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We have investigated whether the identity of the coreceptor (CCR5, CXCR4, or both) used by primary human
immunodeficiency virus type 1 (HIV-1) isolates to enter CD41 cells influences the sensitivity of these isolates
to neutralization by monoclonal antibodies and CD4-based agents. Coreceptor usage was not an important
determinant of neutralization titer for primary isolates in peripheral blood mononuclear cells. We also studied
whether dualtropic primary isolates (able to use both CCR5 and CXCR4) were differentially sensitive to
neutralization by the same antibodies when entering U87MG-CD4 cells stably expressing either CCR5 or
CXCR4. Again, we found that the coreceptor used by a virus did not greatly affect its neutralization sensitivity.
Similar results were obtained for CCR5- or CXCR4-expressing HOS cell lines engineered to express green
fluorescent protein as a reporter of HIV-1 entry. Neutralizing antibodies are therefore unlikely to be the major
selection pressure which drives the phenotypic evolution (change in coreceptor usage) of HIV-1 that can occur
in vivo. In addition, the increase in neutralization sensitivity found when primary isolates adapt to growth in
transformed cell lines in vitro has little to do with alterations in coreceptor usage.

Human immunodeficiency virus type 1 (HIV-1) enters
CD41 T cells via an interaction with CD4 and coreceptor
molecules, the most important of which yet identified are the
chemokine receptors CXCR4 and CCR5 (4, 12, 23, 26, 28, 32).
CXCR4 is used by T-cell line-tropic (T-tropic) primary isolates
or T-cell line-adapted (TCLA) lab strains, whereas CCR5 is
used by primary isolates of the macrophage-tropic (M-tropic)
phenotype (4, 12, 23, 26, 28, 32). Most T-tropic isolates and
some TCLA strains are actually dualtropic in that they can use
both CXCR4 and CCR5 (and often other coreceptors such as
CCR3, Bonzo/STRL33, and BOB/gpr15), at least in corecep-
tor-transfected cells (18, 24, 30, 54, 89). The M-tropic and
T-tropic/dualtropic nomenclature has often been used inter-
changeably with the terms “non-syncytium-inducing” (NSI)
and “syncytium-inducing” (SI), although it is semantically im-
precise to do so.

M-tropic viruses are those most commonly transmitted sex-
ually (3, 33, 87, 106) and from mother to infant (2, 72, 81). If
T-tropic strains are transmitted, or when they emerge, this is
associated with a more rapid course of disease in both adults
(17, 37, 46, 51, 52, 76, 78, 82, 92, 101) and children (6, 45, 84,
90). However, T-tropic viruses emerge in only about 40% of
infected people, usually only several years after infection (76,
78). A well-documented, albeit anecdotal, study found that
when a T-tropic strain was transmitted by direct transfer of
blood, its replication was rapidly suppressed: the T-tropic virus
was eliminated from the body, and M-tropic strains predomi-
nated (20). These results suggest that there is a counterselec-

tion pressure against the emergence of T-tropic strains during
the early stages of HIV-1 infection in most people. But what is
this pressure?

Since the M-tropic and T-tropic phenotypes are properties
mediated by the envelope glycoproteins whose function is to
associate with CD4 and the coreceptors, a selection pressure
differentially exerted on M- and T-tropic viruses could, in prin-
ciple, act at the level of virus entry. In other words, neutralizing
antibodies to the envelope glycoproteins, or the chemokine
ligands of the coreceptors, could theoretically interfere more
potently with the interactions of T-tropic strains with CXCR4
than with M-tropic viruses and CCR5. A differential effect of
this nature could suppress the emergence of T-tropic viruses.
Consistent with this possibility, neutralizing antibodies are ca-
pable of preventing the CD4-dependent association of gp120
with CCR5 (42, 94, 103), and chemokines can also prevent the
coreceptor interactions of HIV-1 (8, 13, 23, 28, 70).

Here, we explore whether the efficiency of HIV-1 neutral-
ization is affected by coreceptor usage. Although earlier stud-
ies have not found T-tropic strains to be inherently more neu-
tralization sensitive than M-tropic ones (20, 40, 44), previously
available reagents and techniques may not have been adequate
to fully address this question. One major problem is that even
single residue changes can drastically affect both antibody
binding to neutralization epitopes and the HIV-1 phenotype
(25, 55, 62, 67, 83, 91), and so studies using relatively unrelated
viruses and a fixed antibody (polyclonal or monoclonal) prep-
aration have two variables to contend with: the viral phenotype
(coreceptor use) and the antigenic structure of the virus and
hence the efficiency of the antibody-virion interaction.

We have used a new experimental strategy to explore
whether coreceptor usage affects neutralization sensitivity in
the absence of other confounding variables: the use of dual-
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tropic viruses able to enter CD41 cells via either CCR5 or
CXCR4. By using a constant HIV-1 isolate or clone and the
same monoclonal antibodies (MAbs) or CD4-based reagents
as neutralizing agents, we can ensure that the only variable
under study in the neutralization reaction is the nature of the
coreceptor used for entry. Our major conclusion is that there is
no strong association between coreceptor usage and neutral-
ization sensitivity for primary HIV-1 isolates. Independent
studies have reached the same conclusion (53a, 59). The emer-
gence of T-tropic (SI) viruses in vivo may be unlikely to be due
to escape from antibody-mediated selection pressure.

