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Coreceptor usage by Envs from diverse primary human immunodeficiency virus type 1 isolates was analyzed
by a vaccinia virus-based expression and assay system. Usage of recombinant CCR5 and CXCR4 correlated
closely with fusogenicity toward macrophages and T-cell lines expressing endogenous coreceptors. Surpris-
ingly, recombinant CCR3 was utilized by most primary and T-cell-line-adapted Envs. Endogenous CXCR4 in

macrophages was functional as a coreceptor.

Specific chemokine receptors are now recognized as the
elusive coreceptors mediating the membrane fusion events un-
derlying human immunodeficiency virus type 1 (HIV-1) entry
into CD4" target cells (reviewed in reference 5). The first
coreceptor, identified by a functional cDNA cloning strategy,
was designated fusin to denote its fusion coreceptor activity
(24); it was subsequently renamed CXCR4 when it was dem-
onstrated to be a receptor for the CXC chemokine stromal
cell-derived factor 1 (7, 40). The molecule was shown to func-
tion preferentially for T-cell-line (TCL)-adapted HIV-1 strains
(24). This discovery, coupled with an earlier report that the CC
chemokines RANTES, MIP-1a, and MIP-1f3 suppress infec-
tion by prototypic macrophage-tropic (M-tropic) HIV-1 iso-
lates (13), led several groups to independently identify a CC
chemokine receptor, CCRS, as the major coreceptor for such
strains (4, 12, 18, 20, 21). Coreceptor activity has also been
observed with other CC chemokine receptors, including CCR3
and CCR2b (12, 20) and CCRS (4a, 44), as well as with three
chemokine receptor-like orphan proteins, one designated
STRL33 (33) or BONZO (17) a second designated BOB (17)
or GPR15 (23, 30), and a third designated V28 (44). The
specificities of different Envs for this array of coreceptors,
coupled with the patterns of endogenous coreceptor expres-
sion on various CD4™" target cell types, are major determinants
mediating the cytotropisms of different HIV-1 strains.

In the present study we examined molecularly cloned Envs
from a panel of primary HIV-1 isolates representing diverse
phenotypes and genetic subtypes (clades) (26). These isolates
were collected at epicenters of the global AIDS pandemic by
the World Health Organization and National Institute of Al-
lergy and Infectious Diseases Networks for HIV Isolation and
Characterization, with the goal of generating a panel of natu-
rally occurring primary strains to facilitate structure and func-
tion studies and vaccine development. Our findings reveal
some unexpected activity patterns with recombinant and en-
dogenous coreceptors and highlight the importance of defining
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the variables that contribute to the contrasting results obtained
with different experimental systems.

Identification of functional Envs. The primary env genes
(26) were obtained from the National Institutes of Health
AIDS Research and Reference Reagent Program (Rockville,
Md.), except for clone 92UG037, which was kindly provided by
B. Hahn (University of Alabama, Birmingham). Each was
cloned into plasmid pCRII, which contains the bacteriophage
T7 promoter. For Envs from prototypic strains, we used the
following plasmids derived from pSC59, which contains a syn-
thetic early-late vaccinia virus promoter (1la): pCB-41 (8),
TCL-adapted LAV Env; pCB-43 (8), M-tropic Ba-L Env;
pGA13-89.6 (2a), dual-tropic primary 89.6 Env; and pCB-16
(8), nonfusogenic uncleavable (Unc) Env (8). To prepare ef-
fector cells, HeLa cell monolayers were transfected with Env-
containing plasmids with DOTAP (Boehringer Mannheim, In-
dianapolis, Ind.) and then trypsinized and infected in
suspension with vP11T7genel, which contains the bacterio-
phage T7 RNA polymerase gene linked to a natural late vac-
cinia virus promoter (1). To assess fusogenic activities, we used
a quantitative cell fusion assay as previously described (39),
with target cells infected with vCB-21R containing the lacZ
gene linked to the T7 promoter (3).

