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Most human immunodeficiency virus type 1 (HIV-1) viruses in the brain use CCR5 as the principal
coreceptor for entry into a cell. However, additional phenotypic characteristics are necessary for HIV-1
neurotropism. Furthermore, neurotropic strains are not necessarily neurovirulent. To better understand the
determinants of HIV-1 neurovirulence, we isolated viruses from brain tissue samples from three AIDS patients
with dementia and HIV-1 encephalitis and analyzed their ability to induce syncytia in monocyte-derived
macrophages (MDM) and neuronal apoptosis in primary brain cultures. Two R5X4 viruses (MACS1-br and
MACS1-spln) were highly fusogenic in MDM and induced neuronal apoptosis. The R5 viruses UK1-br and
MACS2-br are both neurotropic. However, only UK1-br induced high levels of fusion in MDM and neuronal
apoptosis. Full-length Env clones from UK1-br required lower CCR5 and CD4 levels than Env clones from
MACS2-br to function efficiently in cell-to-cell fusion and single-round infection assays. UK1-br Envs also had
a greater affinity for CCR5 than MACS2-br Envs in binding assays. Relatively high levels of UK1-br and
MACS2-br Envs bound to CCR5 in the absence of soluble CD4. However, these Envs could not mediate
CD4-independent infection, and MACS2-br Envs were unable to mediate fusion or infection in cells expressing
low levels of CD4. The UK1-br virus was more resistant than MACS2-br to inhibition by the CCR5-targeted
inhibitors TAK-779 and Sch-C. UK1-br was more sensitive than MACS2-br to neutralization by monoclonal
antibodies (2F5 and immunoglobulin G1b12 [IgG1b12]) and CD4-IgG2. These results predict the presence of
HIV-1 variants with increased CCR5 affinity and reduced dependence on CCR5 and CD4 in the brains of some
AIDS patients with central nervous system disease and suggest that R5 variants with increased CCR5 affinity
may represent a pathogenic viral phenotype contributing to the neurodegenerative manifestations of AIDS.

Human immunodeficiency virus type 1 (HIV-1) infects mac-
rophages and microglia in the central nervous system (CNS)
and frequently causes dementia and other neurological disor-
ders in patients with AIDS (49, 68). CNS infection with HIV-1
can cause an encephalitis, characterized by reactive astrocytes,
myelin pallor, microglial nodules, perivascular inflammation,
multinucleated giant cells (MNGC), and neuronal cell loss.
HIV-1 enters the CNS in the early stages of infection by traf-
ficking across the blood-brain barrier within infected mono-
cytes and possibly lymphocytes (68). However, CNS infection
with HIV-1 is latent and typically does not cause dementia or
encephalitis until after clinical progression to AIDS. The ge-
netic evolution of HIV-1 within the brain is distinct from that
in lymphoid tissues and other organs (12, 18, 26, 32, 38, 44, 69,
85, 90). Specific sequences within the viral envelope glycopro-
tein (Env), particularly the gp120 V3 region, have been asso-
ciated with brain infection (38, 44, 66, 67, 85, 88). The genetic
compartmentalization of viral variants in the CNS suggests that
adaptive changes may occur in response to unique constraints

of the CNS microenvironment, such as different target cell
populations and immune selection pressures.

The tropism of HIV-1 is predominantly determined by the
sequential interaction of Env with CD4 and a particular core-
ceptor. Macrophage-tropic HIV-1 primarily uses CCR5 (R5)
as a coreceptor (3, 13, 16, 19, 20), whereas T-cell line-tropic
(T-tropic) viruses use CXCR4 (X4). Dual-tropic viruses
(R5X4) can use both coreceptors. In some patients, HIV-1
disease progression is associated with a general broadening of
virus tropism by expansion of coreceptor usage and the emer-
gence of X4 or R5X4 variants (9, 15). However, usage of
coreceptors other than CCR5 and CXCR4 by primary viruses
in vitro is rare (95), and infection of primary cells occurs, with
few exceptions (37, 46), exclusively via CCR5 or CXCR4 (94,
96).

CCR5 is the major coreceptor for HIV-1 infection of mac-
rophages and microglia (2, 29, 34, 72; reviewed in reference
24). Furthermore, CCR5 is the principal coreceptor used by
HIV-1 viruses isolated from the brain (2, 34, 48, 53, 72, 77).
However, CCR5 usage by primary brain-derived HIV-1 iso-
lates is neither necessary nor sufficient for neurotropism (de-
fined as the ability of viruses to replicate in microglia) (32).
Most laboratory-adapted X4 viruses, such as IIIB, MN, and
SF-2, do not replicate efficiently in macrophages and microglia
(17, 28, 34, 45, 62, 70, 78, 93), but macrophages and microglia
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can support efficient replication by a subset of primary X4
viruses isolated from blood (32, 36, 62, 75, 76, 86) or brain
tissue (32). We previously demonstrated that macrophage (M)
tropism predicts HIV-1 neurotropism independent of corecep-
tor specificity (32). Consistent with this model, a chimeric
simian-human immunodeficiency virus that is neurotropic in
rhesus macaques contains the env gene from the T-tropic
HIV-1 IIIB strain. This virus (SHIVKU-2) was adapted for
growth in monocyte-derived macrophages (MDM) and uses
only CXCR4 for entry (50).

Infection of the CNS by HIV-1 or simian immunodeficiency
virus (SIV) is not sufficient to cause dementia or encephalitis
(39, 44, 51, 66), suggesting that neurovirulence is likely to be
determined by genetic and biological characteristics that are
distinct from those that underlie neurotropism. Apoptosis of
neurons and astrocytes is induced by infection with HIV-1 in
vitro (62, 71) and has been observed in autopsy brain tissues
from AIDS patients (1, 5, 27, 64, 71, 84; reviewed in references
25 and 33). However, only a subset of R5, X4, and R5X4
viruses induce neuronal apoptosis in primary brain cultures
(62, 67). Collectively, these findings raise the possibility that
dementia may be associated with particular strains of HIV-1
that replicate efficiently in macrophages and microglia, in ad-
dition to having the capacity to induce neuronal dysfunction or
cell death.

The viral envelope glycoproteins are an important determi-
nant of neurodegenerative mechanisms associated with HIV-1
infection in vitro (62, 67). A major pathway for neuronal injury
is thought to involve the release of the gp120 glycoprotein, in
soluble or virion-associated form, from infected macrophages
and microglia; this may induce cellular dysfunction or apopto-
sis via interactions with CXCR4 and possibly other chemokine
receptors expressed on neurons and other cells in the CNS (35,
41, 54, 97, 98; reviewed in references 40 and 49). Other soluble
neurotoxic factors produced by activated or infected macro-
phages and microglia, including the HIV-1 Tat protein, gluta-
mate, quinolinic acid, L-cysteine, platelet-activating factor, and
some as yet unknown, may also contribute to mechanisms of
neuronal injury (reviewed in references 25, 31, 40, and 49).

We and others have described primary R5 HIV-1 isolates
that replicate to high levels in microglia and have a reduced
dependence on CD4 (32, 73) and CCR5 levels (32) for virus
entry. Shieh et al. (73) generated a highly fusogenic variant
with a reduced dependence on CD4 levels (52, 73) by adapting
a blood-derived isolate via serial passage in cultured microglia
(BORI-15 isolate). We recently described a naturally occurring

variant isolated from the brain of an intravenous drug user that
also has a reduced dependence on both CD4 and CCR5 levels
(UK1-br isolate) (32). The levels of CD4 and CCR5 expression
are lower in microglia in the CNS than in CD4� T-cells and
monocytes in peripheral blood (47, 63, 87). Furthermore, the
low level of CD4 expression on rhesus macrophages was shown
to restrict infection by M-tropic HIV-1 or T-tropic SIV strains
(8, 59). We therefore hypothesized that a reduced dependence
on CD4 and/or CCR5 levels by HIV-1 in the CNS may be a
means by which R5 HIV-1 strains might acquire neuroviru-
lence.

