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Cytomegalovirus (CMV) and human herpesvirus-6 (HHV-6) infection stimu-
lated HIV-1 replication and trans-activated the HIV-1 promoter (the long
terminal repeat or LTR) to a similar extent in transfected, nonimmortalized,
human fetal astrocytes. CMV infection increased basal LTR expression by
approximately sevenfold, while HHV-6 infection increased basal LTR
expression by fourfold. This enhancing effect required cell-cell contact between
CMV-infected or HHV-6-infected and LTR-containing cells. To determine the
target regions on the HIV promoter that respond to CMV and HHV-6 trans-
activation, several modi®ed LTR-reporter gene constructs were tested. Loss of
functional NFkB, Sp1, or upstream modulatory sites on the LTR caused
signi®cant reduction of basal LTR expression in astrocytes. These elements also
mediated the trans-activation events during HHV-6 or CMV infection in
astrocytes, though to varying degrees. Electrophoretic mobility shift assays
(EMSA) indicated that core, enhancer, and upstream modulatory regions of the
LTR interacted speci®cally with nuclear proteins from both uninfected and
CMV- or HHV-6-infected human fetal astrocytes. CMV or HHV-6 infection did
not appear to induce unique, LTR-speci®c nuclear binding proteins, but rather
enhanced the relative proportion of some of the existing protein complexes, in
particular, the complexes formed with the AP-1 binding sites on the HIV-1 LTR
(nt7354 to7316). Our data suggest that CMV or HHV-6 trans-activation of HIV
LTR activity in human fetal astrocytes proceeds via intracellular molecular
interactions involving herpesviral gene products, cellular proteins, and
multiple sites on the LTR upstream of the TATA box. The pattern of LTR
activity in astrocytes suggests that host cell factors modulating HIV expression
may differ from those dominant in T-cells or immortalized astroglia, and this
could contribute to differences in the astrocyte's ability to support HIV
replication.
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Introduction

Neurological disease associated with Human Im-
munode®ciency Virus type 1 (HIV-1) infection
presents a fundamental paradox: global depression
of cognitive and motor function despite relatively
scarce direct HIV-1 infection of neural cells
(Spencer and Price, 1992). This paradox invokes
ampli®cation mechanisms and/or co-factors to
explain the connection between HIV-1 infection

and clinical disease. Thus, the neuropathogenesis of
HIV-1 infection is increasingly viewed as a
progressive cascade of events initiated by HIV-1
gene products, ampli®ed by immune factors and
glial cells, with ultimately toxic effects on neurons
(Blumberg et al, 1994; Lipton and Gendelman,
1995). Productive HIV-1 infection occurs in mono-
cytes, including blood-derived macrophages and
brain resident microglia, which release viral-en-
coded products and soluble in¯ammatory sub-
stances (Lipton and Gendelman, 1995). Latent or
restricted HIV-1 infection occurs in astrocytes,
which may function as a virus reservoir (Blumberg
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et al, 1994) and harbor an abundance of viral
regulatory transcripts (Tornatore et al, 1994b). Two
recent studies have documented postmortem evi-
dence for HIV-1 infection in as much as 20% of
subcortical astrocytes in postmortem pediatric AIDS
brains (Saito et al, 1994; Tornatore et al, 1994a).
HIV-1 DNA sequences have also been identi®ed in
cortical and subcortical astrocytes in adult AIDS
cases (Johnson et al, 1996). The relatively limited
ability of HIV to replicate in astrocytes could be due
to a post entry block in the expression or function
of cellular factors necessary to support HIV
structural gene expression. There is, then, a
potential to increase the viral quantity or `load' in
the central nervous system (CNS) when cytokines or
other factors that can overcome this block reactivate
HIV-1 gene expression (Blumberg et al, 1994).
Factors that affect cell proliferation or activation
of transcription, such as cytokines (Tornatore et al,
1991), DNA virus gene products, or superinfection
by Herpesviruses (Koval et al, 1995; Ho et al, 1991;
Duclos et al, 1989), have been shown to stimulate
HIV gene expression in astroglial cells in vitro.

The study of trans-activation by, or molecular
interactions between, human herpesviruses and
HIV-1 has focused attention on the role these viruses
may play as co-factors during the course of HIV-1
infection (Laurence, 1990). Of the human herpes-
viruses, cytomegalovirus (CMV) and human herpes-
virus-6 (HHV-6) have similar molecular properties
(Lawrence et al, 1990) and are capable of replicating
or persisting in CD4+ lymphocytes (Sissons et al,
1986; Takahashi et al, 1989) as well as invading the
CNS. These properties make them particularly well-
suited to function as co-factors in HIV-1 neuro-
pathogenesis. There is a growing body of evidence
documenting active CMV or HHV-6 infection within
the CNS of HIV-infected patients. CMV is probably
the most common opportunistic CNS virus in
patients with HIV-1 infection or AIDs (reviewed in
Harrison and McArthur, 1995), and can cause a sub-
acute encephalopathy which follows an acute to
sub-acute course with rapid cognitive decline (Fiala
et al, 1991). Double-immunolabeling in situ techni-
ques detecting viral nucleic acid indicate that 12%
of cells infected by CMV are also infected by HIV-1
in subcortical regions of the brain (Nelson et al,
1988). HHV-6 has been isolated from patients in
various stages of HIV-1 infection (reviewed in Lusso
and Gallo, 1995), and postmortem studies have
demonstrated active and disseminated HHV-6 in-
fection in AIDS patients (Lusso and Gallo, 1995;
Saito et al, 1995). Dual HHV-6 and HIV-1 infection of
brain has now been documented in both pediatric
(Saito et al, 1995) and adult (Achim et al, 1994)
AIDS, with HHV-6 occurring in oligodendrocytes,
astrocytes, microglia, and neurons.

The regulatory sites on the HIV-1 promoter or
long terminal repeat (LTR) are the likely loci of
molecular interactions between Herpesviruses and

HIV-1 (Gendelman et al, 1986; Laurence, 1990)
whenever coinfection of single cells with HIV-1 and
a speci®c Herpesvirus occurs. The regulatory sites
are functionally arranged into a proximal core
region which binds the Sp1 transcription factors,
an enhancer element with NFkB binding sites, and
an upstream modulatory region that variably binds
numerous transcription factors including ATF/
CREB (Krebs et al, 1997) or AP-1 (Canonne-Hergaux
et al, 1995). In vitro CMV will trans-activate or
increase mRNA and protein synthesis directed by
the HIV-1 LTR (reviewed in Spector et al, 1994). The
trans-activating effect of CMV infection can be
reconstituted at least in part with products of the
CMV immediate early (IE) gene regions in both
human ®broblasts (Barry et al, 1990; Biegalke and
Geballe, 1991; Ghazal et al, 1991; Walker et al,
1992) as well as primary human astrocytes (Ho et al,
1991), although trans-activation varies consider-
ably among different cell types (Barry et al, 1991).
Like CMV, HHV-6 has been reported to stimulate
HIV production in dually infected T-lymphocytes,
causing rapid cell death (Lusso et al, 1989). At the
molecular level, early HHV-6 gene products trans-
activated HIV LTR-directed gene expression in T-
cells, probably acting via the cellular transcription
factor NFkB (Horvat et al, 1991; Geng et al, 1992;
Zhou et al, 1994). The Sp1 binding sites on the LTR
may be responsive to an HHV-6 IE gene product
(Martin et al, 1991).

