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The molecular mechanisms involved in the replication of human immunodeficiency virus type 1 (HIV-1) may
differ in various cell types and with various exogenous stimuli. Astrocytic glial cells, which can support HIV-1
replication in cell cultures and may be infected in vivo, are demonstrated to provide a cellular milieu in which
TAR mutant HIV-1 viruses may replicate. Using transfections of various TAR mutant HIV-1 proviral
constructs, we demonstrate TAR-independent replication in unstimulated astrocytic cells. We further
demonstrate, using viral constructs with mutations in the zaf gene and in the nuclear factor kB (NF-kB)-binding
sites (enhancer) of the HIV-1 long terminal repeat, that TAR-independent HIV-1 replication in astrocytic cells
requires both intact NF-xB moiety-binding motifs in the HIV-1 long terminal repeat and Tat expression. We
measured HIV-1 p24 antigen production, syncytium formation, and levels and patterns of viral RNA
expression by Northern (RNA) blotting to characterize TAR-independent HIV-1 expression in astrocytic glial
cells. This alternative regulatory pathway of TAR-independent, Tat-responsive viral production may be
important in certain cell types for therapies which seek to perturb Tat-TAR binding as a strategy to interrupt

the viral lytic cycle.

Human immunodeficiency virus type 1 (HIV-1) infects a
variety of cell types in cell cultures and in vivo (14, 24). Two
cell types which harbor HIV-1 in vivo are the CD4-positive
T lymphocyte and the monocyte/macrophage (16, 17, 29, 45,
53). Other cell types, including microvascular endothelial
cells and astrocytic glial cells, may also be infected with
HIV-1 in vivo (29, 41).

Control of HIV-1 replication involves the binding of a
variety of HIV-1l-encoded proteins and cellular factors,
which interact primarily with the long terminal repeat (LTR)
on the 5’ end of the provirus (for review, see reference 10).
A virus-encoded transactivator of HIV-1 gene expression,
Tat, binds to a section of viral RNA transcribed from the R
region of the 5’ LTR, TAR, and dramatically stimulates
LTR-directed transcription and, possibly, posttranscrip-
tional events (10, 47). The HIV-1 protein Nef has been
shown in some studies to downregulate HIV-1 replication,
but this is extremely controversial (10). The HIV-1 LTR has
a variety of well-described and putative motifs which bind
cellular factors and consequently affect transcriptional effi-
ciency. The HIV-1 LTR contains a TATA box; three GC-
rich regions, which bind the SP1 transcription factor; and
two 11-bp enhancer motifs, which bind nuclear factor xB
(NF-«B) (10). Each of these regions has been demonstrated
to significantly affect HIV-1 replication (10).

Many of the HIV-1 LTR protein-binding DNA motifs
interact differently in various cellular milieus. For example,
the three Spl sites appear to be necessary for viral replica-
tion only if activated NF-kB is not present in a particular
intracellular environment (42). NF-«B is important in the
response of HIV-1 replication to a variety of exogenous
stimuli (30). This transcription factor appears to be a mem-
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ber of a family of proteins related to the rel oncogene and has
recently been cloned (21, 28, 35). A well-characterized
moiety of NF-«kB is composed of two proteins, p5S0 and p65,
bound as a heterodimer (35). NF-«kB is also bound to a
repressor protein, IkB, in the cytoplasm. After stimulation
by a variety of agents, including phorbol esters, tumor
necrosis factor alpha, and lipopolysaccharide, and following
antigenic stimulation, IkB is phosphorylated and dissociates
from NF-kB (20, 38). The unbound NF-«B is then trans-
ported to the nucleus, where it binds to enhancer regions of
a wide variety of viral and cellular genes, including HIV-1.
The activation of NF-«kB, although important, may not be
absolutely essential for HIV-1 replication within all cell
types (31).

