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Microglia are the main reservoir for human immunodeficiency virus type 1 (HIV-1) in the central nervous
system (CNS), and multinucleated giant cells, the result of fusion of HIV-1-infected microglia and brain mac-
rophages, are the neuropathologic hallmark of HIV dementia. One potential explanation for the formation of
syncytia is viral adaptation for these CD41 CNS cells. HIV-1BORI-15, a virus adapted to growth in microglia by se-
quential passage in vitro, mediates high levels of fusion and replicates more efficiently in microglia and mono-
cyte-derived-macrophages than its unpassaged parent (J. M. Strizki, A. V. Albright, H. Sheng, M. O’Connor,
L. Perrin, and F. Gonzalez-Scarano, J. Virol. 70:7654–7662, 1996). Since the interaction between the viral
envelope glycoprotein and CD4 and the chemokine receptor mediates fusion and plays a key role in tropism,
we have analyzed the HIV-1BORI-15 env as a fusogen and in recombinant and pseudotyped viruses. Its syncy-
tium-forming phenotype is not the result of a switch in coreceptor use but rather of the HIV-1BORI-15 envelope-
mediated fusion of CD41CCR51 cells with greater efficiency than that of its parental strain, either by itself or
in the context of a recombinant virus. Genetic analysis indicated that the syncytium-forming phenotype was
due to four discrete amino acid differences in V1/V2, with a single-amino-acid change between the parent and
the adapted virus (E153G) responsible for the majority of the effect. Additionally, HIV-1BORI-15 env-pseudo-
typed viruses were less sensitive to decreases in the levels of CD4 on transfected 293T cells, leading to the
hypothesis that the differences in V1/V2 alter the interaction between this envelope and CD4 or CCR5, or both.
In sum, the characterization of the envelope of HIV-1BORI-15, a highly fusogenic glycoprotein with genetic de-
terminants in V1/V2, may lead to a better understanding of the relationship between HIV replication and syncy-
tium formation in the CNS and of the importance of this region of gp120 in the interaction with CD4 and CCR5.

Multinucleated giant cells (MGC) are the most specific
markers of human immunodeficiency virus (HIV) encephalitis,
the pathological correlate of HIV dementia (HIVD), a pro-
gressive central nervous system (CNS) syndrome induced by
HIV-1 infection (27, 43, 51, 68). MGC are thought to be the
result of fusion of microglia and brain macrophages mediated
by the HIV-1 glycoproteins, and in fact, the CNS is one of the
few sites where syncytia, a common in vitro cytopathological
effect of HIV infection, can be observed in vivo. Concomitant-
ly, MGC express HIV antigens and RNA, as well as surface
markers for microglia and macrophages (69). Microglia iso-
lated from either adult or fetal brain can also be infected in
vitro with certain HIV-1 strains (26, 30, 34, 42, 58), primarily
those previously designated as macrophage tropic, and at least
in adult microglia, this infection can be maintained for at least
several weeks in culture. Depending on the specific HIV-1
isolate, microglia infected in vitro are also susceptible to giant
cell formation (60, 67).

HIV-1 tropism and syncytium formation are closely reflected
in the use of seven-transmembrane-domain G-protein coupled
molecules, principally CXCR4 and CCR5, as coreceptors that
in conjunction with CD4 mediate virus entry into primary cells.
Microglia express both CXCR4 and CCR5, as well as other
potential coreceptors, including CCR3 (1, 25). However, CCR5
appears to be the most important coreceptor for adult micro-
glial cells (1, 58), although there may be some instances where

CCR3 use predominates (30). Therefore, the formation of
syncytia in microglial cells likely involves the interaction of
HIV with those coreceptor molecules that are now considered
to be the most important coreceptors in most cell types (76).

Additionally, sequence analysis of several HIV-1 genes has
indicated that HIV strains within the CNS evolve somewhat
independently of strains in other body compartments, such as
the spleen (23, 37, 70), suggesting a degree of sequestration of
HIV replication. Whether such sequestration has any specific
effect on the development of HIVD or in syncytium formation
is considerably more controversial; some investigators have
suggested that specific sequence motifs are associated with CNS
infection, whereas others have not found such relationships
(18, 35, 49). However, it is reasonable to hypothesize that
localized replication results in the adaptation of HIV-1 isolates
to CNS cell types, and specifically microglia, which bear the
brunt of the virus burden in the brain. To determine whether
the process of adaptation to microglia could be mimicked in
vitro, we sequentially passaged a primary, blood-derived iso-
late, HIV-1BORI (13), in microglial cultures and derived an iso-
late, HIV-1BORI-15, with greater capacity to replicate in these
cells. Somewhat independently, this virus also resulted in
marked enhancement of syncytium formation in microglia, less
so in monocyte-derived macrophages (MDM), and not at all in
peripheral blood mononuclear cells (PBMCs) (60).

