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As the most numerous cells in the brain, astrocytes play a critical role in maintaining central nervous system
homeostasis, and therefore, infection of astrocytes by human immunodeficiency virus (HIV) or simian immu-
nodeficiency virus (SIV) in vivo could have important consequences for the development of HIV encephalitis.
In this study, we establish that astrocytes are infected in macaques during acute SIV infection (10 days
postinoculation) and during terminal infection when there is evidence of SIV-induced encephalitis. Addition-
ally, with primary adult rhesus macaque astrocytes in vitro, we demonstrate that the macrophage-tropic,
neurovirulent viruses SIV/17E-Br and SIV/17E-Fr replicate efficiently in astrocytes, while the lymphocyte-
tropic, nonneurovirulent virus SIVmac239 open-nef does not establish productive infection. Furthermore, ami-
noxypentane-RANTES abolishes virus replication, suggesting that these SIV strains utilize the chemokine
receptor CCR5 for entry into astrocytes. Importantly, we show that SIV Nef is required for optimal replication
in primary rhesus macaque astrocytes and that normalizing input virus by particle number rather than by
infectivity reveals a disparity between the ability of a Nef-deficient virus and a virus encoding a nonmyristoy-
lated form of Nef to replicate in these central nervous system cells. Since the myristoylated form of Nef has been
implicated in functions such as CD4 and major histocompatibility complex I downregulation, kinase associ-
ation, and enhancement of virion infectivity, these data suggest that an as yet unidentified function of Nef may
exist to facilitate SIV replication in astrocytes that may have important implications for in vivo pathogenesis.

Human immunodeficiency virus (HIV) encephalitis is a de-
bilitating condition occurring in 20 to 30% of untreated HIV-
infected individuals, characterized by the recruitment of mac-
rophages into the central nervous system (CNS), elevated
chemokine and cytokine levels, and the development of inflam-
matory lesions, ultimately resulting in dementia (21, 33, 47).
The majority of HIV strains isolated from the CNS are mac-
rophage-tropic (13, 25). Although perivascular macrophages
and microglia are the predominant cells infected in the CNS
(7), more sensitive detection techniques have revealed infec-
tion of other cell types, such as astrocytes (3, 45, 48, 61).
Astrocytes are the most abundant cells in the brain and provide
structural support for the complex network of neuronal syn-
apses necessary for CNS function. Among numerous other
functions, these glial cells facilitate the uptake of neurotoxic
substances, providing a neuroprotective effect, and they stim-
ulate the formation of tight junctions in endothelial cells to
form the blood-brain barrier (6, 46, 51).

Infection of astrocytes by HIV raises significant concerns
regarding the ability of infected astrocytes to perform normal
functions critical for the maintenance of CNS integrity; the
ability of highly active antiretroviral therapies that do not pen-
etrate the CNS to inhibit astrocyte infection; and hence, the
potential for infected astrocytes to provide a persistent cellular

reservoir for virus replication. Numerous reports have sug-
gested that astrocytes are susceptible to HIV infection in vivo
(48, 53, 62). However, infection appears to be restricted to the
expression of early gene products, as typically only Nef and
Rev proteins are detected by immunohistochemistry (53, 63),
and only rarely are structural proteins such as HIV gp160
detected (48).

Studies of HIV cell tropism in vitro have demonstrated that
human astrocytoma cell lines are susceptible to infection (24,
36, 43, 57). Likewise, these infections are typically restricted to
the production of early gene products, which may involve de-
fective Rev function (42). Other studies have demonstrated
that primary fetal astrocytes are also susceptible to infection by
HIV, but detection of infectious virus typically requires cocul-
ture with susceptible cells or stimulation with cytokines such as
tumor necrosis factor alpha or interleukin-1 beta (5, 9, 15,
28–30, 52, 63, 64). It should be noted, however, that the ma-
jority of in vitro studies of both primary fetal astrocytes and
astrocytoma cell lines examined replication of T-cell-tropic
HIV isolates. Because few macrophage-tropic strains or pri-
mary blood- or brain-derived isolates have been studied, no
consensus has emerged regarding the genotypic or phenotypic
nature of viruses that replicate in astrocytes in vivo or in vitro.

Given the inherent difficulties in studying the development
and progression of CNS disease in HIV-infected individuals
and the limited access to normal human adult primary astro-
cytes, it is essential to establish cohesive in vitro and parallel in
vivo models that closely recapitulate the viral and cellular
processes that lead to encephalitis. Therefore, we examined
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the susceptibility of adult primary macaque astrocytes to pro-
ductive simian immunodeficiency virus (SIV) replication in
vivo and in vitro in the context of a well-characterized SIV-
macaque model of HIV neuropathogenesis.