MATERIALS AND METHODS

Viruses and antibodies. All virus isolates and clones were from genetic subtype
B. The origins and characteristics of each virus are listed in Table 1. All virus
stocks, including TCLA isolates, were grown and titrated in mitogen-stimulated
peripheral blood mononuclear cells (PBMC) as described previously (96). The
50% tissue culture infective dose (TCID50) refers to the virus titer on PBMC.
The phenotypes (NSI or SI) of the test viruses have been described previously
(Table 1) or were determined according to the ability to form syncytia in MT-2
cells (36, 82). Isolate P17/H9 was generated by passaging P17 once in H9 cells.
Supernatant from this passage was then used to produce virus stocks from
PBMC.

Human MAbs 2F5, 2G12, 15e, 19b, 447-52D, and IgG1b12, and the CD4-
based molecules soluble CD4 (sCD4) and CD4-immunoglobulin G2 (IgG2),
have been described previously (5, 29, 39, 43, 66, 69, 95, 96). MAb 447-52D was
purchased from Cellular Products Inc. (Buffalo, N.Y.). The ability of each MAb
(other than 2F5) to bind to gp120 from each virus was checked by enzyme-linked
immunosorbent assay, using nonionic detergent-treated supernatants from virus-

infected cultures as the source of gp120 (61, 63). Nonreactive MAb-virus com-
binations were excluded from the neutralization analyses in Fig. 1 and 2. These
combinations were MAb 15e with viruses Case B5/86; and MAb 19b with viruses
2076, P17, P17/H9, C17, Case B5/86, 2075, 2044, and 2005 clone 1 (cl1). We were
not able to check for isolate 2005 cl1 whether its resistance to neutralization by
MAb 2F5 was due to a change in the epitope sequence. Isolate DH123 has a
change in the 2F5 epitope sequence from ELDKWAS to ALDKWAS. However,
we have shown that this change does not interfere with binding or neutralization
by this MAb (69, 96).

Cell lines. Human neuronal U87MG-CD4 cells stably transfected with CCR5
or CXCR4 (U87MG-CD4-CCR5 and U87MG-CD4-CXCR4 cells) were main-
tained in Dulbecco’s minimal essential medium (DMEM) containing 10% fetal
calf serum (FCS), glutamine, antibiotics, puromycin (1 mg/ml; Sigma Chemical),
and neomycin (G418; 300 mg/ml; Sigma) and were split twice a week (24, 42).

Human osteosarcoma HOS-CD4 cells stably transfected with CCR5 or
CXCR4 and the green fluorescent protein (GFP) reporter gene under the con-
trol of the HIV-2 long terminal repeat (designated GHOST-CCR5 and GHOST-
CXCR4 cells) were maintained in DMEM containing 10% FCS, glutamine,
antibiotics, G418 (500 mg/ml), hygromycin (100 mg/ml), and puromycin (1 mg/ml)
and were split twice a week (48).

Determination of coreceptor use by HIV-1. U87MG-CD4-CCR5 and U87MG-
CD4-CXCR4 cells (5 3 104 per well) were seeded into a 24-well plate for 1 day
and then incubated with HIV-1 for 16 h before removal of unbound virus by two
washes in culture medium. Extracellular p24 antigen was measured 3 and 6 days
after infection (96).

Neutralization assay using human PBMC. PBMC were isolated from healthy
blood donors by Ficoll-Hypaque centrifugation and then stimulated for 2 to 3
days with phytohemagglutinin (5 mg/ml) and interleukin-2 (100 U/ml) (a gift of
Hoffmann-La Roche, Nutley, N.J.). Neutralization was assessed as described
previously (96). The virus inoculum was adjusted to 400 to 1,000 TCID50/ml in
assay medium (RPMI 1640, 10% FCS, 100 U of interleukin-2 per ml, glutamine,
and antibiotics), and 50-ml aliquots were incubated with serial dilutions of the
MAbs or CD4-based molecules (50 ml) for 1 h at 37°C. The calculated 50%

TABLE 1. HIV-1 isolates and clones used in this studya

Virus Tropismb Clonalityc

Replication in:

Source ReferenceU87MG-CD4-CCR5
cells

U87MG-CD4-CXCR4
cells

CCR5 primary
SF162 NSI Isolate 2 C. Cheng-Mayer 86
JR-FL NSI Biol. clone 1 2 I. S. Y. Chen 71
Case B2-6-92 NSI Isolate 1/2 2 R. I. Connor 18
ADA (clAD8) NSI Mol. clone 1 2 M. A. Martin 93

CCR5 1 CXCR4 primary
Isolate C7/86 SI Isolate 11 111 R. I. Connor 18
DH123 SI Mol. clone 11 11 R. Shibata 85
2076 cl1 SI Biol. clone 11 11 P. R. Clapham 89
2076 cl3 SI Biol. clone 11 11 P. R. Clapham 89
P17 SI Isolate 11 111 R. A. Fisher 97
Case B5/86 SI Isolate 1/2 11 R. I. Connor 18
89.6 SI Mol. clone 1 11 R. G. Collman 16

CXCR4 primary
HC4 SI Biol. clone (p) 2 111 S. E. Forte 34
HC7 SI Biol. clone (p) 2 111 S. E. Forte 34
2075 SI Isolate 2 111 P. R. Clapham 89
2044 SI Isolate 2 11 P. R. Clapham 89
2005 cl1 SI Biol. clone 2 1/2 P. R. Clapham 89
ACH-P SI Isolate 1/2 111 T. Wrin 102

