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As a neurotropic virus, human immunodeficiency virus type 1 (HIV-1) invades the brain and causes severe
neuronal, astrocyte, and myelin damage in AIDS patients. To gain access to the brain, HIV-1 must migrate
through brain microvascular endothelial cells (BMECs), which compose the blood-brain barrier (BBB). Given
that BMECs lack the entry receptor CD4, HIV-1 must use receptors distinct from CD4 to enter these cells. We
previously reported that cell surface proteoglycans serve as major HIV-1 receptors on primary human endo-
thelial cells. In this study, we examined whether proteoglycans also impact cell-free HIV-1 invasion of the
brain. Using an artificial BBB transmigration assay, we found that both heparan and chondroitin sulfate
proteoglycans (HSPGs and CSPGs, respectively) are abundantly expressed on primary BMECs and promote
HIV-1 attachment and entry. In contrast, the classical entry receptors, CXCR4 and CCRS, only moderately
enhanced these processes. HSPGs and CSPGs captured HIV-1 in a gp120-dependent manner. However, no
correlation between coreceptor usage and transmigration was identified. Furthermore, brain-derived viruses
did not transmigrate more efficiently than lymphoid-derived viruses, suggesting that the ability of HIV-1 to
replicate in the brain does not correlate with its capacity to migrate through the BBB as cell-free virus. Given
that HIV-1-proteoglycan interactions are based on electrostatic contacts between basic residues in gp120 and
sulfate groups in proteoglycans, HIV-1 may exploit these interactions to rapidly enter and migrate through the

BBB to invade the brain.

Human immunodeficiency virus type 1 (HIV-1) infection of
the central nervous system (CNS) is currently one of the most
challenging aspects of HIV-induced disease (4, 6, 13, 64).
HIV-1 causes neurologic abnormalities in infected individuals
ranging from mild cognitive and motor disorders to frank de-
mentia (termed neuroAIDS). More than 25% of infected in-
dividuals suffer some form of CNS disorder during the course
of their infection. The neuropathology associated with HIV-1
infection in the brain is characterized by widespread axonal
damage, astrocytosis, myelin loss, and infiltration by blood-
derived monocyte/macrophages, resident microglia, and mul-
tinucleated giant cells. The main target cells for HIV replica-
tion in the brain are macrophages and microglial cells (69, 71,
91). HIV-infected macrophages/microglia overproduce viral
proteins, chemokines, and cytokines that induce dysfunction or
apoptosis of neurons and astrocytes (reviewed in references 3,
5, 16, 18, 41, 44, 58, 85, and 98). Since AIDS patients develop
dementia or neurobehavioral changes despite highly active an-
tiretroviral therapy (18, 68), the development of novel thera-
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pies that prevent HIV-1 entry into the CNS remains of critical
importance.

To invade the CNS, HIV-1 must migrate through brain
microvascular endothelial cells (BMECs), which compose the
blood-brain barrier (BBB) (20). HIV-1 may utilize at least two
potential routes to reach the brain: either HIV-1 itself crosses
the BBB (cell-free invasion) or it first infects blood cells (T
cells or monocytes) and uses them as Trojan horses to cross the
BBB (cell-associated invasion). Several scenarios have been
proposed for BBB transmigration of HIV-1 as cell-free virus.
In one scenario, BMECs directly infected by HIV-1 release
infectious particles into the brain (8, 54, 67, 84). In an alter-
native scenario, HIV-1 enters BMECs from the blood, mi-
grates through the cells, and is released into the CNS from the
brain side of BMECs (10, 11, 47). In addition to these two
transcellular routes, cell-free HIV-1 may also use a paracellu-
lar route via tight junctions (25) or by perforating the BMEC
monolayer by inducing apoptosis (7, 40, 83). Although it is like-
ly that HIV-1 uses both cell-free and cell-associated routes to
ensure successful entry into the brain, our study focuses exclu-
sively on transcellular invasion of the brain by cell-free HIV-1.

Given that BMECs lack the entry receptor CD4 (23, 54),
HIV-1 must use attachment and entry receptors distinct from
CD4 to enter these cells. Several receptors have been reported
to facilitate HIV-1 entry into CD4-negative cells. Specifically,
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galactosyl ceramide (34, 35, 95), adhesion molecules such as
ICAM-1 and LFA-1 (27, 28, 72), C-type lectins such as DC-
SIGN, DC-SIGNR, langerin, and the mannose receptor (12,
30, 66, 87), and proteoglycans containing chondroitin or hepa-
ran sulfate proteoglycan chains (CSPGs or HSPGs, respec-
tively) (8, 15, 53, 75, 94) have all been shown to promote HIV-1
attachment and/or entry into cells that lack CD4. To date,
there is no demonstration that these receptors are capable of
mediating fusion between viral and cellular membranes. Thus,
these receptors represent prime candidates for HIV-1 entry
into BMECs, the major component of the BBB.

Proteoglycans bear covalently linked long unbranched an-
ionic sulfated glycosaminoglycan chains (i.e., chondroitin sul-
fate, dermatan sulfate, heparan sulfate, and heparin) (14).
These glycosaminoglycans consist of disaccharide units (40 to
100) of uronic acid (glucuronic acid/iduronic acid) and N-
acetylgalactosamine in chondroitin sulfate and dermatan sul-
fate or N-acetylglucosamine in heparan sulfate and heparin.
Sulfation of the chains varies as well. For example, chondroitin
sulfate chains usually contain one sulfate per disaccharide unit
attached to an N-acetylgalactosamine unit, whereas heparan
sulfate chains contain sections that are intensely and sparsely
sulfated (25). These sulfated regions act as binding sites for
various growth factors, enzymes, and matrix proteins. A grow-
ing body of evidence suggests that one class of proteoglycans,
the HSPGs, possesses the capacity to modulate HIV-1 patho-
genesis. Patel and colleagues originally showed that HIV-1
exploits the long anionic heparan sulfate chains of HSPGs to
attach to and enter into several T-cell lines (63). Enzymatic
removal of cell surface heparan sulfate chains drastically im-
paired the capacity of HIV-1 to infect these cells (63, 73). We
and others confirmed these findings by showing that HSPGs on
the surface of specific cell types may greatly influence HIV
infection (33, 38, 62, 76, 97). Primary human endothelial cells
richly express HSPGs both in vitro and in vivo, and these
HSPGs efficiently capture HIV-1 particles on the surfaces of
the cells (15). Their abundance on the surface of primary
endothelial cells and their high capacity to capture HIV-1
make HSPGs prime candidate receptors to facilitate the inva-
sion of the brain by HIV-1. In the present study, we examined
the contribution of HSPGs in the sequential steps of HIV-1
transmigration through the BBB.