Since the interactions resulting in syncytium formation in
primary cells are potentially important in the development of
HIVD, we have characterized in detail the differences between
HIV-1BORI and HIV-1BORI-15. Using recombinant viruses, we
determined that the HIV-1BORI-15 env sequences were suffi-
cient to mediate syncytium formation, and those amino acids
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critical to fusion were identified. The results point to the im-
portance of the V1/V2 regions in the interaction between these
CCR5-using viruses and primary microglia. Additionally, we
determined that fusion of microglia by recombinant viruses
incorporating the relevant regions of HIV-1BORI-15 was not
dependent on viral replication, and it was induced even in the
presence of antiretroviral drugs, suggesting fusion from with-
out (FFWO).

MATERIALS AND METHODS

Cells. Microglia were prepared from fresh adult human brain tissue obtained
from donors undergoing temporal lobectomy for medication-resistant epilepsy
(67, 75). The microglia were cultured in Dulbecco’s modified Eagle medium with
5% fetal calf serum, 5% Giant Cell Tumor Supernatant (Fisher), gentamicin (50
mg/ml), and sodium pyruvate (1 mM). U373-MAGI-CCR5E cells (66) and
MAGI-CCR5 cells (9) (both provided by the AIDS Research and Reference
Reagent Program) express CD4 and the chemokine receptor CCR5. These cells
also contain an HIV-1–long terminal repeat–beta-galactosidase sequence result-
ing in beta-galactosidase activity following HIV infection. These cells were cul-
tured in selective medium. 293T and U87 cells were cultured in Dulbecco’s
modified Eagle medium with 10% heat-inactivated fetal bovine serum (58), as
were the quail QT6 cells.

HIV-1 isolates and env clones. HIV-1BORI, which was obtained from an indi-
vidual with primary HIV-1 infection, was a gift from G. Shaw (University of
Alabama). HIV-1BORI-15 resulted from 15 sequential passages of the parental
HIV-1BORI isolate in microglia (60). The env genes were cloned by PCR ampli-
fication and TA cloning (Invitrogen) from infected peripheral blood lymphocytes
(for HIV-1BORI) or from infected microglia (HIV-1BORI-15) (58). Additional env
clones were subsequently amplified from HIV-1BORI for further sequence com-
parison. env genes were sequenced with six primers that spanned the entire env
sequence (Nucleic Acid Core Facility, Children’s Hospital of Philadelphia).

Cell-to-cell fusion assay. The cell-to-cell fusion assay (46) was performed as
adapted by Rucker et al. (54). Briefly, 293T cells (effector cells) were infected
with recombinant vaccinia virus expressing T7 polymerase (vTF1.1; a gift of B.
Moss, National Institutes of Health) and transfected with envelope-expressing
constructs, 89.6 env (15) (obtained from R. Collman, University of Pennsylvania),
HIV-1BORI env (clone 11A), or HIV-1BORI-15 env (clone 4C) (58), by the calcium
phosphate method. These cells were incubated overnight at 30°C in medium
containing rifampin (100 mg/ml) to inhibit vaccinia virus replication. Quail QT6
cells (target cells) were transfected with plasmids expressing CD4 and/or the
chemokine receptors CCR3 and CCR5 and then incubated overnight. The 293T
effector cells were lifted with versene, resuspended in cold medium, and washed
with cold phosphate-buffered saline. The cells were then resuspended in medium
containing rifampin (0.1 mg/ml) and cytosine b-D-arabinofuranoside (10 mM) to
inhibit vaccinia virus replication, overlaid on the transfected QT6 target cells,
and incubated for 8 h at 37°C. The cells were then lysed in luciferase reporter
lysis buffer (Promega), and luciferase activity was measured with a Wallac 1450
Microbeta Plus luminometer. Cell-to-cell fusion reactions were performed in
triplicate, and the averages and standard deviations are shown.

Cloning env sequences into a common backbone virus. The full-length provirus
pIIIB (a derivative of HXB3) was originally used by Hwang et al. (33). Fragments
of envelope clones from HIV-1BORI (clone 11A) and HIV-1BORI-15 (clone 4C)
were first cloned into a shuttle vector containing the SalI-XhoI fragment of pIIIB
by using KpnI and AvaI, and then a SalI-BamHI fragment from the shuttle vector
was cloned into the full-length provirus pIIIB. The resulting chimeric viruses
VH-Bori and VH-B15 contain the HIV-1BORI and HIV-1BORI-15 env sequences,
respectively, with the exception of the first 39 and last 131 amino acids of env,
which originate from pIIIB. The additional chimeric viruses VH-R4 and VH-R7
were constructed by using a BglII site which is located in the C2 region of env.
The viruses were produced by calcium phosphate transfection of 293T cells, and
the virus-containing supernatants were centrifuged (10 min at 1,750 3 g on a
Beckman centrifuge) for clarification and stored at 280°C. Envelope glycopro-
tein expression was assayed by Western blotting of transfected 293T cell lysates
and virus-containing supernatants with a rabbit polyclonal anti-gp120 antibody (a
gift from R. Doms, University of Pennsylvania) (32).

