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Abstract

New evidence indicates that astrocytes of the central nervous system (CNS) are extensively infected with human
immunodeficiency virus type 1 (HIV-1) in vivo. Although no new virus is produced, this nonproductive or
restricted infection contributes to the pathogenesis of HIV-associated dementia (HAD) and compromises virus
eradication strategies. The HIV-1 long terminal repeat (LTR) plays a critical role in regulating virus production
from infected cells. Here, we determined whether LTRs derived from CNS and non-CNS compartments are
genetically and functionally distinct and contribute to the restricted nature of astrocyte infection. CNS- and/or
non-CNS-derived LTRs (n = 82) were cloned from primary HIV-1 viruses isolated from autopsy tissues of seven
patients who died with HAD. Phylogenetic analysis showed interpatient and intrapatient clustering of LTR
nucleotide sequences. Functional analysis showed reduced basal transcriptional activity of CNS-derived LTRs in
both astrocytes and T cells compared to that of non-CNS-derived LTRs. However, LTRs were heterogeneous in
their responsiveness to activation by Tat. Therefore, using a relatively large, independent panel of primary HIV-1
LTRs derived from clinically well-characterized subjects, we show that LTRs segregate CNS- from non-CNS-
derived tissues both genetically and functionally. The reduced basal transcriptional activity of LTRs derived
from the CNS may contribute to the restricted HIV-1 infection of astrocytes and latent infection within the CNS.
These findings have significance for understanding the molecular basis of HIV-1 persistence within cellular
reservoirs of the CNS that need to be considered for strategies aimed at eradicating HIV-1.

The human immunodeficiency virus type 1 (HIV-1)
long terminal repeat (LTR) regulates viral transcription

and the expression of the HIV-1 genome.1 The LTR serves as a
convergence point for transcription factors and other ele-
ments of the transcriptional machinery of the host cell, as well
as the virally encoded Tat protein to enhance LTR activity and
the subsequent expression of viral RNA and proteins.2,3 In
addition, the LTR is involved in reverse transcription of the
RNA genome, integration of the provirus into the host cell
genome, and the generation of viral genomes for virus as-
sembly.4,5

The HIV-1 provirus contains two identical LTRs, each
comprising unique 3¢ (U3), the flanking R, and unique 5¢ (U5)
regions at either end.5 The U3 region is further subdivided
into modulatory, enhancer, and core segments according to
transcription factor binding sites that populate the LTR and

their impact on LTR activity and viral gene expression.6 The
core region is principally defined as the TATAA box and the
immediately 5¢ three tandem GC-rich binding sites for Sp
factors.7 The enhancer element is directly upstream of the core
promoter and is primarily defined by the presence of two NF-
jB binding sites.8 The modulatory region is upstream of the
enhancer element and contains binding sites for a range of
transcription factors that have been reviewed elsewhere.3

Several studies have previously described the compart-
mentalization of LTR sequences between different anatomical
sites using phylogenetic analyses.9,10 This suggests that LTRs
may evolve in a tissue-specific manner to reflect the different
transcriptional factors present within their resident cells.
Within T lymphocytes, inducible LTR regulation is predom-
inantly linked to members of the NF-jB transcription factor
family and is dependent on the Sp binding motif.8 Removal of
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NF-jB binding sites severely restricts basal as well as Tat
trans-activated LTR activity in T cells.11 In contrast, LTR ac-
tivity in monocyte/macrophages demonstrated a critical im-
portance of C/EBP factors.12 Although C/EBP proteins are
expressed in a variety of tissues including hepatocytes and
adipocytes, their expression in hematologic cells is primarily
limited to the myeloid lineage. Finally, the Sp transcription
factor family (Sp1, Sp3, Sp4) has also been shown to modulate
LTR activity via the three Sp binding sites in the core region.7

Studies have shown that Sp1 and Sp4 activate the LTR while
Sp3 represses LTR activity.13 Sp family members are differ-
entially expressed throughout the body, which could affect
the activator:repressor ratio and overall LTR activity.14

While previous studies have analyzed LTR activity in the
context of T cells and monocytes/macrophages, little is
known about HIV-1 transcription within astrocytes. We re-
cently showed that astrocyte infection is extensive in vivo,
with proviral DNA detected in up to 20% of GFAP-positive
cells of autopsy brain tissues.15 However, astrocytes undergo
a restricted infection that leads to little or no virus production,
and several blocks to viral replication have been described in
the literature.16,17 Whether HIV-1 transcription of viruses that
reside in the central nervous system (CNS) is regulated dif-
ferently within astrocytes and contributes to their restricted
infection remains unknown. Regardless, HIV-1 infection of
astrocytes results in their dysfunction and subsequent loss
of neuronal support.18 This in turn contributes to the onset of
HIV-associated neurocognitive disorders including HIV-
associated dementia (HAD), which can affect up to 50% of
infected individuals.19 Astrocyte infection also has important
implications for HIV eradication and cure strategies, with
infected cells representing a significant latently infected viral
reservoir within the CNS.20 To better understand viral tran-

scription of CNS-derived LTRs within astrocytes, in this study
we genetically and functionally characterized LTRs derived
from matched CNS- and non-CNS-derived anatomical com-
partments of subjects with HAD.

