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Human immunodeficiency virus type 1 (HIV-1) uses a variety of chemokine receptors as coreceptors for virus
entry, and the ability of the virus to be neutralized by antibody may depend on which coreceptors are used. In
particular, laboratory-adapted variants of the virus that use CXCR4 as a coreceptor are highly sensitive to
neutralization by sera from HIV-1-infected individuals, whereas primary isolates that use CCR5 instead of, or
in addition to, CXCR4 are neutralized poorly. To determine whether this dichotomy in neutralization sensi-
tivity could be explained by differential coreceptor usage, virus neutralization by serum samples from HIV-1-
infected individuals was assessed in MT-2 cells, which express CXCR4 but not CCR5, and in mitogen-
stimulated human peripheral blood mononuclear cells (PBMC), where multiple coreceptors including CXCR4
and CCR5 are available for use. Our results showed that three of four primary isolates with a syncytium-
inducing (SI) phenotype and that use CXCR4 and CCR5 were neutralized poorly in both MT-2 cells and
PBMC. The fourth isolate, designated 89.6, was more sensitive to neutralization in MT-2 cells than in PBMC.
We showed that the neutralization of 89.6 in PBMC was not improved when CCR5 was blocked by having
RANTES, MIP-1a, and MIP-1b in the culture medium, indicating that CCR5 usage was not responsible for the
decreased sensitivity to neutralization in PBMC. Consistent with this finding, a laboratory-adapted strain of
virus (IIIB) was significantly more sensitive to neutralization in CCR5-deficient PBMC (homozygous D32-
CCR5 allele) than were two of two SI primary isolates tested. The results indicate that the ability of HIV-1 to
be neutralized by sera from infected individuals depends on factors other than coreceptor usage.

Human immunodeficiency virus type 1 (HIV-1), the etio-
logic agent of AIDS, utilizes the HLA class II receptor, CD4,
as its primary receptor to gain entry into cells (17, 30). Entry is
initiated by a high-affinity interaction between CD4 and the
surface gp120 of the virus (32). Subsequent to this interaction,
conformational changes that permit fusion of the viral mem-
brane with cellular membranes occur within the viral trans-
membrane gp41 (9, 58, 59). In addition to CD4, one or more
recently described viral coreceptors are needed for fusion to
take place. These coreceptors belong to a family of seven-
transmembrane G-protein-coupled proteins and include the
CXC chemokine receptor CXCR4 (3, 4, 24, 44), the CC che-
mokine receptors CCR5 (1, 12, 13, 18, 21, 23, 45) and, less
commonly, CCR3 and CCR2b (12, 21), and two related orphan
receptors termed BONZO/STRL33 and BOB (19, 34). Core-
ceptor usage by HIV-1 can be blocked by naturally occurring
ligands, including SDF-1 for CXCR4 (4, 44), RANTES, MIP-
1a, and MIP-1b in the case of CCR5 (13, 45), and eotaxin for
CCR3 (12).

The selective cellular tropisms of different strains of HIV-1
may be determined in part by coreceptor usage. For example,
all culturable HIV-1 variants replicate initially in mitogen-
stimulated human peripheral blood mononuclear cells (PBMC),
but only a minor fraction are able to infect established CD41

T-cell lines (43). This differential tropism is explained by the

expression of CXCR4 together with CCR5 and other CC che-
mokine coreceptors on PBMC and the lack of expression of
CCR5 on most T-cell lines (5, 10, 19, 35, 39, 50, 53). Indeed,
low-passage field strains (i.e., primary isolates) of HIV-1 that
fail to replicate in T-cell lines use CCR5 as their major core-
ceptor and are unable to use CXCR4 (1, 12, 18, 21, 23, 28).
Because these isolates rarely produce syncytia in PBMC and
fail to infect MT-2 cells, they are often classified as having a
non-syncytium-inducing (NSI) phenotype. Primary isolates
with a syncytium-inducing (SI) phenotype are able to use
CXCR4 alone or, more usually, in addition to CCR5 (16, 20,
51). HIV-1 variants that have been passaged multiple times in
CD41 T-cell lines, and therefore considered to be laboratory
adapted, exhibit a pattern of coreceptor usage that resembles
that of SI primary isolates. Most studies have shown that the
laboratory-adapted strain IIIB uses CXCR4 alone (3, 13, 20,
24, 51) and that MN and SF-2 use CXCR4 primarily and
CCR5 to a lesser degree (11, 13). Sequences within the V3
loop of gp120 have been shown to be important, either directly
or indirectly, for the interaction of HIV-1 with both CXCR4
(52) and CCR5 (12, 14, 54, 60). This region of gp120 contains
multiple determinants of cellular tropism (43) and is a major
target for neutralizing antibodies to laboratory-adapted HIV-1
but not to primary isolates (29, 46, 57).