In this study, we characterized neurotropic R5 and R5X4
viruses isolated from autopsy brain and lymphoid tissues of
AIDS patients with dementia and HIV-1 encephalitis. We
found that the ability of HIV-1 isolates to induce neuronal
apoptosis was closely associated with high levels of fusion in
MDM but independent of coreceptor specificity. Although
UK1-br and MACS2-br R5 viruses are both neurotropic, neu-
ronal apoptosis was induced only by UK1-br. Env clones from
UK1-br had a reduced dependence on CCR5 and CD4 levels
in cell-to-cell fusion and single-round infection assays than did
Env clones from MACS2-br. Furthermore, the affinity of
UK1-br Envs for CCR5 was increased. The UK1-br virus was
more resistant to inhibition by the CCR5 inhibitors TAK-779
and Sch-C but more sensitive to neutralizing antibodies and
CD4-immunoglobulin G2 (CD4-IgG2) than the MACS2-br vi-
rus. These results suggest that neurotropic R5 viruses that have
an increased affinity for CCR5 may represent a pathogenic
viral phenotype in the CNS.

MATERIALS AND METHODS

Virus isolates. Primary viruses MACS1-br, MACS1-spln, MACS2-br, and
UK1-br were isolated from autopsy brain (MACS1-br, MACS2-br, and UK1-br)
and spleen (MACS1-spln) tissue samples from AIDS patients with dementia and
HIV-1 encephalitis by coculture with CD8-depleted peripheral blood mononu-
clear cells (PBMC) as described previously (32) (Table 1). Patients MACS1 and
MACS2 were participants in the Chicago Component of the Multicenter AIDS
Cohort Study. Tissue samples from patient UK1 were obtained from the Edin-
burgh Brain Bank. HIV-1 ADA was obtained from the National Institutes of
Health AIDS Research and Reference Reagent Program. Virus stocks were
prepared from supernatants of infected PBMC as described previously (62).
HIV-1 89.6 virus stocks were produced by transfection of 293T cells with proviral
plasmid DNA by the calcium phosphate method (34).

Cells. MDM were purified from PBMC by plastic adherence and cultured for
5 days in RPMI 1640 medium supplemented with 10% (vol/vol) human AB�
serum (Nabi, Boca Raton, Fla.), 100 �g of penicillin and streptomycin/ml, and
12.5 ng of macrophage colony-stimulating factor (R&D Systems, Minneapolis,
Minn.)/ml. Primary human fetal brain cultures which contained a mixture of

TABLE 1. Characteristics of study subjects and virus isolatesa

Patient Clinical
dementia

HIV-1
encephalitis

Giant
cells

Tissue
isolates Coreceptor usage

Replication kinetics

PBMC MDM Microglia

MACS1 Yes Severe ��� Brain CXCR4, CCR5 ��� �� �
Spleen CXCR4, CCR5, Apj ��� ��� ���

MACS2 Yes Moderate � Brain CCR5 � ��� ��
UK1 Yes Moderate �� Brain CCR5 � �� ���

a The data shown in this table are published in the work of Gorry et al. (32). The presence of clinical dementia and HIV-1 encephalitis in patients MACS1, MACS2,
and UK1 was determined by the clinical history and neuropathological examination at the time of autopsy. The frequency of multinucleated giant cells observed in
autopsy brain tissue sections was scored as � (occasional), �� (moderate), or ��� (high). The coreceptors used by viruses isolated from brain or spleen tissue were
determined by infection of transfected Cf2-Luc cells. For replication in PBMC, MDM, and microglia, virus levels were scored as ���, ��, or � based on levels of
RT activity in culture supernatants as previously described (32).
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astrocytes, neurons, and microglia were prepared and cultured in Dulbecco
modified Eagle medium (DMEM) supplemented with 10% (vol/vol) bovine calf
serum (HyClone, Logan, Utah), 100 �g of penicillin and streptomycin/ml, 2 mM
L-glutamine, 1 mM sodium pyruvate, and 5 ng of macrophage colony-stimulating
factor/ml as previously described (32). The protocol for tissue procurement was
approved by the institutional review board at the Dana-Farber Cancer Institute
and was in compliance with federal regulations. Cf2-Luc cells (32), derived from
the Cf2th canine thymocyte cell line (13), stably express the luciferase gene under
the control of the HIV-1 long terminal repeat. Cf2-Luc cells were cultured in
DMEM medium supplemented with 10% (vol/vol) fetal bovine serum (FBS), 100
�g of penicillin and streptomycin/ml, and 0.7 mg of G418 (Gibco BRL, Gaith-
ersburg, Md.)/ml. Cf2th-synCCR5 cells express a codon-optimized version of
human CCR5 containing a C-terminal nonapeptide (TETSQVAPA) tag derived
from bovine rhodopsin (56) and were cultured in DMEM medium supplemented
with 10% (vol/vol) FBS, 100 �g of penicillin and streptomycin/ml, and 0.4 mg of
G418 (Gibco BRL)/ml. Cf2th-CCR5 cells stably express low levels of CCR5 and
were cultured in DMEM medium supplemented with 10% (vol/vol) FBS, 100 �g
of penicillin and streptomycin/ml, and 0.5 mg of G418 (Gibco BRL)/ml.

HIV-1 replication kinetics. Monocyte-derived macrophages were allowed to
mature for 5 days prior to being seeded in six-well tissue culture plates at
approximately 90% confluence. An amount of virus equivalent to 50,000 3H cpm
reverse transcriptase (RT) units in a volume of 2 ml was allowed to adsorb to the
cell monolayers for 3 h at 37°C. Virus was then removed, and the cells were
rinsed three times with phosphate-buffered saline (PBS) prior to addition of 2 ml
of culture medium. Fifty-percent media changes were performed twice weekly

for 28 days, and supernatants were tested for HIV-1 replication by RT assays.
Mixed fetal brain cells were seeded into 48-well tissue culture plates coated with
poly-L-lysine at a density of 1.6 � 105/well and cultured for 5 days. Microglia were
then added at a density of 0.2 � 105/well and cultured further for 2 days. Brain
cell cultures were infected by overnight incubation with 10,000 3H cpm RT units
of HIV-1 in a volume of 0.5 ml. Virus was removed, and the cells were rinsed
three times with warm culture medium prior to addition of 0.25 ml of mixed brain
cell-conditioned media. After culturing for 4 days, 0.25 ml of fresh culture media
was added and cells were incubated for an additional 24 days. Fifty-percent
media changes were performed weekly, and supernatants were tested for HIV-1
replication by p24 antigen enzyme-linked immunosorbent assay (NEN, Boston,
Mass.) using the manufacturer’s protocol.

Apoptosis assays. Apoptosis in primary brain cultures was measured 28 days
postinfection. Cells were collected in trypsin, added to wells of 96-well v-bottom
plates (Costar, Corning, N.Y.), and washed twice with PBS prior to resuspension
in 10 �l of propidium iodide (50 �g/ml) (Pharmingen, San Diego, Calif.) and
incubation for 10 min at room temperature. The cells were then washed three
times with PBS, resuspended in 100 �l of cytofix-cytoperm solution (Pharmin-
gen), and incubated for 20 min at 4°C. After washing three times with perm/wash
buffer (Pharmingen), the cells were incubated in 50 �l of fluorescein isothiocya-
nate-labeled terminal deoxynucleotidyltransferase-mediated dUTP nick end-la-
beling (TUNEL) solution (Boehringer Mannheim) for 1 h at 37°C, washed twice
with perm/wash buffer (Pharmingen), and resuspended in 400 �l of 1% (wt/vol)
paraformaldehyde. Two-color flow-cytometric analysis was used to measure ap-
optosis of cells identified as neurons by forward scatter-side scatter profile. This

FIG. 1. Syncytium formation in MDM induced by neurotropic HIV-1 isolates. (A) MDM were infected with equivalent amounts of HIV-1 as
described in Materials and Methods. Syncytia formation was observed at day 7 (ADA, MACS1-spln, UK1-br, MACS2-br) or 10 (MACS1-br)
postinfection. Control cells were exposed to the X4 primary virus isolate CB1-br, which does not replicate in MDM (32). (B) Multinucleated giant
cells in brain tissue sections of patient UK1 stained with hematoxylin and eosin (left panel) and immunocytochemical detection of HIV-1 p24
antigen in brain tissue (right panel). Photographs were taken using an Eclipse TE 300 microscope (Nikon, Osaka, Japan) at a magnification of
�400.
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population contains �95% of cells with positive intracellular staining for the
neuronal marker MAP-2 using a fluorescein isothiocyanate-conjugated mono-
clonal antibody and negative intracellular staining for glial fibrillary acidic pro-
tein using a phycoerythrin-conjugated monoclonal antibody (Sigma, St. Louis,
Mo.) (J. Wang and D. Gabuzda, unpublished data). TUNEL-positive, propidium
iodide-negative neurons were considered to be apoptotic.