The virally derived Tat protein, encoded from two exons
in multiply spliced HIV-1-specific RNA, has been studied
extensively and appears to be intimately tied to high levels of
HIV-1 transcription (9, 15, 47). Although Tat appears to
increase HIV-1 transcription primarily by affecting elonga-
tion and possibly initiation of transcription (9, 15, 47) after
binding to the RNA transcribed from the TAR region of the
5" LTR, in certain systems, a translational effect is also
observed (e.g., Xenopus oocytes) (5). The TAR RNA has a
complex stem-loop structure, with a proximal bulge in the
stem (9). Tat appears to bind to this bulge, and the results
with Tat fusion proteins (i.e., with other RNA- or DNA-
binding proteins) and substitution of a different binding motif
for TAR have suggested that TAR functions merely to
position Tat close to the 5' HIV-1 LTR (2, 3, 13, 44, 46, 49).

A number of recent studies suggest that Tat, when bound
to TAR, interacts with transcription factors bound to the
NF-«B and Spl binding motifs (2, 32). Nevertheless, there is
also increasing evidence that another cellular factor(s) is
necessary for the Tat-TAR effect on viral transcription.
Several factors have been demonstrated to bind to TAR
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(e.g., a 345-amino-acid factor [18], URBP-1 [19], a 140-kDa
TAR-stem binding protein [43], and two factors which bind
to the upper portion of the hairpin [TRP1 and TRP2] [48])
and may be functionally important. A particularly well
studied 68-kDa cellular factor which binds to the loop of
TAR RNA has also been described (33). In an important
recent study, a cellular factor (TFIIS) involved in transcrip-
tional elongation could complement the elongation-promot-
ing activity of Tat on the HIV-1 LTR (26). Tat does not
appear to function efficiently in murine cells, and this defect
can be functionally complemented by human chromosome
12 (37). Protein kinase C has also been demonstrated to be
vital for the efficient functioning of Tat (25). Thus, the
interaction of the intracellular milieus with Tat function is
clearly a key part of the mechanisms involved in the control
of HIV-1 expression. Together, these diverse studies
strongly point to a cellular cofactor(s) which is critical to Tat
function in HIV-1 replication. Cell-specific control of HIV-1
transcription can also be inferred from these data.

To investigate the cell-specific control mechanisms of
HIV-1 replication, we have studied HIV-1 expression in
astrocytic glial cells, a cell type which may be important in
HIV-1-induced central nervous system dysfunction in in-
fected humans (41). Our initial studies of astrocytic glial cells
have suggested that TAR-independent expression of chlor-
amphenicol acetyltransferase (CAT) from an HIV-1 LTR
promoter occurs in certain astrocytic glial cells (50). Of note,
site-directed mutagenesis of TAR in full viral constructs has
demonstrated TAR-independent viral replication in the Jur-
kat T-lymphocyte cell line (23). TAR-independent viral
expression occurred only if these T-lymphocytic cells were
stimulated with phorbol esters but not in the unstimulated
state (23). This TAR-independent viral expression in stimu-
lated Jurkat cells appeared to require intact NF-«kB binding
sites (enhancer) in the 5’ LTRs of the viral constructs (23).
As astrocytic glial cells supported TAR-independent gene
expression from an HIV-1 LTR in subgenomic reporter
constructs, we evaluated whether unstimulated astrocytic
glial cells could support HIV-1 replication from TAR mutant
viruses.

As penetration of astrocytic glial cells by HIV-1 may be
inefficient (7, 22, 27), we used transfection techniques (1, 38)
to efficiently and reproducibly introduce TAR mutant provi-
ruses into astrocytic glial cells as well as other cell lines. The
RIP-7 derivative of the HIV-1 clone HXB2 contains an intact
TAR sequence and was used as the wild-type virus (34).
Three proviral constructs were used in these initial studies.
ATAR1 was created by partial Sacl digestion (single cut) in
the viral genome of RIP-7-HXB2 and then blunted with the
Klenow fragment of DNA polymerase I, which led to
removal of nucleotides +35 to +38 relative to the cap site in
the 5' LTR. The ATAR2 mutant was created by a partial
Sacl digestion that removed all nucleotides between +38
and +187 in the 5’ LTR (kindly provided by Mark Feinberg,
Gladstone Institute). The ATAR1 mutation disrupted base-
pairing in the stem of TAR RNA, while the large deletion
mutation in ATAR2 completely disrupted the secondary
structure of TAR RNA. The ATAR3 mutant (kindly pro-
vided by David Harrich and Richard Gaynor, University of
Texas—Southwestern) was constructed via site-directed
mutagenesis of HIV-1 at positions +11 to +14 and +40 to
+43 (23). These mutations disrupted base-pairing in the stem
of TAR RNA. All plasmids were verified by sequencing to
confirm proper construction.