Peripheral blood mononuclear cells (PBMCs) were chosen
as targets to identify functional Envs. Of the 31 primary Envs
examined, 19 displayed detectable fusion with PBMCs (as well
as with the PM1 cell line [data not shown]). Table 1 shows the
active Envs, all of which routinely gave values at least threefold
over the activity observed with the nonfusogenic Unc Env;
their reported non-syncytium-inducing (NSI) versus syncyti-
um-inducing (SI) phenotypes (26) are also indicated. To facil-
itate comparisons of activities against PBMCs in different ex-
periments, the fusion activity observed with the prototypic
LAV Env in each experiment was assigned a value of 100%
and the activities of the other Envs were expressed as relative
values. The 19 functional primary Envs showed wide variations
in relative fusogenic strengths with PBMC targets. Our results
are in general agreement with and expand upon a previous
study in which the activities of many of these Envs were scored
by infectivity assays with pseudotyped virions containing the
chloramphenicol acetyltransferase reporter gene (26); we iden-
tified five additional fusogenic Envs not analyzed in the previ-
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TABLE 1. Fusogenic activities of each Env with cells expressing endogenous coreceptors

J. VIROL.

Relative Env-mediated fusion against cells expressing

Clade” Isolate MT-2 assay endogenous coreceptors (%)"
(World Health Organization)” phenotype®<
PBMCs Macrophages? Jurkat
Prototypic
B LAV SI 100 14 100
B Ba-L NSI 72 100 0
B 89.6 SI 99 287 274
Primary
A 92UG037.8 NA 2 17 0
B 91US005.11 NSI 74 319 10
92US711.14 NSI 5 3 0
91US712.4 SI 2 25 0
92US8715.6 NSI 98 205 2
92US8716.6 NSI 54 152 2
92HT593.1 NSI 160 104 71
92THO014.12 NSI 94 109 2
92BR020.4 NSI 100 74 1
C 93MW965.26 NSI 98 88 1
92BR025.9 NSI 41 91 1
D 92UG021.16 SI 74 30 74
92UG024.2 SI 171 104 123
93ZR001.3 NA 107 109 78
E 93TH966.8 NSI 19 6 0
92TH022.4 NSI 95 107 6
93BR029.2 NA 25 51 0
G 92UGY975.10 NSI 22 29 2
F/B 93BR019.10 NA 58 273 6

“ LAV Env fusion with PBMCs and Jurkat cells was arbitrarily set at 100%, as was Ba-L Env fusion with macrophages. The fusion exhibited by each Env against a

particular cell type was scored relative to these standards.
® From reference 26.
< SI, syncytium-inducing; NSI, non-syncytium-inducing; NA, not available.

4 Env effector cells (10°) were mixed with 10° macrophages expressing vaccinia virus-encoded CD4.

ous report (92US711.14, 92US716.6, 93ZR001.3, 92TH022.4,
and 93BR019.10).

CCRS5, CXCR4, and CCR3 usage by primary Envs. The
vaccinia virus system was used to coexpress CD4 and corecep-
tors on target cells. NIH 3T3 cell monolayers were transfected
(with DOTAP) with pSC59-based plasmids containing the che-
mokine receptor sequences as follows. For CXCR4, pYF1-
fusin (24) was used; for CCRS5, pGA9-CKRS (4) was used; and
for CCR3, a previously described plasmid (2), herein desig-
nated pGA12-CCR3, was used. The cells were then trypsinized
and coinfected in suspension with vCB-3 encoding CD4 (9)
and vCB-21R. The flow cytometry analysis shown in Fig. 1
indicates that CCRS, CXCR4, and CCR3 all were expressed at
the cell surface. The effectiveness of this experimental system
for coreceptor expression is critical for the analyses presented
below.