The SIV model of HIV infection provides the best animal
model with which to study viral pathogenesis resulting in AIDS
and AIDS-related diseases (20, 23, 49). Like HIV, the SIV
model results in immune suppression and AIDS and has been
shown to induce inflammatory and degenerative changes in the
CNS that are very similar to the neuropathology described in
HIV-infected patients (34, 58, 59, 68). Similar to HIV, the SIV
strains that replicate in the CNS are macrophage-tropic, indi-
cating that certain viral genotypes have a distinct replicative
advantage in various tissues and cell types (2, 38, 68). However,
unlike studies in humans infected with HIV, the SIV model
can be used to perform longitudinal analyses of pathogenesis
associated with specific SIV genotypes. To date, no studies
have demonstrated directly that astrocytes are infected with
SIV in vivo; however, Guillemin et al. (27) were able to dem-
onstrate limited in vitro infection of primary rhesus macaque
astrocytes by SIVmac251, a variably neurovirulent virus, which
was unable to replicate to high amounts, and particles were
detectable only after stimulation with cytokines.

An accelerated, consistent SIV-macaque model has been
developed in our laboratory in which macaques dually inocu-
lated with the immunosuppressive swarm SIVDeltaB670 and
the previously characterized, neurovirulent molecular clone
SIV/17E-Fr progress to AIDS, and greater than 90% develop
encephalitis by terminal infection (68), at which time SIV/
17E-Fr is a predominant genotype present in the brain (2).
With this established model, we demonstrate that astrocytes
are infected in vivo during acute and terminal infection, pro-
viding the first direct in vivo evidence that astrocytes are tar-
gets for SIV infection in macaques. In addition, with primary
adult rhesus macaque astrocyte cultures, we demonstrate that
these cells support productive replication of the neurovirulent
virus swarm SIV/17E-Br as well as the macrophage-tropic,
neurovirulent clone SIV/17E-Fr (18, 38), whereas the lympho-
cyte-tropic, nonneurovirulent molecular clone SIVmac239 was
unable to establish productive infection. Furthermore, Nef-
deficient molecular clones derived from SIV/17E-Fr exhibited
a profound defect in replication, demonstrating a requirement
of Nef for optimal replication in astrocytes. Given that Nef is
required for in vivo pathogenesis but not in most in vitro
systems (22, 32), that Nef is required for optimal SIV replica-
tion in primary rhesus macaque astrocytes suggests the exis-
tence of a Nef function that may be important for SIV neuro-
pathogenesis.

MATERIALS AND METHODS

Cloning of SIV molecular clones. SIV/17E-Fr, SIV/17E-Fr�nef, SIV/Fr-2, and
SIV/17E-Fr(�myr) were constructed as previously described (18, 19). SIV/17E-
Fr(�nef) was constructed by mutating the start codon in SIV/17E-Fr nef and
inserting three consecutive stop codons. Briefly, with the QuikChange site-di-
rected mutagenesis kit (Stratagene, La Jolla, Calif.), PCR was performed with
the mutagenesis primers 5�-CCTACAATACGGGTTGATAAATTTCCATAA
GGCGGTC-3� and 5�-GACCGCCTTATGGAAATTTATCAACCCGTATTG
TAGG-3� and the template pLG-3�SIV/17E-Fr-NheI-BlpI. Following mutagen-
esis, the plasmid was digested with NheI and BlpI (New England BioLabs,
Beverly, Mass.), the insert was ligated into full-length SIV/17E-Fr, and the
presence of the mutation was confirmed by DNA sequencing.

Virus stocks. Virus stocks were obtained by transfecting infectious viral plas-
mid DNA [SIV/17E-Fr, SIVmac239 open-nef, SIV/17E-Fr�nef, SIV/17E-
Fr(�nef), SIV/Fr-2, and SIV/17E-Fr(�myr)] into CEMx174 cells [a gift of James
Hoxie, University of Pennsylvania (54)]. Supernatants containing high reverse
transcriptase activity (�70,000 cpm/ml; see below) were filtered through 0.45-�m
filters (Millipore, Bedford, Mass.) to remove cell debris, and virus was pelleted
through 20% sucrose–TNE (40 mM Tris-HCl, 1 mM EDTA, 150 mM NaCl) at
125,000 � g in a Sorvall OTD65B ultracentrifuge with an AH-629 rotor for 2 h
at 4°C and resuspended in Dulbecco’s modified Eagle’s medium supplemented
with 2% fetal bovine serum. Stocks of SIV/17E-Br (a virus swarm) were obtained
by infecting primary rhesus macaque macrophages and harvesting as described
above.