These constructs were transiently transfected into unstim-
ulated and phorbol ester (phorbol 12-myristate 13-acetate
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[PMA]; Sigma)-stimulated T-lymphocytic cells (H9), a
monoblastoid cell line (U937), and U87-MG cells, of glio-
blastoma origin. The H9 and U937 cells were transfected by
a DEAE-dextran method (38), while the astrocytic cells were
transfected by a calcium phosphate coprecipitation tech-
nique (1). Transfection efficiencies were standardized by
cotransfection of a plasmid with the CAT gene downstream
of the cytomegalovirus immediate-early promoter and sub-
sequent determination of CAT activity in cellular extracts
(39). Virus production was measured by determination of
HIV-1 p24 antigen levels in the supernatants with an en-
zyme-linked immunosorbent assay (ELISA; Du Pont) at 48 h
posttransfection.

As illustrated in Fig. 1, unstimulated H9 and U937 cells
supported viral replication of the wild-type virus (HXB2)
with an intact TAR but not of the three TAR mutant viruses.
PMA stimulation of H9 and U937 cells did not affect wild-
type viral growth but allowed viral expression by ATARI1 in
H9 and U937 cells and of ATAR3 in H9 but not U937 cells
(Fig. 1A and B). ATAR?2, which contained the most severe
disruption of TAR (Sacl-Sacl deletion), was not viable in
either cell line, with or without stimulation by PMA. Inter-
estingly, wild-type HXB2 and all three TAR mutant viruses
replicated in astrocytic glial cells (U87-MG) (Fig. 1C). No
augmentation in viral expression from any of these HIV-1
proviral constructs was demonstrated in U87-MG cells after
PMA stimulation (Fig. 1C). This pattern of TAR-indepen-
dent viral replication was also demonstrated in a second
unstimulated astrocytic glial cell line of glioblastoma origin
(U138-MG) (data not illustrated). Of note, HIV-1 p24 antigen
production in the astrocytic glial cell lines transfected with
wild-type and TAR mutant viruses peaked at 48 h posttrans-
fection and then plateaued over 10 days posttransfection. A
continued rise in HIV-1 p24 antigen levels occurred over the
10 days posttransfection in the H9 and U937 cells transfected
with wild-type virus (data not shown). The early plateau of
HIV-1 p24 antigen levels in transfected astrocytic glial cells
may be secondary to poor virus spread, as demonstrated
previously (7, 22, 27) in cultures of these cells. These data
therefore demonstrate Tar-independent HIV-1 replication in
unstimulated astrocytic glial cells.

To further characterize TAR-independent viral replication
in unstimulated glial cells, the patterns of HIV-1-specific
RNA expression were evaluated in these transfections by
Northern blot hybridization (40). Wild-type expression of
viral RNA, as characterized by nearly equivalent levels of
unspliced (9.2-kb), singly spliced (4.3-kb), and multiply
spliced (2-kb) HIV-1-specific RNA species (40), was demon-
strated in unstimulated H9 and U87-MG cells (Fig. 2).
Wild-type patterns of HIV-1-specific RNA expression were
also demonstrated in unstimulated astrocytic glial cells
transfected with ATAR1 or ATAR? (Fig. 2). No viral RNA
expression was demonstrated in unstimulated H9 cells trans-
fected with ATAR1 or ATAR2 (Fig. 2). Importantly, an
aberrant pattern of viral RNA expression characterized by
very low or undetectable levels of unspliced HIV-1-specific
RNA with significant levels of multiply spliced viral RNA
species, a pattern which has been demonstrated in certain
latently infected cell types (40), was not present in these
transfections of H9 and astrocytic glial cells.