PCR amplification, HIV-1 Env cloning, and sequence analysis. Genomic DNA
was extracted from PBMC infected with UK1-br and MACS2-br primary isolates
using a DNeasy DNA extraction kit (Qiagen) according to the manufacturer’s
protocol. Full-length Env genes were amplified from genomic DNA with RTth
XL polymerase and nested primers using a hot start with AmpliWax PCR Gem
50 (Applied Biosystems). The outer primers were 5717F (5�-ACTTGGGCAGG
AGTGGAAGC-3�) and 9100R (5�-TAGCCCTTCCAGTCCCCCCTTTTCTTT
T-3). The inner primers were 5800F (5�-AGAATTGGGTGTCGACATAGCA
GAATAGGC-3�) and 8821R (5�-TTTTGACCACTTGCCACCCAT-3�). The
primer numbers refer to nucleotide positions in pNL4-3. PCR was performed in
a model 9600 thermocycler (Perkin-Elmer) programmed at 80°C for 5 min, 94°C
for 1 min, 40 cycles of 95°C for 15 s, 62°C for 8 min, and a final extension of 72°C
for 10 min. PCR product DNA was gel purified and cloned into pCR3.1-Uni
(Invitrogen). Functional full-length Env clones were identified by Western blot
analysis of gp120/gp160 in transfected 293T cells and by fusion assays. Env clones
were sequenced by Big Dye terminator sequencing (Applied Biosystems) and
analyzed using a model 3100 Genetic Analyzer (Applied Biosystems).

Western blot analysis. For analysis of Env expression, 293T cells were trans-
fected with 2.5 �g of different pCR3.1env clones. At 72 h after transfection, cells
were rinsed twice in PBS and resuspended in 400 �l of ice-cold lysis buffer (0.5%
[vol/vol] NP-40; 0.5% [wt/vol] sodium deoxycholate; 50 mM NaCl; 25 mM Tris-
HCl [pH 8.0]; 10 mM EDTA; 5 mM benzamidine HCl; 10 mM phenylmethyl-
sulfonyl fluoride) for 20 min, followed by centrifugation at 15,300 � g for 10 min
to remove cellular debris. Cell lysates were separated in 8.5% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels and analyzed by
Western blotting using rabbit anti-gp120 polyclonal antisera (American Biotech-
nologies Inc.). Env proteins were visualized using horseradish peroxidase-con-
jugated anti-rabbit immunoglobulin G antibodies and enhanced chemilumines-
cence (NEN).

Site-directed mutagenesis. Mutant Env plasmids containing a restored poten-
tial N-linked glycosylation site in the V1V2 stem region (D208N; corresponding
to position 197 in HXB2 Env) of UK1-br Env clones were created by PCR-based
mutagenesis (Stratagene, La Jolla, Calif.). Primers 208-F (5�-GGTTGATATCT
TGTAACACCTCAACCG-3�) and 208-R (5�-C GGTTGAGGTGTTACAAGA
TATCAACC-3�) introduced a silent EcoRV restriction site and an asparagine
residue in place of aspartic acid at position 208. 5� and 3� PCR fragments were
created and used as the template to create full-length mutant Env clones by
splice overlap PCR. The final product was subcloned back into pCR3.1 using
HindIII and EcoRI restriction sites. Successful mutagenesis was demonstrated by
EcoRV digestion. The amino acid changes were verified by DNA sequencing of
the entire gp160 region.

Fusion assays. 293T cells (105) cotransfected with 15 �g of Env-expressing
plasmid and 2 �g of pLTR-Tat were mixed with Cf2-Luc cells (106) that had been
cotransfected with different amounts of pcDNA3-CD4 and pcDNA3-CCR5 as
indicated and then incubated at 37°C in 0.75 ml of culture medium. Eight to
twelve hours later, cells were harvested and assayed for luciferase activity (Pro-
mega, Madison, Wisc.) according to the manufacturer’s protocol. 293T cells
cotransfected with a nonfunctional Env (pSVIII-�KSenv) and pLTR-Tat were
used as negative controls to determine the background level of luciferase activity.

Single-round infection assays. An Env complementation assay was used to
quantitate HIV-1 entry as described previously (13). Briefly, recombinant HIV-1
luciferase reporter viruses were generated by cotransfection of 293T cells with 16
�g of pNL4-3env�Luc, which contains an HIV-1 provirus with a deletion in the
env gene and a replacement of the nef gene with a luciferase gene, and 6 �g of
pCR3.1Env or pSVIIIEnv plasmid. The calcium phosphate method was used.
Cf2th cells intended for use as target cells were cotransfected with different
amounts of pcDNA3-CD4 and pcDNA3-CCR5 as indicated. Approximately 48 h
after transfection, these cells were infected by incubation with 20,000 3H cpm RT
units of recombinant luciferase reporter viruses. Reporter viruses pseudotyped
with a nonfunctional Env (pSVIII-�KSenv) were used as negative controls. Sixty
hours later, cells were harvested and assayed for luciferase activity.

Radiolabeling of Env glycoproteins. 293T cells were transfected with 15 �g of
pCR3.1Env plasmid or cotransfected with 15 �g of pSVIIIEnv plasmid and 2 �g
of pLTR-Tat using the GenePORTER 2 transfection system (Gene Therapy

FIG. 2. Apoptosis induced by infection of primary brain cultures with neurotropic HIV-1 isolates. Control viruses (ADA, 89.6) or primary virus
isolates (MACS1-br, MACS1-spln, MACS2-br, UK1-br) were used at equivalent amounts to infect microglia in mixed brain cell cultures. Virus
replication was measured weekly by HIV-1 p24 production in culture supernatants for 28 days postinfection. Apoptosis of neurons was measured
at day 28 as described in Materials and Methods. Data are expressed as the percent change in comparison to control cells treated with culture
medium alone, with the control value set at 0%. Data shown are means of duplicate infections, with error bars representing standard deviations.
Results are representative of three independent experiments with cells obtained from different donors. Asterisk, P � 0.05 for the difference in
apoptosis levels in a comparison with mock-infected cultures by Student’s t test.
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Systems, San Diego, Calif.). One day after transfection, the cells were labeled for
48 h with [35S]cysteine (100 �Ci/ml) and [35S]methionine (100 �Ci/ml). The
supernatants were harvested, cleared by centrifugation at 200 � g for 5 min at
4°C, and stored at 4°C. The amount of radiolabeled gp120 glycoprotein in the
supernatants was determined by immunoprecipitation with AIDS patient sera
and protein A-Sepharose beads, and densitometry of autoradiographed SDS–
10% PAGE gels. For CCR5 binding assays, the concentrations of radiolabeled
gp120 in supernatants were normalized by dilution with culture medium.

