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Human immunodeficiency virus (HIV) infection of the central nervous system
(CNS) affects primarily microglial cells and astrocytes. Infection of these latter
cells occurs independently of CD4 and is characterised by preferential
accumulation of 2 Kb mRNA, encoding mostly Nef, and by low levels of 4.5
and 9 Kb RNAs. We have investigated the potential role of chronic HIV
infection of human astrocytic cells on the expression of pro-inflammatory
cytokines, chemokines and their receptors by comparing the infected TH4-7-5
with its parental uninfected 85HG66 cell lines. Upregulated levels of tumour
necrosis factor-« (TNF-«) and of certain chemokines, namely interleukin-8 (IL-
8) and regulated upon activation normal T cell expressed and secreted
(RANTES), were observed in the infected versus uninfected cells, whereas
monocyte chemotactic protein-1 (MCP-1) was comparably expressed in both
cell lines. This pattern of expression was confirmed in primary foetal astrocytes
transiently transfected with HIV. In addition, CXCR1, CXCR2 and CCR2b,
receptors for IL-8 and MCP-1, respectively, were also found to be upregulated in
TH4-7-5 versus 85HG66. CXCR4, the receptor of stromal cell derived factor-1
(SDF-1) and co-receptor for syncytium inducing HIVs, was comparably
expressed in infected and uninfected astrocytic cells, whereas CCR5 was not
detected in either cell line. Furthermore, treatment of TH4-7-5 cells with TNF-«
or IL-1f stimulated RNA and protein secretion of IL-8, MCP-1, and RANTES as
well as HIV expression. Thus, our findings suggest that HIV infection of
astrocytic cells can contribute to the establishment of a chronic inflammatory
state in the CNS, eventually resulting in HIV encephalitis, by increasing the
secretion of pro-inflammatory cytokines, such as TNF-z and several
chemokines. Overexpression of chemokine receptors including CCR2b, CXCR1
and CXCR2 in infected astrocytic cells may contribute to HIV-induced damage
of the CNS via autocrine/paracrine activation of astrocytes. Journal of
NeuroVirology (2000) 6, 75 —83.
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Human immunodeficiency virus (HIV) replication
in the central nervous system (CNS) is sustained
primarily by infection of resident macrophages
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(microglia) and of astrocytes (reviewed in Bell,
1999; Brack-Werner, 1999). Unlike microglia, HIV
infects astrocytes in a CD4-independent manner
(Chesebro et al, 1990; Kunsch et al, 1989). Astrocyte
infection is characterised by low level of production
of infectious progeny virions coupled with sus-
tained expression of the nef gene product (Brack-
Werner et al, 1992; Kleinschmidt et al, 1994; Saito
et al, 1994; Tornatore et al, 1994b). This pattern
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appears to be mostly determined by an impaired
function of the viral protein Rev in these cells
(Neumann et al, 1995; Ludwig et al, 1999).

Amongst other host factors, cytokines are well
known modulators of HIV production: tumour
necrosis factor-o (TNF-o) and interleukin-1p (IL-
14) induce HIV expression both in CD4* T
lymphocytes and macrophages (reviewed in
Vicenzi et al, 1997) as well as astrocytes (Tornatore
et al, 1991; 1994a). On the other hand, HIV virions
and/or gp120 Env can upregulate the secretion of
several cytokines, including TNF-¢, IL-1f, IL-6 and
transforming growth factor-f (TGF-f) in both
monocyte-derived macrophages (MDM) (Vicenzi et
al, 1997) and astrocytic cells (da Cunha et al, 1995;
Koka et al, 1995; Yeung et al, 1995). These
cytokines have been shown capable of acting as
autocrine/paracrine modulators of virus expression
in infected cells (Poli and Fauci, 1995).

Chemokines, chemotactic cytokines, have re-
cently gained attention as potent inhibitors of in
vitro HIV infection as a consequence of their
capacity to bind to and block cell surface molecules
which, together with CD4, serve as receptors for HIV
entry (reviewed in Littman, 1998). In particular, the
CC chemokines regulated upon activation normal T
cell expressed and secreted (RANTES), macrophage
inflammatory protein-1a (MIP-1a), and MIP-1f bind
to CCR5 and inhibit infection of macrophage-tropic
non-syncytium inducing strains of HIV in several
cellular model systems (Cocchi et al, 1995; Littman,
1998), including primary human macrophage/
microglial cells, but not astrocytes (He et al, 1997).