CCR5 1 CXCR4 TCLA
SF2 SI Mol. clone 11 1 C. Cheng Mayer 86
P17/H9 SI Isolate 111 111 A. Trkola and R. A. Fisher 97
C17 SI Isolate 11 111 R. A. Fisher 97

CXCR4 TCLA
NL4-3 SI Mol. clone 2 111 W. O’Brien 1
ACH-H9 SI Isolate 1/2 111 T. Wrin 102
ACH-p/H9 SI Isolate 1 111 T. Wrin 102

a Grouped according to coreceptor usage pattern.
b As judged by syncytium formation in MT-2 cells.
c Whether virus is an uncloned isolate, a biological (biol.) clone, or a molecular (mol.) clone and whether it was of pediatric origin (p).
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inhibitory doses (ID50s) refer to the concentrations of these agents in this pre-
incubation mixture. PBMC (4 3 105 in 100 ml of medium) were then added. The
final concentration of virus in the cultures was 20 to 50 TCID50/well, correspond-
ing to 100 to 250 TCID50/ml. The supernatant medium (50 ml) was assayed for
p24 antigen at least once between days 4 and 12 postinfection, depending on the
growth kinetics of the isolate (96). As the virus inoculum was not washed out at
any stage of the experiment, the residual input p24 concentration was also
measured and subtracted from all test results. If virus production in the cultures
had not reached its peak on day 6, the cultures were fed with 100 ml of medium
without adding fresh MAbs and then reanalyzed for p24 production on subse-
quent days. The production of p24 antigen in the absence of MAb was designated
100%, and the ratios of p24 production in MAb-containing cultures were calcu-
lated relative to this value. The MAb concentrations causing 50 and 90% reduc-
tion in p24 production were determined by linear regression analysis. If the
appropriate degree of inhibition was not achieved at the highest MAb concen-
tration, a value of .50 mg/ml was recorded.

Neutralization assay on U87MG-CD4-CCR5 and U87MG-CD4-CXCR4 cells.
Cells (5 3 104) were seeded into wells of a 24-well plate 1 day prior to the
experiment. The virus inoculum was adjusted to 1,000 to 4,000 TCID50/ml in
assay medium (DMEM, 10% FCS, glutamine, and antibiotics), and 50-ml ali-
quots were incubated with serial dilutions of MAbs or CD4-based molecules (50
ml) for 1 h at 37°C. The calculated inhibitory doses refer to the concentration of
these agents in this preincubation mixture. After 1 h, 100 ml of the mixture was
added to the cells for 16 h, giving a final virus concentration of 50 to 200 TCID50
per well. Unbound virus was removed by two washes in culture medium. On days
4 to 9 postinfection, the cultures were examined microscopically for syncytium
formation and the supernatant was analyzed for the presence of p24 antigen. If
virus production in the cultures had not reached its peak on day 5, the cultures
were fed with fresh medium and then reanalyzed for p24 on subsequent days.
The extent of neutralization was determined as for the PBMC-based assay.

Neutralization assay on GHOST-CCR5 or GHOST-CXCR4 cells. The proce-
dure was similar to that used with the U87MG-CD4 cells except that on days 4
to 9 postinfection, the cultures were examined microscopically for the presence
of fluorescent cells. When sufficient fluorescent cells (.20 per well) were visible,
the cultures were harvested. The cells were washed once with phosphate-buffered
saline (PBS), incubated with 100 ml of PBS containing 2 mM EDTA for 5 min,
and detached from the plates by vigorous pipetting. PBS (100 ml) and 10%
formaldehyde (50 ml) were added for 2 h at 4°C to inactivate HIV-1. The cells
(10,000 per sample) were then analyzed by using a FACScalibur machine (Bec-
ton Dickinson). The number of GFP-positive cells counted in the absence of
MAb was designated 100%, and the ratios of GFP-positive cells in MAb-con-
taining cultures were calculated relative to this value. The extent of neutraliza-
tion was otherwise determined as for the PBMC-based assay.

RESULTS

Neutralization sensitivity of HIV-1 primary isolates in
PBMC is independent of CCR5 or CXCR4 usage. We first
measured the sensitivity of a panel of primary and TCLA
isolates to neutralization by MAbs and CD4-based reagents in
a standard PBMC-blast assay of virus replication (Fig. 1; Table
2). The neutralizing reagents used were human MAbs 2F5 (69,
96), 2G12 (95, 96), 15e (43), 19b (66), and 447-52D (29, 39),
sCD4, and the tetrameric CD4-IgG2 molecule (5). These were
selected on the grounds that their binding sites were strongly
conserved within the B subtype (63, 96) and, whenever possi-
ble, that they had proven efficacy at neutralizing primary iso-
lates (29, 96). We tested by enzyme-linked immunosorbent
assay whether these agents (other than 2F5) were able to
recognize monomeric gp120 from each virus (61, 63); the fail-
ure of a MAb to bind monomeric gp120 indicates the outright
absence of its epitope from the virus, and so no neutralization
would be expected for this trivial reason (61). Nonreactive
MAb-virus combinations (listed in Materials and Methods)
were excluded from the neutralization analyses.