We have previously developed nonimmortalized,
highly enriched human fetal astrocyte cultures in
de®ned medium and demonstrated that these
cultures support transient expression of HIV-1 after
infection (McCarthy et al, 1998), and transient
expression by transfected recombinant plasmids
containing the HIV LTR linked to either the
chloramphenicol acetyltransferase (CAT) or b-
galactosidase (b-gal) reporter genes (McCarthy et
al, 1995). These cells will also support productive
infection by CMV (McCarthy et al, 1995) or HHV-6
(He et al, 1996). Thus the HIV LTR-CAT-transfected
astrocyte cultures are a useful system with which to
study how CMV or HHV-6 infection in¯uences HIV
replication and HIV LTR-directed gene expression
in brain glia. In this study we have demonstrated
that CMV infection or HHV-6 infection summarily
trans-activate the HIV LTR or enhance HIV-1
replication to a similar extent in nonimmortalized
human fetal astrocytes. Multiple responsive ele-
ments on the HIV LTR appear to mediate the trans-
activation events during HHV-6 or CMV infection in
these cells.

Results

CMV and HHV-6 stimulate p24 production by
HIV-infected human fetal astrocytes
CMV or HHV-6 infection could potentially be a co-
factor in enhancing HIV-1 replication in neural cells
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such as astrocytes. CMV infection has been reported
to enhance p24 production by proviral DNA-
transfected human fetal astrocytes (Ho et al, 1991;
McCarthy et al, 1998). To demonstrate that similar
enhanced HIV-1 replication occurs with HHV-6,
CMV- or HHV-6-infected astrocytes were trans-
fected with proviral DNA from the lymphotropic
strain NL4-3, and soluble p24 antigen synthesis was
then assayed (Figure 1). Concurrent HHV-6 or CMV
infection similarly stimulated approximately a
threefold increase in the peak p24 values during
the productive phase of the HIV-1 infection in
astrocytes lasting from days 2 ± 8 post transfection.
CMV or HHV-6 infection also tended to broaden the
temporal pro®le of p24 production. However,
neither CMV nor HHV-6 stimulated a persistent
infection of astrocytes, as measured by p24 produc-
tion.

CMV infection or HHV-6 infection can
trans-activate the HIV LTR in human astrocytes
Since CMV or HHV-6 infection activated HIV-1
replication in astrocytes, it is important to
determine whether such activation could occur
via the stimulation of HIV LTR expression. Indeed,
concurrent infection by CMV or HHV-6 signi®-
cantly increased transient HIV LTR-directed CAT
reporter gene expression in human fetal astrocytes
(Figure 2). Concurrent CMV infection increased
basal LTR-CAT expression by approximately
sevenfold, while HHV-6 infection increased basal
LTR-CAT expression by approximately fourfold.
Within the error of the mean CAT expression
values depicted in Figure 2, there is not a
signi®cant difference between the trans-activating
effects of CMV infection (6.8-fold activation) and
HHV-6 infection (4.2-fold activation) on HIV LTR
expression in human fetal astrocytes, though both
viruses signi®cantly activate the LTR-CAT above

the respective basal (control) values. For compar-
ison, the effect of tat alone on HIV LTR-CAT
expression in parallel mock-infected human fetal
astrocytes was also assayed. HIV LTR activation
by tat alone ranged from 2 ± 5-fold, with a mean of
approximately fourfold. In general the trans-
activating effect of tat was similar to that of either
CMV infection or HHV-6 infection. This tat effect
in non-immortalized human fetal astrocytes is
modest when compared to the several hundred
fold activation by tat observed in T-lymphocytes
(Sodroski et al, 1985; Horvat et al, 1991), and this
likely re¯ects cell type-speci®c in¯uences on LTR
expression. CMV or HHV-6 infection prior to or
after LTR-CAT transfection (see Methods) acti-
vated basal LTR-CAT expression to a similar
extent (data not shown). This con®rmed that
CMV or HHV-6 infection did not nonspeci®cally
increase plasmid DNA uptake or transport.

Because CMV and HHV-6 infected human fetal
astrocytes with such high ef®ciency, CMV- or HHV-
6-mediated trans-activation of HIV-1 p24 or LTR-
CAT expression occurred under conditions in
which there was a high probability that about 2 ±
3% of the cells contained both transfected HIV-1
proviral DNA or LTR-CAT DNA and replicating
CMV or HHV-6. CMV antigen was present in greater
than 80% of astrocytes in the culture by 48 h post
transfection as con®rmed by immuno¯uorescence
assay (IFA) for viral structural antigens (McCarthy
et al, 1995). HHV-6 antigen was present in 50 ± 70%
of cells in the culture by 48 h post transfection as
con®rmed by IFA for viral antigens (He et al, 1996).
The percent of successfully transfected cells was
2 ± 3% (see Materials and methods). Thus the
pervasive presence of CMV or HHV-6 in these
experimental conditions suggested that trans-acti-
vation proceeded via intracellular interactions
between herpesvirus gene products or herpes-

Figure 1 Concurrent infection by CMV (left panel) or HHV-6 (right panel) enhances soluble p24 antigen production by pNL4-3-
transfected human fetal astrocytes. Subcon¯uent cells were mock-or infected with CMV(AD169) or HHV-6(GS) and transfected with
pNL4-3 via cationic liposomes as described in Materials and methods. Culture supernatants were collected at transfection (time 0) and
every 48 h with change of medium for quantitative p24 assay.
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induced cellular products and the HIV LTR. Add-
itional experiments did show that soluble factors
such as cytokines could not account for the
increased LTR activity in LTR-CAT-transfected
astrocytes infected by CMV or HHV-6. The enhan-
cing effect of CMV or HHV-6 infection on HIV LTR
activity in astrocytes appeared to require cell-cell
contact between virus-infected and LTR-containing
cells. HHV-6- or CMV-infected astrocytes were
seeded on Transwell inserts (Transwell Clear,
CoStar, Cambridge, MA) in 35 mm tissue culture
wells to physically separate them from LTR-CAT-
transfected astrocytes which were plated on the
well bottoms. Under these conditions, only basal
levels of HIV LTR-CAT expression were detected in
these transfected astrocytes (Figure 3), and there
was no effect of CMV or HHV-6 infection on the
baseline HIV LTR activity.

Modulatory and enhancer regions affect basal HIV
LTR activity in human astrocytes
To delineate the target regions on the HIV-1
promoter as well as the cellular factors that may

participate in the promoter's interactions with
CMV and HHV-6, several modi®ed HIV LTR-CAT
constructs were tested. These included constructs
with mutations or deletions in the enhancer
(NFkB) and core (Sp1) domains, plus additional
LTR constructs truncated in the core (729LTR,
757LTR) or modulatory (7147LTR) upstream
regulatory regions (Figure 4A). Consistent with
what was observed in T-cells (Horvat et al, 1991),
unstimulated or basal CAT expression by the
modi®ed LTR-CAT constructs was signi®cantly
less than that of an equivalent amount of the intact
HIV LTR-CAT transfectd into parallel astrocyte
cultures (Figure 4B). Loss of functional NFkB
binding sites by deletion (757LTR, 729LTR) or
mutation (mutant NFkB LTR) (Nabel and Balti-
more, 1987) caused signi®cant reduction of basal
CAT expression, ranging from 1 ± 9% of the CAT
values achieved with the intact HIV LTR-CAT.
Deletion of the Sp1 binding sites reduced basal
CAT expression to approximately 21% of intact
HIV LTR-CAT. The 7147LTR promoter, which is
deleted of upstream modulatory elements but
contains all NFkB and Sp1 sites as well as the
TATA box, was essentially inactive in human fetal
astrocytes. Basal CAT expression driven by this
promoter was just 2% of intact HIV LTR-CAT.