Fine mapping of amino acids involved in syncytium-forming phenotype. The
recombinant virus constructs were altered with PCR to include the full-length
gp120 from HIV-1BORI or HIV-1BORI-15. First a fragment of pIIIB was amplified
with the primers vpr-up and env-rev, and then a fragment of either HIV-1BORI
or HIV-1BORI-15 env was amplified with the primers env1 and 39-V3out. The
fragments were purified and joined by PCR with the outer primers and cloned
into VH-BORI or VH-B15 with SalI and BglII to give the recombinants VH-
rBORI and VH-rB15. Site-directed mutants were generated by PCR with mu-
tagenic oligonucleotides. Briefly, a fragment of env was amplified with env1
primer and a reverse mutagenic primer, and a second fragment of env was
amplified with a forward mutagenic primer and the 39-V3out primer. The frag-
ments were joined with outer primers and cloned into VH-rBORI by using KpnI
and BglII to yield individual mutations in V1/V2 loops in the background of
VH-rBORI. VH-rV1/V2 was generated by cloning a KpnI-StuI fragment from

HIV-1BORI-15 env into VH-rBORI to yield a virus that differs from VH-rBORI
by only four amino acids in V1/V2. The primer sequences are as follows (with
standard numbering positions relative to HXB2CG): vpr-up, ATGGAACAAG
CCCCAGAAGACCAAGGGCCACA (5559 to 5590); env-rev, TCATTGCC
ACTGTCTTCTGCTCTTTCT (6228 to 6202); env1, AGAAAGAGCAGAAG
ACAGTGGCAATGA (6202 to 6228); 39-V3out, AATTTCTGGGTCCCCT
CCTG (7337 to 7318); 153-forw, GGGAGAAATGAGAGGAGGAATAAAA
AAATGCTC (6657 to 6697); 153-rev, GAGCATTTTTTTATTCCTCCTCTCA
TTTCTCCC (6697 to 6657); 162-forw, GCTCTTTCAATGTCGCCACAAGAA
TAAG (6694 to 6721); 162-rev, CTTATTCTTGTGGCGACATTGAAAGAGC
(6721 to 6694); 190-forw, GGTAATGGTAATACTAGATATAGGTTG (6777
to 6803); 190-rev, CAACCTATATCTAGTATTACCATTACC (6803 to 6777).

Infections. Seven- to 10-day-old microglia were infected with 5 to 50 ng of
p24gag of HIV-1 per well of a 96-well plate. The supernatant p24gag antigen
concentrations were determined at regular intervals (58). For infection of U373-
MAGI-CCR5E cells and MAGI-CCR5 cells, the cells were infected with VH-
BORI or VH-B15 in the presence of 20 mg of DEAE dextran/ml for 2 h at 37°C
(9, 29, 66).

Syncytium formation. Microglia or MDM were cultured in either four- or
eight-chamber Permanox tissue culture slides (Nunc) and infected as described
above. Syncytium formation was assessed by staining the cells with a nuclear stain
(1:50 dilution of Hoechst 33342 [bis-benzimide] fluorochrome; Molecular Probes
Inc., Eugene, Oreg.) and with a ligand that labels microglia or MDM via their
low-density lipoprotein receptors (1:100 dilution of DiI-Ac-LDL; Biomedical
Technologies, Inc., Stoughton, Mass.). The U373-MAGI-CCR5E and MAGI-
CCR5 cell lines were infected as indicated above and stained 48 h after infection
either with Diff-Quik cell staining reagents (Baxter) or, for beta-galactosidase
activity, with X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside). For
the quantification of syncytia, digital photographs of random microscopic fields
were obtained under a 103 objective and the nucleus/cell ratio was determined
by direct counting. Approximately 400 to 800 nuclei were counted for each
datum point.

Infection of cells transfected with different amounts of CD4. env-pseudotyped
luciferase reporter viruses were prepared by transfection of 293T cells as previ-
ously described (1, 16, 58). Basically, the cells were cotransfected with pNL-4-
3-LucR1E2 (a gift of N. Landau, Aaron Diamond AIDS Research Center) and
envelope-expressing shuttle vectors used for cloning envelopes into pIIIB, and
supernatants were collected 48 h later. 293T cells were transfected in six-well
plates with various amounts of plasmid encoding CD4, CCR5-expressing plas-
mid, and control pcDNA3.1(2) (Invitrogen, San Diego, Calif.) in a total of 5 mg
of DNA per well and infected 24 h later with pseudotyped viruses. The cells were
lysed at 48 h postinfection, and luciferase activity was measured by mixing the
lysates with Luciferase Assay Substrate (Promega) in a Wallac 1450 Microbeta
luminometer detector (1).

Transfected 293T cells were stained for cell surface CD4 and CCR5 expression
as described previously (1). The cells were stained with 5 mg of the anti-CD4
antibody no. 21 (a gift from J. Hoxie, University of Pennsylvania)/ml, the anti-
CCR5 antibody 2D7 (71), or a control mouse immunoglobulin G, and with a
secondary anti-mouse immunoglobulin G conjugated to fluorescein isothiocya-
nate. The cells were fixed with 2% paraformaldehyde and analyzed by flow
cytometry (1).