The viruses tested included biological and molecular clones
of adult and pediatric origin (Table 1). The abilities of the
different viruses to use CCR5 or CXCR4 for entry were as-
sessed by determining the extent of their replication in
U87MG-CD4 cells stably expressing these coreceptors (24, 42)
(Table 1). This information was used to divide the virus panel
into the following subgroups: CCR5 primary, CCR5 1 CXCR4
primary, CXCR4 primary, CCR5 1 CXCR4 TCLA, and
CXCR4 TCLA (Tables 1 and 2; Fig. 1). The neutralization
titer (ID50) was plotted for each virus against each MAb or
CD4-based molecule according to these subgroups (Fig. 1).

As expected, the primary HIV-1 isolates had a wide range of
sensitivity to neutralization by the different test reagents, with
ID50s ranging from ,0.002 to .50 mg/ml for 2G12. Consistent

FIG. 1. Neutralization of HIV-1 by MAbs and CD4-based molecules in PBMC. Viruses are divided into five subgroups: CCR5 primary (F); CCR5 1 CXCR4
primary (E); CXCR4 primary (�); CCR5 1 CXCR4 TCLA (h); and CXCR4 TCLA (‚). Values shown are derived from one representative experiment out of two
to five performed. When no neutralization at 50 mg/ml was observed, a value .50 mg/ml is reported. For each neutralizing agent and virus category, the median values
are depicted by a bar. Data are shown for all viruses listed in Table 1 except for 2076 cl1, HC4, and P17/H9. These viruses are closely related to isolates 2076 cl3, HC7,
and C17, respectively, and their neutralization properties were also comparable. Data for only one of each pair are therefore presented. Isolate C7/86 was not tested
in PBMC.
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with previous results, 2F5, 2G12, and CD4-IgG2 neutralized
most of the primary isolates, whereas sCD4, 15e (to a CD4-
binding-site-related epitope), and 19b (to a V3 loop epitope)
did not (5, 29, 66, 96). However, among the primary isolates,
there was no consistent segregation of neutralization sensitivity
or insensitivity with coreceptor usage (Fig. 1). Some CCR5-
using viruses were sensitive to neutralization and some were
insensitive, and a similar pattern of variation was found among
CXCR4-using viruses. Grouped together, the CXCR4-using
primary isolates were slightly more sensitive to 2G12, but less
sensitive to 2F5 and CD4-IgG2, than the CCR5-using isolates,
but the differences were small and the overlap was consider-
able (Fig. 1). Similar results were observed when 90% neutral-
ization titers (ID90s) were compared, although 90% neutral-
ization was very rarely achieved with sCD4, 15e, and 19b (data
not shown). The TCLA viruses were, as a group, only a little
more sensitive than the primary isolates to the reagents used in
this study, but again there was no segregation between neu-
tralization sensitivity and coreceptor usage (Fig. 1; Table 2).
MAbs such as 15e and 19b, known to have activity against
TCLA (T-tropic) viruses (43, 66), were not able to neutralize
primary T-tropic viruses any better than primary M-tropic vi-
ruses; a primary T-tropic virus is not the same as a TCLA virus
(62).

Neutralization of dualtropic HIV-1 isolates in U87MG-CD4
cells is independent of CCR5 or CXCR4 usage. To confirm
these observations in a different experimental system, we stud-
ied whether dualtropic primary viruses were differentially sen-
sitive to neutralization by the same MAb or CD4-based re-
agent when they used CCR5 or CXCR4 for entry (Fig. 2; Table
3). By using the same virus and neutralizing agent, we reduce

the number of variables in the experiment to one: the identity
of the coreceptor. For this experiment, we used U87MG-CD4-
CCR5 and U87-CD4-CXCR4 cells (24, 42).

The results of this experiment were broadly similar to what
was observed with the PBMC-based neutralization assay. Neu-
tralization titers (ID50 or ID90) varied over a considerable
range, and between different viruses and neutralizing agents,
but there was no consistent indication that neutralization sen-
sitivity was a function of coreceptor usage (Fig. 2 and data not
shown). The same conclusion was reached whether a MAb
effective (IgG1b12) or ineffective (15e) against primary isolates
was used, despite both recognizing overlapping epitopes near
the CD4-binding site on gp120. Similar results were observed
irrespective of whether the test virus was an isolate, a biological
clone, or a molecular clone (Table 1; Fig. 2).

Neutralization of dualtropic HIV-1 isolates in GFP-express-
ing HOS cells is independent of CCR5 or CXCR4 usage. HOS-
CD4 cells that stably expressed transfected CCR5 or CXCR4
and the GFP reporter under the control of the HIV-2 long
terminal repeat were created (48). These cells, designated
GHOST-CXCR4 and GHOST-CCR5, fluoresce when infected
with HIV-1 because the GFP reporter gene is transactivated,
allowing quantitation of HIV-1 entry by fluorescence-activated
cell sorting. Broadly similar cell lines have been described by
others recently (27, 37, 98); the principle is the same as in the
well-known MAGI assay, which has a b-galactosidase endpoint
(49). We used the GHOST-CXCR4 and GHOST-CCR5 cells
to compare how the entry of HIV-1 primary and TCLA isolates
was neutralized by sCD4 and CD4-IgG2. The procedure is not
a single-cycle assay of HIV-1 neutralization since, in principle,
subsequent rounds of HIV-1 infection could occur and be

