated primary viruses and CC and CXC chemokine receptors or chemokine receptor-like orphan molecules used for virus

entry.

® Distribution was as follows. Group M subtypes: A, 2; B, 6; C, 19; D, 3; E, 3. Group O, 2.
¢ Number using each coreceptor. For SIV: —, not used; +, used. BOB, GPR15/BOB; BONZO, STRL33/BONZO/TYMSTR.

West African sooty mangabey (7), in CEMx174 cells. The viral
titer was quantified by limiting-dilution analysis in CEMx174
cells with a commercially available SIV p27 immunoassay (Cel-
lular Products, Buffalo, N.Y.).

We tested chemokine receptor subset usage by these diverse,
well-characterized primary viruses by monitoring viral replica-
tion in CCR1, CCR2b, CCR3, CCRS5, and CXCR4 U87MG.
CD4 transformed cell lines, and STRL33/BONZO/TYMSTR
and GPR15/BOB HOS.CD#4 transformed cell lines (provided
by D. Littman, Skirball Institute for Molecular Medicine, New
York, N.Y.). We assessed chemokine receptor usage by inoc-
ulating 100 TCIDs, of each isolated primary HIV-1 onto 10*
U87MG.CD4 cells expressing CCR1, CCR2b, CCR3, CCRS,
or CXCR4, as well as HOS.CD4 cells expressing STRL33/
BONZO/TYMSTR or GPR15/BOB. After 4 h, unbound virus
was removed by three exchanges of culture medium (Dulbec-
co’s minimal essential medium supplemented with 10% fetal
calf serum, glutamine, antibiotics, and 1 pg of puromycin [Sig-
ma Chemicals, St. Louis, Mo.] per ml). The culture superna-
tant was monitored for HIV-1 p24 antigen production on days
3 and 7 after infection by using a commercial enzyme immu-
noassay (Abbott Laboratories). A culture was considered pos-
itive if the p24 antigen concentration was above 30 pg/ml 7 days
after inoculation.

Whereas all isolates of primary HIV-1 used CCRS and/or
CXCR4 for viral entry, we found no viruses that used CCR1,
CCR2b, CCR3, STRL33/BONZO/TYMSTR, or GPR15/BOB
(Table 1). The restricted use of CCR5 and CXCR4 was ob-
served regardless of whether the virus represented the genet-
ically divergent viral strains within the M group or the even
more divergent set of viruses within the O group. In contrast,
the isolate of SIVsmLib1 used both STRL33/BONZO/TYMSTR
and GPR15/BOB, while STVmac239 and SIVmac251 prefer-
entially used GPR15/BOB, as entry cofactors in addition to
CCRS. Conservation of CCRS binding across the genetically
divergent viral strains within the HIV-1 M and O groups sug-
gests that conserved amino acid residues within the CCRS
binding site and/or the viral envelope structure contribute to
the multipoint binding site for gp120 on the chemokine recep-
tor. Amino acid sequence alignments of CCRS derived from
people of diverse genetic backgrounds show that this chemo-
kine receptor is highly conserved (2, 50). Similarly, despite the
high frequency of amino acid polymorphism for CCRS alleles
derived from nonhuman primates, including apes, Old World
monkeys, New World monkeys, and selected prosimians, we
observed amino acid conservation within specific regions, es-
pecially within the chemokine receptor ectodomain (4, 9, 34,
43, 50). All of these characterized nonhuman primate CCR5

alleles permit primate immunodeficiency virus fusion and entry
(34, 35a, 43) and thus likely permit the cross-species transmis-
sion of primate immunodeficiency virus (8, 47).

We also found that all isolates of viruses with an NSI phe-
notype used CCRS as an entry cofactor and all isolates of
viruses with an SI phenotype used CCRS and CXCR4. No
isolates of primary viruses used CXCR4 exclusively. Viruses
that showed an NSI-to-SI phenotypic switch between a time 3
months after primary infection and a subsequent time point
were associated with a broadening of chemokine receptor us-
age, evolving from the exclusive use of CCRS to use of both
CCRS and CXCR4 as entry cofactors (Table 1). Broadening
coreceptor usage from CCRS to both CCRS5 and CXCR4 was
associated with a faster rate of disease progression, which is
consistent with other studies. Broadening of virus tropism dur-
ing the progression of disease was not an invariable finding,
however. The relatively limited numbers of primary isolates of
HIV-1 tested here, especially of the SI phenotype, preclude
any possible correlation between CCR3 usage and the partic-
ular viral phenotype. Thus, for HIV-1 the viral phenotypic
properties correlate perfectly with the specific subset of che-
mokine receptor used for viral entry (Table 1).

