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ABSTRACT Six isolates of the human Immunodefldency
virus (lIV) showed differences In their ability to productively
infect glioma-derived cell lines and early-passage human brain
cell cultures. Susceptibility to HIV infection correlated well
with the expression of the astrocyte marker glial fibrillary
acidic protein. The CD4 molecule was expressed on some, but
not all, of the brain-derived cells; however, no correlation was
observed between CD4 protein expression and susceptibility to
virus infection. The results show that HIV can productively
infect human brain cells, particularly those of gal origin, and
suggest that these cell ypes in the brain can harbor the virus.

The disease acquired immunodeficiency syndrome (AIDS) is
characterized by helper-T-cell depletion, depressed immune
function, opportunistic infections, and neoplasms, particu-
larly Kaposi sarcoma and B-cell lymphomas (1). Neurolog-
ical syndromes, including subacute encephalitis and vacuolar
degeneration of the spinal cord, have also been described in
AIDS patients (2-4). The human immunodeficiency virus
(HIV) has been isolated from patients with AIDS and shown
to be associated with the disease (5-8). The detection ofHIV
DNA in the brain and the recovery of infectious virus from
cerebrospinal fluid and brain tissues of patients with AIDS
(9-11) have strongly suggested that HIV is also directly
responsible for some ofthe neurological manifestations found
in these individuals. To investigate the possible neurotropism
of certain virus isolates and the cell type(s) in the brain
susceptible to HIV infection, we attempted to infect brain-
derived cell cultures with various HIV isolates. The results
show that the AIDS retrovirus can productively infect
glioma-derived cell lines and normal brain cell cultures,
particularly those that express the astrocyte-specific marker
glial fibrillary acidic protein (GFAP). Furthermore, the re-
sults suggest that a receptor other than the CD4 molecule may
govern viral tropism in the brain.

MATERIALS AND METHODS
Cells and Cell Culture. The established cell lines ofprimary

glial tumors either were derived at the Brain Tumor Research
Center, University of California, San Francisco (SF210) or
were a gift from J. Ponten, University of Uppsala, Sweden
(U343MG, U343MGA, U251MG) (Table 1). The glial cell
origin of all four cell lines has been well-documented (12-14).
These cells were maintained in Dulbecco's modified Eagle's
medium (DMEM) supplemented with fetal bovine serum
(20%Yo), glutamine (2 mM), penicillin (100 units/ml), and
streptomycin (100 ug/ml).

The early-passage cell cultures were established from
samples minced and treated with an enzyme mixture (0.02%
DNase/0.05% Pronase/0.02% collagenase) for 30 min at 370C
and filtered through an 80-i&m mesh. The filtered fluids were
then centrifuged, and the cell pellets were resuspended in
DMEM with 20% fetal bovine serum plus glutamine and
antibiotics. SF609, SF611, and SF612 were derived from
human fetal brain specimens; SF407 was obtained from a
cerebellar glioblastoma in a child, and SF514P was derived
from normal adult human leptomeninges (pia mater) (15).
Human peripheral blood mononuclear cells (PBMCs),

obtained from healthy HIV-seronegative individuals, were
prepared on Ficoll-Hypaque gradients as described (7) and
propagated in RPMI-1640 medium containing 10% heat-
inactivated (56TC, 30 min) fetal bovine serum and 10%6
interleukin 2 (Cellular Products, Buffalo, NY).
HIV Isdates. The viruses were chosen because of their