TABLE 2. Neutralization of HIV-1 by MAbs and CD4-based molecules in PBMC

Cells
ID50 (mg/ml)a

2F5 2G12 sCD4 CD4-IgG2 15e 447-52D 19b

CCR5 primary
SF162 11.6 0.03 5.99 0.67 49 8.1 24.6
JR-FL 1.74 0.01 20.1 0.13 .50 ND .50
Case B2-6-92 4.7 .50 .50 1.83 .50 ND .50
ADA 6.6 ,0.08 29.1 0.12 .50 ND ND

CCR5 1 CXCR4 primary
DH123 .50 5.8 25.6 0.4 .50 ND .50
2076 cl1 26.7 0.18 .50 28.3 .50 ND NB
P17 14.4 0.07 19.6 1.55 ND ND NB
Case B5/86 4.88 0.03 .50 .50 NB .50 NB
89.6 12.7 0.002 1.04 0.21 .50 ND .50

CXCR4 primary
HC7 22.2 ,0.004 27.8 0.76 ND ND .50
2075 18.9 6.7 17.3 0.91 .50 ND NB
2044 26.3 .50 .50 8.45 .50 .50 NB
2005 cl1 .50 0.01 .50 0.91 .50 ND NB
ACH-P 8.09 0.008 34.4 2.3 .50 18.1 ND

CCR5 1 CXCR4 TCLA
SF2 0.07 0.003 0.14 0.06 0.32 ,0.08 3.21
C17 7.8 0.008 24.9 0.22 ND ND NB

CXCR4 TCLA
NL4-3 1.98 0.002 0.18 0.06 .50 ND .50
ACH-H9 1.54 0.05 0.31 0.01 .50 ND ND
ACH-P/H9 1.23 0.013 5.3 0.2 .50 30.7 ND

a Derived from one representative experiment out of two to five performed. When no neutralization at 50 mg/ml was observed, a value .50 mg/ml is reported. ND,
not done; NB, no binding (i.e., neutralization activity could not be evaluated because the MAb epitope is absent from the viral glycoprotein).
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detected. The endpoint is measured after 4 to 9 days (depend-
ing on the isolate), when sufficient GFP has accumulated in the
infected cells to be quantitated.

The clonal TCLA virus NL4-3 was sensitive to neutralization
by both sCD4 and its more potent derivative, CD4-IgG2, in the
GHOST-CXCR4 cells (Fig. 3a). In contrast, the primary M-
tropic clone JR-FL was insensitive to neutralization by sCD4

on the GHOST-CCR5 cells, although it was neutralized effec-
tively by CD4-IgG2 (Fig. 3b). These results are consistent with
previous reports on the relative neutralization sensitivities of
primary and TCLA viruses to CD4-based reagents (5, 21, 53,
60, 61, 64, 100) and establish the validity of using the GHOST
cells in neutralization assays. As expected from prior knowl-
edge of their coreceptor usage, NL4-3 did not replicate in the

FIG. 2. Neutralization of dualtropic HIV-1 isolates in U87MG-CD4 cells. The dualtropic isolates used were SF2 (Œ), C7/86 (■), DH123 (‚), 2076 cl3 (h), P17 (F),
P17/H9 (E), and C17 (}). Values shown are derived from one representative experiment out of two to five performed. When no neutralization at 50 mg/ml was observed,
a value .50 mg/ml is reported. For each neutralizing agent, ID50 values obtained on the CCR5-expressing (CCR5) and the CXCR4-expressing (CXCR4) U87MG-CD4
cells are shown. The median values for each reagent on the two cell lines are depicted by a bar.

FIG. 3. Neutralization of dualtropic HIV-1 isolates in GHOST-CCR5 and GHOST-CXCR4 cells. HIV-1 replication was assessed by determination of fluorescence
intensity in GHOST-CXCR4 cells (Œ, ■) or GHOST-CCR5 cells (h, ‚) in the presence of the indicated concentrations of sCD4 (■, h) or CD4-IgG2 (Œ, ‚). The
extent of neutralization at each concentration was determined relative to the fluorescence intensity in the absence of added sCD4 or CD4-IgG2. (a) TCLA molecular
clone NL4-3; (b) molecularly cloned M-tropic primary virus JR-FL; (c) dualtropic, molecularly cloned primary virus DH123; (d) dualtropic primary isolate P17.
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GHOST-CCR5 cells, nor did JR-FL in the GHOST-CXCR4
cells (data not shown). However, two dualtropic viruses en-
tered both GHOST-CCR5 and GHOST-CXCR4 cells. We
therefore compared the sensitivities of the dualtropic viruses
to sCD4 and CD4-IgG2 on the two lines. As observed with the
U87MG-CD4 cells, the potency with which sCD4 and CD4-
IgG2 neutralized P17 (60, 97) and DH123 (85) on the GHOST
cells was independent of which coreceptor (CCR5 or CXCR4)
was expressed on these cells (Fig. 3c and d). This finding
confirms that the identity of the coreceptor used by a primary
HIV-1 isolate to enter a CD41 cell is not a major influence on
the efficiency with which it is neutralized.