Among others investigated, the CC chemokine
monocyte chemotactic protein-1 (MCP-1) was
found elevated in the cerebrospinal fluid (CSF) of
AIDS patients with either cytomegalovirus ence-
phalitis (Bernasconi et al, 1996) or with AIDS
dementia (Kelder et al, 1998; Conant et al, 1998)
or HIV encephalitis (Cinque et al, 1998).

Of interest, astrocytes have been shown to
express several chemokines, both constitutively or
upon cytokine stimulation, including MCP-1 (Weiss
et al, 1998; Palma et al, 1997; Barna et al, 1994;
Desbaillets et al, 1994; Hurwitz et al, 1995; Liu et al,
1996; Kasahara et al, 1991; Hayashi et al, 1995;
Peterson et al, 1997), and IL-8 (Aloisi et al, 1992;
Van Meir et al, 1992; Kasahara et al, 1991). Other
chemokines (RANTES, MIP-1o¢ and MIP-1f) were
expressed exclusively after cytokine stimulation
(Miyamoto and Kim, 1999; Hayashi et al, 1995;
Peterson et al, 1997; Barnes et al, 1996). In addition,
MCP-1 synthesis and release was recently demon-
strated to be inducible by HIV replication or
stimulation with exogenous Tat in both human
foetal astrocytes (Conant et al, 1998) and MDM
(Cinque et al, 1998; Mengozzi et al, 1999). In a blood
brain barrier tissue culture system constituted by
human endothelial cells and autologous astrocytes,
exogenous MCP-1 induced the transmigration of
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monocytes and activated T lymphocytes in a dose-
dependent manner (Weiss et al, 1998). In this model
system TNF-¢, IL-1 or TGF-f further induced MCP-
1 production and consequently migration of mono-
cytes and T cells (Weiss et al, 1998). Human
astrocytic cells have also been shown to express
several chemokine receptors, including CXCR2,
CXCR4, CCR1, and CCR5 (reviewed in Hesselgesser
and Horuk, 1999).

One of the obstacles in studying the influence of
HIV infection on cellular functions in human
astrocytic cell cultures is that only a minority
(<5%) of cells are infected (Brack-Werner et al,
1992; He et al, 1997). In addition, detection of HIV-
mediated changes in primary foetal astrocytes may
be further hampered by constitutive expression of
some cytokines or chemokines (Conant et al, 1998).
Therefore, in the present study, we used the well-
characterised TH4-7-5 chronically HIV-1 infected
astrocytoma cell line consisting of >95% HIV
infected cells and its parental uninfected cell line
85HG66 (Brack-Werner et al, 1992; Neumann et al,
1995) to investigate the potential effects of persis-
tent HIV infection on the expression of cytokines,
chemokines and chemokine receptors. Our results
demonstrate upregulation of several molecules in
the infected versus uninfected astrocytic cells,
which was further enhanced by cell stimulation
with TNF-o or IL-18.

Enhanced expression of cytokines,
chemokines, and chemokine receptors in
chronically HIV-1 infected astrocytoma cells

The chronically HIV-infected human astrocytoma
cell line TH4-7-5 was established by multiple rounds
of cell cloning following acute infection of parental
85HG66 astrocytoma cells with the CXCR4-depen-
dent HIV-1,,.ms strain (Brack-Werner et al, 1992).
Total RNA from 2-5 x 10° cells was extracted by the
RNA-zol method (Duotech s.r.l.,, Milan, Italy) from
both uninfected and HIV-infected cell lines. One ug
of RNA was reverse transcribed according to
published procedures (Biswas et al, 1998). PCR
amplification was performed under the following
conditions: 30 s denaturation at 94°C, 45 s annealing
at 60°C, and 60 s extension at 72°C. The mRNA for
the cellular enzyme glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was monitored as an
internal control to allow comparison of transcript
levels between different samples (Biswas et al, 1998).
The primers used are listed in Table 1. PCR products
were analysed by electrophoresis in 2% agarose gel
and visualised by ethidium bromide staining.
Uninfected astrocytic 85HG66 cells showed ex-
pression of TGF-$, MCP-1 and IL-8 mRNAs, whereas
mRNAs for TNF-ga, IL-1, MIP-10, MIP-1$, RANTES
or SDF-1 were not detected (Figure 1). Among
chemokine receptors, expression of CXCR4 but not



HIV upregulates chemokines and receptors in astrocytes

M Cota et al
77
Table 1 Nucleotide primers in coupled RT—-PCR detection
Product

Primer Sequence size

TNF-o Sense AGG CAG TCA GAT CAT CTT CTC G 302
Antisense TCT TGA TGG CAG AGA GGA GG