Additional proviral constructs were then used in transfec-
tion experiments to further evaluate TAR-independent
HIV-1 replication in unstimulated astrocytic cells. As previ-
ous work had demonstrated that TAR-independent replica-
tion in PMA-stimulated T-lymphocytic cells required an
intact enhancer element (NF-«kB binding sites) in the HIV-1
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FIG. 1. Transient transfections of HIV-1 constructs into various
cell lines. HIV-1 constructs (10 pg) were transfected into (A) H9
cells (lymphocytic), (B) U937 cells (monoblastoid), and (C) astro-
cytic glial cells (U87-MG). HIV-1 p24 antigen levels in the superna-
tants were measured 48 h posttransfection by ELISA. Ten million
H9 and U937 cells, at an initial concentration of 2 X 10° cells perml,
were used in each transfection, while the glial cells were transfected
in 100-mm petri dishes when they were 40% confluent. The H9 and
U937 cells were maintained in RPMI 1640 medium with 10% fetal
calf serum and transfected by a DEAE-dextran method described
previously (38). The astrocytic cells were maintained in Dulbecco’s
modified Eagle’s medium with 10% fetal calf serum (GIBCO) and
transfected by a calcium phosphate coprecipitation method (1). The
transfection efficiencies were normalized by cotransfection of a
construct containing the CAT gene downstream of the cytomegalo-
virus immediate-early promoter (CMV-CAT) (2 pg) (39). CAT
activity was then measured in cellular extracts after the protein
contents of the cell extracts were measured and adjusted (39). Some
transfection mixtures were left untreated, while others were treated
with PMA (50 ng/ml) (Sigma) at 24 h posttransfection. In each
experiment, transfections with a plasmid without HIV-1 sequences,
pSP65 (Promega), were done as negative controls. The data in these
graphs represent the arithmetic means of at least three independent
experiments performed in duplicate with two different plasmid
preparations * standard deviations.

LTR (23), we used a plasmid with a wild-type viral backbone
and mutations in both NF-«kB binding sites, which inhibit
activated NF-kB binding to these motifs (enhancer mutant)
(23). In addition, the ATAR3 plasmid, also containing the
above-described site-directed mutations in the enhancer
elements (enhancer-plus ATAR3 mutant), was used (kindly
provided by Richard Gaynor and David Harrich) (23). As
illustrated in Fig. 3, the enhancer mutant virus with an intact
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FIG. 2. Northern blot analyses of transient transfections. Total
cellular RNA was harvested 48 h posttransfection by an acid
guanidinium method as previously described (8). The RNA samples
were then treated with RNase-free DNase (20 pg) (Promega) in 10
mM Tris (pH 7.4)-10 mM MgCl, for 1 h at 37°C to degrade residual
transfected plasmid. Equal quantities of total cellular RNA (20 pg)
were electrophoresed on a 1.1% agarose—formaldehyde gel, trans-
ferred to nitrocellulose, and hybridized to a [*2PJRNA probe at 60°C
overnight. The RNA probe was generated with T7 RNA polymerase
(Boehringer Mannheim) and purified on a Quick Spin Q-50 Sepha-
dex column (Boehringer Mannheim). The probe is complementary
to nucleotides 8475 to 8900 of the HIV-1 genome and binds to all
HIV-1-specific RNA species. Filters were vigorously washed in
0.2x SSC (1x SSCis 0.15 M NacCl plus 0.015 M sodium citrate) at
68°C and exposed to X-ray film (40). These autoradiographs are
representative of at least two independent experiments. Lane 1,
ATARI in unstimulated H9 cells; lane 2, ATAR1 in unstimulated
glial cells (U87-MG); lane 3, ATAR?2 in H9 cells; lane 4, ATAR2 in
U87-MG cells; lane 5, HXB2 in H9 cells; lane 6, HXB2 in U87-MG
cells.