Figure 2 HIV LTR-CAT expression in human fetal astrocyte
cultures, determined as CAT protein per 5 mg cell lysate
protein+standard error. Astrocytes (106 cells) transfected with
2 mg LTR-CAT plasmid DNA were concurrently infected by
HHV-6 or CMV (both viruses designated as `Herpes' in bar graph
legend), or mock-infected and co-transfected with 4 mg RSV-tat
plasmid to determine the effect of tat on LTR activity. Numbers
in the table below each bar graph represent the fold activation of
the LTR-CAT construct by HHV-6 or CMV infection or by co-
transfected tat, normalized to basal CAT expression by intact
LTR-CAT. The data are derived from independent experiments
using cultures derived from different tissue specimens. The
CMV data were derived from 9 experiments, while the HHV-6
data were derived from 12 experiments.

Figure 3 Activation of HIV LTR-CAT expression requires cell-
cell contact betwen HHV-6- or CMV-infected and LTR-CAT-
transfected astrocytes. CMV-infected or HHV-6-infected astro-
cytes were seeded onto Transwell inserts (CoStar, Cambridge,
MA) and incubated above LTR-transfected astrocytes seeded in
the well bottoms of 6-well tissue culture plates (`+HV in
Transwell'). In parallel, mock-infected astrocytes were seeded
onto Transwell inserts, and incubated above LTR-transfected
astrocytes seeded in the well bottoms (`LTR baseline'). The table
below the bar graph presents the HHV-6- or CMV-associated fold
activation of LTR-CAT expression in Transwell culture, i.e. LTR-
CAT activity in Transwell divided by LTR-CAT baseline.
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This truncated promoter drives higher than basal
levels of CAT expression in primary T-lympho-
blasts, presumably because the upstream modula-
tory elements (the `NEG' regulatory region)
function to suppress promoter activity in lympho-
cytes (Horvat et al, 1991). In human fetal
astrocytes, the lack of CAT expression by this
truncated promoter suggests that the upstream
elements may exert a positive regulatory effect
on HIV LTR activity.

Modulatory and enhancer regions can participate in
Herpesvirus-mediated trans-activation of the HIV
LTR in human fetal astrocytes
CMV infection could activate the mutant LTR-CAT
constructs and compensate to a relative degree for
the transcriptional de®ciencies in all the mutant
promoters excepting the minimal 729LTR con-
struct. CMV infection stimulated the Sp1-deleted
(dlSp1 LTR) and mutant NFkB LTR promoters very
effecively to CAT expression levels approximately

Figure 4 (A) Schematic diagram of the mutant HIV LTR-CAT constructs used in transfection studies in human fetal astrocyte
cultures. Derivation of the constructs is described under Materials and methods. (B) Basal CAT expression by these constructs. The
table includes the values for CAT expression by these constructs expressed as a percentage of the CAT expression by the intact LTR-
CAT construct. Data in the table represent the mean of four independent assays+standard error.

CMV and HHV-6 trans-activation of HIV LTR
M McCarthy et al

499



4 ± 8-fold higher than basal intact LTR-CAT expres-
sion (Figure 5), even though the basal activities of
these two mutant promoters were lower than that of
the intact LTR. CMV infection stimulated CAT
expression by the truncated 757LTR and
7147LTR constructs to levels approximately two-
fold higher than basal intact LTR-CAT expression.
Fold activation of the dlSp1, NFkB, 757LTR and
7147LTR-CAT constructs, when referred to basal
CAT expression by the homologous construct,
ranged from 20.9 to 154.7, much higher than that
of intact LTR-CAT (fold activation 6.8). This
suggests that CMV-mediated transactivation events
can occur at multiple sites, since CMV infection will
activate all the mutant LTR constructs except the
729LTR. The CAT activity of the minimal 729LTR
promoter was not signi®cantly increased (fold
activation 1.3) by concurrent CMV infection.
Activated mutant LTR-CAT expression was normal-
ized to unstimulated intact LTR-CAT expression
(`normalized fold activation') to assess whether
CMV infection could offset the functional defects
in the various mutant LTR constructs (Figure 5).
Normalized fold activation values for dlSp1 LTR
(7.8) and NFkB LTR (4.4) were comparable to that of
intact LTR-CAT (6.8). The other mutant promoters
(729LTR, 757LTR, 7147LTR) had much lower
CMV-activated CAT expression levels and this was
re¯ected in lower normalized fold activation values
(0.4, 1.7, 2.2, respectively). The truncated promo-
ters 757LTR and 7147LTR have deletions of the
enhancer and/or upstream modulatory sequences,
while the dlSp1 LTR and mutant NFkB LTR contain
these upstream LTR sequences. Deletion of these

upstream modulatory sequences reduced the CMV-
activated CAT expression values and the normal-
ized fold activation values to a relatively greater
extent than mutations in the enhancer region,
suggesting that these upstream LTR sequences
participate in the positive modulating effect that
CMV infection exerts on HIV LTR-driven transcrip-
tion in human fetal astrocytes.

As with CMV infection, HHV-6 infection could
activate all the mutant LTR constructs except the
729LTR, suggesting that HHV-6-mediated trans-
activation events can occur at multiple sites. HHV-6
trans-activated the dlSp1 LTR-CAT expression by
about sixfold to levels approximately twice that of
the unstimulated intact LTR-CAT (normalized fold
activation of 1.7) (Figure 6). This suggests that
functional Sp1 sites do not solely determine HHV-6
trans-activation of the LTR in human fetal astro-
cytes. HHV-6 infection trans-activated the mutant
NFkB LTR and the truncated promoters (757LTR,
7147LTR), but to CAT expression levels that were
still much lower than those of the intact LTR-CAT
(Figure 6). The mutant NFkB-LTR construct was
stimulated approximately sevenfold by HHV-6
infection, but CAT levels were only 20% of the
unstimulated intact LTR-CAT. The normalized fold
activation values (referred to intact LTR) indicate
that HHV-6 activation cannot offset functional
defects from loss of upstream LTR sequences or a
functional NFkB-binding element. As with CMV
infection, the CAT activity of the minimal 729LTR
promoter was not signi®cantly increased (fold
activation 1.3) by concurrent HHV-6 infection.
Signi®cant trans-activation (fold activation 3.4)

Figure 5 CMV-activated CAT expression by mutant HIV
promoter constructs in human fetal astrocyte cultures. Astrocyte
cultures (106 cells per dish) were mock-infected or infected
with CMV prior to transfection in parallel with 2 mg of intact
LTR-CAT or modi®ed LTR-CAT plasmid DNA. The table
includes the values for the CMV-mediated fold activation of
each construct referred to unstimulated CAT expression by the
homologous construct (`CMV(homologous)'), and the CMV-
mediated fold activation of each construct referred to unstimu-
lated CAT expression by the intact LTR (`CMV(normalized)').
Data represent the mean+standard error of four independent
assays.