TGF- Sense CTG CGG ATC TCT GTG TCA TT 246
Antisense CTC AGA GTG TTG CTA TGG TG

IL-1p Sense CTT CAT CTT TGA AGA AGA ACC TAT CTT CTT 331
Antisense AAT TTT TGG GAT CTA CAC TCT CCA GCT GTA

IL-8 Sense GATTTCTGCAGCTCTGTGTG 191
Antisense CAGAGCTCTCTTCCATCAG

MCP-1 Sense CAA TAG GAA GAT CTC AGT GC 188
Antisense GTG TTC AAG TCT TCG GAG TT

RANTES Sense TGC CTC CCA TAT TCC TCG G 211
Antisense CTA GCT CAT CTC CAA AGA

MIP-1« Sense GTC TGT GCT GAT CCC AGT GA 346
Antisense TTG TCA CCA GAC GCG GTG TG

MIP-1p Sense GTC TGT GCT GAT CCC AGT GA 258
Antisense GGA CAC TTA TCC TTT GGC TA

SDF-1 Sense ACG AAT TCG CGC CAT GAA CGC CAA GGT CGT 451
Antisense CAG GAT CCT GCA AAC CTC AGG CCC GAT C

CCR2b Sense AAC ATG CTG TCC ACA TCT CGT TCT 1100
Antisense CGT TTA TAA ACC AGC CGA GAC TTC

CCR5 Sense CTC GGA TCC GGT GGA ACA AGA TGG ATT AT 1100
Antisense CTC GTC GAC ATG TGC ACA ACT CTG ACT G

CXCR1 Sense GAG GTT GTG TGT GGA AGG TG 476
Antisense AGG TTG ATG TTT TGG CAG TG

CXCR2 Sense GCT CTA GAG CTG GGC AAC AAT ACA GCA AACT 493
Antisense CCA TCG ATG GGC ACT TAG GCA GGA GGT CTT A

CXCR4 Sense GCC AAC GTC AGT GAG GCA GAT G 209
Antisense GAG GAT GAC TGT GGT CTT GAG G

GAPDH Sense CCA TGG AGA AGG CTG GGG 195
Antisense CAA AGT TGT CAT GGA TGA CC

Cytokines

85HG66 TH4-7-5 C

Tor-p I I
r-o [N 3
w-1p [

SDF-1

Chemokine
Receptors

Chemokines

85HG66 TH4-7-5 C
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IL-8 CCR2b
mrp-1ovp [ I CCR5

raNTES [ CXCR1
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C

Figure 1 Expression of cytokines, chemokines and chemokine receptors in astrocytoma cell lines. Total RNA was extracted from
parental uninfected 85HG66 and HIV-infected TH4-7-5 cell lines. The indicated cytokines, chemokines and chemokine receptors were
analysed by RT—PCR (lane C indicates a positive control for each PCR reaction).

of CCR5, CCR2b, CXCR1 or CXCR2 was observed in
85HG66 cells (Figure 1). Chronically infected TH4-
7-5 cells revealed upregulated expression of TNF-o,
IL-8 and RANTES, whereas TGF- and MCP-1 RNA
levels were comparable in both cell lines. Of

interest, mRNA expression of both CXCR1 and
CXCR2, receptors for IL-8, and of CCR2b, the MCP-
1 receptor, was consistently observed in the
infected, but not in the uninfected cell line, whereas
CXCR4 was detected at similar levels in both cell
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lines (Figure 1). No evidence of expression was
obtained for IL-14, MIP-10, MIP-1/3, SDF-1 and CCR5
mRNAs in either cell line (Figure 1).

Cytokine and chemokine secretion in infected
versus uninfected astrocytic and fibroblastoid
cell lines

The synthesis and release of some cytokines and
chemokines in infected and uninfected cell lines
was further investigated. Culture supernatants and
cell lysates, prepared by three consecutive freeze-
thaw cycles were tested by ELISA (Laboserve/
BioSource, Giessen, Germany; and R&D Systems,
Wiesbaden, Germany) (Bernasconi et al, 1996;
Cinque et al, 1998). In agreement with the RT—
PCR results, IL-8 and RANTES were found
upregulated in infected versus uninfected cells,
whereas MCP-1 and TGF-f were comparably
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secreted by both cell lines (Figure 2A). TNF-«, IL-
1, and MIP-18 were undetectable in all tested
culture supernatants (not shown). For comparison,
cytokine and chemokine secretion was also
analysed in a chronically HIV-1 infected fibro-
blastoid cell line and its uninfected parental cells
(LC5-HIV and LC5, respectively) (Mellert et al,
1990). The pattern of secretion for RANTES and
TGF-p was the same observed for astrocytic cells,
whereas MCP-1 was found decreased in infected
versus uninfected fibroblastoid cell lines, and IL-8
was barely detectable in both infected and
uninfected cells (Figure 2A). Thus, upregulated
expression of RANTES seems to be a common
feature of HIV infected cells belonging to different
lineages. No evidence of a cytoplasmic compart-
mentalisation was observed by measuring the
cell-associated concentrations of TGF-f, IL-8 and