origin and different host-range specificities for established
human T-cell lines (ref. 16 and unpublished data). HIVsF2
(formerly known as the AIDS-associated retrovirus ARV-2)
was recovered from the PBMCs of a homosexual man who
presented with oral candidiasis and progressed rapidly into
frank AIDS and died within 1 year. This virus has been
molecularly cloned and sequenced (17). HIVSF117 was recov-
ered from the PBMCs of a Kaposi sarcoma patient with a
normal CD4/CD8 ratio. HIVSFU8A was derived by cocultiva-
tion of phytohemagglutinin (PHA)-stimulated normal human
PBMCs with spinal cord tissue of a patient who died with
symptoms of neurological disease; his spinal cord showed
vacuolar myelopathy. HIVSF178 was derivedfrom infection of
normal PBMCs with the cerebrospinal fluid of a patient with
neurologic findings. HIVSF161B was obtained from the cere-
brospinal fluid of a HIV-seropositive patient who did not
show any neurologic symptoms. HIVsE3was recovered by
cocultivation ofPBMCs with tissues from the cerebral cortex
of a patient who died of AIDS. This virus was in culture for
only 12 days.

Virus Infection and Detection. For infection with HIV, 105
cells from each cell line were plated in 30-mm plastic tissue
culture dishes 18 hr before infection. Cells were treated with
DEAE-dextran (25 p.g/ml) for 30 min at 37TC, washed, and
then infected with 0.5 ml of virus-containing fluids obtained
from infected human PBMCs (reverse transcriptase activity
> 106 cpm/ml, assayed as in ref. 18). After 24 hr, the infected
cells were washed three times and refed with fresh medium.
Culture fluids of the infected cells were changed every 3-4
days, and when the cells reached confluence (3-4 days
postinfection), they were removed from the culture dish with
0.25% trypsin and plated onto 60-mm dishes. Cocultivation

Abbreviations: AIDS, acquired immunodeficiency syndrome;
GFAP, glial fibrillary acidic protein; HIV, human immunodeficiency
virus; IFA, indirect immunofluorescence assay; PBMC, peripheral
blood mononuclear cell.
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with normal PBMCs and measurement of HIV replication
was carried out as described in the legend of Fig. 2. The
reverse transcriptase activity (18) reflects the amount of
replicating virus in the culture supernatants of the coculti-
vated PBMCs. The results were graded + and + for reverse
transcriptase activities >50,000 cpm/ml and 10,000-30,000
cpm/ml above background (<1000 cpm/ml), respectively.
Presence ofHIV was confirmed in the PBMCs by an indirect
immunofluorescence assay (IFA) using a positive anti-HIV
antiserum (7).

Detection of the CD4 Protein. The presence of surface and
intracellular CD4 protein was examined by IFA. For detec-
tion of surface CD4, suspensions of cells were prepared by
treating the monolayer cells with phosphate-buffered saline
containing 2% EDTA. The cells were incubated for 30 min at
370C with monoclonal antibody against CD4 (anti-Leu-
3a+3b; Becton Dickinson) or isotype-matched mouse mono-
clonal anti-keyhole limpet hemocyanin (KLH) as a control
for nonspecific staining. The cells were washed and then
incubated with biotinylated goat F(ab')2 anti-mouse IgG
(Tago, Burlingame, CA) followed by streptavidin conjugated
with phycoerythrin (Becton Dickinson) (19). The cells were
fixed in 1% paraformaldehyde and analyzed on a fluores-
cence-activated cell sorter.
For detection of intracellular CD4 antigen, cells were fixed

on slides with acetone and treated with anti-Leu-3a+b or
mouse anti-KLH for 30 min at 370C. Slides were then
washed, treated with fluorescein-isothiocyanate-conjugated
goat F(ab')2 anti-mouse IgG and examined by microscopy.
The HUT78 cell line (CD4-positive) (16) was used as a
control.

RESULTS

Derivation and Characterization of Glioma-Derived Cell
Lines and Early-Passage Brain Cells. The relevant antigenic
expression(s) in the four glioma-derived cell lines used are
summarized in Table 1. GFAP is a 50-kDa intracytoplasmic
filamentous protein that is structurally homologous to other
intermediate filament proteins. First isolated from white-
matter plaques of patients with long-standing multiple scle-

Table 1. Immunocytochemical characterization of glioma-derived
cell lines and their susceptibility to HIV