MATERIALS AND METHODS

Cells. TZM-bl cells (generously contributed by John C. Kappes, Xiaoyun Wu,
and Tranzyme Inc.) were obtained through the AIDS Research and Reference
Reagent Program. TZM-bl cells express CD4, which renders them susceptible to
infection, and contain an integrated Escherichia coli lacZ gene driven by the HIV
long terminal repeat (90). Upon infection, Tat production from the integrated
provirus leads to activation of the lacZ reporter, resulting in synthesis of B-ga-
lactosidase in these cells. Infected cells are identified by staining with 5-bromo-
4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) at 48 h postinfection, allowing
quantitation after a single round of infection (90). The University of Arizona
Institutional Review Board for Research involving Human Subjects approved the
isolation of BMECs from discarded temporal lobe tissues (5 to 15 mm?) obtained
during temporal lobectomies. The tissue was fragmented in phosphate-buffered
saline (PBS) with a 16-gauge needle. After centrifugation (300 X g for 5 min), the
cell pellet was digested in 1 mg of collagenase-dispase (Roche Molecular Bio-
chemicals)/ml containing 1 mg of DNase (Sigma)/ml and 0.15 mg of Na-p-tosyl-
L-lysine chloromethyl ketone (Sigma)/ml for 1 h at 37°C. The digest was spun
down (1,000 X g for 20 min) and resuspended in 250 pg of PBS-bovine serum
albumin (BSA)/ml. After additional centrifugation, the pellet containing capil-
laries was resuspended in 5 mg of PBS-BSA/ml and loaded onto a 50% Percoll
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gradient. The capillary fragments were removed and placed in a three-dimen-
sional collagen type I gel and maintained in DMEM containing 10% fetal calf
serum and endothelial cell growth supplement (50 pg/ml) (Sigma) as described
previously (47). The microvessels were harvested, explanted into collagen type
I-coated T-25 flasks, and propagated as monolayers. As a second source of
BMEGs, primary human BMECs were obtained from Cell System Corp.
(ACBRI; Kirkland, Wash.) and cultured in human endothelial growth medium
(Cell System Corp.) as described previously (8, 56, 57). Importantly, primary
BMECs (mainly from brain cortex) obtained from Cell System Corp. were not
passaged more than four times prior to use, to maintain the original features of
primary BMECs.

Viruses. All cloned viruses were produced from electroporated Jurkat-CCRS
(generous gift from M. Emerman) and normalized by p24 enzyme-linked immu-
nosorbent assay (ELISA) (Perkin-Elmer Life Sciences). We generated a panel of
pNLA4.3-derived infectious molecular clones in which the envelope gene had been
replaced with those encoded by a selection of isolates, including wild-type
pNLA4.3 (generously contributed by Malcolm Martin through the AIDS Research
and Reference Reagent Program) (1), the gp120-deficient virus pNL4.3-E- (gen-
erously contributed by Nathaniel Landau through the AIDS Research and
Reference Reagent Program) (19, 36), pNL-ADA, pNL-JRFL, pNL-YU2,
pNL91US005.11, pNL-92MW965.26, pNL-RW020.5, and pNL-92BR020.4 as RS
viruses, pNL-HXB, pNL-92UG021.6, pNL-92UG024.2, and pNL-92HT599.24 as
X4 viruses, and finally, pNL-89.6 as R5X4 virus (a generous gift from P. Bieniasz)
(97). The primary viruses isolated from matched brain and lymphoid tissues were
derived and amplified as described previously (32).

Fluorescence-activated cell sorter (FACS) analyses. One million cells were
incubated with antibodies (1 pg) in 500 pl of PBS containing 0.25% human
serum. Anti-CD4 monoclonal antibody (MAb) SIM.4 (generously contributed by
James Hildreth), anti-DC-SIGN MAb DC28 (generously contributed by F. Bar-
ibaud, S. Pohlmann, J. A. Hoxie, and R. W. Doms), anti-CXCR4 MAb 12G5
(generously contributed by James Hoxie), and anti-CCR5 MAb 2D7 (generously
contributed by Millennium Pharmaceuticals, Inc., and PharMingen) were ob-
tained through the AIDS Research and Reference Reagent Program. Anti-
HSPG 10E4 and 3G10 MAD were obtained from Seikagaku; anti-chondroitin
sulfate CS-56 immunoglobulin G’s were obtained from Sigma; anti-galactosyl
ceramide (anti-GalCer) MAB342 MAb was obtained from Chemicon; anti-
CD147 HIM6, anti-ZO-1 C-19 MAb was obtained from Zymed; anti-CD4
RP4-T4 MAb was obtained from BD Pharmingen; anti-syndecan-1 (CD138) ID4
MAD was obtained from Biogenesis; and anti-syndecan-2 10H4, anti-syndecan-3
1C7, anti-syndecan-4 8G3, and anti-glypican-1 S1 MAb were provided by G.
David. Note that the antibody staining was performed on adherent BMECsS prior
to cell stripper (CellGro; Mediatech Inc.) detachment. Cell surface removal of
heparan and chondroitin sulfates by using heparinase (heparitinases I and IIT [30
and 6 mIU/ml] from Seikagaku) or chondroitinase ABC (10 U from Sigma) were
performed as described previously (53), whereas glycosylphosphatidyl inositol
(GPI)-linked protein removal by phospholipase C (25 U from Sigma) was per-
formed as described previously (76).

Immunostainings. Heparan sulfate was localized in paraffin sections of para-
formaldehyde-fixed material (4% in 0.1 M phosphate buffer), with heparitinase
digestion (10 mIU; Seikagaku) for 3 h at 37°C followed by the anti-AHS MAb
3G10 (5 wg/ml). Sections without digestion were used as controls. Endogenous
peroxidase was blocked with H,O, (0.3%) in methanol. Syndecan-2 and synde-
can-4 were localized in cryosections, with antibodies 10H4 (50 wg/ml) and 8G3
(50 pg/ml), respectively. After a blocking step with PBS-1% BSA-10% goat
serum, primary antibody binding was detected with biotin-conjugated goat anti-
mouse antibody (1/300 dilution; Dako) in PBS/BSA/goat serum and the Vec-
tastain Elite kit (Vector), with diaminobenzidine tetrahydrochloride (Sigma) as
the substrate.

Infections. TZM-bl cells (100,000 cells/ml) were exposed to increasing volumes
of medium present in the basal chamber (which contains transcytosed viruses)
for 2 h. Cells were washed to remove unbound virus, and viral infection was
measured at 48 h postinfection by B-galactosidase (X-Gal staining).