It has been known for some time that the ability of sera from
HIV-1-infected individuals to neutralize laboratory-adapted
strains of HIV-1 does not predict their ability to neutralize
primary isolates in vitro (7). In general, the former viruses are
highly sensitive to neutralization whereas the latter viruses are
neutralized poorly by antibodies induced in response to HIV-1
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infection (7, 43). Importantly, neutralizing antibodies gener-
ated by candidate HIV-1 subunit vaccines have been highly
specific for laboratory-adapted viruses (26, 37, 38). In princi-
ple, the dichotomy in neutralization sensitivity between these
two categories of virus could be related to coreceptor usage.
To test this, we investigated whether the use of CXCR4 in the
absence of CCR5 would render SI primary isolates highly sen-
sitive to neutralization in vitro by sera from HIV-1-infected
individuals. Two similar studies using human monoclonal an-
tibodies and soluble CD4 have been reported (31a, 55).

MATERIALS AND METHODS

Viruses. SI primary isolates V89872, V67970, and H69172 and NSI primary
isolates P59423, W25798, and W79290 have all been described previously (40).
HIV-1 89.6 is a primary isolate obtained from the PBMC of a 47-year-old patient
with AIDS who received no antiretroviral therapy (15). This isolate is dualtropic
for lymphocytes and macrophages (15) and can utilize CXCR4, CCR5, and to a
lesser extent CCR3 and CCR2b for entry (12, 21). All primary isolates were
obtained by PBMC coculture and were of low passage number (one or two
passages of the original coculture supernatant) in human PBMC exclusively.
HIV-1 IIIB, MN, and SF-2 were obtained from either Robert C. Gallo (IIIB and
MN) or the NIH AIDS Research and Reference Reagent Program (SF-2) and
have been described elsewhere (25, 33); these viruses were grown in H9 cells.

Cells. MT-2 (27) and CEMx174 (49) are human CD41 lymphoblastoid cell
lines that are highly permissive to infection by laboratory-adapted variants and SI
primary isolates of HIV-1, and neither cell line expresses transcripts for CCR5
(10). Normal PBMC were prepared from buffy coats from healthy, HIV-1-
negative individuals obtained through the Durham Regional Red Cross. These
PBMC were presumed to be CCR5 positive because of their ability to support
the replication of NSI isolates of HIV-1. Additional PBMC were obtained from
a healthy, HIV-1-negative individual who is homozygous for a 32-bp deletion in
the CCR5 allele (homozygous D32-CCR5). The homozygous D32-CCR5 allele in
these PBMC was confirmed by electrophoretic mobility analysis of PCR products
as described previously (35). PBMC were isolated by centrifugation over lym-
phocyte separation medium (Organon-Teknika/Akzo, Durham, N.C.). Cells at
the interface were washed twice in growth medium (RPMI 1640 supplemented
with 20% heat-inactivated fetal bovine serum and 50 mg of gentamicin/ml) and
suspended at a density of 2 3 106 cells/ml in growth medium containing phyto-
hemagglutinin-P (5 mg/ml). The cells were incubated for 3 days at 37°C in 5%
CO2–95% humidified air, washed twice with growth medium, and resuspended in
growth medium containing 4% human interleukin-2 (IL-2) for use in neutral-
ization assays.

Serum samples and chemokines. Serum samples were obtained from HIV-1-
infected individuals residing in the Durham, N.C., area. An exception was indi-
vidual 10, who belonged to a cohort of HIV-1-infected long-term nonprogressors
(40). Each individual had been infected for at least 2 years, was asymptomatic,
and had .500 CD41 lymphocytes per mm3. Informed consent was obtained from
each individual before their blood was drawn. All serum samples were heat
inactivated at 56°C for 1 h prior to use. Recombinant human RANTES, MIP-1a,
and MIP-1b were purchased from R&D Systems, Minneapolis, Minn.