Culture and infection of primary rhesus macaque astrocytes. Primary rhesus
macaque astrocytes (Cambrex, Walkersville, Md.) were grown in astrocyte
growth medium (Cambrex) at 37°C in 5% CO2. Twenty-four hours prior to virus
infection, the medium was changed to Dulbecco’s modified Eagle’s medium
(Invitrogen, Grand Island, N.Y.) containing 10% fetal bovine serum, L-glutamine
(2 mM), sodium pyruvate (2 mM), and gentamicin (50 �g/ml). Immunofluores-
cence analysis of glial cells demonstrated that all cells in the cultures (passages
1 to 8) were positive for expression of glial fibrillary acidic protein (GFAP); at no
time were GFAP-negative cells observed, indicating that the astrocyte cultures
were devoid of contaminating cell types.

Infections of primary rhesus macaque astrocytes were performed in poly-L-
lysine-coated vessels that were prepared as follows: plates were incubated with
0.1 mg of poly-L-lysine (Sigma, St. Louis, Mo.) per ml for 15 min at room
temperature, after which the wells were washed three times with Hanks’ buffered
salt solution (HBSS) (Invitrogen), and the cells were plated. At 60 to 80%
confluency, the astrocytes were incubated for 6 h with SIV that had been nor-
malized by particle number (50 ng of p27) or by 50% tissue culture infectious
dose (TCID50) (multiplicity of infection � 0.1 titered). The p27-to-TCID50 ratio
of the virus stocks used in the Nef mutant comparisons were as follows: SIV/
17E-Fr, 90:1; SIV/Fr-2, 495:1; SIV/17E-Fr(�myr), 127:1; SIV/17E-Fr�nef, 790:1;
and SIV/17E-Fr(�nef), 1,356:1. The TCID50 values were derived from CEMx174
cells, which do not require Nef for replication. After infection, astrocyte cultures
were washed three times with HBSS, and fresh Dulbecco’s modified Eagle’s
medium with 10% fetal bovine serum was added. Cell supernatants were col-
lected approximately every 5 days, the cells were washed once with HBSS, and
fresh medium was added.

SIV p27 and reverse transcriptase assays. Supernatants were assayed for p27
production with the SIV core antigen assay kit (Coulter, Miami, Fla.). Reverse
transcriptase activity was assayed as previously described (11).

LuSIV assay. The LuSIV assay was developed in our laboratory and per-
formed as previously described (50). Briefly, virus (5 ng of p27) derived from
supernatants of astrocytes or macrophages infected with SIV/17E-Br was used to
infect 1.5 � 105 LuSIV cells, which were then incubated for 72 h and assayed for
the presence of luciferase activity with a Labsystems Fluoroscan Ascent FL
luminometer.

Blocking experiments. Prior to infection, astrocytes were incubated for 1 h
with 500 ng of aminoxypentane-RANTES (AOP-RANTES; Gryphon Sciences,
San Francisco, Calif.) per ml. Astrocytes were incubated with SIV/17E-Br or
SIV/17E-Fr normalized by TCID50 (multiplicity of infection � 0.1 titered on
CEMx174 cells). Six hours postinfection, the cells were washed three times with
HBSS, and medium with or without AOP-RANTES was added. Supernatants
were removed every 5 days, and fresh medium with or without 500 ng of AOP-
RANTES per ml was added. Supernatants were assayed for the presence of SIV
p27 as described above.

Quantitation of viral DNA. Astrocytes were infected with SIV/17E-Fr, SIV/
17E-Fr�nef, SIV/17E-Fr(�nef), or SIVmac239 open-nef virus stocks (multiplicity
of infection � 0.1, titered on CEMx174 cells) that had been DNase treated (20
U/ml; Promega, Madison, Wis.) in 10% Dulbecco’s modified Eagle’s medium
containing 10 mM MgCl for 30 min at 37°C to remove exogenous DNA. At 24 h
postinfection, the medium was removed, after which the cells were trypsinized,
pelleted, washed with phosphate-buffered saline, and cellular DNA was extracted
with the DNeasy tissue extraction kit (Qiagen, Valencia, Calif.). Real-time PCR
was performed with 250 ng of total cellular DNA as described previously (67)
with primers and probes specific for the SIV gag gene.

Quantitation of viral RNA. Astrocytes were inoculated with SIV/17E-Fr, SIV/
17E-Fr�nef, SIV/17E-Fr(�nef), or SIVmac239 open-nef normalized by TCID50

(multiplicity of infection � 0.1 on CEMx174cells) for 24 h and washed three
times with HBSS, after which fresh medium was added, and the cells were
allowed to incubate for 7 days before total cellular RNA was isolated with
RNA-STAT 60 (Tel-Test, Friendswood, Tex.). RNA was treated with DNase I
(Promega) for 2 h at 37°C, and RNA was purified with the RNA Clean-Up
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protocol in the RNeasy mini kit (Qiagen). Real-time reverse transcription (RT)-
PCR was performed with 1 �g of total cellular RNA as previously described (67)
with primers and probes specific for the SIV gag gene.