Transmigration assay. BMECs were placed on Biocoat cell culture inserts
(Collaborative Biomedical Products), with 40,000 BMECs on the upper surface
of a polyethylene teraphthalate membrane (3-pm pore size) coated with fi-
bronectin and collagen I (Sigma), as described previously (47). BMECs seeded
onto the upper face of collagen I- and fibronectin-coated 12-mm-diameter tran-
swells were cultured until formation of tight junctions was achieved. The inserts
were fed every 2 days. The monolayer on the filter effectively divides the well into
an apical compartment and a basolateral compartment. The integrity of each cell
monolayer was measured by using an endothelial volt/ohm meter (Millipore). To
ensure the integrity of the BMEC barrier, we monitored the elevated transen-
dothelial electrical resistance of each cell monolayer and measured the paracel-
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lular passage of the extracellular marker inulin by the permeability coefficient, as
measured by diffusion assay with 25,000 to 30,000 cpm of “C-carboxylated inulin
(molecular weight, 5,000; Sigma) in the upper chamber as described previously
(47). After verifying the integrity of the monolayer on the transwell filters,
BMECs were exposed to HIV-1 (added to the upper chamber) and attachment,
internalization, and release of HIV-1 into the basal chamber was monitored as
indicated in Results. The small-molecule antagonist TAK779 (against CCRS5)
was generously contributed by Division of AIDS, National Institute of Allergy
and Infectious Diseases, National Institutes of Health, and distributed with the
permission of Takeda Chemical Industries, Ltd. (9), whereas AMD3100 (against
CXCR4) was generously contributed by Division of AIDS, National Institute of
Allergy and Infectious Diseases, and distributed with the permission of
AnorMED (22, 77).

RESULTS

Cell surface expression of proteoglycans on primary human
BMECs. Given the demonstrated efficacy of HSPGs to func-
tion as HIV-1 receptors on CD4-negative primary human um-
bilical vein endothelial cells (15), we examined whether they
play a central role in the transmigration of HIV-1 through
BMEGs. To date, there are two major classes of cell surface
HSPGs, the syndecans and the glypicans. The four members of
the syndecan family (syndecan-1 to -4) are transmembrane
proteins consisting of a short cytoplasmic domain and an ex-
tended extracellular domain, which bears three heparan sulfate
chains (far from the plasma membrane) and one to two chon-
droitin sulfate chains (close to the plasma membrane). In con-
trast to syndecans, glypicans (glypican-1 to -6) are GPI-linked
proteins consisting of a globular extracellular domain, which
bears two to three heparan sulfate chains and no chondroitin
sulfate chains (14, 24). To determine whether HSPGs affect
HIV-1 transmigration through the BBB, we first analyzed the
expression of syndecans and glypicans on BMECs both in vitro
and in vivo. To address this issue, we used two different sources
of primary human BMEGCs, including primary BMEC:s isolated
from discarded temporal lobe tissues obtained from temporal
lobectomies from adults with epilepsy surgery (47) (Fig. 1A)
and fetal or adult primary BMECs obtained from Cell Systems
Corp. (Fig. 1B). We found that BMECs derived from all ori-
gins express high levels of heparan and chondroitin sulfates
(Fig. 1A and B), supporting the notion that proteoglycans are
richly expressed on the surface of primary human endothelial
cells derived from different tissues, including the brain (15, 26,
39, 45, 51). We found that BMECs derived from all origins
express high levels of syndecan-2 and -4 (Fig. 1A and B). In
contrast, syndecan-1 and -3 expression seems to depend on the
BMECs origin. For example, syndecan-3 is highly expressed
on BMECs isolated from discarded temporal lobe tissues (Fig.
1A) but absent on the commercially available BMECs (Fig.
1B), whereas syndecan-1 is expressed in an opposite pattern
(Fig. 1A and B). Furthermore, we found that BMECs in gen-
eral lack or weakly express glypicans. Indeed, glypican-1 is not
detectable on BMECs by using an anti-glypican-1 antibody.
Since anti-glypican-2 to -6 antibodies are not yet available, we
used phospholipase C to detach all GPI-linked proteins from
the cell surface and measured the loss of heparan sulfate from
the cells. Treating BMECs with phospholipase C did not de-
crease heparan sulfate levels, suggesting that glypicans are
absent or weakly expressed on BMECs. These results agree
with those of recent studies, which show that brain endothelial
cells richly express syndecan-2 and -4 but do not express glypi-
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can-1 (26, 70). As previously reported, we found that BMECs
lack the entry receptor CD4 as well as GalCer (Fig. 1A and B)
(23, 54). We also found that BMECs express low levels of both
coreceptors CCRS and CXCR4 (Fig. 1A and B). In contrast to
a previous study (57), we were unable to detect DC-SIGN/R on
BMEG: (Fig. 1A and B). This may be related to the donor (i.e.,
difference in expression between individuals), the isolation
procedure, or the number of passages of BMEC cultures. The
detection of the tight junction marker Zonula occludens
(Z0O-1) (even in the absence of astrocytes) (Fig. 1A and B), by
staining directly adherent BMEC monolayers with a specific
antibody, suggests that the isolated BMECs used in this study
represent appropriate targets for HIV-1 transmigration anal-
ysis (42, 74). Consistent with the in vitro immunostaining data,
we found that human brain capillaries also express high levels
of heparan sulfates in vivo (Fig. 1C, top panels), likely contrib-
uted by the presence of syndecan-2 and -4 (Fig. 1C, bottom
panels). Syndecan-4 was consistently present on the surface of
brain capillaries (data not shown). In contrast, we observed
some variation of expression for syndecan-1, -2, and -3 among
individuals (data not shown). Brain vessels lack or weakly ex-
press CD4, GalCer, and DC-SIGN/R but express significant
CXCR4 and CCRS levels (data not shown). Together, these in
vitro and in vivo immunostaining data demonstrate that
CSPGs and HSPGs, such as syndecans, are expressed on the
surface of an important route of entry into the brain for HIV.
Given that syndecans are capable of mediating attachment of
HIV-1 particles onto the surface of CD4-negative cells (15,
76), their presence on BMECs may profoundly influence HIV
neuroinvasion.