Assessment of coreceptor usage. Viruses were assessed for coreceptor usage by
using U87-CD4-CXCR4 and U87-CD4-CCR5 cells as described previously (10,
18). These cells were generously provided by Dan Littman (Skirball Institute,
New York, N.Y.). Usage was considered positive when viral p24 was detected
after 5 to 7 days of incubation with virus.

Virus neutralization assays. Antibody-mediated virus neutralization was mea-
sured by a reduction in either virus-induced cell killing or viral p24 synthesis in
infection-susceptible cells. The cell-killing assay was performed with either MT-2
cells (used with all viruses except SF-2) or CEMx174 cells (used with SF-2) as
described previously (41). CEMx174 cells were chosen over MT-2 cells for assays
with SF-2 because of the greater cytopathic effects of this virus in the former cell
line. Briefly, 50 ml of cell-free virus containing 1,000 50% tissue culture infective
doses (TCID50) was added to multiple dilutions of test sera in 100 ml of growth
medium in triplicate wells of 96-well microtiter plates. Virus-serum mixtures
were incubated at 37°C for 1 h, and then MT-2 cells (5 3 104 cells in 100 ml) or
CEMx174 cells (105 cells in 100 ml) were added to each well. Infection led to
extensive syncytium formation and virus-induced cell killing in approximately 3
to 5 days in the absence of antibodies. Neutralization was measured by staining
viable cells with Finter’s neutral red in poly-L-lysine-coated plates as described
previously (41). Percent protection was determined by calculating the difference
in absorption (A540) between test wells (cells, serum sample, and virus) and virus
control wells (cells and virus) and dividing this result by the difference in ab-
sorption between cell control wells (cells only) and virus control wells. Neutral-
ization was measured at a time when virus-induced cell killing in virus control
wells was greater than 70% but less than 100%. Neutralizing antibody titers are
given as the reciprocals of the serum dilutions required to protect 50% of cells
from virus-induced killing.

Virus neutralization in PBMC was measured by a reduction in p24 synthesis
essentially as described previously (40). Diluted serum samples were incubated

with virus (1,000 TCID50) in a total of 50 ml in triplicate for 1 h at 37°C in 96-well
U-bottom culture plates. Six wells containing only virus (no test sample) were
included as controls. Following a 1-h incubation at 37°C, phytohemagglutinin-
stimulated PBMC (4 3 105 cells in 150 ml of IL-2 growth medium) were added
to each well and incubated for 3 h at 37°C. Cells were then washed three times
with 200 ml of growth medium to remove the virus inoculum and antibodies.
Washed cells were resuspended in 200 ml of IL-2 growth medium and incubated
in fresh 96-well U-bottom plates until p24 production reached a peak. Immedi-
ately after resuspension, 25 ml was removed and mixed with 225 ml of 0.5%
Triton X-100 spiked with a known amount of p24 to test for interference from
anti-p24 antibody in the antigen detection enzyme-linked immunosorbent assay.
Culture supernatants (25 ml) were collected on a daily basis thereafter and mixed
with 225 ml of 0.5% Triton X-100 for the quantification of p24 produced by
infection. Viral p24 was quantified with an antigen enzyme-linked immunosor-
bent assay as described by the supplier (DuPont, Wilmington, Del.). The 25-ml
volume of culture fluid removed each day was replaced with 25 ml of fresh growth
medium with or without IL-2, as before. Unless stated otherwise, neutralization
was measured at a time prior to when p24 production in virus control wells had
reached its peak, which is when optimum sensitivity is achieved in this assay (61).
A similar set of assays measured neutralization by a reduction in p24 synthesis in
MT-2 cells. These latter assays were performed in growth medium without IL-2
and used 5 3 104 MT-2 cells per well. Neutralization in both cases was consid-
ered positive when p24 synthesis was reduced by .80% relative to the virus
control. Culture fluids harvested after the last washing showed no interference
with p24 detection.