RESULTS

Cell-to-cell fusion mediated by BORI envelopes is CD4 and
CCR5 dependent. In comparison with the parental HIV-1BORI
isolate, the virus derived by serial passage (HIV-1BORI-15)
caused extensive syncytia in microglia (60). Previous experi-
ments also showed that the envelope genes from HIV-1BORI
and HIV-1BORI-15 utilize CCR5 as a coreceptor in conjunction
with CD4 (58). Since several recent studies have demonstrated
that coreceptors can be used as primary receptors (i.e., without
CD4) by specific HIV-2 and HIV-1 isolates as well as by many
simian immunodeficiency virus isolates (20–22, 31, 52), we
performed additional cell-to-cell fusion assays with the HIV-
1BORI and HIV-1BORI-15 env clones, paying particular atten-
tion to the use of coreceptors without CD4. The results (Fig. 1)
indicated that the HIV-1BORI-15 envelope could not mediate
fusion with target cells transfected with CCR5 only. However,
we noted that in the presence of CCR5 and CD4, the HIV-
1BORI-15 env demonstrated two- to threefold-higher levels of
fusion than the HIV-1BORI env, although we could not rule out
potential differences in glycoprotein expression at the cell sur-
face.

Generation of recombinant viruses with envelope sequences
from HIV-1BORI and HIV-1BORI-15. To determine whether the
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HIV-1BORI-15 env by itself could mediate the syncytium-form-
ing phenotype, we cloned large fragments of env (KpnI-AvaI)
from HIV-1BORI-15 or HIV-1BORI into a common full-length
proviral backbone pIIIB (an HXB3-based clone) (33) to gen-
erate the recombinant viruses VH-BORI and VH-B15, respec-
tively (Fig. 2) (see Materials and Methods). We also construct-
ed additional recombinant viruses that contained chimeric env
sequences (Fig. 2), either the upstream portion of env from
HIV-1BORI-15 with the downstream portion of env from HIV-
1BORI (VH-R4) or the upstream portion of the HIV-1BORI env
with the downstream portion of the HIV-1BORI-15 env (VH-
R7). There were no differences in the genes overlapping env in
these constructs. To include as much of the gp160 sequence as

possible in our recombinant viruses, we also replaced the pIIIB
env sequences at the beginning of the env coding sequence of
VH-BORI and VH-B15 with the corresponding env sequences
from HIV-1BORI or HIV-1BORI-15 (constructs VH-rBORI and
VH-rB15). Minor differences in vpu in these constructs are
described below.

The fidelity of each recombinant provirus was confirmed by
sequence analysis of env and its junctions, and viruses were
produced by the transfection of 293T cells with plasmids fol-
lowed by collection of virus-containing supernatants, as de-
scribed in Materials and Methods. Western blotting revealed
no differences in env expression and processing as judged by
the generation of gp120 from gp160 in transfected 293T cell
lysates and by the detection of gp120 in concentrated virus that
had been normalized by p24gag content (data not shown).

Replication of VH-BORI and VH-B15 in peripheral blood
lymphocytes. To confirm that the recombinant viruses were
functional, we infected PBMCs with VH-BORI, VH-B15, VH-
R4, and VH-R7 and monitored viral replication over time by
determining p24gag antigen concentration (Fig. 3) at regular
intervals. All of the recombinant viruses replicated efficiently
in PBMCs, and there were no gross differences in the kinetics
of viral replication.

Syncytium formation in microglia due to VH-BORI and
VH-B15. The recombinant viruses containing envelope se-
quences from HIV-1BORI or HIV-1BORI-15 were then assayed for
syncytium formation in microglia. Equivalent p24gag antigen con-
centrations were used to infect the microglia, and the cultures
were examined at several points for syncytium formation (Fig. 4).
VH-BORI- and VH-B15-infected microglia demonstrated strik-
ingly different syncytium formation phenotypes even under low-
power magnification (Fig. 4A and B, respectively). VH-B15 in-
duced classic syncytia, with focal aggregation of cells, often with
circular arrangements of the corresponding nuclei. Under higher-
power magnification (Fig. 4D), the large cells were easily identi-
fied as giant syncytia. In contrast to the results with VH-B15,
VH-BORI did not induce syncytia (Fig. 4A and C).

Surprisingly, we observed syncytia with VH-B15 within 24 h
after infection. Subsequent experiments (not shown) indicated
that the formation of syncytia by VH-B15 was not inhibited by
pretreatment with zidovudine (50 mM), a concentration that
was able to inhibit other viruses in microglia (A. V. Albright,
S. Erickson-Viitanen, M. O’Connor, I. Frank, M. M. Rayner,
and F. González-Scarano, unpublished results). This result, to-
gether with the time course of syncytium formation in micro-

FIG. 1. Cell-to-cell fusion induced by HIV-1BORI and HIV-1BORI-15 glyco-
proteins. 293T effector cells expressing either env genes or a control plasmid
(pcDNA) and the T7 polymerase were mixed with QT6 target cells that express
CD4 and/or chemokine receptors (CCR3 or CCR5) together with the luciferase
gene under the control of the T7 promoter. Cell-to-cell fusion was quantified by
luciferase activity. Relative light units per second (RLU/sec) resulting from each
experimental condition in one representative experiment are shown. Both HIV-
1BORI and HIV-1BORI-15 envelopes mediated fusion with cells bearing CD4 with
either CCR5 or CCR3, as did control HIV-189.6 envelope. However, these
glycoproteins could not mediate fusion with cells expressing CCR5 without CD4.
The error bars indicate standard deviations.