Immunofluorescence analysis. GFAP staining was achieved with clone G-A-5
indocarbocyanine-conjugated monoclonal antiserum (Sigma) diluted 1:250 in
phosphate-buffered saline (Invitrogen) in 2% bovine serum albumin. SIVmac p27
monoclonal antibody (55-2f12) was obtained from Niels Pederson through the
AIDS Research and Reference Reagent Program (AIDS Program, National
Institutes of Health). Cells were grown to 50% confluency on poly-L-lysine-
coated coverslips, after which the astrocyte growth medium was changed to 10%
Dulbecco’s modified Eagle’s medium and the cells were incubated for 24 h. For
GFAP and p27 dual-labeling studies, cells were inoculated with 50,000 cpm of
SIV/17E-Br reverse transcriptase for 6 h, washed as described above, and al-
lowed to incubate for 1 week before immunofluorescence analysis.

For immunofluorescence analysis, cells were fixed for 20 min at �20°C in
ice-cold methanol-acetone (1:1), permeabilized for 10 min at room temperature
with 0.1% Triton X-100 (Sigma), and washed with phosphate-buffered saline.
Samples were blocked for 30 min at room temperature with 2% bovine serum
albumin–phosphate-buffered saline, incubated for 1 h at room temperature with
appropriate antiserum, washed three times with phosphate-buffered saline (5
min/wash), incubated for 1 h at room temperature with secondary antiserum if
appropriate [immunoglobulin G2b-fluorescein isothiocyanate (Roche) for p27
staining] and washed again. For double-labeling experiments, p27 staining was
completed first, and cells were washed and processed for GFAP staining. Ap-
propriate controls, including normal mouse serum, secondary only, and isotype
controls [immunoglobulin G2b- and G1-indocarbocyanine (Dako, Carpinteria,
Calif.)] were used in all experiments.

Transmission electron microscopy. Astrocytes were infected as above with
100,000 cpm of SIV/17E-Fr reverse transcriptase overnight and washed three
times with HBSS, and the cells were allowed to incubate for 14 days. At day 14,
both SIV-infected and mock-infected cells were fixed in 2.5% glutaraldehyde in
Millonig’s sodium phosphate buffer [pH 7.4] for 3 h at 4°C, washed three times
with Millonig’s buffer, and sent to Electron Microscopy Bioservices (Monrovia,
Md.) for ultrathin-section transmission electron microscopy analysis.

Immunohistochemistry. To demonstrate viral gene expression in astrocytes in
vivo, brain sections were obtained from macaques coinoculated with SIV/17E-Fr
and SIV delta B670 during the acute (10 days postinoculation) and late (84 days
postinoculation) stages (68). To determine whether viral proteins were expressed
in astrocytes, brain sections were stained immunohistochemically with polyclonal
antiserum to SIV Nef (19) or monoclonal antiserum to gp41 (obtained from
Karen Kent and Caroline Powell though the AIDS Research and Reference
Reagent Program) and then with polyclonal antiserum to GFAP (Dako). For
Nef-gp41 costaining, incubation with Nef antiserum was performed first, fol-
lowed by incubation with anti-gp41.

RESULTS

Expression of Nef but not gp41 in macaque astrocytes in
vivo. In our accelerated, consistent model of SIV-AIDS and
encephalitis, all infected macaques develop AIDS, and over
90% develop encephalitis by 84 days postinoculation (68). Be-
cause the vast majority of inoculated animals develop CNS
lesions, changes in the brain during acute infection can be
considered preencephalitic. We have previously shown that
SIV establishes infection in the CNS during acute infection. To
determine whether astrocytes are infected at this early time
after infection and to examine the extent of SIV infection of
astrocytes over the course of infection, the brains from animals
euthanatized during acute (10 days postinoculation) and ter-
minal (84 days postinoculation) infection were examined for
expression of viral proteins by immunohistochemistry for SIV
Nef and gp41 proteins; astrocytes were identified by colabeling
with GFAP antibody. During acute infection (10 days postin-
oculation), both gp41 and Nef were detected in occasional
perivascular macrophages. Nef protein expression was clearly
detected in astrocytes of six of six macaques by immunohisto-
chemistry (Table 1 and Fig. 1A), while the late gene product
gp41 was not detected in astrocytes of any of the six macaques

examined. Approximately 10 to 20% of astrocytes expressed
Nef in occasional foci throughout the white matter, whereas in
other areas there were no Nef-expressing astrocytes.