The Envs that displayed fusogenic activity against PBMCs
were analyzed for their ability to use specific recombinant
chemokine receptors (Fig. 2). Each Env was analyzed for its
relative activity with the target cells expressing the indicated
recombinant coreceptor. By this type of comparison, the core-
ceptor preference of each Env could be assessed without com-
plications introduced by the wide variations in the intrinsic
fusogenicities of the different Envs discussed above (note the

different maximal values on the y axes for each Env shown in
Fig. 2). When activities with CCR5 were compared to those
with CXCR4, Envs from the prototypic strains showed prefer-
ences consistent with previous reports (4, 12, 18, 20, 21, 24).
The TCL-adapted LAV Env efficiently used CXCR4 but not
CCRS, the M-tropic Ba-L Env used CCRS5 but not CXCR4,
and the 89.6 Env used each coreceptor with comparable effi-
ciency. The Envs from the primary strains all used CCRS, and
most of them used it relatively efficiently. Six primary Envs also
showed some activity with CXCR4; four used CXCR4 as well
as or better than CCRS (92HT593.1, 92UG021.16, 92UG024.2,
and 93ZR001.3), whereas two used CXCR4 relatively weakly
compared to CCR5 (91US005.11 and 92THO014.12). Our re-
sults with the vaccinia virus-based cell fusion assay are in
agreement with recently published studies with an infectivity
assay with pseudotyped virions containing the luciferase re-
porter gene (6, 17); similar patterns of CCRS versus CXCR4
preference were found for the 12 primary Envs tested by both
assay systems. Although in the present study we did not ob-
serve primary Envs with exclusive usage of CXCR4 compared
to CCRS, even for isolates previously reported to have this
restrictive profile, our finding of Envs with preferential usage
of CXCR4 over CCRS is consistent with other reports (6, 16,
44, 46, 49).
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FIG. 1. Surface expression of coreceptors. NIH 3T3 cells were transfected
with pSC59-based plasmids containing a synthetic vaccinia virus promoter linked
to the indicated coreceptor genes and coinfected with vCB-3 (CD4) and
vCB21R-LacZ; control cells were transfected with the empty pSC59 plasmid and
infected identically. Following overnight incubation to allow expression of vac-
cinia virus-encoded proteins, the cells were stained with the corresponding an-
tibodies as follows: for CCRS5, rabbit polyclonal antisera against a synthetic
peptide representing the CCRS5 extracellular N terminus (1:50 dilution) (4); for
CXCR4, the 12G5 monoclonal antibody (23 wg/ml) (22), donated by J. Hoxie,
University of Pennsylvania; and for CCR3, the 7B11 monoclonal antibody (20
wg/ml) (29), donated by C. Mackay, Leukosite. Detection was achieved with the
following secondary antibodies (10 wg/ml; Boehringer Mannheim): for CCRS,
fluorescein isothiocyanate-conjugated goat anti-rabbit immunoglobulin G; and
for CXCR4 and CCR3, fluorescein isothiocyanate-conjugated goat anti-mouse
immunoglobulin G. The cells were washed, treated with 1 ug of ethidium bro-
mide homodimer per ml, fixed with 0.1 ml of 4% paraformaldehyde, and ana-
lyzed with a FACSCAN flow cytometer (Becton Dickinson, Menlo Park, Calif.).
Analyses of forward and side scatter as well as ethidium bromide homodimer
fluorescence indicated nearly homogeneous populations of viable cells. Shaded
profiles indicate coreceptor-expressing cells; unshaded profiles indicate control
cells transfected with the empty pSC59 plasmid. The mean fluorescence inten-
sities with coreceptor-expressing versus control cells were as follows: CCRS5, 92
versus 21; CXCR4, 167 versus 4; and CCR3, 57 versus 9. In separate experi-
ments, similar distinctions were seen when coreceptor-expressing cells were
stained with either an anticoreceptor monoclonal antibody or an isotype-
matched control monoclonal antibody (data not shown).