HIV-1 transmigration assay. After analyzing the cell surface
expression of candidate attachment and entry HIV receptors in
BMECGCs, we developed assays to discriminate between initial
viral attachment, subsequent viral internalization, and viral
release from BMECs. The transendothelial transport assay was
performed in Biocoat cell culture inserts (Collaborative Bio-
medical Products) with 40,000 BMECs plated on the upper
surface of a polyethylene teraphthalate membrane coated with
fibronectin and collagen I, as described previously (47). The
cells were cultured until formation of tight junctions occurred
(around 4 days). The integrity of the monolayer was verified by
measuring the transendothelial electrical resistance of the
monolayer and the permeability coefficient of '*C-inulin as
described previously (47). Using this transwell filter assay, we
first examined how long it takes for HIV-1 to attach to the
surface of BMECs. HIV-1 was added to the apical surface of
the BMEC monolayer. After different time intervals, BMECs
were extensively washed to remove unbound virus, detached
(Cell Stripper), and lysed. Amounts of attached virus were
determined by p24 ELISA in BMEC lysates. Experiments were
conducted at both 4 and 37°C (Fig. 2A). We found that HIV-1
rapidly attached to BMECs, with a plateau occurring after 30
min (Fig. 2A). During the first hour, we did not observe a
significant difference in the efficiency of attachment between 4
and 37°C, suggesting that the initial attachment of HIV-1 to
BMEG: is not temperature dependent. Secondly, we examined
how long it takes for HIV-1 to enter BMECs. HIV-1 was added
to BMECs, and at different time intervals, cells were washed,
trypsinized, washed again, and immediately lysed. Amounts of
internalized HIV-1 were quantified by p24 ELISA in BMEC
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FIG. 1. Human primary adult BMECs derived from temporal lobe tissues (A) and human primary fetal BMECs obtained from Cell System
Corp. (B) were analyzed for cell surface expression by FACS. BMECs (106 cells) were incubated with anti-CD4 SIM.4, anti-DC-SIGN DC?28,
anti-CXCR4 12GS5, anti-CCR5 2D7, anti-HSPG 10E4, anti-CSPG CS-56, anti-GalCer MAB342, anti-CD147 HIM®6, anti-ZO-1 C-19, anti-CD4
RP4-T4, anti-syndecan-1 ID4, anti-syndecan-2 10H4, anti-syndecan-3 1C7, anti-syndecan-4 8G3, and anti-glypican-1 S1 antibodies (1 pg) in 500
wl of PBS containing 0.25% human serum. Levels of cell surface attachment and entry receptors were determined by FACS analysis. Values are
the geometric means expressed in fluorescence units (log scale). Results are representative of those from two independent experiments. Cell
surface removal of heparan and chondroitin sulfates with heparinase, chondroitinase ABC, and phospholipase C were performed as described
previously (53, 76). (C) Immunostained cryosections of human brain tissue, revealing the expression of HSPGs (3G10 MAb), syndecan-2 (10H4

MADb), and syndecan-4 (8G3 MAD).
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FIG. 1—Continued.

lysate. In contrast to viral attachment, HIV-1 internalization
into BMECs was strictly dependent on temperature. Indeed,
less than 1% of attached particles penetrated BMECs at 4°C,
whereas more than 80% of attached viruses entered BMECs
(Fig. 2B). Furthermore, we observed that viral internalization
is a slower process than attachment, since it took 90 min to 2 h
for HIV-1 to enter BMECs at 37°C (Fig. 2B). Third, we ex-
amined how long it takes for HIV-1 to transmigrate through
the BMEC monolayer. To mimic physiological transmigration
conditions, HIV-1 was added to the apical surface of BMECs
and amounts of transcytosed viruses were quantified by mea-
suring capsid levels in the lower chamber corresponding to the
basal surface. We found that 6 h was sufficient for HIV-1 to
transmigrate through the BMEC monolayer and observed a
peak after 16 h (Fig. 2C). To determine whether viruses that
have crossed BMECs represent infectious particles, the me-
dium from infected BMECs was collected at different time
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intervals, filtered, and added to CD4" CXCR4" CCR5" Hela
indicator cells (TZM-bl cells). Importantly, basal chamber me-
dium collected between 6 and 16 h represented a source of
infection for TZM-bl cells (Fig. 2D), indicating that viruses
which crossed the BMEC monolayer represent authentic in-
fectious particles. We observed a decrease in p24 levels in the
basal chamber (Fig. 2D), suggesting that BMECs, at least un-
der our culture conditions, do not support robust HIV-1 rep-
lication, as previously reported (47, 60). Furthermore, medium
from the basal chamber of BMECs collected after 16 h was
significantly less infectious than medium collected prior to 16 h
even after p24 normalization (Fig. 2D). Similar results were
obtained after p24 standardization (Fig. 2E). This finding sug-
gests that if particles which crossed the BMEC monolayer do
not rapidly encounter target cells, they lose their infectivity,
probably due to particle degradation or gp120 shedding. To-
gether, these results suggest that HIV-1 rapidly attaches to the
apical surface of BMECs (15 to 30 min), enters the monolayer
after 2 h, and is released from the basal BMEC membrane
after 6 h. Although viruses that transmigrate represent only a
small fraction of the original inoculum (0.5%), our findings
indicate that even this tiny amount of infectious particles re-
leased into the basal side of BMECsS can infect target cells that
reside in the brain, such as macrophages and microglia.

gp120 is required for HIV-1 transcytosis through BMECs.
To address whether gp120 is necessary for the transcellular
routing of HIV-1 through BMECs, we compared the transmi-
gration capacity of a gp160-deficient virus (called pNL4.3-E-)
(generous gift from N. Landau) with that of wild-type virus
(called pNL4.3) (generous gift from M. Martin) by using our
transmigration assay developed as described above. In contrast
to wild-type HIV-1, the gp160-deficient mutant virus attached
weakly to BMECs (Fig. 3A), suggesting that the viral envelope
glycoprotein is the main ligand for HIV attachment to the
brain microvascular endothelium. Consistent with the failure
of attachment, the gp160-deficient virus weakly entered BMECs
(Fig. 3B) and failed to transmigrate into the basal chamber
(Fig. 3C). These data are in agreement with those of previous
studies showing that envelope-deficient viruses exhibit an at-
tenuated capacity to enter or transmigrate through BMECs
(11, 47). Since the gpl60-deficient virus does not appear to
cross the BMEC barrier, this suggests that the integrity of tight
junctions was maintained and that the BMEC monolayer does
not allow paracellular transport.