MCP-1 after repeated freeze-thaw cycles (not
shown).
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Cytokine and chemokine secretion by primary
foetal astrocytes transfected with or without
HIV-1 proviral DNA

Primary foetal astrocytes were prepared from two
different human embryonic brains according to
published procedures (Aloisi et al, 1992). Third
and fourth passage cultures were used for transfec-
tion experiments. Eighty to ninety per cent of the
cells were positive for GFAP (glial fibrillary acidic
protein) by immunohistochemical staining with a
rabbit anti-cow GFAP antibody (DAKO, Germany)
and Cy3-labelled goat anti-rabbit IgG as detection
antibody (DIANOVA, Germany). Cells were resus-
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pended in minimal essential medium containing D-
valine (Life Technologies, Germany) and seeded
onto poly-L-lysine coated culture dishes at a density
of 0.8 x 10° cells/well (24-well plate) or 4 x 10° cells/
well (6-well plate). Twenty-four hours later cells
were transfected with the molecular HIV-1 clone
HXB2 (pHXB2, Hahn et al, 1984, 0.625 ug/10° cells)
and with a plasmid directing expression of the
green fluorescent protein (GFP) (pFred143, Stauber
et al, 1998, 0.125 ug/10° cells), or with pFred143
alone as control, by calcium phosphate coprecipita-
tion using a commercially available kit (CellPhect,
Pharmacia, Germany). Expression of GFP was
analysed microscopically and by FACS at different
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Figure 2 Effect of HIV infection on synthesis and release of MCP-1, IL-8, RANTES and TGF-§ by astrocytic cells. (a) Chronically HIV-
1 infected astrocytoma cells. Proteins were measured by ELISA in culture supernatants of uninfected (85HG66) and HIV-infected (TH4-
7-5) astrocytoma and fibroblastoid cell lines (LC5/LC5-HIV) 5 days after seeding. Bars represents mean values of three parallel cultures;
concentration values were normalised to 10° cells. (b) HIV-1 transfected human primary foetal astrocytes. Proteins were measured by
ELISA in culture supernatants of mock-transfected (pFred143) and HIV-transfected (pHXB2/pFred143) primary astrocytes. Bars
represent mean values of three independent transfection experiments (MCP-1, IL-8) or different time points of one experiment (TGF-f,
RANTES). Each experiment was performed with at least duplicate cultures.
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time points (24, 48, 72, 144 h) after transfection.
Typically, 10-20% of transfected cells were
positive for GFP fluorescence. Culture supernatants
were tested in parallel for cytokine and HIV-p24
content by ELISA. HIV-transfected primary foetal
astrocytes showed increased levels of IL-8 and
RANTES, whereas secretion of MCP-1 and TGF-f
was similar with and without HIV (Figure 2B). This
pattern agrees with the results obtained with
chronically HIV-1 infected astrocytoma cell line
TH4-7-5 and its uninfected parental cell line
85HG66 (Figure 2A).

Cytokine-mediated modulation of chemokines
and HIV expression in TH4-7-5 versus 85HG66
astrocytoma cells

85HG66 and TH4-7-5 cells were cultivated in 24-
well plastic plates (Falcon, Becton-Dickinson Lab-
ware, Lincoln Park, NJ, USA) (3 x 10° cells/well in
2 ml) either unstimulated or stimulated with
phorbol-12, myristate-13, acetate (PMA, 107 M;