In contrast with these concordant results for CCRS and
CXCR4 usage, our findings with CCR3 show major differences
from studies by other groups. We observed efficient CCR3
usage by most primary Envs (exceptions are 92US711.14 and
93TH966.8) as well as by the TCL-adapted LAV Env (Fig. 2)
(and the ITIB Env but not the RF Env [2]). These positive
results differ markedly from published findings on assays of
HIV infectivity or cell fusion. While CCR3 has been reported
to function for some M-tropic isolates and the dual-tropic 89.6
isolate (12, 16, 18, 20, 28), activity was not found for any of the
TCL-adapted strains examined, including IIIB and NLA4-3
(which contains the LAV Env), and was observed only infre-
quently for primary NSI or SI isolates (6, 12, 16, 18-21, 28, 49).
We believe that the major basis for these discrepancies lies in
the varied effectiveness of coreceptor expression by different
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experimental methods. Particular difficulties have been en-
countered in attempts to express CCR3 (but not CCRS or
CXCR4) from nuclear promoters (12, 37a, 41). In the pub-
lished experiments showing infrequent CCR3 usage with nu-
clear expression systems, surface levels of this coreceptor ei-
ther were not measured (6, 16, 18-21, 49) or were found at only
barely detectable levels (12). With the vaccinia virus system,
which drives transient gene expression from promoters in the
cytoplasm, we have clearly demonstrated CCR3 surface ex-
pression (Fig. 1). We also observed that when the vaccinia
virus inhibitor cytosine arabinoside (AraC) was used to greatly
reduce surface CCR3 expression, LAV Env-mediated fusion
was still detected, albeit at a reduced level; thus, the coreceptor
activity of CCR3 is revealed by the vaccinia virus system, even
under suboptimal expression conditions. Our interpretation
that the restrictive use of recombinant CCR3 previously re-
ported by many groups is due to inadequate expression of this
coreceptor is supported by a recent study describing experi-
mental variables that influence CCR3 expression from a nu-
clear promoter. Under conditions in which surface CCR3 was
elevated to significant levels, cell fusion was revealed with
many Envs, including that from the TCL-adapted IIIB (but not
RF) strain (44).

Correlation between coreceptor usage profiles and fusion
specificities for natural target cells: evidence for functional
CXCR4 on macrophages. We next tested the ability of Envs
from the primary isolates to mediate fusion with natural hu-
man target cell types known to be differentially capable of
supporting infection by different classes of HIV-1 isolates. Ef-
fector cells expressing the indicated vaccinia virus-encoded
Envs (and T7 RNA polymerase) were mixed with either pri-
mary macrophages or the Jurkat TCL (containing the lacZ
gene). Macrophages were prepared by countercurrent centrif-
ugation, elutriation of PBMCs, and differentiation of the
monocyte fraction for 20 days in bacteriological plates in the
absence of exogenous cytokines according to a previously de-
scribed method (32); we have previously verified the macro-
phage phenotypic markers and homogeneity of these cells (10).
In Table 1, the data for each cell type were normalized: a value
of 100% was assigned to the B-galactosidase activity obtained
with Ba-L Env in macrophages or LAV Env in Jurkat cells.
Nearly all of the primary Envs displayed some capacity to
mediate fusion with macrophages; only 2 of 19 gave <10% of
the activity observed with the prototypic M-tropic Ba-L Env
(92US711.14 and 93TH966.8; note that these Envs were inher-
ently weak as judged by their low fusogenic activities against
PBMC targets). By contrast, a minority of the primary Envs
showed significant activity with Jurkat cells; only 4 of 19 gave
>10% of the activity observed with the prototypic TCL-
adapted LAV Env (92HT593.1, 92UG021.6, 92UG024.2, and
93ZR001.3). The four primary Envs that mediated fusion with
Jurkat cells and efficiently used CXCR4 (but not the other
Envs) contained basic amino acid residues at positions 11 and
25 or 27 of the V3 loop (26); such basic residues in V3 have
previously been associated with TCL tropism (see citations in
reference 5).