Antibody-mediated neutralization of virus in the presence and absence of CC
chemokines was measured in human PBMC as described above except that the
PBMC were preincubated for 1 h at 37°C in IL-2 growth medium with and
without the CC chemokines RANTES, MIP-1a, and MIP-1b (each at 500 ng/ml)
prior to assay. This concentration of RANTES alone has been shown to exceed
the 90% inhibitory dose for a majority of NSI isolates in PBMC (28, 56). The
chemokines were maintained at this concentration in the growth medium at all
steps throughout the entire neutralization assay. This same mixture of CC che-
mokines caused a complete block in the replication of two of two NSI primary
isolates in PBMC in our laboratory (data not shown).

RESULTS

Coreceptor usage. Although coreceptor usage by the 89.6
primary isolate had been defined previously (12, 21), corecep-
tors used by the other primary isolates studied here remained
unknown. We assessed the coreceptor usage of these isolates,
in addition to the stocks of IIIB, MN, and SF-2 used in our
experiments, by measuring their ability to replicate in two
U87-CD4 indicator cell lines that stably expressed either
CXCR4 or CCR5 after transfection. The results in Table 1
show that our particular stocks of IIIB, MN, and SF-2 can use
CXCR4 but not CCR5, while the NSI isolates can use CCR5
but not CXCR4. The SI isolates were capable of using both
CXCR4 and CCR5, although it is possible that these latter
viruses consist of a mixture of quasispecies that use either or
both coreceptors.

TABLE 1. Coreceptor usage by laboratory-adapted variants and
primary isolates of HIV-1

Virus Categorya Phenotype

p24 production (ng/ml) inb:

U87-CD4-CXCR4
cells

U87-CD4-CCR5
cells

IIIB LA SI 2,335 ,1
MN LA SI 116 ,1
SF-2 LA SI 9 ,1
V89872 PI SI 714 430
V67970 PI SI 404 514
H69172 PI SI 765 965
P59423 PI NSI ,1 33
W25798 PI NSI ,1 78
W79290 PI NSI ,1 397

a LA, laboratory adapted; PI, primary isolate.
b U87-CD4 cell lines transfected to express either CXCR4 or CCR5 were

inoculated with cell-free viruses, incubated overnight, and then washed to re-
move the virus. Infection was assessed by p24 production 5 to 7 days later.
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Neutralization sensitivity of SI primary isolates in MT-2
cells compared with that in PBMC. Our first goal was to
determine whether SI primary isolates differ from laboratory-
passaged viruses in their sensitivity to neutralization in MT-2
cells with sera from HIV-1-infected individuals. The results in
Table 2 show that laboratory-passaged stocks of IIIB and MN
were much more sensitive to neutralization in MT-2 cells than
were three of three SI primary isolates. The most potent neu-
tralization of an SI primary isolate was seen for serum W05477
when tested against isolate V67970, which had a titer of 79.
Isolate V67970 was neutralized weakly by three additional
serum samples in MT-2 cells. Isolate H69172 was neutralized
weakly by only one serum sample, whereas isolate V89872 was
insensitive to neutralization with all five serum samples. Sim-
ilar results were obtained when the SI primary isolates were
assayed in human PBMC (Table 2). The few outcomes in
PBMC that were discordant with outcomes in MT-2 cells were
marginal in magnitude. In contrast to SI primary isolates, all
five serum samples neutralized IIIB and MN, with titers that
were often at least 10- to 100-fold higher than those obtained
with the primary isolates.

Since virus neutralization in both assays was measured by
different endpoints (i.e., a reduction in cell killing in MT-2 cells
versus a reduction in p24 synthesis in PBMC), we next inves-
tigated the outcome when a reduction in p24 synthesis was
used as the endpoint in the MT-2 assay. Serum samples from
four HIV-1-infected individuals that contained high-titer neu-
tralizing antibodies against IIIB, MN, and SF-2 in the MT-2
cell-killing assay had very poor neutralizing activity against
each of two primary isolates when assayed in MT-2 cells by a
reduction in p24 synthesis (Table 3). Specifically, only one

virus-serum combination was positive for neutralization (se-
rum T00953 with virus V67970 reduced p24 by .80%). Mild
infection enhancement was seen with some serum samples
(i.e., negative values), but the enhancement never exceeded a
doubling of p24 synthesis. These results are further evidence
that SI primary isolates are neutralized poorly in MT-2 cells
with serum samples from HIV-1-infected individuals.