DISCUSSION

We were unable to obtain any evidence that M- and T-tropic
primary HIV-1 isolates are differentially sensitive to neutral-
ization by MAbs or CD4-based reagents, or that coreceptor
usage (CCR5 versus CXCR4) was a significant variable affect-
ing neutralization sensitivity. Similar results have been ob-
tained in independent studies (53a, 59). There is, however, one
important caveat to our conclusion: we could obtain only lim-
ited information on whether the V3 loop is of differential
importance to the neutralization of M- and T-tropic primary
viruses (as opposed to primary and TCLA strains). The reason
for this is that V3 loop MAbs which are able to neutralize more
than just a few primary viruses do not exist. Many V3 MAbs
neutralize TCLA strains very potently (9, 61, 62, 65, 66), but
only a few of these have been reported to neutralize primary
isolates (39), and their breadth and potency against these vi-
ruses are very limited (29, 61). We could find no V3 MAb that
was able to neutralize efficiently more than a few of the dual-
tropic primary viruses that we tested.

Another factor affecting analysis of V3 loop-mediated neu-
tralization is sequence variation. The most common sequence
change that occurs during the phenotypic switch from an M-
tropic (NSI) to a T-tropic (SI) strain (i.e., an alteration in
coreceptor usage) is an increase in the positive charge of the
V3 loop (22, 62). More specifically, residues 306 and 315 tend
to be negatively charged or neutral in NSI strains but positively
charged in SI viruses (11, 22, 35, 51, 56). Models of ligand
interactions with seven-transmembrane receptors suggest that
an important (but not the only) component of the binding
reaction is a charge-based one involving anionic residues on
the N-terminal domain of the receptor and cationic ones on
the ligand (41, 57, 68, 88, 99). Thus, it is feasible that the
charge change in the V3 loop associated with the phenotypic
switch helps create a binding site for CXCR4 on T-tropic
viruses and that the V3 loop plays a greater role in the inter-
actions of HIV-1 with CXCR4 than with CCR5 (12, 14). If this
is the case, antibodies to the V3 loop could interfering more
effectively with the CXCR4 interactions of HIV-1 than with
CCR5 interactions and so be better able to neutralize T-tropic
primary viruses. Unfortunately, amino acid substitutions af-
fecting the ability of HIV-1 to interact with different corecep-
tors are also likely to alter the affinity of an antibody for the
same region of the protein, especially in the context of native,
oligomeric envelope glycoproteins. Antigenic variation in the
V3 loop affecting MAb-gp120 interactions and sequence vari-
ation affecting coreceptor-gp120 interactions are interlocking
parameters that complicate analyses. However, the limited
data that we were able to obtain indicated that neutralization
via the V3 loop is independent of coreceptor usage, as it is for
other epitopes (Tables 2 and 3). A similar conclusion has been
reached by others (53a).
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have a profound impact on the emergence of viral variants in
vivo (15). Hence, we cannot exclude the possibility that small
differences in the neutralizability of M- and T-tropic viruses
that are undetectable in vitro can have more significant effects
in vivo. But these notes of caution notwithstanding, our main
conclusion is that differences in neutralizing antibody-medi-
ated selection pressures are unlikely to account for the emer-
gence of T-tropic (SI) viruses in vivo. What then could, bearing
in mind that the pressure must be exerted on the envelope
glycoproteins? One attractive theory is that the CXCR4 ligand
stroma-derived factor 1 is produced at relatively high concen-
trations by cells in the stroma of lymphoid tissues and so is able
to specifically prevent HIV-1 interactions with CXCR4 (31). It
will be important to verify this experimentally. Another possi-
bility involves alterations in the range of CD41 T cells able to
support HIV-1 replication, because of differential expression
of CXCR4 and CCR5 on T-cell subsets (104).

Clearly, TCLA strains of HIV-1 are neutralization sensitive
compared to T-tropic primary isolates that have the ability to
enter a T-cell line. A virus that has become adapted to growth
on a T-cell line is not, therefore, the same after passage as it
was before it entered the cell line in the first place (9, 62). The
acquisition of full neutralization sensitivity usually takes sev-
eral passages in cell lines (58, 80, 102). Thus, genetic changes
in the envelope glycoproteins, rather than epigenetic factors
such as glycosylation or differences in virion-associated adhe-
sion factors, are likely to dominate the transition between the
neutralization-resistant (T-tropic primary) and the neutraliza-
tion-sensitive (TCLA) state. Adhesion factor-dependent vari-
ables may, however, also contribute to the phenomenon (38,
77). What are these genetic changes, what do they do, and why
do they do it? The answers to all these questions are not
entirely clear, but some evidence is emerging.

As discussed above, changes in the V3 loop are important
for the creation of the T-tropic phenotype in primary isolates.
And they are also likely to be important for the transition
between an M-tropic virus and a TCLA one. However, the
passage of a T-tropic primary virus through a cell line to create
a TCLA isolate is not always associated with V3 loop sequence
changes (53, 60, 73–75). This is, perhaps, understandable now
it is known that both T-tropic primary isolates and TCLA
viruses tend to be able to use both CCR5 and CXCR4 (18, 89);
there is more to HIV-1 adaptation to growth on cell lines than
a change in coreceptor use (53, 75). During this adaptation, the
neutralization-sensitive phenotype is created by changes in the
HIV-1 envelope glycoproteins. As this also occurs with other
lentiviruses (7, 10, 19, 105), a general mechanism may be in-
volved. We have suggested previously that the neutralization-
sensitive phenotype might be created in vitro because antibody
selection pressure is absent in cell culture (61, 62). If the price
that HIV-1 and other lentiviruses pay to be able to resist the
binding of neutralizing antibodies in vivo is a modest reduction
in the rate at which they bind to and penetrate CD41 T cells,
then the relaxation of antibody selection pressure in vitro
might permit the evolution of variants able to replicate more
rapidly in cell lines. There are no reports that neutralization-
sensitive viruses evolve when primary isolates are passaged
continuously in primary T-cells in vitro, although this has not
been studied systematically. It can, however, happen occasion-
ally with simian immunodeficiency virus during passage in pri-
mary rhesus PBMC (58).