Figure 6 HHV-6-activated CAT expression by mutant HIV
promoter constructs in human fetal astrocyte cultures. Astrocyte
cultures (106 cells per dish) were mock-infected or infected
with HHV-6 prior to transfection in parallel with 2 mg of intact
LTR-CAT or modi®ed LTR-CAT plasmid DNA. The table
includes the values for the HHV-6-mediated fold activation of
each construct referred to unstimulated CAT expression by the
homologous construct (`HHV-6(homologous)'), and the HHV-6-
mediated fold activation of each construct referred to unstimu-
lated CAT expression by the intact LTR (`HHV-6(normalized)').
Data represent the mean+standard error of four independent
assays.
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occurred with the 757LTR-CAT construct, which
contains approximately 30 bp more than the mini-
mal 729LTR. Thus, as is the case with CMV
infection, LTR trans-activation mediated by HHV-
6 infection required the LTR to have a minimum
length of regulatory sequence upstream of the
TATA box.

CMV and HHV-6 infection stimulate nuclear
protein binding to multiple regions of the HIV-1
LTR in human astrocytes
Analysis of the data obtained from the intact and
mutant LTR-CAT constructs suggests that, in
human fetal astrocytes, CMV or HHV-6 infection
can trans-activate the LTR at multiple indepen-
dent sites provided a minimal length of regula-
tory sequence upstream of the TATA box is
present within the LTR. EMSA was performed
to determine whether LTR regions that partici-
pated in CMV- or HHV-6-mediated trans-activa-
tion in astrocytes also represent targets for
binding by nuclear factors. Three oligonucleotide
probes were used (Figure 7). Probe I (nt 7158 to
+5) contained the core and enhancer regions of
the LTR, regions which are partially or entirely
deleted in the 729LTR, 757LTR and dlSp1 LTR
constructs. Probe II (nt 7340 to 7159) contained
the upstream modulatory region of the LTR
including three AP-1-like binding motifs (nt
7333 to 7327; nt 7299 to 7293; nt 7240 to
7234; Figure 7), which are deleted in the
7147LTR construct. Probe SN (nt 7356 to
7316) overlapped the 5' end of probe II, and
contained the two `distal' or upstream AP-1
binding motifs (nt 7343 to 7349; nt 7333 to

7327; Figure 7). The LTR sequence encompassed
by probe SN has been implicated as a site of LTR
activation via direct interactions with proteins of
the nuclear receptor family (Canonne-Hergaux et
al, 1995; Sawaya et al, 1996). Nuclear proteins
extracted from mock-infected human fetal astro-
cytes formed speci®c DNA-protein complexes
with all three probes, as did equivalent amounts
of nuclear proteins extracted from the corre-
sponding CMV- or HHV-6-infected cultures.

EMSA using radiolabeled probe I generated
multiple DNA-protein complexes with nuclear
extracts from mock-infected, HHV-6-infected, or
CMV-infected astrocytes (Figure 8A). EMSA pat-
terns differed somewhat according to whether the
mock-infected astrocytes were initially inoculated
with DMEM-2% FBS (Figure 8A, lane 4) to control
for CMV infection, or co-cultivated with unin-
fected HSB2 cells (Figure 8A, lane 2) to control for
HHV-6 infection. This suggests that mock infec-
tion conditions induced some nuclear protein
expression in the astrocytes. We did detect low
levels of TNF-a (1 ± 10 pg/ml) in culture ¯uids
from uninfected HSB2 cells but not in untreated
astrocyte cultures (data not shown). This or
similarly low levels of other cytokines could
enhance nuclear protein expression in the astro-
cytes co-cultivated with HSB2 cells as controls for
HHV-6 infection. Three DNA-protein complexes
co-migrating in all EMSA patterns were noted.
These were designated A1, A2 and A3 in order of
increasing mobility. A3 usually migrated as a
doublet. Additional DNA-protein complexes
slower in mobility than A1 were inconsistently
observed in EMSA patterns, and appeared to be

Figure 7 Schematic diagram of location of gel shift probes and putative AP-1 binding sites within HIV-1 strain NL4-3 LTR. Arrows
underline the TGACTCA consensus AP-1-binding sequence, with asterisks (*) indicating nucleotide substitutions in the viral LTR
sequence in that location.
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due to non-speci®c DNA-protein binding. Nuclear
extracts from HHV-6- or CMV-infected astrocytes
(Figure 8A lanes 3 and 5 respectively) generated
essentially the same mobility-shifted pattern as
their respective mock-infected controls (Figure 8A
lanes 2 and 4), but the A3 complexes from the
infected cells were relatively more intense com-
pard to the A1 and A2 complexes. Thus CMV or
HHV-6 infection appeared to increase the relative
intensities of these LTR-binding proteins in the A3
complex rather than induce new species of DNA-
binding proteins speci®c for the core/enhancer
region of this LTR. In competitive binding EMSA
using a 50-fold molar excess of unlabeled probe I
added to labeled probe and nuclear proteins, the
radiolabeled A1, A2 and A3 DNA-protein com-
plexes were competed, thereby con®rming the
speci®city of the complexes (data not shown).
Formation of complex A3 was competitively
inhibited by 50-fold molar excess of unlabeled
oligonucleotide containing a consensus Sp1 bind-
ing sequence (Figure 8B lane 3), while complex
A1 was competed by excess unlabeled oligonu-

cleotide containing a consensus NFkB binding
sequence (Figure 8B lane 4). Thus both CMV and
HHV-6 infection appeared to increase the relative
intensities of astrocyte nuclear protein complexes
that have Sp1-type binding activity.

EMSA using radiolabeled probe II gave rise to
four major DNA-protein complexes designated B1
through B4 in order of increasing mobility (Figure
9A). With probe II, again EMSA using extracts from
HHV-6- or CMV-infected astrocytes (Figure 9A
lanes 3 and 5 respectively) or their respective
mock-infected controls (Figure 9A lanes 2 and 4)
produced the same mobility-shifted pattern. There
was not much difference observed in the pattern of
signal intensities from complexes formed with
extracts from the HHV-6- or CMV-infected cells
(Figure 9A lanes 3 and 5) as compared to their
respective mock-infected controls (Figure 9A lanes
2 and 4), except that signals from complexes B2 and
B3 may be slightly elevated relative to B1 and B4
after HHV-6 infection (comparing Figure 9A lanes 2
and 3). In competitive binding EMSA using a 50-
fold molar excess of unlabeled probe II, the four

Figure 8 (A) EMSA using probe I (lane 1) reacted with nuclear protein extracts from mock-infected astrocytes previously incubated
with uninfected HSB2 cells (lane 2), HHV-6-infected astrocytes (lane 3), mock-infected astrocytes inoculated with culture medium
(lane 4), or CMV-infected astrocytes (lane 5). A1, A2, and A3 designate locations of speci®c DNA-protein complexes; F is free probe.
(B) EMSA using probe I (lane 1) reacted with nuclear protein extracts from HHV-6-infected astrocytes (lanes 2 ± 4). Speci®c complex
formation was inhibited by a 50-fold excess of unlabeled oligonucleotide containing a consensus Sp1-binding (lane 3) or a consensus
NFkB-binding (lane 4) sequence.
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DNA-protein complexes had reduced signal inten-
sity, especially B1 and B4, suggesting these were
speci®c complexes (Figure 9B lanes 2 and 3).
However, these complexes were not competitively
inhibited by a 50-fold molar excess of unlabeled
oligonucleotide containing the consensus AP-1
binding sequence, TGACTCA (Figure 9B lanes 2
and 4). Formation of speci®c DNA-astrocyte protein
complexes in this region of the LTR is consistent
with our LTR-CAT functional data indicating that
the upstream modulatory region sequences affect
LTR activity in both mock-infected and HHV-6- or
CMV-infected human fetal astrocytes. The lack of
competitive inhibition by the AP-1 binding se-
quence agrees with the ®ndings of Canonne-
Hergaux et al (1995) using nuclear proteins from
the U373-MG human high grade astrocytoma cell
line and nearly identical LTR sequences from the
lymphotropic HIV-1 strain LAI.