Env-CCR5 binding assay. Cf2th cells (2 � 106 to 4 � 106) expressing high
(Cf2th-synCCR5) or low (Cf2th-CCR5) levels of CCR5 were washed with PBS,
added to microcentrifuge tubes, and incubated with 500 �l of radiolabeled gp120
and 0.2% sodium azide for 2 h at 37°C with gentle agitation. In some experi-
ments, soluble CD4 (sCD4; ImmunoDiagnostics, Inc., Woburn, Mass.) (6 �g/ml)
was incubated with the gp120 solution for 1 h at room temperature prior to
addition to the cells. The supernatants were then removed, and the cells were
washed four times with cold DMEM medium prior to lysis in 0.5 ml of ice-cold
IP buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% [vol/vol] Triton X-100,
and a cocktail of protease inhibitors) and incubation for 25 min at 4°C with gentle
agitation. The lysates were cleared by centrifugation at 14,000 � g for 30 min at
4°C. The gp120 glycoproteins in the cleared lysates were then immunoprecipi-
tated with AIDS patient sera and protein A-Sepharose beads and visualized by
autoradiography of SDS–10% PAGE gels.

Virus inhibition studies. The effects of the CCR5 inhibitors TAK-779 (7) and
Sch-C (79) on virus replication in PBMC were assayed as described elsewhere
(81). Briefly, PBMC were incubated for 30 min with a range of concentrations of
each inhibitor (0.01 to 100 �M) prior to infection with the UK1-br and
MACS2-br primary isolates. Virus replication was measured by production of
HIV-1 p24 antigen in culture supernatants for 14 days (82). The production of
p24 antigen in the presence of an inhibitor was expressed as a percentage of the
amount produced in control cultures containing no inhibitor.

Neutralization assays. Human monoclonal antibodies (MAb) against HIV-1
gp120 (IgG1b12 and 2G12) and gp41 (2F5), and the tetrameric CD4-immuno-
globulin (CD4-IgG2) molecule have been described previously (4, 10, 11, 60, 82,
83). Neutralization of virus replication in PBMC was assessed as described
previously (82). Briefly, virus was incubated for 30 min with a range of concen-
trations of each MAb or CD4-IgG2 (0.01 to 100 �g/ml) prior to infection with the
UK1-br and MACS2-br isolates. Virus replication was measured and percent
neutralization was calculated as described above.

Nucleotide sequence accession numbers. The gp160 nucleotide sequences
reported here have been assigned GenBank accession numbers AF491737 to
AF491742.

RESULTS

Primary neurotropic HIV-1 isolates. We previously de-
scribed four neurotropic R5 and R5X4 viruses isolated from
brain and spleen tissues of AIDS patients with dementia and
HIV-1 encephalitis (32). The characteristics of the patients and
virus isolates are summarized in Table 1. MACS2-br and
UK1-br use only CCR5, whereas MACS1-br and MACS1-spln
can use either CCR5 or CXCR4. Both R5X4 viruses were
shown to enter microglia primarily via CXCR4 (32). Of eight
alternative coreceptors tested (CCR2b, CCR3, CCR8,
CX3CR1, Gpr1, Gpr15, Strl33, and Apj), MACS1-spln could
use Apj in addition to CCR5 and CXCR4 for entry in trans-
fected cells, but the other isolates could use none of these
alternative coreceptors (32). All four viruses replicated in
MDM and microglia (Table 1). Thus, all four virus isolates are
M-tropic and neurotropic.

Syncytium formation in macrophages and microglia.
Multinucleated giant cells in the brain, caused by fusion of
HIV-1-infected microglia and macrophages, are a neuropatho-
logic hallmark of AIDS dementia. MDM were infected with
the neurotropic HIV-1 viruses and examined for syncytia for-
mation (Fig. 1A). The R5 ADA virus, and the primary X4 virus
CB1-br, which does not replicate in MDM (32), were included
as positive and negative controls, respectively. The R5X4 iso-

lates MACS1-spln and MACS1-br induced syncytia in �90%
of cells by day 7 or 10 postinfection, respectively. The R5X4
virus 89.6 and X4 virus SG3 (30), previously shown to replicate
efficiently in MDM and microglia and to induce neuronal ap-
optosis in primary brain cultures (62, 71), also induced exten-
sive syncytia (P. Gorry and D. Gabuzda, unpublished observa-
tions). Infection by the R5 virus UK1-br and the ADA control
virus induced syncytia in �75% of MDM by day 7. In contrast,
the R5 isolate MACS2-br induced syncytia in �5% of cells at
day 7 despite high levels of virus replication (Table 1). Thus,
high levels of fusion in MDM were induced by infection with
neurotropic R5X4 isolates and a subset of neurotropic R5
isolates.

To determine whether the ability of R5 viruses isolated from
the brain to induce syncytium formation in MDM was associ-
ated with the presence of MNGC in the brain in vivo, tissue
sections were examined for the presence of MNGC and HIV-1
antigens. Histopathological examination of brain tissue from
patient UK1 revealed many MNGC staining positive for
HIV-1 p24 antigen (Fig. 1B), whereas few MNGC were ob-
served in sections from patient MACS2 (data not shown).
Many MNGC were observed in brain tissue sections from
patient MACS1 (data not shown). These results suggest that
MNGC formation may result from infection of the CNS by
highly fusogenic R5X4 or R5 HIV-1 variants.

FIG. 3. Expression and cell-to-cell fusion activity of full-length Env
clones. Gp160 Env genes of virus isolates UK1-br and MACS2-br were
cloned into the pCR3.1 expression vector (Invitrogen) from genomic
DNA of PBMC infected with each isolate, as described in Materials
and Methods. 293T cells were cotransfected with 10 �g (each) of Env
plasmid plus 2 �g of pLTR-Tat. (A) Env expression at 72 h posttrans-
fection was measured by Western blot analysis of cell lysates using
rabbit anti-gp120 polyclonal antisera. Positions of gp160 and gp120 are
indicated on the right. (B) Fusion assays were performed using 293T
cells expressing each Env and Cf2-Luc cells expressing CD4 and CCR5
as described in Materials and Methods. Data are expressed as means
from duplicate experiments. Error bars represent standard deviations.
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Cytopathicity of HIV-1 viruses in primary brain cultures.
We next analyzed the relationship between fusogenicity in
MDM and the ability of HIV-1 viruses to induce neuronal
apoptosis in primary brain cultures. The R5 ADA and R5X4
89.6 isolates, which have been previously shown to induce
neuronal apoptosis (62, 71), were included as positive controls.
The R5X4 MACS1-spln and R5 MACS2-br and UK1-br vi-
ruses replicated to high levels in primary brain cultures,
whereas the R5X4 MACS1-br virus did so only moderately
(Fig. 2). Neuronal apoptosis was quantitated at day 28 postin-
fection. Apoptosis levels in cultures infected with ADA and
89.6 control viruses increased by 120 and 260 percent, respec-

tively, compared to mock-infected control cultures (P � 0.05).
Apoptosis levels in cultures infected with MACS1-br, MACS1-
spln, and UK1-br viruses increased by 160 to 280 percent over
levels in mock-infected control cultures (P � 0.05) but were
not significantly elevated in cultures infected with MACS2-br.
Thus, the ability of HIV-1 viruses to induce neuronal apoptosis
in primary brain cultures was closely associated with their fu-
sogenicity in MDM (Fig. 1A) but was independent of corecep-
tor specificity.