SF210 U343MG U343MGA U251MG
Antigen expression

GFAP - - 10O% 90TO
Factor VIII RAg - - - -

Procollagen III - - - -

Surface CD4 - - - -

Cytoplasmic CD4 - - - -

Virus replication
HIVsF2 - - +
HIVSFll7 - +
HIVsFH28A - +
HIVSFl78 - +
HIVSF16lB -

HIVSF3A1 - +

The established glioma-derived cell lines were examined by IFA
for GFAP, factor VII-related antigen (RAg, marker for endothelial
cells), and procollagen type III (a fibroblast marker) as described
(15); - indicates absence of markers, percentages indicate percent
positive cells. For detection of virus replication, cells were infected
with different HIV isolates and virus production in PBMCs coculti-
vated with infected cells was measured by the presence of particle-
associated reverse transcriptase activity in the culture supernatant
(18). +, reverse transcriptase activity >50,000 cpm/ml; ±,
10,000-30,000 cpm/ml; -, <5,000 cpm above background (1000
cpm/ml).

rosis (20, 21), GFAP is a specific marker for astrocytes, a
subclass of glial cells (Fig. 1) (15). Two of the established
lines, U343MGA and U251MG, expressed high levels of
GFAP as detected by IFA (Fig. 1, Table 1). Neither SF210
nor U343MG (parental line of U343MGA) had the GFAP
antigen. All the cell lines were negative when immunostained
for factor VIII-related antigen (RAg, marker for endothelial
cells) or procollagen III, (marker for fibroblasts) (15). Mac-
rophage-specific antigens (Leu-M3) and neurofilament pep-
tides characteristic of neurons were also not present on the
cells.
The early-passage human brain cell cultures, although

highly enriched in GFAP-positive cells, were heterogeneous.
They contained some GFAP-negative and procollagen III-
positive cells, but no endothelial cells were detected (Table
2). Furthermore, in electron microscopic analysis of these
cell cultures, only 0.1% of the cells could be identified as
macrophages and 0.5-1% as neuronal cells.

Infection of Glioma-Derived Cell Lines. All the glioma-
derived cell lines except SF210 could be infected by at least
one of the six HIV isolates (Table 1). GFAP expression
correlated well with susceptibility to HIV replication. For
example, U343MGA and U251MG, with a high percentage of
GFAP-positive cells (100% and 90%, respectively; Table 1),
could be infected by three HIV isolates. U343MG, which is
GFAP-negative, was infected by only one isolate (HIVsF178).
The titer of virus produced by most of the infected cell lines
was very low. Detection of infectious virus progeny required
cocultivation with normal human PBMCs. A rapid increase in
reverse transcriptase activity in the culture supernatants was
then noted (Fig. 2), and expression of HIV antigens in the
PBMCs was detected by IFA (7). On occasion, the U343MG
line infected with HIVSF178 produced high-titered virus with-
out the addition of PBMCs (reverse transcriptase activity
>10,000 cpm/ml of culture supernatant).
We concluded that the viruses recovered resulted from

productive infection of the glioma-derived cells and not from
an infection of normal PBMCs by residual input virus for the
following reasons. ('l Before cocultivation, infected cultures
were passaged twice in the presence of trypsin, which
inactivates retroviruses (22). (it) In most experiments, infect-
ed glial cultures were cocultivated with PBMCs at 7-10 days
and at 11-14 days postinfection with the same results. The
amount of residual infectious virus expected to be present
even in unpassaged cultures at 11 days postinfection is
negligible (unpublished observation). (iii) Two HIVsF128A
isolates established in culture at different times were used to
infect the glial cultures. Both isolates replicated in the same
cell lines, demonstrating the specificity of their infection. (iv)
Different HIV isolates showed different host-range specific-
ities.