HIV-1 transcytosis does not depend on gp120 coreceptor
usage. Given that most HIV-1 strains isolated from the brain
use CCRS as a coreceptor (2, 17, 36, 46, 78, 82), we sought to
determine whether coreceptor usage represents a critical pa-
rameter for HIV-1 transmigration through BMECs. To ex-
plore this issue, we tested a panel of viruses expressing various
envelopes with different tropisms. Specifically, we used pNL4.3-
derived infectious molecular clones in which the envelope gene
was replaced with envelopes derived from a panel of isolates
including pNL-ADA, pNL-JRFL, pNL-YU2, pNL91US005.11,
pNL-92MW965.26, pNL-RW020.5, and pNL-92BR020.4 as RS
viruses, pNL4.3, pNL-HXB, pNL-92UG021.6, pNL-92UG024.2,
and pNL-92HT599.24 as X4 viruses, and pNL-89.6 as an R5X4
virus (a generous gift from P. Bieniasz) (97). All viruses were
grown in Jurkat-CCRS5 cells, standardized for p24, and tested
for transmigration through BMECs as described above. We
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FIG. 2. (A) Attachment. BMECs (Cell System Corp.) were exposed to 10 ng of p24 of HIV-1 pNL-ADA at 4 or 37°C. After different intervals
of time, cells were washed, detached, and lysed. Amounts of attached virus were determined by p24 ELISA of cell lysates. (B) Internalization.
HIV-1 was added to BMECs as described above, and at different intervals of time, cells were washed, trypsinized, washed again, and immediately
lysed. Amounts of internalized HIV-1 were quantified by p24 ELISA of cell lysates. (C) Transcytosis. HIV-1 was added to the apical surface of
BMECs, and amounts of transcytosed viruses were quantified by p24 ELISA in the lower chamber, corresponding to the basal surface.
(D) Infectivity of transcytosed viruses. Medium (100 pl) from the basal chamber was collected at different intervals of time, filtered, and added
to TZM-bl indicator cells. Infection was measured 48 h postinfection by X-Gal staining by counting the number of blue foci. Results are
representative of those from two independent experiments. (E) Same experiments as for panel D, except that virus was first standardized for p24
(15 pg) prior to infection.
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FIG. 3. (A) Attachment. BMECs (Cell System Corp.) were exposed to 10 ng of p24 of HIV-1 pNL4.3 (wild type) or pNL4.3-E (gp160 deficient)
virus at 37°C. After different intervals of time, cells were washed, detached, and lysed. Amounts of attached virus were determined by p24 ELISA
of cell lysates. (B) Internalization. HIV-1 was added to BMECs as described above, and at different intervals of time, cells were washed, trypsinized,
washed again, and immediately lysed. Amounts of internalized HIV-1 were quantified by p24 ELISA of cell lysates. (C) Transcytosis. HIV-1 was
added to the apical surface of BMECs, and amounts of transcytosed viruses were quantified by p24 ELISA in the lower chamber, corresponding
to the basal surface. Results are representative of those from two independent experiments.

did not observe a correlation between coreceptor usage and
the capacity of the virus to cross BMECs. For example, both
pNL-HXB (X4) and pNL-ADA (RS5) transmigrated very effi-
ciently, whereas pNL-UG024.2 and pNL-JRFL transmigrated

very poorly (Fig. 4). However, we observed a correlation be-
tween the ability of the virus to attach to BMECs and to be
released into the basal chamber. The unique exception to this
rule is the R5 virus 91US005.11, which attaches and enters
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FIG. 4. (A) Attachment. BMECs (Cell System Corp.) were exposed to 10 ng of p24 of HIV-1 pNL4.3 derivatives for 1 h at 37°C. Cells were
then washed, detached, and lysed. Amounts of attached virus were determined by p24 ELISA in cell lysates. (B) Internalization. Viruses were
added to BMECs for 4 h at 37°C. Cells were washed, trypsinized, washed again, and immediately lysed. Amounts of internalized HIV-1 were
quantified by p24 ELISA of cell lysates. (C) Transcytosis. HIV-1 was added to the apical surface of BMECs for 16 h at 37°C, and amounts of
transcytosed viruses were quantified by p24 ELISA in the lower chamber, corresponding to the basal surface. Results are representative of those

from two independent experiments.

efficiently but is poorly released by infected BMECs (Fig. 4).
Thus, the predominance of RS viruses in the brains of AIDS
patients cannot be explained by the possibility that cell-free RS
viruses cross the BBB more efficiently than X4 viruses.
Brain-derived viruses do not transmigrate through BMECs
more efficiently than lymphoid-derived viruses. We next sought

to determine whether viruses isolated from the brain exhibit a
higher capacity to cross the BBB than virus isolated from
lymphoid tissues. To address this issue, we compared the trans-
migration capacities of pairs of primary viruses isolated from
the same AIDS patients with dementia, either from the brain
(frontal lobe) or from lymphoid tissues (spleen or lymph node)
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FIG. 5. (A) Attachment. BMECs (Cell System Corp.) were exposed to 10 ng of p24 of pairs of viruses derived from brain (br) or from lymphoid
tissues such as spleen (spln) or lymph nodes (LN) for 1 h at 37°C. Cells were then washed, detached, and lysed. Amounts of attached virus were
determined by p24 ELISA of cell lysates. (B) Internalization. Viruses were added to BMECs for 4 h at 37°C. Cells were washed, trypsinized, washed
again, and immediately lysed. Amounts of internalized HIV-1 were quantified by p24 ELISA of cell lysates. (C) Transcytosis. HIV-1 was added
to the apical surface of BMECs for 16 h at 37°C, and amounts of transcytosed viruses were quantified by p24 ELISA in the lower chamber,
corresponding to the basal surface. Results are representative of those from two independent experiments.

(32). Isolated viruses were amplified in CD8-depleted periph- and MACSI1-spln, MACS2-br and MACS2-LN, and MACS3-
eral blood mononuclear cells as described previously (32). The br and MACS3-LN (32). MACS1-br and MACSI1-spln are
following three pairs of viruses isolated from the brain (br) and R5X4 viruses, whereas MACS2-br, MACS2-LN, MACS3-br,
either the spleen (spln) or lymph nodes (LN) were tested for and MACS3-LN are RS viruses (32). The brain-derived viruses
transmigration by using the assay described above: MACS1-br did not cross the BMEC monolayer more efficiently than lym-
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phoid-derived viruses (Fig. 5). In fact, the lymphoid-derived
viruses transmigrated more effectively than the brain-derived
viruses (Fig. 5). Furthermore, we found that coreceptor usage
(R5X4 versus R5) did not correlate with the capacity of the
virus to cross the artificial BBB (Fig. 5), as observed above
(Fig. 4). Thus, these data suggest that the property of HIV-1 to
replicate in the brain of AIDS patients does not correlate with
its capacity to migrate through the BBB as cell-free virus.