Sigma Chemical Corp., St. Louis, MS, USA) or
individual cytokines including TNF-o (1 ng/ml),
TGF-$ (2 ng/ml), and IL1-f (2 ng/ml)(R&D Abing-
don, UK). Cells were harvested 4 h after stimula-
tion, pelleted and stored at —80°C for assessment of
mRNA expression by RT—PCR. In parallel, culture
supernatants were collected 24 h after stimulation
and stored at —20°C for analysis of secreted
proteins. PCR conditions were optimised to achieve
linearity between the input cDNA and either the
chemokine or GAPDH amplification products,
respectively, as described (Graziosi et al, 1996).
Cell culture supernatants from a parallel culture of
TH4-7-5 were harvested 6 days after cytokine
stimulation in order to measure HIV production
by Mg*-dependent reverse transcriptase (RT) activ-
ity, as previously described (Biswas et al, 1998).
Increased IL-8 mRNA and protein expression was
observed after stimulation of both infected and
uninfected astrocytic cells with TNF-«, IL1-f, or
PMA (Figure 3). TNF-o and IL1-f strongly upregu-
lated MCP-1 RNA and protein in infected TH4-7-5
cells, but to much lower levels in their uninfected
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Figure 3 MCP-1, IL-8 and RANTES mRNA expression and protein secretion in cytokine stimulated astrocytoma cells. Uninfected
(85HG66) and HIV infected (TH4-7-5) astrocytoma cells were stimulated with the compounds indicated at the bottom. Chemokine
mRNA expression was analysed by RT —PCR 4h after stimulation; analogous patterns were observed in cells stimulated for 24 h (not
shown). Chemokines were measured by ELISA in culture supernatants 24 h after stimulation.
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counterpart. A modest increase in the RNA levels of
RANTES was also observed in both the infected and
uninfected cells stimulated with TNF-o and IL1-8,
whereas RANTES protein was upregulated only in
infected, but not in the uninfected cells (Figure 3).
The reasons for this discrepancy between RNA and
protein levels of RANTES are unclear, but they may
be explained in part with the higher sensitivity of
PCR versus ELISA assays. However, we cannot rule
out that either a translational block or storage of
RANTES in cytoplasmic granules may occur
(Wagner et al, 1998). A very similar pattern of
expression of MCP-1, IL-8 and RANTES has been
reported by Oh et al (1999) in two different
uninfected astrocytic cell lines and in primary
human adult astrocytes stimulated with lipopoly-
saccharide or cytokines. Finally, TNF-o, IL-1§ and
PMA also induced low levels of HIV expression in
TH4-7-5 cells (Figure 4) indicating convergence, but
also selectivity of these cytokines in their effects on
virus versus cytokine and chemokine expression.

In summary, we have observed upregulated
expression of TNF-x, of both CC (RANTES) and
CXC (IL-8) chemokines and of chemokine receptors
(CXCR1, CXCR2 and CCR2b) in chronically infected
TH4-7-5 astrocytoma cells in comparison with the
uninfected parental cell line. Upregulated secretion
of RANTES and IL-8 was confirmed in primary
foetal astrocytes transfected with HIV-1 proviral
DNA. Upregulation of these chemokines may
contribute to recruiting immune cells, such as
monocytes and T lymphocytes from the blood
stream to the brain, and may also locally attract
microglial cells. Activated T lymphocytes and
monocytes secrete pro-inflammatory cytokines like
TNF-a and IL-1f, which may increase chemokine
and virus production by astrocytes and thus
contribute to viral spreading within the brain. In
support of this hypothesis, we have previously
demonstrated that chronically HIV-1-infected astro-
cytic cells may initiate productive infection of
monocytic cells during experiments of in vitro
cocultivation (Brack-Werner et al, 1992; Neumann
et al, 1995).

Finally, we have provided evidence that HIV
infection of astrocytoma cells induces the expres-
sion of receptors for IL-8 (CXCR1 and CXCR2) and
for MCP-1 (CCR2b), chemokines which are both
expressed by the same cells. Thus, autocrine/
paracrine pathways of chemokine-mediated activa-
tion of astrocytes may play a role in the pathogen-
esis of HIV encephalitis and, at a clinical level, of
the AIDS dementia complex. In this regard, we and
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Figure 4 HIV expression in cytokine stimulated TH4-7-5
astrocytoma cells. Cytokine-stimulated cell culture supernatants
were harvested 6 days after stimulation and tested for HIV RT
activity. These results are representative of three independent
experiments.

others have reported increased levels of MCP-1 in
the CSF of AIDS patients either with HIV-encepha-
litis (Cinque et al, 1998), or AIDS dementia (Conant
et al, 1998).

In conclusion, our findings support a general
model, whereby HIV-induced activation of astro-
cytes leads to secretion of cytokines, chemokines as
well as expression of chemokine receptors, ulti-
mately contributing to the establishment and
maintenance of inflammation in the infected brain.
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