Characterization of full-length gp160 Env clones. Although
the UK1-br and MACS2-br R5 viruses are both neurotropic,
neuronal apoptosis was induced only by UK1-br. To identify

FIG. 4. Env amino acid sequences. Full-length HIV-1 gp160 amino acid sequences were obtained from Env genes cloned into pCR3.1 as
described in Materials and Methods. Amino acid alignments are compared to Env from HIV-1 ADA and the clade B consensus sequence. Dots
indicate residues identical to the clade B consensus, and dashes indicate gaps. Note the asparagine-to-aspartic acid substitution at position 208 and
the 12-amino-acid insertion in V1 for UK1-br Env clones.
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the viral determinants which underlie differences in cytopath-
icity between the R5 UK1-br and R5 MACS2-br viruses, the
entire gp160 coding region of HIV-1 Env was cloned into the
pCR3.1 expression vector. The biological activity of Envs pre-
dicted to contain uninterrupted gp160 coding regions was de-
termined by analysis of gp160/gp120 expression in 293T cells
transfected with each Env plasmid. Env clones expressing dis-
tinct gp160 and gp120 proteins were detected in 3 of 12 clones
from MACS2-br and 3 of 9 clones from UK1-br (Fig. 3A). The
remaining clones expressed gp160 only, or no detectable Env
protein (data not shown). Env function was initially examined
using syncytia assays (Fig. 3B). Cf2-Luc target cells were co-
transfected with CD4 and CCR5 and then mixed with 293T
effector cells expressing Env and Tat. Effector cells expressing
the ADA Env or a nonfunctional Env (�KS) were used as
positive and negative controls, respectively. Three Env clones
from each virus mediated fusion with target cells expressing
CD4 and CCR5. Thus, three correctly processed and func-
tional Env clones were obtained from each virus.

We sequenced the entire gp160-coding region of the six
functional Env clones (Fig. 4). The gp160 amino acid se-
quences were uninterrupted in the MACS2br-13 and
UK1br-15 and -30 Env clones, but the cytoplasmic regions of
gp41 from the MACS2br-9 and -4 and the UK1br-32 Env
clones were prematurely truncated. The net charges of the V3
variable loops of MACS2-br and UK1-br Env clones were �4
and �3, respectively. All three Env clones from UK1-br lacked
a potential N-linked glycosylation site at asparagine 208 in the
V1/V2 stem region, which corresponds to position 197 in
HXB2, consistent with our previous sequence analysis of the
RT-PCR-amplified HIV-1 V1V2 region (32). The elimination
of a glycosylation site at this position is sufficient for CD4-
independent infection by HIV-1 ADA, achieved by altering the
position of the V1/V2 variable loops and exposing the CCR5-
binding site in gp120 (42, 43, 91, 92). The UK1-br Env clones

acquired three additional potential glycosylation sites in a 12-
amino-acid extension in V1. The net gain of two glycosylation
sites is consistent with the altered mobility of gp120 in poly-
acrylamide gels (Fig. 3A).

Dependence of cytopathic and noncytopathic neurotropic
R5 variants on CD4 and CCR5. We previously showed that the
UK1-br primary isolate has a reduced dependence on CD4 and
CCR5 levels for entry into transfected cells (32). To investigate
what viral determinants underlie CD4 and CCR5 dependence,
fusion and infection assays were performed with three UK1-br
Env clones and three MACS2-br Env clones. 293T effector
cells expressing each Env were fused with Cf2-luc target cells
transfected with different amounts of CD4- and CCR5-ex-
pressing plasmids ranging from 0.05 to 10 �g (Fig. 5). Effector
cells expressing the ADA Env and a nonfunctional Env (�KS)
were used as positive and negative controls, respectively. A
close relationship was found between the levels of CD4 and
CCR5 expressed on the cell surface and the amount of CD4-
and CCR5-expressing plasmid used for transfection, respec-
tively (Fig. 5A). Western blot analysis of Env in cell lysates of
293T effector cells confirmed that similar levels of gp160 and
gp120 were expressed from each clone (Fig. 3A).

At low levels of CD4 expression (0.05 or 0.5 �g of CD4-
expressing plasmid), effector cells expressing UK1br-15 and
-32 Envs could mediate fusion with target cells expressing high
levels of CCR5 (5 or 10 �g of CCR5-expressing plasmid) (Fig.
5B). In contrast, effector cells expressing the MACS2-br Envs
and the control ADA Env could not mediate fusion with target
cells expressing low levels of CD4. At high levels of CD4
expression (5 or 10 �g of CD4-expressing plasmid), the levels
of fusion within effector cell populations expressing UK1-br or
MACS2-br Envs were similar. However, effector cells express-
ing UK1-br Envs could mediate higher levels of fusion than
cells expressing MACS2-br Envs or the control ADA Env and
could mediate fusion with target cells expressing very low levels

FIG. 4—Continued.
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of CCR5 (0.05 �g of CCR5-expressing plasmid). At high levels
of CD4 expression, effector cells expressing ADA Env dis-
played an intermediate phenotype, mediating levels of fusion
higher than those of cells expressing MACS2-br Envs but lower
than those of cells expressing UK1-br Envs. At high levels of
CD4 and CCR5 expression (10 �g of each expressing plasmid),
similar levels of fusion between effector cells expressing differ-
ent Envs were observed. These results demonstrate that the
UK1br-15 and -32 Envs have a reduced dependence on CD4
levels for cell-to-cell fusion and that all three UK1-br Envs
have a reduced dependence on CCR5 levels.

We next performed single-round entry assays with lucif-
erase-encoding viruses pseudotyped with each Env, using
Cf2th cells expressing different amounts of CD4 and CCR5
(Fig. 5C). At low levels of CD4 expression (0.05 or 0.5 �g of
CD4-expressing plasmid), viruses pseudotyped with UK1-br
Envs could enter cells more efficiently than viruses
pseudotyped with ADA or MACS2-br Envs when the cells
expressed high levels of CCR5 (5 or 10 �g of CCR5-expressing
plasmid). At high levels of CD4 expression (5 or 10 �g of
CD4-expressing plasmid), viruses pseudotyped with UK1-br
Envs could enter cells expressing low levels of CCR5 (0.05 and
0.5 �g of CCR5-expressing plasmid) whereas viruses
pseudotyped with ADA and MACS2-br Envs could not. How-
ever, at high levels of CD4 and CCR5 expression (5 or 10 �g
of CD4- and/or CCR5-expressing plasmid), viruses pseudo-
typed with MACS2-br and ADA Envs could enter cells more
efficiently than viruses pseudotyped with UK1-br Envs. These
results demonstrate that viruses pseudotyped with UK1-br
Envs have a reduced dependence on CD4 and CCR5 levels for
entry. However, viruses pseudotyped with MACS2-br and
ADA entered cells expressing high levels of both receptors
more efficiently.

Env-CCR5 binding assays. To determine whether the re-
duced dependence on CCR5 levels by UK1-br Envs was at-
tributable to an increase in their affinity for CCR5, binding
assays were performed using radiolabeled Env glycoproteins
(Fig. 6). In these assays Cf2th-synCCR5 cells, which express
high levels of CCR5 on their surface (Fig. 6A), were used as
target cells. Equivalent amounts of radiolabeled Env were used
in the assays (Fig. 6B). The binding of ADA Env to Cf2th-
synCCR5 cells in the absence of soluble CD4 (sCD4) or to the
parental Cf2th cells in the presence of sCD4 served as negative
controls. In the presence of sCD4, approximately two- to three-
fold-higher levels of ADA Env and UK1br-15, -30, and -32 Env
glycoproteins bound to Cf2th-synCCR5 cells compared to the
binding of MACS2br-4, -9, and -13 Envs (Fig. 6C). This sug-
gests that Env glycoproteins from ADA and UK1br-15, -30,
and �32 have greater affinities for CCR5 than Env glycopro-
teins from MACS2br-4, -9, and -13. To determine whether the
reduced dependence on CD4 levels for cell-to-cell fusion and
entry by UK1-br Envs was due to CD4-independent binding
of CCR5, binding assays using ADA, UK1br-15, and
MACS2br-13 Env glycoproteins were performed in the pres-
ence or absence of sCD4 (Fig. 6D). Background levels of ADA
Env bound to Cf2th-synCCR5 cells in the absence of sCD4,
consistent with previous studies (42, 43). Surprisingly, rela-
tively high levels of both UK1br-15 and MACS2br-13 Env
glycoproteins bound to CCR5 in the absence of sCD4, suggest-

ing that Envs from both brain-derived viruses were capable of
CD4-independent binding to CCR5.