TAR replicated to significant but lower than wild-type levels
in H9 and U937 cells upon transfection (compare Fig. 1A and
B with 3A and B). Although the enhancer mutant virus
replicated in astrocytic glial cells (U87-MG), the levels of
HIV-1 p24 antigen detected in the supernatants were three-
to fourfold lower than with the wild-type virus in U87-MG
cells (compare Fig. 3C and Fig. 1C). No augmentation in
viral expression of the enhancer mutant was noted in any cell
line with PMA treatment (Fig. 3). Interestingly, the proviral
construct with mutations in both TAR (ATAR3 mutation)
and the enhancer elements did not replicate in unstimulated
or stimulated astrocytic glial cells (Fig. 3C). Thus, intact
enhancer sites are required for TAR-independent HIV-1
replication in astrocytic cells.

To determine whether the virally encoded protein Tat was
necessary for TAR-dependent and TAR-independent HIV-1
replication, a proviral construct which does not express
functional Tat because of the insertion of an Miul linker in
the first exon of tat (Bsu 361 site) (15) but with an intact TAR
region was used for transfection experiments. This Tat
mutation was also introduced into the ATAR1 and ATAR2
constructs by replacing the 3’ proviral end of the ATAR1 and
ATAR?2 constructs (Sall site [nucleotide 5785] to an Xbal site
[in the flanking sequences]) with the 3’ proviral portion from
the Tat mutant provirus. No viral replication was demon-
strated in unstimulated or stimulated H9, U937, or U87-MG
cells after transfection of the Tat mutant proviral constructs
(with or without intact TAR regions) (Fig. 4 and data not
shown).

To further evaluate the requirements for Tat in TAR-
independent replication within astrocytic glial cells, the Tat
mutant virus with an intact TAR region and the ATAR1 and
ATAR?2 constructs, with the Tat mutation in each construct,
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FIG. 3. Transient transfections of enhancer-riegative mutant
HIV-1 constructs. Various cell lines were transiently transfected
with viral constructs (10 p.g) (see Fig. 1 legend) containing mutations
in TAR (ATAR3), with or without mutations in the NF-kB binding
sites, as well as a construct with an intact TAR but mutated NF-xB
binding sites (enhancer). Some transfection mixtures were treated
with PMA (50 ng/ml) at 24 h posttransfection. Supernatants were
harvested at 48 h posttransfection for measurement of HIV-1 p24
antigen levels by ELISA. (A) H9 cells; (B) U937 cells; (C) astrocytic
glial cells (U87-MG). The data represent the arithmetic means of at
least three independent experiments performed in duplicate +
standard deviations.

were transfected into U87-MG cells with various quantities
of a Tat-expressing plasmid, pSV-Tat, which contains the
first exon of tat downstream of a simian virus 40 promoter
(36). Increasing levels of viral replication were demonstrated
with each proviral construct as increasing quantities of this
Tat-expressing plasmid were added in cotransfection exper-
iments with a standard quantity of the proviral constructs
(Fig. 4). Of note, an upper limit of and gradual decrease in
viral production were demonstrated with increasing quanti-
ties of pSV-Tat with all proviral constructs evaluated (Fig.
4). This plateau and possible biphasic effect of Tat in
TAR-independent replication, as noted previously for TAR-
dependent HIV-1 replication (15), will require further anal-
yses. Therefore, Tat is demonstrated to be necessary for
viral replication in these cells whether or not a functional
TAR region is present in the virus.