A major contribution to understanding the overall phenom-
enon of cell line adaptation is provided by the work of Kabat
and colleagues, who showed that the relevant selection pres-
sure on primary T-tropic viruses is for variants which have a
higher affinity for CD4 (53, 75). This gives them the ability to

infect cell lines expressing relatively low CD4 concentrations
compared to the amount on primary CD41 T cells (53, 75).
This would also explain why TCLA viruses are so sensitive to
neutralization by sCD4 (21, 40, 64, 100), which we have argued
is merely coincidental to their sensitivity to neutralizing anti-
bodies against related epitopes (61, 62). No such selection
pressure occurs when primary viruses are passaged in primary
CD41 T cells, perhaps explaining why the primary isolate phe-
notype is usually maintained under these conditions.

A meld of these arguments is that in some as yet undefined
way, the tertiary and quaternary structure of the envelope
glycoproteins alters during passage on cell lines to better ex-
pose receptor-binding sites (CD4 and/or coreceptor sites), in-
crease the efficiency of virus-cell attachment and entry, and
(coincidentally) make the virus more sensitive to the actions of
neutralizing antibodies. It remains to be determined whether
neutralization sensitivity occurs solely because antibodies can
attach more rapidly to key sites on the envelope glycoproteins
of TCLA viruses, or whether the destabilization of their gp120-
gp41 linkage also contributes (21, 47, 50, 64, 79, 100).

As we learn more of how the HIV-1 envelope glycoproteins
function, and of the mechanisms by which they resist neutral-
izing antibodies, it becomes apparent how difficult it will be to
induce antibodies by vaccination that will be able to counter
this virus. Viral evolution has created a pathogen that is nec-
essarily insensitive to humoral immunity. Yet HIV-1 does have
its weak links, for it can be potently neutralized by a limited
subset of human antibodies (29, 96). An emphasis of vaccine
design must, therefore, be to find ways to create immunogens
able to induce antibodies of these specificities efficiently.
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6. Balotta, C., A. Viganò, C. Riva, M. C. Colombo, A. Salvaggio, M. P. de
Pasquale, L. Crupi, L. Papagno, M. Galli, M. Moroni, and N. Principi.

1882 TRKOLA ET AL. J. VIROL.



1996. HIV type 1 phenotype correlates with the stage of infection in verti-
cally infected children. AIDS Res. Hum. Retroviruses 12:1247–1253.

7. Baldinotti, F., D. Matteucci, P. Mazzetti, C. Giannelli, P. Bandecchi, F.
Tozzini, and M. Bendinelli. 1994. Serum neutralization of feline immuno-
deficiency virus is markedly dependent on passage history of the virus and
host system. J. Virol. 68:4572–4579.

8. Bleul, C. C., M. Farzan, H. Choe, C. Parolin, I. Clark-Lewis, J. Sodroski,
and T. A. Springer. 1996. The lymphocyte chemoattractant SDF-1 is a
ligand for LESTR/fusin and blocks HIV-1 entry. Nature 382:829–833.

9. Burton, D. R., and D. Montefiori. 1997. The antibody response in HIV-1
infection. AIDS 11(Suppl. A):587–598.

10. Cammarota, G., D. Matteucci, M. Kistello, E. Nicoletti, S. Giannecehini,
and M. Bendinelli. 1996. Reduced sensitivity to strain-specific neutraliza-
tion of laboratory-adapted feline immunodeficiency virus after one passage
in vivo: association with amino acid substitutions in the V4 region of the
surface glycoprotein. AIDS Res. Hum. Retroviruses 12:173–175.

11. Chesebro, B., K. Wehrly, J. Nishio, and S. Perryman. 1992. Macrophage-
tropic human immunodeficiency virus isolates from different patients ex-
hibit unusual V3 envelope sequence homogeneity in comparison with T-cell
tropic isolates: definition of critical amino acids involved in cell tropism.
J. Virol. 66:6547–6554.

12. Choe, H., M. Farzan, Y. Sun, N. Sullivan, B. Rollins, P. D. Ponath, L. Wu,
C. R. Mackay, G. LaRosa, W. Newman, N. Gerard, G. Gerard, and J.
Sodroski. 1996. The b-chemokine receptors CCR3 and CCR5 facilitate
infection by primary HIV-1 isolates. Cell 86:1135–1148.

13. Cocchi, F., A. L. DeVico, A. Garzino-Derno, S. K. Arya, R. C. Gallo, and P.
Lusso. 1995. Identification of RANTES, MIP-1 alpha and MIP-1 beta as
the major HIV suppressive factors produced by CD81 T cells. Science
270:1811–1815.

14. Cocchi, F., A. L. DeVico, A. Garzino-Derno, A. Cara, R. C. Gallo, and P.
Lusso. 1996. The V3 domain of the HIV-1 gp120 envelope glycoprotein is
critical for chemokine-mediated blockade of infection. Nat. Med. 2:1244–
1247.

15. Coffin, J. M. 1995. HIV population dynamics in vivo: implications for
genetic variation, pathogenesis and therapy. Science 267:483–489.