Neutralization of 89.6 in PBMC when CCR5 usage is
blocked by CC chemokines. Primary isolate 89.6 differed from
the other primary isolates by being highly sensitive to neutral-
ization in MT-2 cells. As shown in Table 4, sera from three
infected individuals (10, W97464, and T00953) had neutraliza-
tion titers ranging from 96 to 758 when measured against 89.6
in MT-2 cells, although the titers were much lower when mea-
sured in PBMC (Table 4). Since this virus is able to use CCR5
in addition to CXCR4 (12, 21), and since MT-2 cells express
only CXCR4 (10, 39), we next examined whether the de-
creased sensitivity to neutralization in PBMC was related to
CCR5 usage.

For this assessment, each of the three serum samples was
tested for its ability to neutralize 89.6 in human PBMC in the
presence and absence of a mixture of RANTES, MIP-1a, and
MIP-1b to block CCR5. Figure 1 shows that the mixture of CC
chemokines had minimal effects on the replication of 89.6,
which is in agreement with the ability of this virus to utilize
coreceptors other than CCR5 (e.g., CXCR4) and suggests that
CCR5 is used poorly by this isolate, at least when other core-
ceptors are available. The serum neutralization curves showed

FIG. 1. Replication of HIV-1 89.6 in human PBMC in the presence and
absence of CC chemokines. PBMC were incubated for 1 h at 37°C in the
presence and absence of a mixture of RANTES, MIP-1a, and MIP-1b (each at
500 ng/ml) in 96-well culture plates. Cells were then transferred to each of 6 wells
of a 96-well culture plate containing cell-free virus, and the incubation continued
for another 3 h. The cells were washed three times with growth medium, resus-
pended in IL-2 growth medium, and incubated for 14 days. Viral p24 in culture
fluids was quantified on the days indicated.

TABLE 2. Neutralization of primary isolates of HIV-1 in MT-2
cells and human PBMC by sera from HIV-1-infected individuals

Seruma

Neutralizing antibody titer inb:

MT-2 cells MT-2 cells/PBMC

IIIB MN V89872 V67970 H69172

T84468 248 2,241 ,5/,5 ,5/,5 ,5/,5
Y44003 21 3,149 ,5/,5 6/,5 ,5/,5
W05477 191 670 ,5/,5 79/25 ,5/,5
V97490 97 336 ,5/5 12/,5 6/,5
AA4875 165 763 ,5/,5 14/5 ,5/,5

a Sera are from HIV-1-infected individuals.
b Titers measured in MT-2 cells are the reciprocal serum dilutions at which

50% of cells were protected from virus-induced cell killing; titers measured in
PBMC are the reciprocal serum dilutions that reduced p24 synthesis by .80%.

TABLE 3. Neutralization of laboratory-passaged viruses and
primary isolates of HIV-1 in MT-2 cells by sera from HIV-1-

infected individuals

Seruma
Neutralizing antibody titer forb:

IIIB MN SF-2 V89872 V67970

T00953 127 178 245 ,5 $5
V91008 8,434 495 2,285 ,5 ,5
W97464 516 156 1,850 ,5 ,5
P46471 1,688 682 3,442 ,5 ,5

a Sera were tested at a 1:5 dilution against primary isolates in MT-2 cells.
b Titers for IIIB, MN, and SF-2 are the reciprocal dilutions at which 50% of

cells were protected from virus-induce cell killing. Neutralization of primary
isolates was considered positive when p24 synthesis was reduced .80% relative
to the virus control (no test serum). All viruses were assayed in MT-2 cells except
SF-2, which was assayed in CEMx174 cells.

TABLE 4. Neutralization of HIV-1 89.6 in MT-2 cells and human
PBMC with sera from HIV-1-infected individuals

Seruma
Neutralizing antibody titer inb:

MT-2 cells PBMC

10 758 25
W97464 96 ,5
T00953 150 5

a Serum samples are from HIV-1-infected individuals.
b Titers in MT-2 cells are the reciprocal serum dilutions at which 50% of cells

were protected from virus-induced cell killing; titers for primary isolates are the
last serum dilutions at which p24 synthesis was reduced .80% relative to the
virus control (no test serum).
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that the virus was no more or less sensitive to neutralization in
the presence of the CC chemokines (Fig. 2). Positive neutral-
ization (.80% reduction in p24) was detected with serum 10
only. Neutralization curves with this serum sample were nearly
identical under both conditions, corresponding to neutraliza-
tion titers of 22 and 30 in the absence and presence of CC
chemokines, respectively. These titers were much lower than
the titer of 758 detected in MT-2 cells and were consistent with
our previous results for PBMC (Table 4). No neutralization
was detected with the remaining two serum samples in either
the presence or the absence of CC chemokines. Although one
of these samples (T00953) neutralized 89.6 in PBMC previ-
ously (Table 4), the titer (1:5) was lower than the initial 1:20
serum dilution used for the experiment depicted in Fig. 2.
These results indicate that CCR5 usage does not explain the
differential neutralization of 89.6 in MT-2 cells compared with
PBMC.