To further investigate differences in CCR5 affinity between
UK1-br and MACS2-br Env glycoproteins, we next performed
CCR5 binding assays with cells expressing different amounts of
CCR5 (Fig. 7). The level of CCR5 expression on Cf2th-CCR5
cells was approximately 2 logs lower than on Cf2th-synCCR5
cells (Fig. 7A). The level of Env glycoproteins bound to CCR5
expressed on Cf2th-synCCR5 cells was similar to that shown in
Fig. 6C, in that there was an approximately twofold increase in
CCR5 binding by ADA and UK1-br Envs compared to
MACS2-br Envs (Fig. 7B and C). However, the level of
UK1-br Env glycoproteins bound to CCR5 expressed on
Cf2th-CCR5 cells was approximately twofold higher than the
binding of ADA Env and approximately fourfold higher than
MACS2-br Envs. Together, these results demonstrate that
there are high-affinity interactions between CCR5 and UK1-br
Envs and show that there is a relationship between the extent
of CCR5-mediated Env fusion and the affinity of Env for
CCR5. The results also suggest that CD4-independent binding
of CCR5 alone is not sufficient to mediate cell-to-cell fusion or
infection in cells expressing low levels of CD4.

Effect of N-linked glycosylation in the V1V2 stem region of
Env on CCR5 binding and CD4 dependence. The loss of a
single potential N-linked glycosylation site at position 197 in
the V1V2 stem region of HIV-1 ADA is sufficient to allow
CD4-independent infection (42, 43). Since all the UK1-br Env
clones have a naturally occurring aspartic acid substitution at
this site (Fig. 4), we investigated whether this change contrib-
uted to increased CCR5 affinity and/or CD4-independent
CCR5 binding (Fig. 8). Site-directed mutagenesis was used to
create an aspartic acid-to-asparagine substitution at position
208 (corresponding to position 197 in HIV-1 HXB2) in the
UK1br-15 Env clone, thus restoring the potential glycosylation
site (UK1br-15D/N). As an additional control, a mutant ADA
Env clone containing an asparagine-to-lysine substitution at
position 197 was included (ADA 197N/K). The levels of Env
present in cell lysates and supernatants were similar in cells
expressing the parental clones and those expressing the mutant
ADA and UK1br-15 Env clones (Fig. 8A).

CCR5 binding assays using Cf2th-synCCR5 cells were per-
formed in the presence and absence of sCD4 (Fig. 8B and C).
Elimination of the N-linked glycosylation site at asparagine
197 of ADA resulted in an approximately twofold increase in
CD4-independent CCR5 binding, consistent with previous
studies (42, 43). However, restoration of an N-linked glycosyl-
ation site at position 208 in UK1br-15 Env had no effect on the
levels of CCR5 binding in the presence or absence of sCD4
(Fig. 8B and C). These results suggest that effects of N-linked
glycosylation in the V1V2 stem region of HIV-1 Env on CD4-
independent CCR5 binding are strain dependent and do not
apply to the UK1br-15 clone.

Sensitivity of UK1-br and MACS2-br virus isolates to CCR5
inhibitors. To determine whether the higher CCR5 affinity of
the UK1-br primary isolate makes it relatively resistant to
inhibitors of entry via CCR5, we performed infection assays in
the presence of the small molecule CCR5 antagonists TAK-
779 and Sch-C. PBMC were infected with UK1-br and
MACS2-br primary isolates in the presence of increasing con-
centrations of the inhibitors, ranging from 0.01 to 100 �M (Fig.
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9). At day 14 postinfection, there was less inhibition of repli-
cation by both compounds in cultures infected with UK1-br,
compared to cultures infected with MACS2-br. Similar results
were obtained at days 7 and 10 postinfection (data not shown).
The 50% inhibitory concentrations (IC50s) and IC90s for TAK-
779 were approximately 17- and 5-fold higher, respectively, for
cultures infected with UK1-br compared to MACS2-br (Table
2). Similarly, IC50s and IC90s for Sch-C were approximately 2-
and 4.5-fold higher, respectively, for cultures infected with
UK1-br. Of note is that although MACS2-br was approxi-
mately equally sensitive to TAK-779 and Sch-C, UK1br was
about 10-fold less sensitive to TAK-779 than to Sch-C (Fig. 9).

The reason for this difference is as yet unclear, but UK1-br is
clearly the more resistant of the two viruses to CCR5 inhibi-
tors. This and the preceding experiments together imply that
an increased affinity of Env for CCR5 can reduce the sensitivity
of HIV-1 to CCR5 antagonists. This is consistent with the
observations that HIV-1 escape from a small molecule inhib-
itor similar to Sch-C involves, at least in part, an increase in the
affinity of the virus for CCR5 (80).

Sensitivity of UK1-br and MACS2-br virus isolates to anti-
body neutralization. We next measured the sensitivity of
UK1-br and MACS2-br isolates to neutralization by MAbs and
CD4-IgG2. The neutralizing reagents were the human MAbs

FIG. 5. Effect of CD4 and CCR5 levels on cell-to-cell fusion and HIV-1 entry. Cf2th cells were transfected with 0.05, 0.5, 5, or 10 �g of
CD4- and CCR5-expressing plasmid and analyzed for surface expression of CD4 or CCR5 by flow cytometry (A). Similar results were
obtained with transfected Cf2-Luc cells (data not shown). Cf2-Luc (B) or Cf2th (C) cells were cotransfected with 0.05, 0.5, 5, or 10 �g of
CD4-expressing plasmid and 0.05, 0.5, 5, or 10 �g of CCR5-expressing plasmid to generate 16 populations of cells expressing different
combinations of each receptor. The total amount of DNA in each transfection was adjusted to 20 �g with pcDNA3. 293T cells cotransfected
with 10 �g of Env plasmid and 2 �g of pLTR-Tat were used in fusion assays with transfected Cf2-Luc cells as described in Materials and
Methods (B). Luciferase reporter viruses pseudotyped with each Env were used to infect transfected Cf2th cells as described in Materials
and Methods (C). Data are expressed as means from duplicate experiments. Error bars represent standard deviations. Similar results were
obtained in two independent experiments.
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2F5 (60, 82), 2G12 (82, 83), IgG1b12 (10, 11), and the CD4-
IgG2 molecule (4). PBMC were infected with UK1-br and
MACS2-br primary isolates in the presence of increasing con-
centrations of these reagents ranging from 0.01 to 100 �g/ml
(Fig. 10). At day 14 postinfection, greater neutralization by
IgG1b12 was observed in cultures infected with UK1-br than
with cultures infected with MACS2-br. UK1-br was sensitive to
neutralization by 2F5 and CD4-IgG2, whereas MACS2-br was
resistant to neutralization by both agents. Both UK1-br and
MACS2-br isolates resisted neutralization by 2G12. Similar
results were obtained at days 7 and 10 postinfection (data not
shown). UK1-br was particularly sensitive to IgG1b12, with
both IC50s and IC90s �1 �g/ml compared to values of 33 and
89 �g/ml, respectively, for MACS2-br (Table 2). One interpre-
tation of these results is that structural features of the UK1-br
Env that are associated with an increased affinity for CCR5

may render this virus unusually sensitive to neutralization by
gp120 and gp41 MAbs and CD4-IgG2.