Infection of Early-Passage Brain Cell Cultures. To demon-
strate that the susceptibility of these human glioma-derived
cells to HIV infection is not a unique property of the
established cell lines, attempts were made to infect early-
passage human brain cell cultures (passages 3-8) with the
various virus isolates. Infection of these cells with the six
HIV isolates showed that the cultures with GFAP staining
replicated at least one HIV isolate (Table 2). Only SF514P,
which lacked GFAP expression, was not susceptible to
infection by any of the virus isolates tested.
Each HIV isolate showed a different pattern of infectivity

in these human brain-derived cell cultures, as was noted in
the human glioma-derived cell lines (Tables 1 and 2). HIVSF2
displayed the widest host range; it productively infected all
but one (SF514P) of the early-passage cell cultures. Howev-
er, it infected only one established line, U251MG. The
HIVsFl7 and HIVsF128A isolates showed similar host-range
patterns. They infected two of the early-passage cell cultures,
SF407 and SF609 (Table 2), and the two GFAP-positive
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FIG. 1. Phase-contrast microscopy (A, C, and E) and IFA (B, D, and F) for GFAP in the human brain-derived cell cultures. IFA used rabbit
antiserum to human GFAP (13) provided by L. F. Eng (Stanford, CA). Its specificity for GFAP was confirmed by immunoblot analysis. (A)
U251MG malignant glioma cell line demonstrating heterogeneity in tumor-cell phenotype. Some cells have long, tapering cytoplasmic process
(small arrow), while others are polygonal with an increased cytoplasmic/nuclear ratio (large arrow). (B) All U251MG cells show high intensity
of staining for GFAP. (C) U343MGA malignant glioma cell line. The tumor cells are more uniform in size and shape than are the U251MG tumor
cells. The cells are largely polygonal in shape and demonstrate marked crowding. A binucleate cell is seen (arrow). Cytoplasmic extensions are
not seen. (D) By IFA, all the U343MGA cells demonstrate a moderate intensity of staining for GFAP. (E) SF407 cerebellar glioblastoma
early-passage cell culture. A variety of different cell types is seen. Some cells demonstrate marked cytoplasmic process formation (small arrow),
whereas others are broadly bipolar (large arrow). (F) Not all SF407 cells are GFAP-positive, and the intensity of staining varies from cell to
cell. (x170.)

glioma-derived cell lines, U343MGA and U251MG (Table 1).
Nevertheless, in these lines, each showed a reproducible
difference in their ability to replicate. HIVSF178 replicated in
SF612 and was the only isolate that productively infected the
U343MG line. Finally, HIVsF301A infected SF612 and
U343MGA, but HIVSF161B, obtained from the cerebrospinal
fluid of a seropositive patient, was unable to infect any of the
cultured brain cells.

Expression of the CD4 Molecule. Based on observations
with human hematopoietic cells (23-25), the sensitivity of the
brain-derived cells to HIV infection could be associated with

the presence of the CD4-complex protein on the cell surface.
We, therefore, examined the expression of the CD4 antigen
by use of monoclonal antibodies (19). The results showed that
none of the established lines (Table 1) and only two early-
passage cell cultures, SF609 and SF611, expressed detectable
amounts of the CD4 antigen on their surface; 15% and 17%
of the cells were positive in these cultures, respectively,
(Table 2). Cytoplasmic staining of CD4 was detected only in
SF609 (Table 2). This cell culture was susceptible to infection
by three HIV isolates (HIVsF2, HIVsF128A, and HIVsF117);
SF611 replicated only HIVsF2.

Proc. Natl. Acad Sci. USA 84 (1987)
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Table 2. Immunocytochemical characterization of early-passage
glioma- and normal brain-derived cells and their susceptibility
to HIV

SF407 SF514P SF609 SF611 SF612

Antigen expression
GFAP ++ - + ++ ++
Factor VIII RAg
Procollagen III + +++ + + +
Surface CD4 - - 15% 17%
Cytoplasmic CD4 - - -

Virus replication
HIVsF2 + + + +
HIVSFll7 + +
HIVsFH28A _ +
HIVSFl78 +
HIVSF16LB
HIVSnlA -+
The characterization and infection of the early-passage cell cul-

tures (passages 3-8) were carried out as described (Table 1, Figs. 1
and 2). The intensity of staining by IFA forGFAP, factor VIII-related
antigen (RAg), and procollagen type III is expressed as follows: -,
negative; +, minimal; ++, moderate; +++, marked. Virus repli-
cation was measured as described in the legend to Table 1.