Antibody-mediated neutralization of SI primary isolates in
homozygous D32-CCR5 PBMC. As another approach to test
whether the poor neutralization of primary isolates in vitro is
associated with CCR5 usage, neutralization assays were per-
formed with PBMC that were genetically deficient in CCR5
(homozygous for the D32-CCR5 allele). The homozygous D32-
CCR5 PBMC chosen for this evaluation were first character-
ized for the ability to support the replication of SI and NSI
viruses as a way of confirming their functional coreceptor sta-

tus. As expected, SI primary isolates H69172, V67970, and, to
a lesser extent, 89.6 and V89872 were able to replicate (Fig. 3).
Two laboratory-adapted variants, IIIB and SF-2, also repli-
cated well (Fig. 3). Not shown in Fig. 3 are results for the
laboratory-adapted strain MN and the NSI primary isolates
P59423, W25798, and W79290, which did not grow; cultures
were negative for p24 on days 3, 5, 7, 9, and 14. Since each of
the NSI isolates has been shown to replicate to high levels in
normal PBMC within 6 days, using the same inoculum size
(47), their inability to replicate in the homozygous D32-CCR5
PBMC agrees with the lack of expression of CCR5. The in-
ability of MN to replicate in these cells was unexpected, since
this virus can use CXCR4, and could reflect a greater com-
plexity of coreceptor usage by MN than is currently recognized.
We should also note that this stock of MN failed to replicate in
normal human PBMC that were capable of supporting the
replication of NSI isolates (data not shown).

Two of the above SI primary isolates were assessed for the
ability to be neutralized in the homozygous D32-CCR5 PBMC
with serum samples from the four HIV-1-infected individuals
listed in Table 3, plus one additional serum sample, D75899,
that neutralizes a broad spectrum of primary isolates (61).
Serum from a healthy, noninfected individual (D01) was used
as a negative control. All serum samples were tested at a 1:5
dilution. Table 5 shows that neither virus was neutralized by
the negative control serum. Of the five HIV-1-positive sera,
potent neutralization of V67970 and H69172 was seen with
three and two sera, respectively. The remaining virus-serum
combinations produced negligible neutralization (,80%).
Similar patterns of neutralization of V67970 by these serum
samples have been observed previously in normal PBMC (47,
61).

A second experiment was performed with an additional
preparation of the homozygous D32-CCR5 PBMC (i.e., a later
blood sample from the same donor as before), but this time the
serum samples were tested for the ability to neutralize IIIB and
the primary isolates 89.6 and V89872. Sera were evaluated at
1:10 and 1:50 dilutions, and p24 was quantified on days 6, 7,
and 8, when virus production in the absence of test serum was
just peaking. Three time points were used here as a way of
distinguishing different potencies of virus neutralization, where

FIG. 2. Antibody-mediated neutralization of HIV-1 89.6 in human PBMC in
the presence and absence of CC chemokines. Neutralization of HIV-1 89.6 was
assessed in human PBMC with serum samples from three HIV-1-infected indi-
viduals in the presence and absence of RANTES, MIP-1a, and MIP-1b (each at
500 ng/ml) as described in Materials and Methods. Viral p24 in culture fluids was
quantified on day 5 of incubation. Dotted lines correspond to 80% reduction in
p24 synthesis relative to the virus control (no test serum). Average concentra-
tions of p24 in virus control wells on days 2 to 10 are shown in Fig. 1.