FIG. 2. Recombinant viruses containing envelope sequences from HIV-
1BORI and HIV-1BORI-15. HIV-1BORI or HIV-1BORI-15 envelope sequences
(hatched and solid boxes, respectively) encompassing most of gp120 (amino
acid 43 in gp120 to amino acid 213 in gp41 [HXB numbering system]) were
cloned into a common provirus pIIIB (33) to generate VH-BORI and VH-B15,
respectively. We also constructed VH-R4 and VH-R7, which contain chimeric
HIV-1BORI or HIV-1BORI-15 envelope sequences, by using a BglII site (position
273) in C2 of gp120. LTR, long terminal repeat.

FIG. 3. Replication of viruses in PBMCs. Interleukin-2-stimulated PBMCs
were infected with VH-BORI, VH-B15, VH-R4, and VH-R7, and virus replica-
tion was monitored over time by p24gag antigen concentration in the supernatant.
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glia, was strong evidence that in this system fusion does not
require viral replication.

To begin to map which regions of env are important in the
syncytium-forming phenotype demonstrated by VH-B15, we
tested recombinant viruses containing chimeric env sequences

on microglia (Fig. 2). Infection with VH-R4 (with the upstream
region of env from HIV-1BORI-15, which includes the V1/V2/C2
region) formed extensive syncytia, whereas VH-R7, containing
the analogous upstream region from HIV-1BORI, did not fuse
the cells.

FIG. 4. Syncytium formation by recombinant viruses. Microglia in chamber slide plates were infected with 50 ng of p24gag of each recombinant virus and the cultures
were observed at regular intervals for the formation of syncytia after being stained with a nuclear stain. (A to F) Representative photographs obtained 24 h after
infection are shown. VH-B15 (B and D) and VH-R4 (E) demonstrated the ability to form extensive syncytia, while VH-BORI (A and C) and VH-R7 (F) did not.
VH-B15 infection also induced extensive syncytia in U373-MAGI-CCR5E cells (H), which express CD4 and CCR5, whereas VH-BORI did not (G). A control virus (not
shown) that contains the V3 loop of HIV-1Bal in the same proviral background replicates well in microglia but did not cause syncytium formation under the same conditions.

696 SHIEH ET AL. J. VIROL.



To assess the role of coreceptors in the syncytium formation
induced by VH-B15, we preincubated microglia with antibod-
ies to chemokine receptors and infected them with VH-B15.
The anti-CCR5 antibody 2D7 inhibited syncytium formation
due to VH-B15, whereas antibodies against CCR3 (7B11) or
CXCR4 (12G5) had no effect (data not shown).

We also tested whether the syncytium-forming phenotype
could be demonstrated with other CD41CCR51 cells. As
shown in Fig. 4, syncytium formation was evident in VH-B15-
infected U373-MAGI-CCR5E cells but not in VH-BORI-in-
fected cells. A similar syncytium-forming phenotype, although
less dramatic, was observed in the HeLa-based MAGI-CCR5
cells and in MDM (data not shown). We were also able to
quantify the infectivity of the recombinant viruses, since U373-
MAGI-CCR5E cells express beta-galactosidase following in-
fection. As shown in Table 1, both VH-B15 and VH-R4 dem-
onstrated ;5- to 20-fold-higher infectivity than VH-BORI or
VH-R7. Thus, the envelope sequences of HIV-1BORI-15 were
important in mediating high levels of both cell-to-cell fusion
and virus-to-cell fusion.

Replication of VH-BORI and VH-B15 in microglia. We also
determined whether VH-BORI and VH-B15 replicated in mi-
croglia. A representative experiment is shown in Fig. 5. Both
VH-B15 and VH-BORI replicated slightly better than the X4
backbone virus pIIIB (HXB-3 env), which, as expected, did not
replicate well in microglia. Interestingly, VH-B15 and VH-
BORI replicated with similar kinetics and to similar peak lev-
els, indicating that in the context of pIIIB the env sequences
from HIV-1BORI-15 were not sufficient to mediate the high-
replication phenotype observed with this isolate. Notably, the

level of replication of VH-B15 was lower than that observed
with the original microglia-passaged virus (HIV-1BORI-15) (60).
Since it was formally possible that VH-B15-induced syncytium
formation could inhibit virus replication, we infected microglia
with 10- and 100-fold-lower inocula of VH-BORI and VH-
B15, but we still did not observe differences in replication
between VH-BORI and VH-B15 (data not shown). These data
suggest that other regions of HIV-1BORI-15 are involved in its
high replication in microglia.