DISCUSSION
These studies show that HIV can directly infect human
glioma and normal brain-derived cells, in addition to their
known ability to infect human hematopoietic cells (16). The
fact that HIVsF30LA, an isolate that had been maintained in
culture for only 12 days, infected the brain-derived cells
indicates that HIV tropism for these cells is not a result of
long-term growth of the virus in tissue culture. The results
suggest that astrocytes (detected by GFAP staining) may be
a subclass of glial cells particularly susceptible to productive
HIV infection (Tables 1 and 2). However, low levels of HIV
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FIG. 2. Kinetics of reverse transcriptase activity in culture
supernatant of PBMCs cocultivated with infected human brain-
derived cells. Mitogen-stimulated normal human PBMCs (3 x 106
cells per culture) were added to the brain-derived cells 7-10 days
after infection with HIVs52 (o), HIVSF117 (0), or HIVSF128A (A). After
3-5 days of cocultivation, the PBMCs were removed and maintained
in separate cultures. The supernatants of these cultures were assayed
for reverse transcriptase activity every 3-4 days (18), and the cells
were examined for HIV antigens by IFA (7).

infection of other cell types (e.g., oligodendrocytes or
neuronal cells) present in the early-passage brain cells cannot
be excluded. The cell types in the brain that support HIV
infection in vivo have been identified by others to be
predominantly endothelial cells and cells of monocytic lin-
eage (26, 27). Our results of HIV infection of glial cells in
vitro-particularly of astrocytes-suggest that these cells
may also be infected in the brain but below the detection
limits of the immunocytochemistry and in vivo hybridization
techniques used in the other studies (26, 27). HIV infection
of cells with an astrocyte marker further links the virus to
immune cells in the body. The astrocyte is the presumed
antigen-presenting cell in the brain, corresponding in part to
circulating macrophages (28, 29).
One established cell line, U343MG, which lacked GFAP

expression, replicated HIVSFL78; moreover, it was the only
line in which virus production was sufficient to be directly
detected in the cell culture fluid. The cell type of this
particular line is difficult to prove conclusively by present
characterization techniques, but it is most likely of glial type.
U343MG is the parental line of U343MGA, and an inverse
correlation exists between anaplasia and GFAP expression
(21, 30). Therefore, U343MG may represent astrocytoma
cells that have become markedly anaplastic and have lost the
ability to synthesize GFAP in culture.
What receptor governs HIV infection of glial and other

brain-derived cells is not known. Our results show that some
cultured human brain cells can express the helper/inducer
CD4 protein. Moreover, CD4 mRNA has been detected in
one out ofthree established cell lines examined (U343MG but
not U251MG or U343MGA; D. Littman, personal commu-
nication). These findings may explain the susceptibility of
some but not all brain cells to HIV infection. Most of the
susceptible lines had no detectable CD4 antigen on their cell
surface, and our assay has been optimized for detection of
low levels of antigen (as few as 1000 molecules of fluoro-
chrome per cell) (19). Furthermore, the difference in tropism
displayed by the individual HIV isolates for the glioma and
normal brain-derived cell cultures resembles results obtained
with infection ofestablished lines ofhuman T cells; there was
a lack of correlation of susceptibility to HIV replication with
CD4 protein expression (16, 31). Therefore, we favor the
conclusion that the CD4 molecule is not the only surface
receptor(s) responsible forHIV infection ofcells, particularly
from the brain. The reason why some HIV isolates replicate
in one cell line and not in others is not clear. Whether a
virus-coded gene product governs the host-range specificity
of HIV or whether intracellular regulation exists remains to
be determined. Finally, the observation that HIV isolates,
whether isolated from brain tissues or PBMCs, can infect the
brain-derived cell cultures suggests that a single subtype of
the virus that is only neurotropic is unlikely.
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