DISCUSSION

In this study, we used primary R5 and R5X4 HIV-1 viruses
isolated from brain tissue from AIDS patients with dementia
and HIV-1 encephalitis to investigate phenotypic characteris-
tics that were associated with neurovirulence. We describe a
neurovirulent primary R5 virus (UK1-br) that has increased
CCR5 affinity and reduced dependence on CCR5 and CD4.
The UK1-br R5 virus was highly fusogenic in MDM and in-
duced neuronal apoptosis in primary brain cultures. In con-
trast, the MACS2-br R5 virus was neurotropic but did not
exhibit these cytopathic effects. UK1-br Env clones had an
increased affinity for CCR5 but a reduced dependence on

FIG. 6. CCR5 binding assays. Cf2th-synCCR5 cells were analyzed for surface expression of CCR5 by flow cytometry (A). Equivalent amounts
of radiolabeled soluble Env proteins (B) were used in binding assays with Cf2-synCCR5 cells in the presence of sCD4 (C) or in the presence and
absence of sCD4 (D). Cells were washed and lysed, and the bound Env glycoproteins were immunoprecipitated using AIDS patient serum and
protein A Sepharose beads. Proteins were analyzed using SDS-PAGE (C and D, left) and then quantitated by densitometry (C and D, right). The
gels shown in panels C and D are representative of those from two independent experiments. The quantitation of CCR5 binding shown in panels
C and D represent means and standard deviations of values obtained in two independent experiments, normalized against background levels of
ADA Env bound to the parental Cf2th cell line.
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CCR5 and CD4 levels, compared to MACS2-br Env clones, in
cell-to-cell fusion and infection assays. Together, these results
suggest that a subset of neurotropic R5 viruses that are highly
fusogenic in MDM, and that have increased affinity for CCR5,
may contribute to neurodegenerative manifestations of AIDS.
Both R5X4 viruses analyzed in this study (MACS1-br and
MACS1-spln) induced high levels of fusion in MDM and neu-
ronal apoptosis. Thus, our studies further suggest that neuro-

tropic R5X4 viruses with highly fusogenic envelope glycopro-
teins represent another pathogenic viral phenotype in the
CNS.

UK1-br Env glycoproteins could mediate cell-to-cell fusion
with target cells expressing low levels of CD4 or CCR5, sug-
gesting that high-affinity Env-receptor interactions may under-
lie the increased fusogenicity of these Envs. These findings,
taken together with the high frequency of MNGC in the brain
of patient UK1, suggest that R5 viruses with highly fusogenic
Env glycoproteins may be cytopathic in the CNS. Since neu-
rons do not express CCR5, neurotoxicity induced by R5 viruses
is likely to be indirect, possibly via the production of soluble
neurotoxic factors by infected or activated microglia. One pos-
sible mechanism of neurotoxicity induced by R5 viruses may be
an increased release of neurotoxic factors from macrophages
and microglia undergoing cell-to-cell fusion. Another may be
increased production of CC-chemokines (14) by microglia fol-
lowing activation by soluble or virion-associated R5 Envs, a
phenomenon that appears to be strain specific. Future studies
will investigate a larger series of neurotropic R5 viruses to
further elucidate the relationship between fusogenicity in mac-
rophages and microglia, affinity for CCR5 and CD4, and
HIV-1 cytopathicity in the CNS.

Neuronal apoptosis was induced not only by the R5 virus
UK1-br but also by the R5X4 viruses MACS1-br and MACS1-
spln. These R5X4 viruses primarily use CXCR4 for entry into
microglia (32). Apoptosis levels were higher in brain cultures
infected with MACS1-br and MACS1-spln viruses than with
the R5 viruses UK1-br and ADA, suggesting increased neuro-
toxicity or different modes of action by R5X4 viruses compared
to R5 viruses. These findings are consistent with our previous
studies, which showed that X4 and R5X4 variants induce neu-
ronal apoptosis more frequently than R5 variants (62). Neu-
ropathological examination of brain tissue sections of patient
MACS1 revealed many MNGC. Moreover, the MACS1-br and
MACS1-spln viruses were highly fusogenic in MDM cultures.
These findings, together with those of previous studies (50, 62),
suggest that a subset of R5X4 and X4 viruses which replicate
efficiently in MDM and microglia are present in the brains of
AIDS patients with dementia; they may represent a pathogenic
viral phenotype in the CNS. Although neurons do not express
CD4 and are not infected by HIV-1, subpopulations express
cell surface CXCR4 (24, 25). Soluble or virion-associated
gp120 from R5X4 or X4 viruses can bind to CXCR4 expressed
on neurons in the absence of CD4 and thereby induce signaling
and apoptosis (41, 54, 97, 98; reviewed in references 25 and
40). Thus, direct interactions between R5X4 or X4 Env glyco-
proteins and CXCR4 expressed on neurons may induce neu-
ronal apoptosis or dysfunction.

Env glycoproteins from both UK1-br and MACS2-br R5
viruses could bind to CCR5 in the absence of CD4. However,
these Envs could not mediate CD4-independent infection.
Furthermore, this property was not sufficient to mediate fusion
or infection in cells expressing low levels of CD4 or CCR5,
since relatively high levels of both receptors were required for
infection and cell-to-cell fusion by MACS2-br Envs. It is pos-
sible that Env glycoprotein trimers could exhibit differences in
CCR5 binding assays compared to monomeric gp120. Prema-
ture truncations of 60 (MACS2br-9 and UK1br-32) or 10
amino acids (MACS2br-4) in the cytoplasmic region of gp41

FIG. 7. CCR5 binding assays with cells expressing different
amounts of CCR5. Cf2th-synCCR5 and Cf2th-CCR5 cells were ana-
lyzed for surface expression of CCR5 by flow cytometry (A). Equiva-
lent amounts of radiolabeled soluble Env proteins (see Fig. 6A) were
used in binding assays with Cf2th-synCCR5 or Cf2th-CCR5 cells in the
presence of sCD4. Cells were washed and lysed, and the bound Env
glycoproteins were immunoprecipitated using AIDS patient serum and
protein A Sepharose beads. Proteins were analyzed using SDS-PAGE
(B) and then quantitated by densitometry (C). The gels shown in panel
B are representative of those from two independent experiments. The
quantitation of CCR5 binding shown in panel C represents means and
standard deviations of values obtained in two independent experi-
ments, normalized against background levels of ADA Env bound to
the parental Cf2th cell line.
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did not appear to have adverse effects on fusion or entry
mediated by these Envs. Whether Envs with truncated cyto-
plasmic tails are more frequent in brain tissue than in other
tissues remains to be determined. Surprisingly, MACS2-br
Envs could mediate higher levels of entry in single-round in-
fection assays than UK1-br Envs at high levels of expression of
both CD4 and CCR5. The explanation for this observation is
unclear. One possibility is that the UK1-br Env may exist in a
“pretriggered” conformation that may be more sensitive to
high concentrations of CD4 than the MACS2-br Env.

Our results predict that adaptive evolution of HIV-1 in the
brain may select for viral variants that can infect cells in the

CNS in a CD4-dependent fashion at relatively low levels of
surface CD4 expression. The expression of CD4 and CCR5 on
microglia is lower than on monocytes and CD4� T-cells in the
peripheral blood (47, 63, 87). Moreover, previous studies dem-
onstrated that limiting levels of CD4 expression on rhesus
macrophages restrict infection by M-tropic HIV-1 or T-tropic
SIV strains (8, 59). By analogy, low levels of CD4 or CCR5
expressed on human microglia may restrict infection by certain
HIV-1 strains (65). Consistent with this model, a highly fuso-
genic R5 isolate with reduced dependence on CD4 levels for
virus entry could replicate to high levels in microglia (52, 73).
This virus was derived by adaptation of a blood-derived isolate
by serial passage in microglia. Our findings imply that CD4-
independent binding of CCR5 may be associated with a subset
of Envs from brain-derived viruses. This property does not
necessarily permit CD4-independent infection, but it may fa-
cilitate infection of cells that express relatively low levels of
CD4. Analysis of larger numbers of Envs in different regions of
the brain (77, 88) will be required to determine the frequency
of viral variants in the CNS that can bind to CCR5 indepen-
dent of CD4 and whether such variants are more frequent in
the CNS than in other tissue compartments. Reduced depen-
dence on CD4 and/or CCR5 levels may be a means by which
R5 variants acquire neurovirulence. For example, a neuroviru-

FIG. 8. Effect of N-linked glycosylation on CCR5 binding and CD4
dependence. Env glycoproteins were immunoprecipitated from cell
lysates or supernatants of radiolabeled 293T cells transfected with
wild-type ADA or UK1-br Env plasmids or with mutants containing a
loss of a potential glycosylation site at position 197 (ADA197N/K) or
a restored glycosylation site at position 208 (UK1br-15D/N) (A).
Equivalent amounts of radiolabeled soluble Env proteins were used in
binding assays with Cf2th-synCCR5 cells in the presence or absence of
sCD4. Cells were washed and lysed, and the bound Env glycoproteins
were immunoprecipitated using AIDS patient serum and protein A
Sepharose beads. Proteins were analyzed using SDS-PAGE (B) and
then quantitated by densitometry (C). The gel shown in panel B is
representative of two independent experiments. The quantitation of
CCR5 binding shown in panel C represents means and standard de-
viations of values obtained in two independent experiments, normal-
ized against background levels of ADA Env bound to the parental
Cf2th cell line.