Amino acid differences between HIV-1BORI and HIV-
1BORI-15. Comparison of the env sequences of the two isolates
showed differences in eight amino acids (Table 2); seven were
in gp120, and there was a single change in gp41. Furthermore,
four of the differing amino acids were located in the V1/V2
loops of gp120, and two of these (T162A and S190R) encoded
the loss of potential N-linked glycosylation sites. Most of the
other changes were nonconservative. Using the chimeric data
described above, it was clear that at most the first five amino
acid differences could be important in mediating the VH-B15
syncytium-forming phenotype, since only those changes were
incorporated into VH-R4, which mediated extensive syncytia
(Fig. 2 and 4). We analyzed the V1/V2/C2 region of two other
functional HIV-1BORI-15 env clones and one other functional
HIV-1BORI env clone and confirmed that the amino acid dif-
ferences were relatively conserved within different env clones
from the same virus. The loss of the potential glycosylation site
in V2 (S190R) was observed in all three HIV-1BORI-15 env
clones; however, one HIV-1BORI env clone contained an R at
position 190, even though infection with it did not result in
extensive syncytium formation (data not shown). Changes in
V3 (60) previously noted by PCR sequencing of the wild-type
virus were variable when individual clones were examined
(data not shown). There were no differences between the V3
domains of the env clones used in these experiments.

Mapping of the amino acid differences involved in the syn-
cytium-forming phenotype. To exclude the possibility that the
pIIIB env sequences at the beginning of the env coding se-
quence of VH-B15 were contributing to the observed fusoge-
nicity, we replaced these pIIIB env sequences with the corre-
sponding sequence from either HIV-1BORI-15 or HIV-1BORI.
These additional recombinant viruses (VH-rBORI and VH-
rB15) therefore contained full-length gp120 sequences from
HIV-1BORI or HIV-1BORI-15 and demonstrated phenotypes
similar to those of VH-B15 and VH-BORI in the syncytium-
forming assay (Fig. 6). These constructions introduced a stop
codon in the vpu reading frame, resulting in a slightly shorter
deduced protein for VH-BORI. This did not have an effect on
replication in PBMCs (data not shown). Furthermore, prein-
cubation of microglia with the anti-CCR5 antibody (2D7) or an
anti-CD4 antibody (no. 21; a gift of J. Hoxie) inhibited the

FIG. 5. Replication of recombinant viruses in microglia. Cultured microglia
were infected with equivalent amounts of virus, as indicated in Materials and
Methods. The culture medium was replaced at regular intervals and then assayed
for p24gag antigen concentration. VH-BORI and VH-B15 replicated with similar
kinetics and to similar levels.

TABLE 1. Infectivities of recombinant HIV-1BORI
and HIV-1BORI-15 viruses

Recombinanta Infectious units/
ng of p24gagb

VH-BORI................................................................................. 214
VH-B15..................................................................................... 1,020
VH-R4 ...................................................................................... 1,360
VH-R7 ...................................................................................... 54

a See Fig. 2 for descriptions of recombinants.
b Average of infections performed in triplicate with 10-fold dilutions of virus

placed on U373-MAGI-CCR5E cells.

TABLE 2. Amino acid differences between HIV-1BORI
and HIV-1BORI-15 envelopesa

Glycoprotein Amino acid/region Amino acid change

gp120 153/V1 Glutamic acid (2) 3 glycine
gp120 162/V2 Threonine 3 alanineb

gp120 166/V2 Arginine (1) 3 glycine
gp120 190/V2 Serine 3 arginine (1)b

gp120 229/C2 Lysine (1) 3 asparagine
gp120 281/C2 Threonine 3 isoleucine
gp120 336/C3 Alanine 3 threonine
gp41 532 Valine 3 methionine

a Charged amino acids are indicated. The amino acid numbers are based on
the HXB2 sequence.

b Change results in the loss of a potential glycosylation site.
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syncytium formation due to VH-rB15 (Fig. 6). As with VH-
B15, however, VH-rB15-induced syncytium formation was not
inhibited by the reverse transcriptase inhibitors zidovudine and
efavirenz (0.01 mM), indicating that viral replication was not
required (data not shown).

We then mutated individual residues on the VH-BORI
background to the sequence of VH-B15 and also made a re-
combinant provirus (VH-rV1/V2) which placed the HIV-
1BORI-15 V1/V2 in the background of the HIV-1BORI env (four
amino acids were different). The viruses were generated,
checked for infectivity in U373-MAGI-CCR5E, and assayed
for the ability to form syncytia in microglia and in CCR51 cell
lines. As shown in Fig. 6, the virus containing only the four
amino acid differences in V1/V2 of HIV-1BORI-15 on the back-
ground of HIV-1BORI env (VH-rV1/V2) was able to mediate
extensive syncytium formation. Furthermore, the mutation of
residue 153 (recombinant E153G) resulted in a virus that was
almost as fusogenic as VH-rB15, whereas mutation T162A
alone or in combination with S190R (the loss of two potential
N-linked glycosylation sites) did not reproduce the wild-type
phenotype. Interestingly, when the E153G mutation was com-
bined with mutations that changed the glycosylation sites,
there was less giant cell formation than when the E153G mu-
tation was present by itself. Therefore, the effects of the amino
acid alterations are context dependent, although those in
V1/V2 are primarily responsible for the syncytium-forming
phenotype.