FIG. 3. Virus replication in homozygous D32-CCR5 PBMC. PBMC (D32-
CCR5) were inoculated with virus in triplicate wells of 96-well culture plates and
incubated for 1 day. The virus inoculum was removed by a series of washes, and
the cells were incubated in fresh IL-2 growth medium for an additional 13 days
(14 days in total). Viral p24 in culture fluids was quantified on the days indicated.
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the detection of neutralization may decrease with increasing
incubation time as nonneutralized virions multiply (61). The
results showed that IIIB was significantly more sensitive to
neutralization than were the primary isolates (Fig. 4). Specif-
ically, each of the five serum samples from infected individuals
caused .80% reduction in IIIB p24 synthesis relative to the
virus control (no test serum) at both serum dilutions tested,
regardless of the day of assay. In fact, p24 was undetectable at
all time points with four of the serum samples tested at a 1:10
dilution. The one sample that was not 100% neutralizing at a
1:10 dilution (V91008) was the most potent serum in MT-2
cells (Table 3), indicating that IIIB may sometimes be less
sensitive to neutralization in PBMC than it is in MT-2 cells. By
comparison, isolate 89.6 was neutralized by two of five serum
samples at a 1:10 dilution only (samples P46471 and T00953).
Our results showed also that isolate V89872 was relatively
insensitive to neutralization by both dilutions of all serum
samples. Except for some mild infection enhancement seen for
IIIB at a 1:10 serum dilution, the negative control sample
(D01) had little effect on all three viruses.

DISCUSSION

This study aimed to determine whether the dichotomy in
neutralization sensitivity between laboratory-adapted variants
and primary isolates of HIV-1 could be explained by differen-
tial coreceptor usage. Specifically, we sought to determine
whether either the exclusive use of CXCR4 or the inability to
use CCR5 was associated with a high level of sensitivity to
neutralizing antibodies. The premise for these studies is found
in the fact that antibody-mediated neutralization of laboratory-
adapted viruses is most commonly measured in CD41 T-cell
lines that express CXCR4 but not CCR5, such as MT-2 cells,
whereas the neutralization of primary isolates is measured in
PBMC that express multiple coreceptors, including CCR5 and
CXCR4.

A particular stock of HIV-1 was considered to be a primary
isolate if it had been grown only in PBMC and was of low
passage number. All of our primary isolates were passaged no
more than twice in PBMC exclusively. We partially mimicked
the conditions under which laboratory-adapted variants are
highly sensitive to neutralization by assessing the ability of SI
primary isolates to be neutralized in MT-2 cells by sera from

HIV-1-infected individuals. The fact that three of four SI pri-
mary isolates were neutralized poorly in both MT-2 cells and
PBMC suggests that preferential use of CXCR4 does not ren-
der SI primary isolates highly sensitive to neutralization. We
chose SI primary isolates that were capable of using both
CXCR4 and CCR5, and although these viruses could have
contained a mixture of quasispecies that use either or both
coreceptors, infection in MT-2 cells would have been selective
for those that use CXCR4.

A fourth primary isolate, designated 89.6, was highly sensi-
tive to neutralization in MT-2 cells but not in PBMC. Because
this virus is capable of using both CCR5 and CXCR4, it was
possible that in this case, the exclusive use of CXCR4 in MT-2
cells improved its sensitivity to neutralization. This proved not
to be true, however, since 89.6 remained relatively insensitive
to neutralization in PBMC when RANTES, MIP-1a, and
MIP-1b were added to block the use of CCR5. IIIB also
showed some evidence of being less sensitive to neutralization
in PBMC, and this virus is known to use only CXCR4 as a
coreceptor. Along these same lines, we observed a dichotomy
in neutralization sensitivity between the IIIB laboratory-
adapted strain of virus and SI primary isolates in homozygous
D32-CCR5 PBMC, where IIIB was significantly more sensitive
to neutralization than were primary isolates. These results,
taken together, indicate that CCR5 usage does not explain why
primary isolates are less sensitive to neutralization than labo-
ratory-adapted strains.