Primary HIV-1 viruses isolated from autopsy brain and/or
cerebrospinal fluid, spinal cord, lymph node, spleen, or pe-
ripheral blood mononuclear cells (PBMCs) from subjects CB1,
CB3, MACS1, MACS2, MACS3, UK1, and UK7 have been
described in detail previously.21–23 Blast searching, detailed
quasispecies analyses, and viral sequence comparisons to se-
quences derived directly from the autopsy tissues without
culture indicate that the brain/CNS-derived primary isolates
and cloned viral genes are not laboratory contaminants or
derived from contaminating patient blood.21,22,24–26 The clin-
ical characteristics of the subjects and the LTR clones gener-
ated are summarized in Table 1. A 0.6-kb fragment spanning
the KpnI to HindIII restriction sites in the HIV-1 LTR (corre-
sponding to nucleotides 9015 to 9621 in the HXB2 strain) was
amplified from viral cDNA by polymerase chain reaction
(PCR) and cloned into the pGL3-Basic luciferase reporter
vector (Promega, USA). Between five and six LTR clones were
generated for each virus, with a subset being unique clones
(Table 1). The LTRs were sequenced and subjected to multiple
sequence alignments (data not shown) and phylogenetic
analysis (Fig. 1),27 which together showed that the LTRs were
independent and formed distinct clusters according to their
tissue of origin. Thus, we established and characterized a new
panel of HIV-1 LTRs (n = 82) derived from autopsy brain and
other tissues of seven subjects who died from AIDS.

We next analyzed LTR clones for the presence or absence
of transcription factor bindings sites using the web-based
transcription factor binding prediction program, TF search
(http://www.cbrc.jp/research/db/TFSEARCH.html). For these

Table 1. Study Subjects, HIV-1 Isolates, and Summary of Long Terminal Repeat Clones

Subject
Risk

factor

Last CD4
count

(cells/ml) Antiretroviral(s)
HIV-1

encephalitis

Tissues
yielding
HIV-1
isolates

Name of
virus
isolate

LTRs cloned
from virus
isolate (n)

Unique
LTRs
(n)

CB1 MH 10 ddI (prior AZT) Severe Brain CB1-BR 5 2
CSF CB1-CSF 6 3
PBMC CB1-PBMC 6 3

CB3 MH 5 ddI (prior AZT
and ddC)

Severe S.Cord CB3-SC 6 4
CSF CB3-CSF 6 3
PBMC CB3-PBMC 6 3

MACS1 MH 2 None Severe Brain MACS1-BR 6 3
Spleen MACS1-SP 6 4

MACS2 MH 52 AZT Moderate Brain MACS2-BR 6 5
L.Node MACS2-LN 6 4

MACS3 MH 95 None Moderate Brain MACS3-BR 6 6
L.Node MACS3-LN 6 4

UK1 IVDU 87 ddC (1 mo) Moderate Brain UK1-BR 6 2
UK7 IVDU 90 AZT Severe Brain UK7-BR 5 4

The clinical and neuropathological details of the study subjects and the derivation and characterization of the primary tissue-derived HIV-1
isolates have been published previously21,23,26 and are summarized again here to assist in the interpretation of the data derived from the
cloned long terminal repeats (LTRs). LTRs were amplified from primary virus isolates by PCR and cloned into the pGL3-Basic vector to act as
a promoter for the luciferase gene. The LTRs described here have been assigned GenBank accession numbers JX289943 to JX290024. MH, male
homosexual; IVDU, intravenous drug user; mo, month; ddI, didanosine; AZT, zidovudine; ddC, zalcitabine; CSF, cerebrospinal fluid; PBMC,
peripheral blood mononuclear cells; S.Cord, spinal cord; L.Node, lymph node.
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and subsequent experiments, a subset of unique LTR
clones was chosen that represents the predominant sequences
for the respective viral isolates and was limited to subjects
with matched CNS and non-CNS isolates. In silico transcrip-
tion factor motif predictions were performed with a minimum
threshold of 75% homology to consensus sequences for a
variety of transcription factors (AP-1, Ets, GATA, C/EBP,
NFAT, NF-jB, Sp, TATAA, and USF) that have been shown to
be important for HIV-1 transcriptional regulation.3 The out-
put was analyzed against the HXB2 LTR and the numbering is
relative to the start site of transcription in HXB2. Schematic
diagrams of these alignments are presented in Fig. 2. The
nucleotide sequence in the core/basal promoter and enhancer
regions of patient LTR sequences showed considerable vari-
ation; however, the presence of predicted transcription factor
binding sites within this region (TATAA box, three Sp-
binding sites, and two NF-jB motif) was conserved across all
isolates. Importantly, transcription factor binding site analy-
ses did not identify a CNS-specific signature sequence that
correlated to a unique promoter configuration associated with
brain infection. However, despite the lack of a CNS-specific

signature sequence, the observed changes and mutations may
affect site affinities and result in a common CNS-specific
transcriptional activity.