EMSA using radiolabeled probe SN gave rise to
several DNA-protein complexes (Figure 10A). In
competitive binding assays using a 50-fold molar
excess of unlabeled probe SN, all but the fastest

migrating complexes (NS) were eliminated from
EMSA patterns (Figure 10B lanes 4 and 7). The
remaining ®ve speci®c complexes were designated
SN1 through SN5 in order of increasing mobility.
The signal from complex SN1 appeared more
intense relative to complexes SN4 and SN5 with
nuclear extracts from both HHV-6(GS)-infected
astrocytes (Figure 10A lane 5) and the correspond-
ing control cultures that were mock-infected with
HSB2 cells (Figure 10A lane 4). Complex SN1 was
inconsistently detected in EMSA patterns from
CMV-infected astrocytes (Figure 10A lane 3) and
the corresponding control cultures (Figure 10A
lane 2). The difference in mock infection condi-
tions may have accounted for the differences
between EMSA patterns derived from the two sets
of mock-infected astrocytes. Complexes SN2 and
SN3 gave relatively more intense signals com-
pared to complexes SN4 and SN5 with extracts
obtained from both HHV-6 and CMV-infected
astrocytes (Figure 10A lanes 3 and 5) as compared
to their respective mock-infected cultures. This
suggests that HHV-6 or CMV infection altered the

Figure 9 (A) EMSA using probe II (lane 1) reacted with nuclear protein extracts from mock-infected astrocytes previously incubated
with uninfected HSB2 cells (lane 2), HHV-6-infected astrocytes (lane 3), mock-infected astrocytes inoculated with culture medium
(lane 4), or CMV-infected astrocytes (lane 5). B1, B2, B3 and B4 designate the locations of DNA-protein complexes; F is free probe. (B)
EMSA using probe II (lane 1) reacted with nuclear protein extracts from HHV-6-infected astrocytes (lanes 2 ± 4), with an additional 50-
fold excess of unlabeled probe II (lane 3), or with additional 50-fold excess unlabeled oligonucleotide containing a consensus AP-1
binding sequence (lane 4).
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proportion of nuclear proteins that complex to this
region of the LTR.

Our DNA-protein complexes SN1, SN2, SN4 and
SN5 were competitively inhibited by a 50-fold
molar excess of the consensus AP-1 binding motif,
suggesting that AP-1-like proteins do bind to this
LTR region (Figure 10B lanes 3 and 6). To further
investigate the speci®city of these DNA-binding
proteins, we performed electrophoretic gel mobility
assays using antibodies directed against the Jun or
Fos DNA-binding proteins to inhibit speci®c DNA-
protein complex formation (Figure 11). The forma-
tion of complexes SN1 and SN2 was inhibited by
anti-Fos or anti-Jun antibodies (Figure 11 lanes 3 ±
5). A broadly reactive antibody against Fos proteins
also suppressed formation of complex SN4 (Figure
11 lane 4). Formation of complex SN5 and, to a
lesser extent, SN3, was nonspeci®cally inhibited by
immune (Figure 11 lanes 3 ± 5) as well as non-
immune (Figure 11 lane 6) serum. Thus the data
from competitive binding and binding inhibition
assays indicated that, in non-immortalized human
astrocytes, AP-1-like proteins can bind to one or
both of the upstream AP-1 binding motifs present in
LTR region nt 7354 to 7316.

Discussion

Our studies demonstrate that CMV and HHV-6
infection similarly enhance the transient replication
of HIV-1 in nonimmortalized, low passage astro-
cytes cultured from human fetal brain and rigor-
ously monitored during serial passage to exclude
®broblast contamination (McCarthy et al, 1995).
However, HHV-6 or CMV infection did not convert
this transient HIV-1 gene expression into a produc-
tive infection in astrocytes. The enhancement of
HIV-1 replication may be potentiated by trans-
activation of the HIV-1 promoter, the LTR. On this
point, our studies con®rm and extend previous
observations of CMV-mediated trans-activation of
the HIV-1 major promoter in astroglial cells,
including tumor-derived (Koval et al, 1995; Duclos
et al, 1989) and nonimmortalized (Ho et al, 1991)
cultures. However, this is the ®rst reported
demonstration of HHV-6 infection mediating trans-
activation of HIV LTR in nonimmortalized, low
passage human fetal astrocytes. The ®ndings in this
study indicate that, during CMV or HHV-6 infection
in human fetal astrocytes, trans-activation of the
LTR is mediated by diverse molecular interactions

Figure 10 (A) EMSA using probe SN (lane 1) reacted with nuclear protein extracts from mock-infected astrocytes inoculated with
culture medium (lane 2), CMV-infected astrocytes (lane 3), mock-infected astrocytes previously incubated with uninfected HSB2 cells
(lane 4), or HHV-6-infected astrocytes (lane 5). SN1 through SN5 designate locations of speci®c DNA-protein complexes; NS are the
fastest migrating non-speci®c complexes. F is free probe. (B) EMSA using probe SN (lane 1) reacted with CMV-infected astrocytes
(lanes 2 ± 4) or HHV-6-infected astrocytes (lanes 5 ± 7). Speci®c complexes SN1, SN2, SN4, and SN5 were inhibited by a 50-fold molar
excess of the unlabeled AP-1 binding oligonucleotide (lanes 3 and 6). All SN complexes were inhibited by a 50-fold molar excess of
unlabeled probe SN (lanes 4 and 7).
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involving cellular factors such as NFkB, Sp-1, and
AP-1 plus multiple potential response sites on the
LTR upstream of a functional TATA box.