HIV-1 entry receptors do not facilitate HIV-1 transcytosis
through BMECs. The preceding experiments show that the
presence of gp120, but not coreceptor usage, governs HIV-1
transmigration. We next sought to determine whether CCRS
or CXCR4 plays a role in this process. To address this issue,
CCRS or CXCR4 was blocked with either neutralizing MAbs
(2D7 against CCRS5 and 12G5 against CXCR4) or small an-
tagonists (TAK779 against CCRS and AMD3100 against
CXCR4). BMEC monolayers were preincubated with 10 pg of
neutralizing antibodies/ml or with 100 nM TAK779 (9) or 1.2
uM AMD3100 (22, 77) for 1 h at 37°C prior to the addition of
RS (pNL-ADA) or X4 (pNL-HXB) virus. CXCR4 and CCR5
inhibitors did not block pNL-ADA or pNL-HXB attachment
to BMECs (Fig. 6A), in agreement with previous work by Liu
et al. and Mukhtar et al., who showed that SDF-1a, RANTES,
and MIP-1a and B do not prevent HIV-1 binding to BMECs
(47, 57). Together, these results indicate that HIV-1 uses re-
ceptors other than CXCR4 and CCRS to initially attach to the
surface of BMECs. Furthermore, we found that CCRS5 and
CXCR4 inhibitors only partially diminished HIV-1 entry into
and transmigration through BMECs, suggesting that CCRS
and CXCR4 play minor roles in the transcytosis process. In-
terestingly, viruses that transmigrated into the basal chamber
in the presence of the coreceptor inhibitors were as infectious
as those that transmigrated in the absence of inhibitors (data
not shown). Surprisingly, we found that the T20 peptide fusion
inhibitor (5 wg/ml) does not diminish HIV-1 entry and trans-
migration (Fig. 6B and C), suggesting that fusion between viral
and BMEC membranes is not required for successful transcy-
tosis. Lastly, anti-CD4 antibodies (SIM2 and SIM.4) (100 wl of
culture supernatant per ml of each) failed to prevent HIV-1
attachment, entry, and transcytosis (Fig. 6), further suggesting
that HIV-1 crosses the BBB in a CD4-independent manner as
proposed previously (23, 54). Note that we verified the potency
of these entry inhibitors (Fig. 6D). Given that classical entry
receptors, CD4, CXCR4, and CCRS, only moderately facili-
tated HIV-1 transmigration, our data strongly suggest that
HIV-1 uses unconventional receptors or mechanisms to cross
the BMEC monolayer.

Soluble glycosaminoglycans prevent HIV-1 transcytosis. It
was previously reported that proteoglycans on primary human
endothelial cells efficiently capture HIV-1 (15), suggesting the
possibility that proteoglycans participate in the HIV-1 trans-
migration process. To address this issue, we first sought to
determine whether soluble glycosaminoglycans can prevent
HIV-1 transcytosis. We tested a panel of soluble chemically
modified heparin derivatives to block HIV-1 transcytosis, in-
cluding heparin, N-desulfated/N-acelytated heparin (NDS-
heparin), oversulfated heparin (OS-heparin), carboxyl-reduced
heparin (CR-heparin), 2-O, 3-O-desulfated heparin (2/3DS-
heparin), N-, 2-O, 3-O-desulfated heparin (N/2/3DS-heparin),
and 6-O-desulfated heparin (6DS-heparin) (Fig. 7A) (89). Al-
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though the majority of these derivatives blocked the initial
attachment of HIV-1 to BMECs (Fig. 7B and C), they differed
significantly in their potency. Oversulfated heparin was more
potent (50% inhibitory concentration [ICs,] of 57 ng/ml) than
native heparin (ICs, of 221 ng/ml), the 2-O, 3-O-desulfated
heparin exhibited an intermediate inhibitory effect (ICs, of 1.7
pg/ml), whereas the completely 6-O-desulfated heparin was
ineffective (Fig. 7B and C). These data suggest that the degree
of sulfation and in particular the presence of 6-O-sulfate
groups (6-O-sulfo GlcNAc and the GIcNSO;) represent im-
portant parameters for HIV-1 adsorption onto BMECs. Addi-
tionally, the negatively charged carboxyl group on the uronic
acids plays an important role, since the carboxyl-reduced ma-
terial was relatively inactive. Supporting the notion that RS
viruses are less sensitive to polyanion inhibition than X4 vi-
ruses (52, 55, 97), we found that more soluble proteoglycans
(10-fold excess) are required to block the attachment of RS
viruses (pNL-ADA) (Fig. 7B) than that of X4 viruses (pNL-
HXB) (Fig. 7C).

Cell surface proteoglycans facilitate HIV-1 transmigration.
Our observation that soluble proteoglycans significantly inhib-
ited the initial adsorption of HIV-1 to BMEC:s led us to pos-
tulate that cell surface proteoglycans richly expressed on
BMEGCs (Fig. 1) directly participate in HIV-1 attachment to
the BBB. To address this issue, BMEC monolayers were pre-
treated or not with heparinase or chondroitinase to remove cell
surface heparan or chondroitin sulfate moieties, respectively.
We verified by FACS that heparan and chondroitin sulfates
were removed by using the 10E4 antibody for heparan sulfates
and the CS-56 antibody for chondroitin sulfates (Fig. 1A). We
observed that the enzymatic treatment conditions (enzyme
concentration, incubation time, and temperature) as well as
the source (or the lot number) of these enzymes was of critical
importance in significantly reducing the levels of heparan and
chondroitin sulfates on the surfaces of BMECs. Therefore, for
each enzymatic treatment, we verified by FACS that these
enzymes removed heparan or chondroitin sulfate moieties (at
least 80% removal) prior to the addition of virus as shown
above (Fig. 1A). Importantly, we found that heparinase treat-
ment of BMECs reduced HIV-1 attachment (Fig. 8B), al-
though this inhibitory effect differed greatly depending on the
HIV-1 strains tested. Heparinase efficiently blocked pNL-89.6
and pNL-JRFL attachment to BMECs, whereas it only slightly
blocked pNL4.3 and pNL-YU?2 attachment (Fig. 8A). Simi-
larly, we found that chondroitinase also diminished viral at-
tachment in a strain-dependent manner (Fig. 8A). However,
the combination of both enzymes prevented the adsorption of
a majority of HIV-1 strains (Fig. 8A). Importantly, heparinase
and chondroitinase treatments did not affect the expression of
CXCR4, CCRS, or other cell surface antigens such as CD147
(Fig. 1A), suggesting that these enzymes specifically removed
heparan and chondroitin sulfate moieties without altering
other cell surface molecules. Furthermore, we found that the
heparinase- and chondroitinase-mediated decrease in HIV-1
entry and transcytosis (Fig. 8B and C) reflects the initial de-
crease in adsorption, suggesting that HSPGs and CSPGs func-
tion mainly as attachment receptors for HIV-1 on the surfaces
of BMEC:s. Together, these results suggest that HIV-1 exploits
both HSPGs and CSPGs as attachment receptors on the sur-
faces of BMECs.
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FIG. 6. (A) Attachment. BMECs (Cell System Corp.) preincubated with a panel of inhibitors (anti-CD4 MADb, anti-CCRS5 MADb, anti-CXCR4
MADb, AMD3100, TAK779, or T20) were exposed to 10 ng of p24 of pNL-ADA (RS) or pNL-HXB (X4) for 1 h at 37°C. Cells were then washed,
detached, and lysed. Amounts of attached virus were determined by p24 ELISA of cell lysates. (B) Internalization. Viruses were added to BMECs
for 4 h at 37°C. Cells were washed, trypsinized, washed again, and immediately lysed. Amounts of internalized HIV-1 were quantified by p24
ELISA of cell lysates. (C) Transcytosis. HIV-1 was added to the apical surface of BMECs for 16 h at 37°C, and amounts of transcytosed viruses
were quantified by p24 ELISA in the lower chamber, corresponding to the basal surface. Results are representative of those from two independent
experiments. (D) Inhibitory efficacy. The above inhibitors were added to TZM-bl indicator cells followed by the addition of HIV-1 (1 ng of p24).
Infection was measured at 48 h postinfection by X-Gal staining by counting the number of blue foci.
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FIG. 7. (A) Structure of soluble glycosaminoglycans. (B and C) Attachment. BMECs (Cell System Corp.) were exposed to 10 ng of p24 of
pNL-ADA (RS5) (B) or pNL-HXB (X4) (C) for 1 h at 37°C in the presence of increasing concentrations of soluble glycosaminoglycans. Cells were
then washed, detached, and lysed. Amounts of attached virus were determined by p24 ELISA of cell lysates.