Astrocytes in the brains of 5 of 11 macaques with SIV en-
cephalitis (84 days postinoculation) were positive for SIV Nef
expression by double immunohistochemical staining (Table 1
and Fig. 1B), and Nef expression appeared to be independent
of the severity of encephalitis. gp41 was not detected in astro-
cytes in any of the macaques but was readily detected in mac-
rophages and multinucleated giant cells (Fig. 1C). Astrocytes
expressing Nef were more numerous in the brains of macaques
with SIV encephalitis than in macaques euthanatized at 10
days postinfection, but these cells still constituted a small per-
centage of the astrocyte population. Infected astrocytes were
most common in the subcortical white matter of the frontal
and parietal cortex and in the basal ganglia and thalamus, and
expression was less focal than at 10 days postinfection. To our
knowledge, these data provide the first direct in vivo evidence
of astrocyte infection in SIV-infected macaques. In addition,
we provide evidence that astrocytes are infected during acute
infection and thus may provide a reservoir for virus in the CNS.

Characterization of primary rhesus macaque astrocytes in
vitro. Primary adult rhesus macaque astrocyte cultures were
first examined for purity by expression of the intermediate
filament-associated GFAP, the classical marker for astrocytes,
with immunofluorescence analysis. Astrocyte cultures con-
tained cells with stellate morphology characteristic of in vitro
cultures of simian astrocytes (26) (Fig. 1D), and the cultures
were uniformly positive for GFAP, which localized charac-
teristically to filaments extending throughout the cytoplasm of
the cells (Fig. 1E). Negative isotype controls did not stain
astrocyte cultures, indicating that the observed fluorescence
was specific for GFAP (see Fig. 3C and 3D). GFAP-negative
cells were never detected in the astrocyte cultures at any time
during the course of the study.

SIV infection of primary astrocytes. Given our in vivo data
indicating restricted replication of SIV in astrocytes (limited to

TABLE 1. Expression of SIV Nef and gp41 in astrocytes during
acute and terminal infection

Macaque
no.

Time post-
inoculation

(days)

Severity of
encephalitis

Expression of Nef and gp41
in cells labeled for:

GFAP/Nef GFAP/gp41

MF4C 10 None � �
MV326 10 None � �
MV616 10 None � �
MV672 10 None � �
MV674 10 None � �
MV392 10 None � �
M17834 84 None � �
MV713 84 Mild � �
MV715 84 Mild � �
MV708 84 Moderate � �
M18242 84 Moderate � �
M18031 84 Moderate � �
MV394 84 Moderate � �
MV387 84 Moderate � �
M18292 84 Severe � �
M18033 84 Severe � �
MV389 84 Severe � �
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FIG. 1. (A) Immunohistochemical staining of brain from an SIV-infected macaque euthanatized at 10 days postinoculation, demonstrating
colocalization of GFAP [black, SG substrate (Vector Laboratories, Burlingame, Calif.)] and SIV Nef [brown, 3,3,-diaminobenzidine; Biogenics,
San Ramon, Calif.)] (magnification, 200�). Arrow indicates an astrocyte expressing SIV Nef. (B) Immunohistochemical staining of brain tissue
from a macaque with severe encephalitis (3 months postinfection; magnification, 200�). Arrow indicates an SIV Nef-expressing astrocyte.
(C) Immunohistochemical staining of brain tissue from a macaque with severe encephalitis (3 months postinfection; magnification, 400�) dually
labeled for SIV Nef (3,3,-diaminobenzidine) and SIV gp41 (Texas Red; Vector Labs). Shown is a multinucleated giant cell expressing both SIV
Nef and gp41, while the arrow indicates an astrocyte expressing only Nef. (D) Phase contrast of primary rhesus macaque astrocytes plated on glass
coverslips and displaying stellate morphology typical of astrocytes (magnification, 400�). (E) GFAP expression in the astrocyte cultures shown in
D and stained with a monoclonal antibody to human GFAP (indocarbocyanine-conjugated; Sigma; magnification, 400�).
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expression of the early gene nef), we next examined whether
primary adult rhesus macaque astrocytes were susceptible to
SIV infection in vitro and evaluated the extent of productive
virus replication in these cells. Astrocytes were inoculated with
the neurovirulent viral swarm SIV/17E-Br, the neurovirulent,
macrophage-tropic clone SIV/17E-Fr, or the nonneuroviru-
lent, lymphocyte-tropic clone SIVmac239 open-nef. Productive
virus replication was monitored by measuring SIV p27 levels in
astrocyte cultures over time. The neurovirulent viral swarm
SIV/17E-Br and the neurovirulent clone SIV/17E-Fr repli-
cated efficiently in astrocytes, with p27 concentrations readily
detectable without the need for coculture with permissive cells
or stimulation with cytokines (Fig. 2). In contrast, there was no
productive replication of SIVmac239 open-nef at any time in
primary astrocytes. Productive SIV infection of astrocytes was
predominantly noncytolytic, and only rarely was there evidence
of cell-cell fusion in cultures even at 32 days postinoculation.
Furthermore, productive replication in these cells occurred
over a long period of time [32 days, compared to much shorter
infections in macrophages (18)], and examination of viability
(by trypan blue dye exclusion) over 32 days of infection did not
reveal evidence of cell death (data not shown). As reported
previously for other cell types (18, 50), the uncloned, primary
isolate SIV/17E-Br routinely replicated to higher levels in as-
trocyte cultures than the molecular clone SIV/17E-Fr.