Several functionally de®cient LTR mutant con-
structs were trans-activated to varying degrees
during CMV or HHV-6 infection in astrocytes.
Functional deletion of any one of the core,
enhancer, or upstream (nt 7360 to 7147) mod-
ulatory elements in the LTR was partially compen-
sated by the presence of the others during trans-
activation by HHV-6 or CMV infection, even though
mutation of any one of these sites substantially
weakened the basal expression level of the LTR in
astrocytes. In particular, the modulatory sequences
upstream of the AvaI site at nt7147 were important
to positive regulation of both basal and HHV-6- or
CMV-mediated trans-activation of LTR expression
in human fetal astrocytes. This contrasted with the
reported negative regulation by this region of LTR
expression in T-lymphocytes (Horvat et al, 1991). A
minimal promoter consisting of only the TATA box
and TAR regions was not effectively trans-activated

by either CMV or HHV-6. Additional regulatory
sequences between nt 757 to 730 were required
for any signi®cant trans-activation of the LTR.
Interestingly, this region contains the most prox-
imal Sp1-binding site, which has been implicated in
synergistic activation of the LTR with COUP-TF in
microglial cells (Rohr et al, 1997). Our studies with
both CMV and HHV-6 infection are consistent with
several studies of CMV-LTR interactions in human
®broblasts that implicate multiple regions of the
LTR in CMV-trans-activated LTR expression, in-
cluding TAR (Barry et al, 1990) and upstream
elements (Ghazal et al, 1991; reviewed in Ghazal
and Nelson, 1993). However, HHV-6-trans-acti-
vated LTR expression in T-lymphocytes (Horvat et
al, 1991; Geng et al, 1992) or CV-1 monkey kidney
cells (Zhou et al, 1994) has been reported to be
critically dependent on a functional NFkB enhancer
element. Thus, when compared to other cell types,
the pattern of trans-activated LTR activity in human
fetal astrocytes re¯ects the in¯uence of the host cell
on molecular interactions between activating fac-
tors and the LTR.

Recent studies of transcription factor binding in
both the enhancer (Krebs et al, 1997) and the
upstream (7480 to 7160) modulatory region
(Canonne-Hergaux et al, 1995) of the HIV LTR
indicate that there are cell-type speci®c and HIV-1
strain-speci®c differences in nuclear protein bind-
ing to sequence elements in these regions. Our
electrophoretic mobility shift studies con®rmed
that core, enhancer, and upstream modulatory
regions of the HIV-1 strain NL4-3 LTR can interact
speci®cally with nuclear proteins from both unin-
fected and HHV-6- or CMV-infected human fetal
astrocytes. Competition studies identi®ed DNA-
nuclear protein complexes with NFkB-, Sp1-, or
AP-1-type binding motifs. The mobility shift studies
did not detect DNA-protein complexes that were
unique to HHV-6 or CMV infection. But the relative
proportion of certain DNA-protein complexes
appeared to increase in nuclear protein extracts
from infected cells compared to those from their
respective mock-infected controls. These relatively
more abundant complexes included those with Sp1-
or AP-1-type binding. This relative enhancement of
nuclear protein binding is a plausible mechanism to
explain the functional (CAT expression) data
suggesting multiple response regions mediate
CMV-LTR or HHV-6-LTR interactions in human
fetal astrocytes. The pattern of DNA-protein com-
plexes observed with our probe SN and the various
nuclear extract preparations from human fetal
astrocytes is very similar to the pattern observed
by Canonne-Hergaux et al (1995) with nuclear
proteins from astrocytoma cells and the LTR
sequence from HIV-1 strain LAI, the prototype
lymphotropic strain. Canonne-Hergaux et al deter-
mined that most of the astrocytoma nuclear proteins
forming complexes with the LTR sequence within

Figure 11 EMSA using probe SN in the presence of antibodies
speci®c for the Jun or Fos family of transcription factors. Probe
SN was reacted with nuclear protein extracts from HHV-6-
infected astrocytes in the absence (lane 2) or the presence of
speci®c antibodies (lanes 3 ± 5) or non-immune serum (lane 6).
Lane 3 contains antibody reactive with c-Fos p62; lanes 4 and 5
contain broadly reactive antibodies against Fos and Jun proteins,
respectively.
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this region (nt 7354 to 7316) belong to the nuclear
receptor family and the COUP-TF sub-family of
factors. They were unable to demonstrate competi-
tive inhibition of these DNA-protein complexes by
the consensus AP-1 binding motif TGACTCA. We
did detect AP-1 like protein binding to the putative
nuclear receptor-responsive region (nt 7356 to
7316) within the modulatory region of the LTR
using nuclear extracts from mock-infected, HHV-6-
infected, or CMV-infected astrocytes. The differ-
ences in nuclear protein binding may re¯ect cell
type-speci®c differences in LTR-driven transcrip-
tion (Canonne-Hergaux et al, 1995). The nuclear
receptor-responsive element of the LTR, spanning
approximately the 7356 to 7320 sequence, may
have positive or negative effects on LTR activity,
depending on cell type (Ladias, 1994). Moreover,
there may be cell-type speci®c forms of transcrip-
tion factors such as AP-1 (Canonne-Hergaux et al,
1995) or NFkB (Taylor et al, 1994) that in¯uence
LTR expression in astroglial cells. Most studies of
HIV LTR activity in `astroglial' cells have used
growth transformed astroglial tumor cell lines such
as U373MG (Duclos et al, 1989; Koval et al, 1995) or
TH4-7-5 (Brack-Werner et al, 1992). Arguably, these
immortalized astrocytes are more likely to have
different endogenous levels of cellular transcription
factors or regulatory gene expression associated
with immortalized growth, which are different from
non-immortalized astrocytes. Thus non-immorta-
lized astrocyte cultures may exhibit ®ne differences
from immortalized astrocytoma cells in the mole-
cular events and factors that regulate HIV expres-
sion and Herpesvirus-HIV interactions.

Herpesvirus-mediated activation of the HIV LTR
in dually infected (HIV plus HHV-6 or HIV plus
CMV) astrocytes is a plausible mechanism whereby
latent or `restricted' HIV infection in these cells
could be enhanced or activated. Then astrocytes
would function as a reservoir of HIV in the brain
which, when activated, would contribute to in-
creased viral load in the CNS. There is some
controversy over whether transient expression
assays of CMV-mediated trans-activation of the
HIV LTR are predictive of CMV-mediated effects
on HIV infection (Jault et al, 1994; Spector et al,
1994). After evaluating the interactions between
CMV and HIV-1 in several human brain-derived
neoplastic cell lines, Jault et al (1994) proposed
that, in cells wherein both CMV and HIV estab-
lished productive infection, CMV inhibited HIV
replication (Spector et al, 1994). However, CMV-
mediated activation of HIV-1 could occur in neural
cells wherein HIV-1 gene expression is limited; this
is precisely the expected scenario in HIV-infected
astrocytes. In agreement with this, we observed that
both CMV and HHV-6 transiently enhanced HIV
replication in our human fetal astrocyte cultures. In
the context of a neuropathogenetic cascade
mediated by glial and immune cells in the CNS,

even a modest increase in HIV gene products
resulting from direct HHV-6-HIV LTR or CMV-HIV
LTR interactions could accelerate the progression of
HIV-related CNS disease. Thus HHV-6 or CMV can
act through the astrocyte `reservoir' to increase
AIDS neurological morbidity.