For each Env, the fusion activities shown in Fig. 2 were used
to compute the CCR5-to-CXCR4 activity ratios; the relative
fusion activities in Table 1 were used to derive the macro-
phage-to-Jurkat-cell activity ratios. The data shown in Fig. 3A
reveal a close relationship between the coreceptor usage of
each primary Env and its ability to mediate fusion with natural
target cells. Most (15 of the 19) primary Envs strongly pre-
ferred CCRS5 to CXCR4 and gave high relative activities with
macrophages compared to Jurkat cells. The four primary Envs
that gave comparable fusion values with CCRS5 and CXCR4
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FIG. 2. Fusogenic activities of each Env with recombinant coreceptors. Target NIH 3T3 cells coexpressing coreceptors and CD4 (and containing the lacZ gene
linked to the T7 promoter) as well as control cells lacking coreceptors were prepared as described in the legend for Fig. 1. Effector HeLa cells were transfected with
plasmids encoding the indicated Envs and then infected with vP11T7genel (T7 polymerase). After overnight incubation to allow recombinant protein expression, cells
were mixed and fusion was scored after 3 h. The low background values for each Env obtained with the control target cells expressing CD4 but no coreceptors were
subtracted to give the data shown. Error bars indicate the sample standard deviations of the mean values obtained from duplicate samples. OD, optical density.

also gave comparable relative fusion activities with macro-
phages and Jurkat cells. Only the prototypic LAV Env, derived
from a strongly TCL-adapted strain, functioned well with
CXCR4 but completely failed to use CCRS; this Env gave the
lowest macrophage-to-Jurkat-cell activity score, although sig-
nificant fusion with macrophages was observed (see below).
Our results also show a good, though not absolute, correla-
tion between coreceptor usage and the infection phenotypes
for the 15 primary strains previously characterized as NSI or SI
in the MT-2 assay (Table 1), similar to findings of others (6, 16,
44, 46, 49). Of the Envs from the 12 isolates designated NSI, 11
showed a strong preference for CCRS5 over CXCR4; the ex-
ception was 92HT593.1, which used both coreceptors compa-
rably. Of the Envs from the three strains characterized as SI,
two used both CXCR4 and CCRS; the exception was
91US712.4, which was previously designated SI but was specific
for CCRS. It should be noted that the NSI versus SI charac-
terization of these isolates was performed with uncloned virus
populations; thus, it is possible that the few examples in which
the phenotypes did not correlate with the CCR5/CXCR4 usage

profiles were due to cloning of Envs from minor variants within
these populations.

The results presented above can be considered in terms of
the patterns of endogenous coreceptor expression in the hu-
man target cell types. Jurkat cells and many other continuous
human TCLs express CXCR4 (24, 34, 35, 38) but negligible
levels of CCRS (4, 45); this expression pattern is consistent
with the ability of many human TCLs to support TCL-adapted
and dual-tropic isolates but not M-tropic strains. Interpreting
findings with primary macrophages is more complex. CCRS
has been detected in these cells by both mRNA and protein
analyses (4, 35, 37, 43, 48), and various lines of evidence sug-
gest that CCRS expression in macrophages accounts for their
susceptibility to M-tropic HIV-1 isolates (4, 15, 42, 46, 48).
However, the resistance of macrophages to infection by TCL-
adapted strains is puzzling, since CXCR4 mRNA and protein
have been detected in these cells (2a, 35, 37), although the
levels are low compared to TCLs and can vary with culture
conditions (35). Suggestions have been offered to explain
anomalies of infection resistance of certain cell types despite
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FIG. 3. (A) Correlation between coreceptor usage profiles and fusion spec-
ificities for natural target cells. For each Env, the ratio of the fusion activity with
CCRS versus CXCR4 was calculated from the data shown in Fig. 2 (open
triangles); the ratio of the relative fusion activity obtained with macrophage
versus Jurkat cell targets was calculated from the data in Table 1 (closed circles).
All ratio values below 0.1 or above 10 were grouped together. (B) Functional
CXCR4 coreceptor on macrophages. Macrophages coinfected with vIF7-3 (T7
RNA polymerase) and vCB-3 (CD4) were preincubated for 45 min at 37°C
without antibody or with 1 mg of preimmune or immune immunoglobulin per ml
purified from a rabbit immunized with a peptide representing the extracellular N
terminus of CXCR4 (24). Effector HeLa cells were coinfected with vCB21RLacZ
and either vCB-41 (LAV Env), vCB-43 (Ba-L Env), or vCB-16 (Unc Env). The
Ba-L Env infection was performed with AraC to reduce the fusion activity so that
it was comparable to that of the LAV Env; similar results were obtained when
the Ba-L Env was expressed without AraC (i.e., no inhibition; data not shown).
For the LAV and Ba-L Envs, the minimal values obtained with Unc Env were
subtracted and the results are expressed as the percentage of activity obtained in
the absence of antibody (set at 100%). Error bars indicate the sample standard
deviations of the mean values obtained from duplicate samples.
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coreceptor expression, including the possibility that virus entry
mechanisms are fundamentally distinct in different CXCR4™
target cells (37) or that cell type-dependent variations in pro-
cessing or presentation of a chemokine receptor influence its
functionality as an HIV coreceptor (19, 46). These hypotheses
fail to explain the inability of TCL-adapted strains to produc-
tively infect macrophages, since Envs from such isolates can
mediate cell fusion with these cells (albeit less efficiently than
Envs from M-tropic isolates [Table 1] [8]). To test whether this
fusion is mediated by CXCR4, we examined the effects of a
polyclonal anti-CXCR4 antibody on fusion by a TCL-adapted
Env with macrophage targets. The results, shown in Fig. 3B,
indicate that LAV Env-mediated fusion was strongly inhibited
by the anti-CXCR4 antibody; by contrast, fusion mediated by
the M-tropic Ba-LL Env was unaffected. These results clearly
demonstrate that the CXCR4 endogenously expressed on mac-
rophages can function as an HIV-1 coreceptor.