Although GFAP staining of astrocyte cultures did not reveal
any contaminating cell types, it was important to demonstrate
that SIV replication occurred in GFAP-positive astrocytes. As-
trocyte cultures infected with SIV/17E-Br for 7 days were dou-
ble-labeled with antisera specific for GFAP and SIV p27 and
examined by fluorescence microscopy. Single-cell analysis il-
lustrated costaining of GFAP and p27, with p27 exhibiting
punctate staining as described for other cell types (31) (Fig. 3A
and 3B). Experiments with isotype control antiserum yielded

no staining (Fig. 3C and 3D). Examination of the cultures
revealed distinct foci of infected cells representing approxi-
mately 10% of all cultured cells. This is consistent with the de-
layed appearance of significant levels of virus shown in Fig. 2.

One interpretation of the focal nature of SIV replication is
that simian astrocyte populations are heterogeneous in nature
with respect to expression of various receptors and ability to
support virus replication. This has been suggested for astro-
cytes from other species (35, 65), and accordingly, specific
astrocytes within the culture may not be readily susceptible to
infection by SIV. This is consistent with our in vivo observa-
tions, in which random foci of infected astrocytes were seen.
Variable susceptibility of the astrocytes in vitro may affect both
initial SIV infection and spread of virus throughout the cul-
ture.

To further characterize SIV infection of macaque astrocytes,
we examined cultures of SIV/17E-Fr-infected cells by trans-
mission electron microscopy. After 14 days of infection, elec-
tron micrographs revealed SIV particles actively budding from
the surface of astrocytes (containing prominent intermediate
filaments characteristic of GFAP; Fig. 4A and 4B). Mature
particles exhibiting classical lentivirus morphology were both
closely associated with the cell surface and in a small number
of intracellular vacuoles, indicating that SIV budding from
astrocytes has the characteristics of virus budding from other
cell types as previously described (54).

It is important to establish that virions produced by astro-
cytes are infectious in other cell types, since it might provide an
important contribution to virus in the central nervous system.
Therefore, we investigated the infectivity of virions produced
by astrocytes infected with SIV/17E-Br. The LuSIV infectivity
assay, previously developed in our laboratory (50), is based on
a CEMx174 cell line stably transfected with a plasmid encoding
luciferase under control of the SIV long terminal repeat pro-
moter. SIV/17E-Br virions produced by astrocytes were in-
fectious, as demonstrated by the presence of substantial lucif-
erase activity when astrocyte-derived virus was inoculated onto
LuSIV cells (Fig. 5). In addition, comparison of the virus
derived from astrocytes with the same virus produced in mac-
rophages demonstrated that the viruses were equally infec-
tious. These data indicate that virus produced by astrocytes is
infectious and capable of infecting nonastrocytic cells (in this
case, CEMx174 cells) and that virus derived from astrocytes
does not lose infectivity despite slow replication kinetics.

Characterization of receptor usage for SIV infection. SIV
entry is known to be mediated by CD4 and the chemokine
receptor CCR5; only rarely does SIV utilize other chemokine
receptors such as CCR1, CCR2b, or CCR3 for entry (16).
However, CD4-independent, CCR5-dependent entry has been
described for SIV/17E-Br and SIV/17E-Fr as well as other
neurovirulent, macrophage-tropic SIVs (17, 39). Flow cytomet-
ric analysis of astrocytes failed to detect surface expression of
either CCR5 or CD4 (data not shown). However, RT-PCR was
able to detect the presence of both CD4 and CCR5 mRNA
(data not shown), indicating that the surface expression of
these two molecules could be below the limit of detection of
flow cytometry, as previously described (26, 66).

Because rhesus astrocytes were positive for expression of
CCR5 mRNA, the major coreceptor for SIV, we attempted to
block entry and replication of virus with AOP-RANTES, a