Infection of cells with different amounts of CD4. One pos-
sibility that might explain the mechanism of syncytium forma-
tion by HIV-1BORI-15 is adaptation to the relatively low levels
of CD4 present in microglia. To test this, we performed an
experiment where env-pseudotyped viruses were used to infect
293T cells transfected with a CCR5-expressing plasmid and
with 10-fold-decreasing amounts of plasmid expressing CD4.
When we stained transfected cells for CD4 and analyzed cell
surface expression by flow cytometry (Fig. 7A), we noted a
close relationship between the amount of CD4-expressing plas-
mid transfected and the levels of CD4 expression. As shown
in Fig. 7B, pseudotyped viruses with envelopes from HIV-
1BORI-15 and HIV-1BORI infected 293T cells transfected with

large amounts of CD4 and CCR5; however, only pseudotypes
with the env from HIV-1BORI-15 maintained the ability to infect
cells transfected with smaller amounts of CD4. Similar results
were observed in similarly transfected U87 cells (data not
shown). These results suggest a number of potential mecha-
nisms for the adaptation of HIV-1BORI-15 and will provide a
framework for future studies.

DISCUSSION

MGC, the result of fusion between infected and uninfected
microglia and macrophages, are the signature neuropatholog-
ical finding in HIVD and are the main reservoir for HIV within
the CNS (27, 63). Given the evidence of genetic sequestration
within the CNS provided by postmortem studies (23, 37, 70), it
is likely that a subpopulation of viruses replicates in microglia
and adapts to them over an indeterminate period. While stud-
ies have documented the phenotype and to some extent the
evolution of viruses in the cerebrospinal fluid (6, 38), because

FIG. 6. Quantification of syncytium formation induced by recombinant vi-
ruses with discrete differences. Microglia were infected with VH-rBORI, VH-
rB15, VH-rBORI recombinant viruses with specific mutations in the V1/V2 loops
(VH-rE153G, VH-rE153G/T162A, VH-rE153G/T162A/S190R, VH-rT162A,
and VH-rT162A/S190R), or a virus containing the V1/V2 loops from HIV-
1BORI-15 in the VH-rBORI background (VH-rV1/V2). Twenty-four hours later,
the cells were stained and syncytia were quantified as described in Materials and
Methods. The fusion index is the total number of nuclei divided by the total
number of cells counted, and approximately 400 to 800 nuclei were counted for
each datum point. Amino acid differences in the V1/V2 loops were primarily
responsible for the syncytium-forming phenotype, but a mutation with a single-
amino-acid change (E153G) also induced syncytium formation.

FIG. 7. Infection of cells transfected with different amounts of CD4-express-
ing plasmid. (A) 293T cells were transfected with the indicated amounts of CD4
and 3 mg of CCR5 plasmids, and then the cells were stained with an anti-CD4
antibody followed by a fluorescein-isothiocyanate-conjugated secondary anti-
body. The cells transfected with 2 mg of CD4-expressing plasmid demonstrated
higher levels of fluorescence than those transfected with smaller amounts of
plasmid. The cells transfected with 0.02 mg of plasmid had no detectable fluo-
rescence in comparison with the control cells (no CD4). CCR5 expression was
assessed with antibody 2D7, and it remained constant in all of the cells (not
shown). FL1-H, fluorescence intensity. (B) 293T cells were transfected with the
indicated amounts of CD4- and CCR5-encoding plasmids and with a control
plasmid to equalize the total amount of DNA and were infected the next day with
equivalent amounts (1.25 to 6 ng/ml of p24gag antigen) of luciferase reporter
viruses pseudotyped with env from HIV-1BORI (rBORI) or from HIV-1BORI-15
(rBORI-15). Two days later the cells were lysed, and luciferase activity was
measured in relative light units per second (RLU/sec). The results are expressed
as the means of six independent experiments (each performed in triplicate) and
standard deviations. p, Statistically significant differences between rBORI and
rBORI-15-mediated infections were observed at each level of CD4 expression
(Wilcoxon’s rank sum test; P , 0.05).
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of the obvious sampling problem, few studies have looked at
the functional evolution of virus in the CNS parenchyma, ne-
cessitating the design of in vitro studies.

We characterized a virus, HIV-1BORI-15, that forms exten-
sive syncytia in microglia cultures and compared it to its pa-
rental primary isolate, HIV-1BORI. The syncytium-forming phe-
notype could not be explained by a simple coreceptor switch or
by CD4-independent entry. Rather, the HIV-1BORI-15 enve-
lope had a quantitatively greater ability to mediate fusion of
several CD41CCR51 cell types. In the context of pIIIB back-
bone, envelope sequences from HIV-1BORI-15 (VH-B15) me-
diated a high level of syncytium formation in microglia in
comparison with an equivalent construct with the HIV-1BORI
env (VH-BORI), whereas both viruses replicated equivalent-
ly in PBMCs. Furthermore, VH-B15 infected U373-MAGI-
CCR5E cells with greater efficiency than VH-BORI, and pseu-
dotypes incorporating the HIV-1BORI-15 env constructs were
less sensitive to decreases in the amount of CD4 on the cell
surface when CCR5 levels were held constant.