Therefore, to determine whether alterations in the LTR se-
quence influence promoter activity, we next performed tran-
scriptional assays in the human fetal astrocyte cell line SVG,
and in Jurkat T cells under basal and Tat-activated conditions,
using the same panel of LTR clones shown in Fig. 2. In these
assays, we observed lower basal and Tat-activated tran-
scription in astrocytes compared to T cells, irrespective of the
origin of the LTR (data not shown). These results likely reflect
differences in the activation states between astrocytes and T
cells and the different transcription factors that are available
within these cells. The basal transcriptional activity of the
individual LTRs in SVG and Jurkat cells is shown in Fig. 2.
When we compared the transcriptional activity of CNS- and
non-CNS-derived LTRs under basal conditions, the CNS-
derived LTRs showed significantly lower basal transcription
compared to non-CNS-derived LTRs in both astrocytes and T
cells (Fig. 3). Under Tat-activated conditions, CNS-derived
LTRs showed greater activation than non-CNS-derived LTRs

FIG. 1. Phylogenetic analysis of long terminal repeat (LTR) nucleotide sequences. The phylogenetic tree, shown in radial
representation, was constructed from an LTR nucleotide multiple sequence alignment, as described previously.27 Briefly, the
phylogenetic analysis was performed using the neighbor-joining algorithm of MEGA 4 (MEGA Software, Tempe AZ), with a
transition/transversion ratio of 2.0, empirical base frequencies, and a randomized input order of sequences. A consensus tree
was generated from bootstrapping of 1,000 replicates, which was viewed in FigTree to produce the final figure (http://
tree.bio.ed.ac.uk/software/figtree/). Clone names for central nervous system (CNS)-derived LTRs are shown in black and
non-CNS-derived LTRs are shown in gray. The nucleotide sequences of HIV-1 AD8, YU2, NL4-3, and HXB2 LTRs are shown
in gray and were included for comparison. Numbers associated with each branch are bootstrap values obtained from 1,000
replicates. Only values above 700 for the major branches are shown. Branch lengths are proportional to the amount of
sequence divergence. The scale bar represents 1% genetic distance.
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in astrocytes, but this difference was not observed in T cells
where CNS- and non-CNS-derived LTRs showed equivalent
activation. It is important to recognize that these results are in
the context of activation by Tat derived from the HXB2 strain
of HIV-1, and may not reflect the activation by their cognate
Tat proteins. Further studies analyzing the activation of these
LTRs with titrating amounts of their matching Tat proteins are
required to provide a more complete understanding of the
in vivo function of the Tat/TAR axis within the CNS. How-
ever, we recently showed that Tat proteins derived from CNS-
and non-CNS-derived viruses have similar activity in SVG
cells,24 providing evidence that alterations in the Tat/TAR
axis described here are likely to be at the level of LTR activity.
Together, these results suggest that LTRs derived from the
CNS have altered transcriptional activity that may contribute
to the restricted HIV-1 infection of astrocytes. Furthermore,
these data provide a greater understanding of the nature of
the astrocyte viral reservoir and highlight its consideration in
virus eradication/cure strategies.

In conclusion, using a relatively large, independent panel of
LTRs, we showed that LTR sequences exhibit distinct clus-
tering between CNS and non-CNS tissues. We further show,
for the first time, that these distinct LTRs correlate with
functional differences in their transcriptional activity, with
CNS-derived LTRs having lower basal transcriptional activity.

This was evident in both an astrocyte and a T cell model,
suggesting that CNS-derived LTRs have alterations in their
core promoter that influence basal transcriptional activity.
Analyses of the LTR sequences for the presence or absence of
transcription factor binding sites failed to identify a common
CNS-specific sequence motif responsible for the lower basal
transcriptional activity, suggesting adaption to a common
activity rather than a specific promoter configuration. Thus,
our study provides new insights into the functional activity of
CNS-derived LTRs, and suggests a molecular mechanism
contributing to the restricted infection of astrocytes and
their role as a significant viral reservoir in the CNS. Finally,
we describe and characterize here a new and relatively large
panel of functional LTRs from brain and other tissues, which
will enhance the capacity of investigators to undertake
neuroAIDS research.
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