16. Collman, R., J. W. Balliet, S. A. Gregory, H. Friedman, D. L. Kolson, N.
Nathanson, and A. Srinivasan. 1992. An infectious molecular clone of an
unusual macrophage-tropic and highly cytopathic strain of human immu-
nodeficiency virus type 1. J. Virol. 66:7517–7521.

17. Connor, R. I., and D. D. Ho. 1994. Human immunodeficiency virus type 1
variants with increased replication capacity develop during the asymptom-
atic stage before disease progression. J. Virol. 68:4400–4408.

18. Connor, R. I., K. E. Sheridan, D. Ceradini, S. Choe, and N. R. Landau.
1997. Change in coreceptor use correlates with disease progression in
HIV-1 infected individuals. J. Exp. Med. 185:621–628.

19. Cook, R. F., S. L. Berger, K. E. Rushlow, J. E. McManus, S. J. Cook, S.
Harrold, M. L. Raabe, R. C. Montelaro, and C. J. Issel. 1995. Enhanced
sensitivity to neutralizing antibodies in a variant of equine infectious ane-
mia virus is linked to amino acid substitutions in the surface unit envelope
glycoprotein. J. Virol. 69:1493–1499.

20. Cornellisen, M., G. Mulder-Mampinga, J. Veenstra, F. Zorgdrager, C.
Kuiken, S. Hartman, J. Dekker, L. van der Hoek, C. Sol, R. Coutinho, and
J. Goudsmit. 1995. Syncytium-inducing (SI) phenotype suppression at se-
roconversion after intramuscular inoculation of a non-syncytium-induc-
ing/SI phenotypically mixed human immunodeficiency virus population.
J. Virol. 69:1810–1818.

21. Daar, E. S., X. L. Li, T. Moudgil, and D. D. Ho. 1990. High concentrations
of recombinant soluble CD4 are required to neutralize primary human
immunodeficiency virus type 1 isolates. Proc. Natl. Acad. Sci. USA 87:6574–
6578.

22. de Jong, J. J., A. de Ronde, W. Keulen, M. Tersmette, and J. Goudsmit.
1992. Minimal requirement for the human immunodeficiency virus type 1
V3 domain to support the syncytium-inducing phenotype: analysis by single
amino acid substitution. J. Virol. 66:6777–6780.

23. Deng, H. K., R. Liu, W. Ellmeier, S. Choe, D. Unutmaz, M. Burkhart, P. Di
Marzio, S. Marmon, R. E. Sutton, C. M. Hill, S. C. Peiper, T. J. Schall,
D. R. Littman, and N. R. Landau. 1996. Identification of a major co-
receptor for primary isolates of HIV-1. Nature 381:661–666.

24. Deng, H., D. Unutmaz, V. N. Kewal-Ramani, and D. R. Littman. 1997.
Expression cloning of new receptors used by simian and human immuno-
deficiency viruses. Nature 388:296–300.

25. Dittmar, M. T., A. McKnight, G. Simmons, P. R. Clapham, R. A. Weiss, and
P. Simmonds. 1997. HIV-1 tropism and co-receptor use. Nature 385:495–
496.

26. Doranz, B. J., J. Rucker, Y. Yi, R. J. Smyth, M. Samson, S. Peiper, M.
Parmentier, R. G. Collman, and R. W. Doms. 1996. A dual-tropic, primary
HIV-1 isolate that uses fusin and the b-chemokine receptors CKR-5,
CKR-3, and CKR-2b as fusion cofactors. Cell 86:1149–1159.

27. Dorsky, D. I., M. Wells, and R. D. Harrington. 1996. Detection of HIV-1
infection with a green fluorescent protein reporter system. J. Acquired
Immune Defic. Syndr. 13:308–313.

28. Dragic, T., V. Litwin, G. P. Allaway, S. R. Martin, Y. Huang, K. A. Na-

gashima, C. Cayanan, P. J. Maddon, R. A. Koup, J. P. Moore, and W. A.
Paxton. 1996. HIV-1 entry into CD41 cells is mediated by the chemokine
receptor CC-CKR-5. Nature 381:667–673.

29. D’Souza, M. P., D. Livnat, J. A. Bradac, S. H. Bridges, the AIDS Clinical
Trials Group Antibody Selection Working Group, and Collaborating In-
vestigators. 1997. Evaluation of monoclonal antibodies to human immuno-
deficiency virus type 1 primary isolates by neutralization assays: perfor-
mance criteria for selecting candidate antibodies for clinical trials. J. Infect.
Dis. 175:1075–1062.

30. Farzan, M., M. Choe, K. Martin, L. Marcon, W. Hofmann, G. Karlsson, Y.
Sun, P. Barrett, N. Marchand, N. Sullivan, N. Gerard, C. Gerard, and J.
Sodroski. 1997. Two orphan seven-transmembrane segment receptors
which are expressed in CD4-positive cells support simian immunodeficiency
virus infection. J. Exp. Med. 186:405–411.

31. Fauci, A. S. 1996. Host factors and the pathogenesis of HIV-induced dis-
ease. Nature 384:529–534.

32. Feng, Y., C. C. Broder, P. E. Kennedy, and E. A. Berger. 1996. HIV-1 entry
cofactor: functional cDNA cloning of a seven-transmembrane G protein
coupled receptor. Science 272:872–877.

33. Fiore, J. R., A. Björndal, K. A. Peipke, M. Di Stefano, G. Angarano, G.
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