Surprisingly, VH-B15-mediated fusion was independent of
viral replication, since it occurred within 24 h of exposure to
the cells and was not decreased by reverse transcriptase inhib-
itors, indicating FFWO. However, the timing of fusion with the
uncloned HIV-1BORI-15, which occurred at 2 to 3 weeks after
infection, did not suggest FFWO. FFWO, or fusion mediated
by viral particles in the absence of infection, is a well-known
phenomenon in other enveloped viruses with high fusion po-
tential (2, 28, 56, 59) and has previously been described in HIV
under certain circumstances (14). We hypothesize that the high
fusion activity mediated by VH-B15 is due to the intrinsically
greater fusogenicity of the HIV-1BORI-15 env. It is unlikely that
the gp41 sequences from HXB-3 present in the VH-based
recombinants played a major role in this fusion, since VH-
BORI did not demonstrate any significant syncytium forma-
tion. We also found equivalent envelope expression among the
recombinant viruses (data not shown). In any case, the syncy-
tium-forming phenotype was clearly mapped to four amino
acids in the V1/V2 region, with the bulk of the VH-B15 fuso-
genicity accounted for by a single-amino-acid difference, E153G.
Surprisingly, the loss of two potential glycosylation sites in the
same region, while perhaps associated with changes in neutral-
ization (data not shown), had no major effect on syncytium
formation when introduced independently. Moreover, the full
phenotype depended on all four amino acid differences be-
tween VH-BORI and VH-B15, indicating that it is probably
related to the overall conformation of the region.

Our results support the idea that envelope sequences play a
major role in HIV-1 tropism for microglia, although it is prob-
ably not the exclusive determinant. Since HIV-1 isolates ob-
tained from the CNS are predominantly R5 (i.e., use CCR5 as
coreceptor), once a mechanism for its enhanced syncytium for-
mation has been defined, the experiments with HIV-1BORI-15
will provide information regarding the interactions between
HIV and these specialized cells. Specifically, there may be
requirements for interaction with CD4 and CCR5 at the ratio
present in microglial cells.

We believe that there are different interactions between
the HIV-1BORI and the HIV-1BORI-15 envelopes and CD4 or
CCR5 and that the V1/V2 loops are critical to this difference.
Although the effects of V3 on tropism, particularly in deter-
mining coreceptor use, have received the widest attention (10,
12, 32, 57, 65), some investigators have found that sequences in
V1/V2 can influence virus spread in MDM (64). There is also
an extensive literature indicating that these loops are involved
in neutralization (7, 11) and other cellular tropisms (5, 8, 36,
44, 45, 47, 62, 72). In the current model of HIV entry, the V1/

V2 loops are thought to shield the coreceptor binding site (73).
CD4 binding probably induces a conformational change involv-
ing the V1/V2 loops that exposes a conserved coreceptor bind-
ing site (53). This conformational change is detectable through
increased binding of some antibodies, like 17b (61, 73, 74).

How could the HIV-1BORI-15 envelope influence this inter-
action? We can propose several potential scenarios. Firstly, the
V1/V2 loops of HIV-1BORI-15 gp120 may favor the conforma-
tion triggered by CD4 binding, increasing the exposure of the
chemokine receptor-binding site. On a membrane with few
CD4 molecules, like those of microglia (17), this more stable
conformation may be necessary to promote a gp120-CCR5
interaction. Along the same lines, the interaction between
HIV-1BORI-15 gp120 and CD4 could be stronger, resulting in a
similar outcome. Indeed, HIV-1 strains may have different
affinities for the CD4-coreceptor complex and demonstrate
variations in infectivity of cells with different amounts of re-
ceptor and coreceptor (39, 48). Alternatively the HIV-1BORI-15
gp120 could interact with CCR5 more efficiently, with the more
basic V1/V2 region of the HIV-1BORI-15 gp120 (in comparison
with HIV-1BORI) facilitating gp120 interaction with the acidic
residues in the CCR5 amino terminus (19, 24). Interaction with
different extracellular domains of CCR5 or different confor-
mational states of CCR5 may also play a role (3, 4, 41, 55).
Future studies with purified preparations of HIV-1BORI-15
gp120 should determine which of these possibilities is most
relevant to its phenotype. If the results are generalized to other
HIV strains, these findings could provide mechanistic informa-
tion regarding the development of syncytia in this area of HIV
pathogenesis. Indeed a recent report focused on the involve-
ment of V1/V2 regions in HIVD (50).

We were surprised that, when placed in the context of the
pIIIB backbone, the HIV-1BORI-15 env did not produce a
virus with high replication in microglia, in comparison with
VH-BORI. This may indicate that other regions of the HIV-
1BORI-15 virus are involved in its neurotropism. Alternatively,
the high fusogenicity exhibited by its envelope could have af-
fected p24gag release or viral spread. Defining the mechanism
of the enhanced replication will be an area for future experi-
mentation.

Finally, the neutralization pattern of HIV-1BORI-15 may pro-
vide additional evidence of the importance of the conforma-
tion of env in generating an effective immune response. Pre-
liminary studies with these viruses showed that HIV-1BORI-15
may be easier to neutralize than its parent. In light of recent
findings that fusogenic intermediates of env may generate broad-
ly cross-reactive antibody responses (40) and that a CD4-inde-
pendent HIV-1 stably exposing its coreceptor binding site is
more easily neutralized (31), this isolate may be a candidate for
a better understanding of the potential role of V1/V2 in im-
munity.
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