FIG. 9. Sensitivity of UK1-br and MACS2-br viruses to CCR5 in-
hibitors. PBMC were treated with the CCR5 antagonists TAK-779 and
Sch-C at concentrations increasing by 10-fold from 0.01 to 100 �M and
then infected with the UK1-br and MACS2-br primary isolates. Virus
production postinfection was assessed at day 14 by measuring the
amount of soluble HIV-1 p24 antigen in the culture supernatant (82).
The production of p24 antigen in inhibitor-treated cultures was calcu-
lated as a percentage of that produced in the absence of an inhibitor
(defined as 100%). The mean values obtained from an assay per-
formed in duplicate are shown and are representative of those from
two independent experiments. Similar results were obtained at days 7
and 10 postinfection (data not shown).
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lent strain of SIV uses CCR5 for CD4-independent infection
of brain capillary endothelial cells (21).

A naturally occurring, potential N-linked glycosylation site
at position 208 in the V1V2 stem region has been lost from all
the UK1-br Env clones (Fig. 4), a feature observed in only 7 of
220 clade B HIV-1 Env sequences (Table 3). Elimination of a
glycosylation site at this position in HIV-1 ADA is sufficient to
allow CD4-independent infection (43). However, restoration
of a potential N-linked glycosylation site at this position in the
UK1br-15 Env clone did not eliminate CD4-independent
CCR5 binding, suggesting additional determinants for CD4-
independent binding. Interestingly, both UK1-br and
MACS2-br Env clones contain loss of a highly conserved N-
linked glycosylation site at the base of the V4 loop (position
386 in HXB2) that is partially responsible for the CD4 inde-
pendence of the 8X variant of HIV-1 IIIB (22). Thus, effects of
N-linked glycosylation in the V1V2 stem region on CD4-inde-
pendent CCR5 binding are highly strain specific.

The UK1-br virus was less sensitive than MACS2-br to in-
hibition by the CCR5-targeted small molecule inhibitors TAK-
779 and Sch-C. HIV-1 escape from AD101, a CCR5 antagonist
in the same family as Sch-C, occurred in PBMC despite the
persistent and exclusive use of CCR5 as a coreceptor. The
selection pressure of AD101 did not cause the test virus to
acquire the ability to use CXCR4; instead, the initial stage of
the escape pathway involved a reduction in the level of CCR5
required for virus entry (80). Together, these two sets of find-
ings suggest that high-affinity Env-CCR5 interactions may in-
crease the resistance of HIV-1 to CCR5-specific entry inhibi-
tors. Whether this will impede effective therapy by CCR5
antagonists remains to be determined by clinical studies (55,
58, 79, 80).

UK1-br was more sensitive than MACS2-br to neutraliza-
tion by MAbs 2F5 and IgG1b12 and the tetrameric CD4-IgG2
molecule. These results are strikingly similar to those of pre-
vious studies demonstrating that a CD4-independent variant of
HIV-1 ADA (ADA197N/K) was unusually sensitive to neutral-
ization by 2F5, IgG1b12, and sCD4 but not by the anti-CCR5
MAb 2D7 (42). In the latter study, the increased neutralization
sensitivity to MAbs and sCD4 was thought to result from an
increase in the exposure of the CCR5 binding domain and its
associated antibody epitopes. While N-linked glycosylation in
the V1V2 stem region does not appear to be responsible for
CD4-independent CCR5 binding of UK1-br Envs, our results
suggest that some structural features of UK1-br Env may re-
semble those in HIV-1 ADA197N/K. HIV-1 variants that have
increased sensitivity to antibody neutralization may be able to
replicate and persist more efficiently in the CNS compared

FIG. 10. Sensitivity of UK1-br and MACS2-br viruses to neutral-
ization. Each virus was incubated for 30 min with MAbs or CD4-IgG2
at concentrations increasing by 10-fold from 0.01 to 100 �g/ml. The
mixtures were then added to PBMC. Virus production in culture su-
pernatants at day 14 postinfection was measured by quantitation of
soluble HIV-1 p24 antigen (82). Virus replication and its inhibition
were measured and calculated as described in the legend to Fig. 9. The
mean values obtained from an assay performed in duplicate are shown.

TABLE 2. IC50s and IC90s of CCR5 inhibitors, Env MAbs, and CD4-IgG2a

Isolate
TAK-779 Sch-C 2F5 2G12 IgG1b12 CD4-IgG2

IC50 IC90 IC50 IC90 IC50 IC90 IC50 IC90 IC50 IC90 IC50 IC90

UK1-br 70 �100 8 90 33 �100 R R �1 �1 8 70
MACS2-br 4 20 4 20 R R R R 33 89 R R

a IC50s and IC90s of CCR5 inhibitors (�M) and Env MAbs and CD4-IgG2 (�g/ml) for infection of PBMC by virus isolates UK1-br and MACS2-br were calculated
from Fig. 9 and 10. R, resistant to neutralization.

TABLE 3. Env sequences lacking a potential glycosylation site at
position 197a

Env strain or clone Sequence
GenBank
accession

no.
Reference

Clade B consensus SYRLISCNTS
UK1br-15 SYRLISCDTS AF491740
UK1br-30 SYRLISCDTS AF491741
UK1br-32 SYRLISCDTS AF491742
Clone CA5 SYRLINCDTS AJ277821 Unpublished
GB8, clone 46R SYILTKCDAS AJ271445 Farrar, 1991 (23)
Strain KB-1gp32 CYRLISCDTS D12582 Shimizu, 1992 (74)
Clone 320.2a.6 SYRLIHCDSS L08661 Andeweg, 1992 (6)
Isolate NY5 SYTLINCDTS M38431 Willey, 1986 (89)
Clone WEAU 1.60 SYTLINCKSS U21135 Unpublished
JRFL SYRLISCDTS U63632 O’Brien, 1990 (61)

a Seven of 208 Clade B HIV-1 Env sequences screened from the Los Alamos
National Laboratory HIV Database contained a loss of a potential N-linked
glycosylation site at position 197 (relative to HXB2) in the V1V2 stem region.
Boldface indicates amino acid substitutions at that site.
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than in other tissue compartments because neutralizing anti-
body concentrations are even lower in the CNS than in the
peripheral blood. The absence of any selection pressure from
antibodies may allow the evolution of higher-affinity CCR5
binding sites that are also more vulnerable to the binding of
neutralizing antibodies. This would be consistent with a long-
standing concept that the protection of Env from neutralizing
antibodies can carry the price of a less efficient interaction with
its entry receptors (57).

Our studies predict that HIV-1 variants in the CNS with
increased CCR5 affinity and reduced dependence on CCR5/
CD4 may be present in some patients with CNS disease. These
viruses would be the consequence of adaptive evolution for
infection of target cells that express very low levels of CD4.
Our studies further suggest that neurotropic R5X4 viruses and
a subset of neurotropic R5 viruses with increased CCR5 affinity
may contribute to neurodegenerative mechanisms in the CNS.
Understanding the role of HIV-1 strain variability and molec-
ular determinants of the HIV-1 envelope glycoprotein in
mechanisms leading to CNS injury may advance the develop-
ment of therapeutics to inhibit CNS infection and prevent
neurologic injury in AIDS patients.
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