FIG. 2. SIV infection of primary rhesus astrocytes. Astrocyte cul-
tures were inoculated with SIV/17E-Br, SIV/17E-Fr, and SIVmac239
normalized by TCID50 (multiplicity of infection � 0.1) and allowed to
incubate for 6 h before the cells were washed extensively, and repli-
cation was monitored over time postinfection (PI) for the presence of
SIV p27. Results shown are representative of several independent
experiments.
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nonhydrolyzable ligand that reduces cell surface expression
of CCR5 (37). Astrocytes incubated with 500 ng of AOP-
RANTES per ml for 1 h were infected with SIV/17E-Br or
SIV/17E-Fr. Treatment with AOP-RANTES for 1 h followed
by continued incubation with this ligand completely blocked
replication (as assessed by p27 production) of both viruses
(Fig. 6). Infected astrocytes in the absence of AOP-RANTES
produced readily detectable SIV p27. Treatment with as little
as 125 ng of AOP-RANTES per ml was also able to completely
block SIV infection of astrocytes (data not shown), consistent
with low-level surface expression of CCR5. Thus, it appears
that although the levels of CCR5 expressed on the surface of
astrocytes are undetectable by flow cytometry, sufficient levels
exist and are likely utilized by SIV for entry and replication in
these primary CNS cells.

Requirement of Nef for optimal SIV replication in primary
macaque astrocytes. It has been shown previously that env and
nef sequences in SIV/17E-Fr confer neurovirulence and the
ability to replicate in brain-derived microvessel endothelial
cells in vitro (18, 38). Therefore, we examined the importance
of specific nef sequences to virus replication in primary ma-
caque astrocytes. First we examined the replicative ability of
SIV/Fr-2, a clone that is isogenic to SIV/17E-Fr except that it
contains the open-nef gene from SIVmac239. We have previ-
ously reported that the sequence of the Nef protein derived
from SIV/17E-Fr differs from that of SIVmac239 Nef at five
amino acid residues (19) and that these two Nef proteins as-
sociate with distinct cellular kinases (4). SIVmac239 Nef asso-
ciates with p21-associated kinase and an unidentified serine/
threonine kinase, while SIV/17E-Fr Nef associates only with a

FIG. 3. Colabeling of GFAP-positive cells with SIV p27. (A) Phase contrast of infected astrocytes plated on glass coverslips, infected with
50,000 cpm of SIV/17E-Br reverse transcriptase units, washed, and allowed to incubate for 1 week. (B) Immunofluorescence of astrocytes in A
stained for viral p27 (fluorescein isothiocyanate; Dako) and GFAP (indocarbocyanine) (magnification, 400�). (C) Phase contrast of infected
astrocytes (magnification, 400�). (D) Immunofluorescence of the astrocytes shown in C stained with isotype controls for both p27 and GFAP.
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distinct unidentified serine/threonine kinase (4). When input
virus was normalized by TCID50, both SIV/17E-Fr and SIV/
Fr-2 replicated to similar levels in astrocytes (Fig. 7A), sug-
gesting that no one of the three kinases is specifically required
to optimize replication in astrocytes. However, we cannot rule
out the possibility that some Nef-associated kinase activity is
important for efficient replication, as neither virus is devoid of
Nef-associated kinase activity. More importantly, that SIV/
Fr-2 replicates while SIVmac239 open-nef does not indicates
that the molecular determinant underlying the inability of
SIVmac239 open-nef to replicate is independent of nef and
likely involves the env gene.

As Nef likely has important roles in astrocytes in vivo and in
vitro (5, 48), we next determined whether nef was required for
replication in astrocytes. We compared the replicative abilities
of SIV/17E-Fr and SIV/17EFr�nef, a clone that contains a
point mutation in the nef start codon as well as a 180-bp
deletion in the nef open reading frame (18). When input virus
was normalized for TCID50, SIV/17E-Fr�nef replication was
substantially delayed and reduced in rhesus macaque astro-
cytes compared to SIV/17E-Fr in all experiments (Fig. 7B),

indicating that Nef is vital for efficient and optimal replication
of SIV in these CNS cells. Typically, SIV/17E-Fr p27 was
detectable 5 to 10 days earlier than SIV/17E-Fr�nef p27 in
parallel astrocyte cultures, and SIV/17E-Fr replicated to much
higher levels than SIV/17E-Fr�nef.

In addition, we constructed another Nef-deficient molecular
clone, SIV/17E-Fr(�nef), containing a point mutation in the
nef start codon as well as three subsequent stop codons to
determine if the 180-bp deletion in SIV/17E-Fr�nef affects SIV
replication in astrocytes because of altered nef RNA structure
(Fig. 7B). We found no difference in the replicative ability of
SIV/17E-Fr(�nef) and SIV/17E-Fr�nef, indicating that the di-
minished capacity of these viruses to replicate occurs at the
level of Nef protein, not RNA structure. Thus, it is clear that

FIG. 4. Transmission electron microscopy of SIV-infected primary macaque astrocytes. (A) Low magnification of astrocyte cultures infected
with SIV/17E-Fr and allowed to incubate for 14 days before samples were prepared as described in Materials and Methods and sent to Electron
Microscopy Bioservices for analysis. Bar, 1 �m. (B) Higher magnification of the cell shown in panel A, showing SIV budding from the plasma
membrane. Bar, 0.2 �m. B, budding virions; M, mature particle; I, intermediate filaments.