Multiple factors probably contribute to the contrasting
activities of TCL-adapted Envs with macrophages in the cell
fusion assay versus the minimal activity of the corresponding
HIV strains in productive infection assays. First, the resis-
tance of macrophages to infection by TCL-adapted strains is
not absolute; low-level infection has been reported by sev-
eral groups (14, 25, 27, 35, 46, 47). Second, it has been
demonstrated recently that the CXCR4 level in macro-
phages declines dramatically during 5 days in culture (35);
this coreceptor may therefore be more available in the
short-term cell fusion assay (3 h) than in the longer-term
infectivity assays (several days). Third, the surface densities
of coreceptors and/or CD4 on different target cell types may
critically influence permissiveness (31, 44, 48), and thresh-
old effects might have different consequences for cell fusion
versus virus infection assay systems; however, we have
shown that vaccinia virus-mediated augmentation of the low
endogenous CD4 level on macrophages enhances overall
cell fusion but does not influence the relative activities of
TCL-adapted versus M-tropic Envs (8). Finally, while nu-
merous studies have suggested that restriction at the level of
the membrane fusion reactions involved in virus entry is a
major factor underlying the inability of these cells to sup-
port productive replication by TCL-adapted HIV-1 strains,
blocks at postentry steps of the viral replication cycle may
also contribute to the limited productive replication of TCL-
adapted strains in macrophages (see citations in reference
5). This notion has been suggested for both HIV-1 and the
related simian immunodeficiency virus; curiously, Env (36)
and coreceptors (11) have been reported to contribute to
infection efficiency and tropism by unidentified postentry
mechanisms.

Given these variables, we acknowledge the previous caution
(19) that reactivity of a particular Env with a recombinant
coreceptor does not necessarily imply that the corresponding
virus will productively infect any CD4™" cell type expressing
that coreceptor, even if the fusion and entry step can occur.
Resolution of the discrepancies obtained in alternate expres-
sion and assay systems must await detailed analyses of the
multiple variables that differentially influence the readouts.
These issues assume increasing importance as studies are ex-
tended to quantitate the coreceptor usage patterns of diverse
Envs with natural CD4 " target cells and are critical for apply-
ing knowledge of coreceptors to the broader problems of HIV
transmission and pathogenesis and to the development of
novel vaccine and therapeutic strategies.
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