Materials and methods

Preparation of human fetal astrocyte cultures
All cultures were prepared from ®rst trimester
human fetal specimens of 46 ± 83 days gestation.
Fetal CNS tissue was obtained from the Human
Embryology Laboratory, University of Washington
(Seattle, WA). Procedures for procurement and use
of this human fetal CNS tissue were approved and
monitored by the University of Miami School of
Medicine's Medical Sciences Subcommittee for the
Protection of Human Subjects. The CNS tissue from
each fetal specimen was processed separately and
independently, as were subsequent cell cultures;
there was no pooling of CNS tissues from distinct
fetal specimens. Highly enriched human fetal
astrocyte cultures were prepared as previously
reported (McCarthy et al, 1995). Brie¯y, CNS tissue
consisting primarily of rhombencephalon and
mesencephalon was transferred to culture medium,
approximately 2 ml per 500 mg tissue. Culture
medium consisted of Dulbecco's Modi®ed Eagle's
Medium (DMEM) plus Ham's F12 medium (F12) in
equal proportions supplemented with 10% (v/v)
fetal bovine serum (DF-FBS). Tissue was mechani-
cally dissociated by repeated trituration (up to six
passages) with a 1 ml serological pipette followed
by a glass Pasteur pipette. The cell suspension was
further diluted in DF-FBS and plated onto poly-L-
lysine (Sigma Chemical, St. Louis, MO)-coated
tissue culture dishes. To avoid ®broblast over-
growth, cultures were adapted to serum-free B16
medium (Brewer and Cotman, 1989) supplemented
with 5 ng/ml basic ®broblast growth factor (FGF-2).
For serial passage, cells were subcultured when
con¯uent, approximately once per week. Infection
or transfection studies were performed with cul-
tures serially passaged between 3 and 6 times.
Cultures were monitored by immuno¯uorescence
assay (IFA) for expression of glial ®brillary acidic
protein (GFAP), a marker for astrocytes, and
®bronectin or prolyl-4-hydroxylase for ®broblast-
type cells (McCarthy et al, 1995).

Viral infection of astrocytes
Human fetal astrocyte cultures were infected with
cell-free preparations of human CMV strain AD169
as previously described (McCarthy et al, 1995).
CMV stocks were grown in human lung ®broblasts
(MRC-5) in DMEM supplemented with 2% (v/v)
FBS. Astrocytes (106 cells) were infected at a
multiplicity of infection (moi) of 0.1 plaque forming
units (p.f.u.) per cell approximately 14 ± 16 h prior
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to transfection with plasmids or at an moi of
1 p.f.u./cell 8 h post transfection. Using either of
these infection conditions, CMV antigen was
present in greater than 80% of astrocytes in the
culture by 48 h post transfection as con®rmed by
IFA for viral structural antigens (McCarthy et al,
1995). In parallel, replicate astrocytes were `mock-
infected' with DMEM-2% FBS. Viral-infected or
mock-infected cultures were maintained in DMEM
supplemented with FBS as previously described
(McCarthy et al, 1995). CMV-infected monolayers
remained intact and viable for 8 ± 10 days.

HHV-6 type A strain GS was grown in the HSB2
human T-lymphoblastoid cell line (He et al, 1996).
HHV-6(GS)-infected HSB2 cells were cultured to a
titer of approximately 10 TCID50/cell by feeding
GS-infected cells with varying proportions of
uninfected HSB2 cells. To infect astrocytes, ap-
proximately 26105 GS-infected HSB2 cells were co-
cultivated with 26106 astrocytes for 12 h starting
8 h post transfection, for an moi of approximately 1
TCID50/astrocyte. In parallel, replicate astrocytes
were `mock-infected' by co-cultivation with an
equal number of uninfected HSB2 cells. After the
12 h co-cultivation interval, all astrocyte mono-
layers were washed multiple times with phosphate-
buffered saline (PBS) to remove all HSB2 cells, then
further incubated in DMEM-2% FBS. HHV-6 anti-
gen was present in 50 ± 70% of cells in the culture
by 48 h post transfection as con®rmed by IFA for
viral antigens (He et al, 1996). HHV-6-infected
monolayers remained intact and viable for 7 ± 9
days.

Recombinant plasmids and transfections
Recombinant plasmids used to assay promoter
function included the HIV-1 LTR, the Rous Sarcoma
Virus (RSV) LTR, or the CMV immediate early (IE)
promoter linked to the CAT or b-galactosidase
reporter genes. These plasmids are designated HIV
LTR-CAT, RSV-CAT, CMV-CAT, LTR-b-gal and
CMV-b-gal respectively. Plasmid LTR-CAT was
the HIV LTR-CAT 7 construct (a gift of Dr. Lung-Ji
Chang, Univ. of Alberta, Canada), which contained
both the 3' untranslated regions (U3) and the repeat
sequences (R) of the LTR. It was derived by ligation
of the 3' LTR sequence from lymphotropic HIV-1
strain NL4-3 with the CAT gene of the pSV2CAT
construct into the pT7T318U vector (Pharmacia
Biotech, Piscataway, NJ). Plasmids RSV-CAT (Ya-
mamoto et al, 1980) and CMV-CAT (McCarthy et al,
1995) have been previously described. Construction
of the mutant LTR-CAT plasmids (Figure 4A) has
been described in detail (Geng et al, 1992; Zhou et
al, 1994). Brie¯y, the 729LTR has a deletion of all
regulatory elements on the LTR excepting the TATA
box and TAR regions. The 757LTR contains one
Sp1 site and the TATA box. The 7147LTR contains
the NFkB sites, the Sp1 sites, the TATA box, and the
TAR region, but the negative regulatory element

(NEG) is deleted. Additional mutant plasmids
include one deleted of all Sp1 sites (dlSp1 LTR)
and one with mutations at both NFkB sites (mutant
NFkB LTR) that eliminate trans-activation of the
HIV LTR by NFkB protein (Mosca et al, 1987).
Mutant LTR-CAT constructs were always assayed in
parallel with the intact LTR-CAT construct. A
recombinant plasmid containing the HIV-1 tat gene
under the control of the Rous Sarcoma Virus
promoter (RSV-tat) was constructed by replacing
the CAT gene in the RSV-CAT construct (Yamamoto
et al, 1980) with the SalI ± KpnI fragment of HIV-1
(Jung and Wood, 1991). This plasmid was co-
transfected into astrocytes with LTR-CAT to deter-
mine the effect of tat on LTR activity in the
astrocytes. To verify the function of the RSV
promoter itself in human fetal astrocytes, the
activity of the RSV promoter in transfected astro-
cytes was compared to that of the HIV LTR and the
CMV IE promoters as determined by CAT expres-
sion directed by these promoters. Basal CAT
expression driven by HIV LTR and RSV promoters
(HIV LTR-CAT and RSV-CAT constructs respec-
tively) was equivalent, and approximately ®vefold
less than CAT expression driven by the CMV IE
promoter (CMV-CAT construct) in parallel cultures
of transfected human fetal astrocytes (data not
shown). The CAT gene in LTR-CAT was replaced
by the b-galactosidase gene to generate the plasmid
LTR-bgal. b-galactosidase expression in transfected
cells was determined by IFA or enzyme assay.
Approximately 2 ± 3% of astrocytes expressed
detectable antigen 72 h after transfection with the
LTR-b-gal plasmid under transient gene expression
conditions described below (data not shown).
Plasmid CMV-CAT was constructed by replacing
the LTR of the LTR-CAT construct with the CMV IE
promoter (kindly provided by Dr Lung-Ji Chang,
University of Alberta, Alberta, Canada). The CAT
gene in CMV-CAT was replaced by the b-galactosi-
dase gene to generate the plasmid CMV-bgal. CMV-
CAT expression was assayed as an external positive
control for variability among astrocyte cultures in
transient gene expression assay ef®ciency. CMV-b-
gal expression was assayed as an internal control for
transfection ef®ciency.