DISCUSSION

In the present study, we investigated the transcellular mi-
gration of HIV as a cell-free virus through an intact BMEC
monolayer. The absence of CD4 on BMECs and the fact that
SDF-1a, RANTES, and MIP-1a and 3 do not prevent HIV-1
entry into BMECs (8, 47) implicate an unusual entry pathway
for HIV-1. Here, we sought to determine whether HSPGs
contribute to HIV-1 transcytosis. We found that BMECs ex-
press high levels of HSPGs likely contributed by syndecan-2
and -4. As expected, we did not detect CD4 or GalCer and
found that BMECs express low levels of CXCR4 and CCRS, as
previously described (47, 57). Importantly, we found that like
HSPGs, CSPGs are also abundantly expressed on the surface
of BMEC:s. This is in agreement with a recent study by Argyris
et al., who showed that low passaged BMECs express high
levels of both HSPGs and CSPGs (8). In contrast to a previous
study, we were unable to detect DC-SIGN/R on BMECs (57).
Note that the addition of neutralizing anti-DC-SIGN antibod-
ies or an excess of mannan did not influence HIV-1 attachment
to BMECs (data not shown). This apparent discrepancy may
arise from the source of BMECs, the conditions of culture, and
the number of passages in cell culture. Importantly, the cell
surface expression pattern of low passaged BMECs may great-
ly differ from that of high passaged BMECs. For example, we
found that after 8 passages, BMECs derived from discarded
temporal lobe tissues from one donor lost their expression of

the tight junction marker ZO-1, expressed high syndecan-3
levels, and even gained CD4 expression (data not shown). This
underscores the importance of the number of passages of
BMEQG:s for studies on BBB transmigration. We observed that
low passaged BMECs (with 8 different donors) express a uni-
form pattern of HIV-1 entry and attachment receptors among
donors, suggesting that freshly isolated as well as low passaged
BMEGC:s are suitable for transmigration studies. Thus, as at-
tachment receptors, HSPGs (syndecans) expressed on the sur-
face of an important route of entry into the brain may pro-
foundly influence HIV neuroinvasion.

We next found that HIV-1 possesses the capacity to rapidly
attach to BMECs in a temperature-independent, but HSPG-
and CSPG-dependent manner. We found that soluble glycos-
aminoglycans or the removal of either HSPGs or CSPGs
greatly diminishes the ability of HIV-1 to bind to BMECs,
suggesting that these proteoglycans serve as major attachment
receptors. The removal of both HSPGs and CSPGs amplified
the failure of HIV-1 to attach to BMECs, suggesting that
HIV-1 may exploit HSPGs and CSPGs in a cooperative man-
ner to facilitate its initial adsorption. Furthermore, we dem-
onstrated that gp120 is required for the initial attachment of
HIV-1 to BMECs. Indeed, a gp120-deficient virus fails to bind
to and transcytose through BMECs. As previously described,
we found that CCRS5 and CXCR4 do not participate in the
attachment of HIV-1 to BMECs (47, 57). Furthermore, core-
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FIG. 7—Continued.

ceptor antagonists do not significantly affect HIV-1 entry and
transcytosis of HIV-1 through BMECs. The finding that the
affinity of HIV-1 for CCRS and CXCR4 in the absence of CD4
is extremely low (93) may explain why HIV-1 does not use
these coreceptors to enter BMECs. Supporting this hypothesis,
T-20 does not influence HIV-1 transcytosis. Moreover, our
finding that the coreceptor usage of gpl120 is not a major
determinant of the ability of HIV-1 to cross BMECs further
supports the notion that CCR5 and CXCR4 are not required
for HIV-1 transmigration. Together, these results suggest that

HIV-1 uses alternative receptors such as HSPGs and CSPGs to
cross the BBB.