Since our results identified no obvious effects of CXCR4 and
CCR5 on the detection of virus neutralization by sera from
infected individuals, coreceptor usage probably does not de-
termine the ability of HIV-1 to be neutralized by antibody. A
similar conclusion has been reached in two independent stud-
ies that used human monoclonal antibodies and soluble CD4
(31a, 55). Other evidence in support of this conclusion may be
found in the fact that SI and NSI primary isolates are equally
difficult to neutralize in PBMC despite their differential use of
CXCR4 and CCR5 (8, 31, 40, 42, 47). Other factors are more
likely to explain why laboratory-adapted HIV-1 is highly sen-
sitive to neutralization compared to primary isolates. One pos-
sibility is that envelope glycoprotein folding, subunit-subunit
interactions, or positioning of glycosylation sites affects the
exposure of neutralization epitopes on laboratory-adapted
variants and primary isolates differently (7, 43). Antibodies to
these epitopes may be able to neutralize the virus regardless of
which coreceptors are used, as long as the epitope is exposed
for antibody to bind. An example is the V3 loop of gp120,
which contains multiple neutralization epitopes that are readily
exposed on laboratory-adapted viruses (29, 46, 57) but are
hidden in the native structure of gp120 on primary isolates (6).
These epitopes could be the same as, or different from, those
in the V3 loop that are suspected to play a role in coreceptor
interactions (12, 14, 52, 54, 60).

The manner in which the envelope glycoproteins interact
with their coreceptors might be another factor that affects virus
neutralization by antibody. For example, different strains of
HIV-1 seem to use different binding motifs on both CXCR4
(33, 52) and CCR5 (2, 22, 36, 48), making it possible that virus
neutralization depends on which motifs are used. Interestingly,
a recent study with monoclonal antibody 12G5 provided evi-
dence that IIIB and 89.6 use different motifs on CXCR4 (52),
although we showed that both viruses are highly neutralizable
in MT-2 cells, where CXCR4 is presumably the sole corecep-
tor. Finally, our results do not exclude the possibility that
coreceptors other than CXCR4 and CCR5 can influence the
neutralization of HIV-1 by antibody.

We emphasize that our findings do not imply that antibodies

TABLE 5. Antibody-mediated neutralization of SI primary isolates
in homozygous D32-CCR5 PBMC

Seruma

Neutralizing antibody titer for
primary isolateb:

V67970 H69172

T00953 $5 $5
V91008 $5 ,5
W97464 ,5 ,5
P46471 ,5 ,5
D75899 $5 $5
D01 ,5 ,5

a All serum samples except D01 were from HIV-1-infected individuals; sample
D01 came from a healthy, noninfected individual and was used as a negative
control.

b Primary isolates V67970 and H69172 were grown in normal PBMC and
assayed in homozygous D32-CCR5 PBMC. Virus neutralization was assessed at
a 1:5 dilution of serum samples. Neutralization was measured on day 8 for
V67970 (11.6 ng of p24/ml in absence of test serum) and on day 7 for H69172
(18.0 ng of p24/ml in absence of test serum). Neutralization was considered
positive when p24 synthesis was reduced .80% relative to the virus control (no
test serum).

1890 MONTEFIORI ET AL. J. VIROL.



to the coreceptor binding site(s) on viral envelope glycopro-
teins would be nonneutralizing. In fact, several lines of evi-
dence support the notion that such antibodies could be highly
effective at neutralizing a broad spectrum of HIV-1 variants
(12, 14, 54, 60). Neutralization epitopes that reside in corecep-
tor binding sites on the viral envelope glycoproteins would be
expected to be highly conserved so as to maintain coreceptor
usage. However, these epitopes might become exposed tran-
siently only after gp120-CD4 binding (54, 60), thereby reducing
their immunogenicity and restricting their accessibility to an-
tibodies. Our results agree that if these antibodies exist, they

are probably not present in significant quantities in sera from
HIV-1-infected individuals.
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FIG. 4. Antibody-mediated virus neutralization in homozygous D32-CCR5 PBMC. Serum samples from five HIV-1-infected individuals and one HIV-1-negative
individual were assessed for the ability to neutralize the laboratory-adapted strain, IIIB, and the primary isolates, 89.6 and V89872, in homozygous D32-CCR5 PBMC.
Suspensions of cell-free virus were incubated for 1 h at 37°C in triplicate with 1:10-diluted and 1:50-diluted serum samples in 96-well culture plates. PBMC were added,
incubated for 3 h at 37°C, and then washed three times with growth medium. PBMC were resuspended in IL-2 growth medium and incubated for 8 days. Viral p24
production in culture supernatants was quantified on days 6, 7, and 8 of incubation. Values less than 0.1 ng of p24/ml were below the limit of detection in these assays.
Serum samples: F, no test serum; E, D01; �, D75899; ƒ, P46471; ■, T00953; h, V91008; }, W97464.
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