We were unable to identify any primary viruses that used
CCR3 as an entry cofactor. Our observations are in contrast to
those of others, who found that several Env proteins, including
ADA, JR-FL, HXB2, and 89.6, used CCR3 for virus entry (3,
5, 46). The discrepancy likely represents differences in the
transformed cell lines tested and the cell surface expression
levels of CCR3. Given these discrepant results, we analyzed
the levels of cell surface expression of CCR3, CCRS, and
CXCR4 by flow cytometry analysis of stained cells with the
7B11, 2D7, and 12G5 CC- and CXC-chemokine-specific phy-
coerythrin (PE)-conjugated monoclonal antibodies (National
Institute of Allergy and Infectious Diseases AIDS Research
Reagents Repository Program), respectively (Fig. 2). We
found by measuring relative fluorescence intensity that CCR3,
CCRS, and CXCR4 all were expressed at the cell surface at
comparable levels (58, 33, and 60%, respectively) commensu-
rate with or higher than what we observed for cells derived
from men who are homozygous for the wild-type CCRS allele
(Fig. 2). Thus, it is likely that observed differences in chemo-
kine receptor usage for virus entry by isolates of primary vi-
ruses or laboratory-adapted strains represent heterogeneity of
expression levels and a potential threshold level of chemokine
cell surface expression.

Our results demonstrate that the expression of CD4 in com-
bination with either CCRS5 or CXCR4 is necessary and suffi-
cient for primary HIV-1 entry. Only primary isolates of SIV
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FIG. 2. Flow cytometric analysis for CCR3, CCRS, and CXCR4 in U§7MG.CD#4 transformed cell lines (left) and phytohemagglutinin-stimulated PBMC (right). The
cells were labeled with an anti-CCR3 (7B11), anti-CCRS5 (2D7), or anti-CXCR4 (12G5) PE-conjugated antibody or a PE-conjugated isotypic control antibody (mouse
immunoglobulin G 2a [IgG2a]). Each histogram is representative of at least two separate experiments.

used the STRL33/BONZO/TYMSTR and GPR15/BOB che-
mokine receptor-like orphan molecules as entry cofactors. De-
spite the diversity of viruses isolated at primary infection and at
a later time in the course of disease, the use of other members
of the chemokine receptor family of seven-span transmem-
brane G protein-coupled receptors does not appear to influ-
ence viral pathogenesis. It should be noted that the viruses
used in our work were isolated from peripheral blood; those
compartmentalized in privileged anatomic and immunologic
sites may use other chemokine receptors for viral entry. The
ability of those sequestered viruses to use alternative chemo-

kine receptors may underlie the ability of viruses with specific
tropism to infect specific target cells, as demonstrated by the
use of CCR3 by neurotropic isolates (26). While broadening of
chemokine receptor usage may enable the pathogen to exploit
a new ecological niche within the host, data from HIV-1-
infected individuals with advanced disease do not support this
contention (19, 44, 45, 48). Isolates of primary viruses obtained
from HIV-1-infected individuals with advanced disease pre-
dominantly use CCR5 and/or CXCRA4, although a small num-
ber of isolates can also use CCR3 (5, 14, 46). Here, no primary
viruses that we isolated used CCR3 for virus entry when ex-
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pressed at physiologically comparable levels. Thus, it is un-
likely that HIV-1 genetic variants, which evolve during the
development of disease to use alternative chemokine recep-
tors, are responsible for the ultimate devastation of the im-
mune system. Rather, broadening of chemokine receptor us-
age is more likely attributable to target cell availability and the
threshold level of chemokine cell surface expression, especially
in regard to the stoichiometry of the CD4 and chemokine cell
surface molecules required for a proficient cell fusion complex.
Thus, these results and the results of others strongly suggest
that CCRS and CXCR4 are the physiologically most relevant
chemokine receptors used for virus entry by diverse strains of
primary viruses isolated from peripheral blood.
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