Plasmid DNA was transfected into cells using
cationic liposomes (Lipofectamine, GIBCO BRL,
Gaithersburg, MD) mixed with 6 mg total plasmid
DNA per 106 cells in multi-well plates. In co-
transfections, 2 mg LTR-CAT plus 4 mg RSV-tat
plasmids were mixed together with cationic lipo-
somes. This combination gave maximal tat-acti-
vated LTR-CAT expression in all astrocyte cultures.
Comparison and control cultures were transfected
with 4 mg carrier plasmid (pBR322) DNA plus 2 mg
LTR-CAT DNA per 106 cells to maintain a constant
total amount (6 mg) of transfected DNA in all LTR-
transfected cultures. DNA-liposome mixtures were
incubated with cultures for 8 h in serum-free
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DMEM, then cultures were washed and maintained
in DMEM-FBS. Transient LTR activity in trans-
fected human fetal astrocytes was detectable as
early as 24 h post transfection, with maximal
activity measured 48 ± 72 h post transfection, fol-
lowed by a decline in activity by 96 h post
transfection (data not shown). Thus, transfected
cultures were harvested 72 h after transfection for
reporter gene assays as previously described
(McCarthy et al, 1995). The time course of transient
LTR expression was not changed by concurrent
CMV or HHV-6 infection or by co-transfection of the
RSV-tat plasmid (data not shown). Lysate protein
prepared from harvested cultures was quantitated
by the BCA protein assay (Pierce, Rockford, IL)
using bovine serum albumin as a standard. LTR-
CAT expression was quantitated as pg CAT protein
per 5 mg lysate protein determined with a commer-
cial ELISA assay (Boehringer Mannheim, Indiana-
polis, IN) which measures CAT protein rather than
CAT enzyme activity. This method had been found
comparable in ef®ciency and sensitivity to the CAT
enzyme assay (McCarthy et al, 1995). Basal LTR-
CAT expression is de®ned as LTR-CAT expression
in untreated astrocytes (Figure 2B) or in mock-
infected astrocytes in the absence of HHV-6 or CMV
co-infection or RSV-tat plasmid co-transfection.

To study the effect of HHV-6 or CMV on
replication of HIV-1 in astrocytes, the proviral
DNA clone of HIV-1 lymphotropic strain NL4-3
(Adachi et al, 1986) was transfected into astrocytes
either before or after CMV(AD169) or HHV-6(GS)
infection of astrocytes as described above for the
LTR constructs. Astrocytes were transfected with
cationic liposomes and 1 mg proviral DNA per 3 ±
46105 cells. Transfected or mock-transfected cul-
ture supernatants were collected every 48 h with
change of culture medium for measurement of
soluble p24 production by ELISA (Immunotech
Inc, Westbrook, ME, USA). The pNL4-3 clone was
obtained from the NIH AIDS Reference and Reagent
Program (Rockville, MD, USA).

Preparation of nuclear extracts and electrophoretic
mobility shift assays (EMSA)
Astrocytes were cultured in 225 cm2 ¯asks to
con¯uence. A total of 26108 cells were harvested
for each nuclear extract preparation. Astrocytes were
mock-infected, HHV-6-infected, or CMV-infected in
parallel as described above and then harvested at
72 h post infection. Nuclear extracts were prepared
by a modi®cation of the method of Dignam et al
(1983). Monolayers were harvested by scraping cells
into ice cold PBS and parallel cultures were normal-
ized to obtain equal numbers of cells for nuclear
extract preparations. All subsequent steps were
carried out at 48C. After initial centrifugation, cells
were resuspended in 3 ml low salt buffer (10 mM
HEPES pH 7.9, 1.5 mM MgCl2, 0.5 mM DTT, 10 mM
KCl) per 26108 cells and allowed to stand for 20 min

at 48C; then NP-40 was added to a ®nal concentration
of 0.8% (v/v). The homogenate was monitored
microscopically to con®rm cell lysis and release of
intact nuclei. Cell debris was then removed from the
lysate by low speed centrifugation. Nuclei were then
pelleted from the lysate by high speed centrifuga-
tion, and the nuclear pellet was suspended into 1 ml
of high salt buffer (20 mM HEPES pH 7.9, 25%
glycerol (v/v), 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM
EDTA, 0.5 mM DTT, 0.5 mM PMSF) per 26108 cells.
After 30 min incubation at 08C, the nuclear lysate
was centrifuged for 30 min at high speed. The
supernatant was collected and designated as nuclear
extract, dialyzed overnight at 48C against 300 ml of
dialysate buffer (20 mM HEPES pH 7.9, 20 mM KCl,
1 mM MgCl2, 2 mM DTT, 17% glycerol). The nuclear
extract was recovered from dialysis tubing and NP40
was added to a ®nal concentration of 1% (v/v).
Nuclear extract protein concentration was quanti-
tated by the BCA protein assay (Pierce, Rockford, IL).

Three DNA oligonucleotide probes were con-
structed for EMSA of astrocyte nuclear protein
binding to the LTR (Figure 7). Nucleotide sequences
used were those reported for the complete genome
of HIV-1 strain NL4-3 (GenBank Accession
M19921). Probes I and II were puri®ed from
restriction enzyme digests of the U3 region of the
LTR-CAT 7 plasmid. Probe I (nt 7158 to +5) is the
AvaI-BglII LTR fragment; it contains both core and
enhancer regions of the LTR. Probe II (nt 7340 to
7159) is the EcoRV ± AvaI LTR fragment; it con-
tains the upstream modulatory regions of the LTR.
Probes I and II were labeled with [a-32P]ATP and
Klenow enzyme. Probe SN (nt 7354 to 7316) was
synthesized as two complementary DNA single
strands on an automated nucleotide synthesizer
(Model 394, Applied Biosystems, Perkin Elmer,
Foster City, CA). The single strands were mixed,
heated to 958C, and re-annealed overnight prior to
radiolabeling with a-32P-CTP and Klenow enzyme.

Protein-DNA binding reactions were performed
with 5 ± 10 mg nuclear protein extracts and 30 000 ±
50 000 c.p.m. 32P end-labeled probe in a binding
buffer containing 10 mM Tris pH 7.5, 50 mM NaCl,
2 mM MgCl2, 1 mM DTT, 1 mM EDTA, 5% (v/v)
glycerol (all from Sigma Chemicals, St. Louis, MO),
and 0.1 ± 0.5 mg poly(dI-dC) (Pharmacia Biotech,
Piscataway, NJ). Mixtures were incubated for
30 min at room temperature, then sucrose was
added to a ®nal concentration of 4% (v/v). The
reaction mixtures were analyzed by non-denaturing
gel electrophoresis on 5% acrylamide gels in
0.256Tris-borate-EDTA buffer, pH 8.0. Following
electrophoresis the gels were dried and the protein-
DNA complexes visualized by autoradiography. For
competition binding assays, double-stranded oligo-
nucleotides containing consensus NFkB-, Sp1, or
AP-1 binding motifs were obtained from Promega
(Madison, WI). For binding inhibition assays, 3 mg
antibodies directed against c-Jun p39 proteins or
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against c-Fos p62 proteins (Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA) were mixed with nuclear
proteins for 30 min at 48C prior to addition of
radiolabeled probes. These antibodies included a
polyclonal rabbit antibody broadly reactive with c-
Jun, Jun B and Jun D p39 proteins, a mouse
monoclonal antibody broadly reactive with c-Fos,
Fos B, Fra-1, and Fra-2 proteins, and a polyclonal
rabbit antibody reactive only with c-Fos p62 protein.
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