Our findings that HSPGs promote initial HIV-1 attachment
to and entry into BMECs are in accordance with previous
studies including ours, which showed that HSPGs (i.e., synde-
cans) greatly enhance HIV-1 adsorption onto cells that express
CD4 such as macrophages (76), CD4" HeLa cells (53, 75),
CD4 " -T-cell lines (38, 62, 63, 73, 97), or cells that lack CD4,
such as primary human vein endothelial cells (15), human
genital epithelial cells (94), or HeLa cells (53). This finding is
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FIG. 8. (A) Attachment. BMECs (Cell System Corp.), pretreated or not with heparinase, chondroitinase, or both enzymes, were exposed to 10
ng of p24 of pNL derivatives for 1 h at 37°C. Cells were then washed, detached, and lysed. Amounts of attached virus were determined by p24
ELISA of cell lysates. (B) Internalization. Viruses were added to BMECs for 4 h at 37°C. Cells were washed, trypsinized, washed again, and
immediately lysed. Amounts of internalized HIV-1 were quantified by p24 ELISA of cell lysates. (C) Transcytosis. HIV-1 was added to the apical
surface of BMEC:s for 16 h at 37°C, and amounts of transcytosed viruses were quantified by p24 ELISA in the lower chamber, corresponding to
the basal surface. Results are representative of those from two independent experiments.
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also consistent with a recent study, which showed that the
uptake of the basic fibroblast growth factor by the BBB is
greatly enhanced by cell surface HSPGs (21). Interestingly,
Argyris et al., by using a method similar to ours, also found that
the removal of both HSPGs and CSPGs reduces HIV-1 entry
into BMECs (8). However, they mapped the requirement for
proteoglycans at the internalization step rather than the at-
tachment step (8). They postulated that proteoglycans facili-
tate HIV-1 entry into BMEC:, either by rescuing HIV-1 from
abortive endocytosis or by directing HIV-1 particles into safe
transcytosis routes (8). Given that we and others showed that
gp120 serves as the main ligand for HSPGs (15, 54, 72, 96), it
is difficult to imagine that HSPGs and CSPGs abundantly ex-
pressed on BMECs would not, at least in part, contribute to the
initial attachment of HIV-1 to BMECs. Nevertheless, these
apparent discrepancies may arise from the cell origin or cell
culture conditions. For example, our BMECs were plated on
transwell filters precoated with fibronectin and collagen,
whereas those of Argyris et al. were plated on plastic flasks
precoated with attachment factor (8). These subtle variations
in plating conditions may lead to different degrees of expres-
sion of receptors such as HSPGs and CSPGs on the surfaces of
BMECs and may thereby influence HIV-1 transmigration. This
might also explain why Argyris et al. found a more important
contribution of CSPGs than HSPGs in HIV-1 entry into
BMEC:s (8).

Our present data together with those of Argyris et al. iden-
tified HSPGs and/or CSPGs as primary attachment/entry re-
ceptors on BMECs. Interestingly, previous studies showed that
both HSPGs (especially syndecans) and CSPGs are associated
with lipid rafts (29, 50, 81, 86, 96). Interestingly, Slimani et al.
demonstrated that syndecan-1 and -4, but not syndecan-2, form
complexes with CCR5 on the surfaces of HeLa cells (81).
These data may suggest a close proximity between HSPGs (at
least syndecans) and HIV-1 coreceptors on the surfaces of
BMEGs. Supporting the possibility that HSPGs and CSPGs
associated with lipid rafts promote HIV-1 entry into BMECs,
Liu et al. showed that cholesterol-extracting agents such as
cyclodextrin and nystatin efficiently prevent HIV-1 entry into
BMECs (47). However, this notion has been recently chal-
lenged by Argyris et al., who showed that cyclodextrin and
3-hydroxy-3-methylglutaryl (HMG)-coenzyme A reductase in-
hibitor treatments do not affect the attachment and entry of
HIV-1 in BMECs but blocked HIV-1 infection of T cells (8).
As suggested by Argyris et al., the fact that they used primary
fetal BMECs (8), while Liu et al. used adult BMECs isolated
from discarded temporal lobe tissues (47), may explain this
apparent discrepancy. If HSPGs and/or CSPGs do not facili-
tate HIV-1 entry into BMEC:s via lipid rafts, they could medi-
ate viral entry via macropinosomes, as previously suggested
(43, 48). Thus, we cannot exclude the possibility that HSPGs
and/or CSPGs may capture HIV-1 particles on the surfaces of
BMECs and subsequently direct them into these macropino-
somes. Supporting this hypothesis, Liu et al. showed that the
macropinocytosis inhibitor dimethylamiloride strongly dimin-
ishes HIV-1 entry into BMECs (47).

Our study demonstrates that gp120 is necessary for HIV-1
transmigration through BMECs. However, we did not observe
a correlation between coreceptor usage and the capacity of the
virus to transcytose. This is surprising, given that the majority
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of viruses isolated from the brains of AIDS patients are RS
viruses (2, 17, 36, 46, 78, 82). CCRS5 is the major coreceptor for
HIV-1 infection of macrophages and microglia (2, 31, 36, 78)
and the principal coreceptor used by HIV-1 viruses isolated
from the brain (2, 36, 46, 49, 78, 82). Nevertheless, we found
that viruses (both X4 and RS) which attach efficiently to the
surface of BMECs usually transcytose better than those which
did not attach efficiently. This lack of specificity, in terms of
coreceptor usage, is in accordance with our observation that
neither coreceptors nor fusion are required for efficient viral
transmigration though the BBB. Further supporting the hy-
pothesis that HIV-1 transmigration through the BBB does not
correlate with coreceptor usage, we found that pairs of viruses
isolated from the same AIDS patient and having the same
coreceptor usage differ nonetheless in their abilities to cross
BMEC monolayers. This also suggests that the properties con-
ferring virus replication in the brain are distinct from those
conferring virus entry into the brain. Only viruses that success-
fully crossed the BBB and subsequently infected target cells in
the brain will productively replicate and persist in this body
compartment. Factors other than CCRS usage also play an
important role in brain infection. Although macrophage tro-
pism seems to predict HIV-1 neurotropism independent of
coreceptor specificity (32), CCRS usage by primary brain-de-
rived HIV-1 isolates is neither necessary nor sufficient for
neurotropism (defined as the ability of viruses to replicate in
microglia) (32). Specifically, macrophages and microglia can
support efficient replication by a subset of primary X4 viruses
isolated from blood (32, 37, 61, 79, 80, 88) or brain tissue (32).
Thus, it is likely that brain invasion and neurotropism arise
from distinct HIV-1 properties.

We found that the efficiency of cell-free HIV-1 transmigra-
tion is extremely low (less than 0.5% of the inoculum). Given
that the peak of viremia is high during primary infection, this
high concentration of virus in plasma may result in the accu-
mulation of viruses captured by HSPGs and CSPGs that cover
the BBB. We cannot exclude the possibility that a low level of
cell-free HIV-1 transcytosis occurs in vivo. However, we did
not observe a correlation between coreceptor usage and trans-
migration, suggesting that the establishment of brain infection
via cell-free HIV-1 transmigration is a rare event. A large body
of evidence suggests that HIV-1 gains entry into the brain
within perivascular macrophages (59, 60, 65, 92). This cell-
associated transport of HIV into the brain would explain the
predominance of macrophage-tropic strains isolated from the
brain of AIDS patients. Further work is required to compare
the respective contribution of cell-free and cell-associated
transmigration to HIV brain invasion.
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