Finally, as a further dramatic demonstration of TAR-
independent HIV-1 replication in unstimulated astrocytic
glial cells, transfectants of U87-MG cells were fixed, stained,
and evaluated for HIV-1-induced syncytium formation at 48
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FIG. 4. Effects of Tat on TAR-independent replication in astro-
cytic glial cells. U87-MG cells were transiently transfected with the
Tat mutant provirus with an intact TAR region (A) and the ATAR1
(O) and ATAR2 (@) constructs, also containing mutant tar genes (10
ng). Various quantities of a Tat-expressing plasmid (pSV-Tat) were
cotransfected (36). The data represent the arithmetic means of at
least two independent experiments performed in duplicate + stan-
dard deviations.

h posttransfection (Fig. 5). Significant numbers of multinu-
cleated giant cells were observed after transfection of the
three ATAR mutants and HXB2 (Fig. 5). The syncytia were
of the same approximate size and character in the TAR
mutant and in the wild-type transfections. No syncytia were
noted in transfections in which a plasmid without HIV-1
sequences was used (Fig. 5). Fewer syncytia were observed
in transfections with the enhancer mutant virus, and no
syncytia were demonstrated in the transfections with the
proviral construct with mutations in both TAR (ATAR3) and
the enhancer motifs (Fig. 5).

These data demonstrate that TAR-independent HIV-1
replication is supported in certain cell types. Thus, TAR-
independent HIV-1 replication is now demonstrated to occur
within cells in a baseline state, unperturbed by exogenous
stimulatory factors. This TAR-independent viral expression
in astrocytic glial cells, as in PMA-stimulated T lymphocytes
(23), requires an intact enhancer element in the LTR. Inter-
estirigly, unique cellular factors, not demonstrated in stimu-
lated T lymphocytes, which bind to the HIV-1 enhancer
motifs have been recently demonstrated in unstimulated
astrocytic glial cells (50). Further studies on how Tat stim-
ulates the replication of HIV-1 in the absence of TAR may
also shed light on the mechanisms of Tat function and on
possible cell-specific factors which may functionally comple-
ment TAR. Our data suggests that cellular factors found in
specific intracellular milieus may obviate the requirement for
TAR to allow Tat-induced transactivation. Further investi-
gations of the molecular mechanisms underlying TAR-inde-
pendent HIV-1 expression are on-going in our laboratories.

Astrocytic glial cell lines have been studied in vitro in
relation to HIV-1 infection, as their role in HIV-1-induced
central nervous system dysfunction remains controversial
(41, 53). A variety of astrocytic glial cell lines have been
infected with HIV-1 in cell culture (6, 7, 11). Although some
have been demonstrated to allow highly productive infection
(12), many produce low levels of HIV-1 and may be latently
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FIG. 5. Syncytium formation in astrocytic glial cells. At 72 h
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posttransfection, astrocytic glial cells (U87-MG) were washed with

phosphate-buffered saline, fixed in absolute methanol, and stained with the Giemsa-Wright method. Syncytium formation was evaluated with
an optical microscope. (A) pSP65 (without HIV-1 sequences); (B) HXB2; (C) ATARI; (D) ATAR2; (E) ATARS3; (F) ATAR3 with enhancer

mutations. Magnification, x115.

infected (27). The concept of proviral latency in astrocytic
glial cells is complex. Human fetal glial cell explants have
been demonstrated to pass through an early phase of pro-
ductive HIV-1 infection and then remain in a state of
low-level persistent infection (51). In a preliminary study, it
was suggested that latent HIV-1 infection in astrocytic cells
may be secondary to increased expression of Nef (4).
Nevertheless, in an important recent study, stable CD4
antigen transfections into neuroglioma cells allowed high

levels of HIV-1 expression in these cells (52). Thus, at least
in some astrocytic lines, the spread and penetration of the
virus within a culture may be a primary determinant of viral
production.

If TAR-independent HIV-1 replication occurs in specific
primary cells in infected individuals, this may have profound
implications for the development of new therapies designed
to combat clinical HIV-1 infection (14). Further studies will
be required to determine whether TAR-independent HIV-1
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expression in vivo could circumvent therapies which might
target Tat-TAR interactions.
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