FIG. 5. Infectivity of astrocyte-derived SIV. Supernatants derived
from astrocytes and macrophages infected with SIV/17E-Br were nor-
malized for p27, and the infectivities were quantitated by the LuSIV
assay as described in Materials and Methods.

FIG. 6. AOP-RANTES blocks SIV infection of primary rhesus as-
trocytes. Astrocytes were incubated with or without 500 ng of AOP-
RANTES per ml for 1 h prior to infection with SIV/17E-Br or SIV/
17E-Fr [input virus normalized by TCID50 (multiplicity of infection �
0.1)], and supernatants were sampled at various times postinfection
(PI) and assayed for the presence of SIV p27. Data are representative
of several independent experiments.
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SIV replication requires Nef protein for efficient and optimal
replication in primary adult rhesus macaque astrocytes.

We next examined the importance of Nef myristoylation for
virus replication, since myristoylation of the Nef protein is
required for many of the in vitro functions attributed to Nef
such as downregulation of CD4 (1, 55) and major histocom-
patibility complex I (56), p21-associated kinase association
(44), virion incorporation of Nef (8), and enhancement of
virion infectivity (10). Therefore, we compared the replicative
abilities of SIV/17E-Fr and SIV/17E-Fr(�myr), a clone con-
taining a mutation in the N-terminal glycine residue required
for myristoylation (19). When input virus was normalized for
TCID50, SIV/17E-Fr(�myr) also displayed substantially de-
layed and reduced replication kinetics in astrocytes compared
to SIV/17E-Fr, similar to those noted for the Nef-deficient
molecular clones (Fig. 7B). Because Nef is required in the
producer cell as well as the virion for optimal infection of the
target cell (18, 41), these data indicate that virion incorpora-
tion of Nef and enhancement of virion infectivity are important
for infection of primary astrocytes.

Standardizing virus input by TCID50 normalizes SIV/17E-
Fr�nef and SIV/17E-Fr(�myr) for their common defect in
virus infectivity attributed to lack of virion-incorporated Nef.
However, normalizing input virus by particle number unmasks
this defect and separates Nef’s function in the virion from the
role of newly synthesized, cellular Nef in the infected cell.
Thus, we examined the replication kinetics of these clones by
normalizing input virus for p27 (number of particles). When
input SIV/17E-Fr, SIV/Fr-2, SIV/17E-Fr�nef, and SIV/17E-
Fr(�myr) were normalized for particle number, SIV/17E-Fr
(�myr) was able to replicate to higher levels than SIV/17E-
Fr�nef (Fig. 7C). Consistent results were obtained from sev-
eral experiments with independently prepared virus stocks,
confirming the reproducibility of the nonmyristoylated pheno-
type. Thus, de novo-synthesized, nonmyristoylated Nef en-
hances virus replication in astrocytes, and this function is only
detectable when input virus is normalized by particle number.
Since newly synthesized Nef is not required for replication in
CEMx174 cells, which were used to titer the virus stocks, nor-
malizing infection of astrocytes by TCID50 masks the function
of intracellular, nonmyristoylated Nef that functions in astro-
cytes to optimize replication. Collectively, these results illus-
trate a novel function of cellular Nef that, in addition to the
enhancement of infectivity by virion-incorporated Nef, opti-
mizes replication in astrocytes.

DNA expression of SIV molecular clones in primary astro-
cytes. Viral growth curves demonstrated that SIVmac239 open-
nef, a lymphocyte-tropic molecular clone, was unable to
establish productive infection in primary astrocytes, while
two Nef-deficient molecular clones displayed substantially re-
duced replication. To determine whether replication of these
viruses was blocked or delayed at entry or at a later stage, we
used real-time PCR to determine SIV DNA copy number
(Table 2). All SIV-infected astrocyte cultures were positive for
the presence of viral DNA 24 h after infection. Surprisingly,
SIVmac239 open-nef, the clone that was unable to establish
productive infection, had significant levels of viral DNA. SIV/
17E-Fr had far more DNA copies detectable at 24 h than the
other viruses tested, indicating that this virus may have under-
gone one round of replication and spread to uninfected

FIG. 7. Nef is required for optimal SIV replication in rhesus astro-
cytes. (A) Astrocytes were infected with SIV/17E-Fr or SIV/Fr-2 [input
normalized by TCID50 (multiplicity of infection � 0.1)]. (B) Astrocytes
were infected with SIV/17E-Fr, SIV/17E-Fr(�myr), SIV/17E-Fr(�nef),
or SIV/17E-Fr�nef [input normalized by TCID50 (multiplicity of in-
fection � 0.1)]. (C) Astrocytes were infected with SIV/17E-Fr, SIV/
Fr-2, SIV/17E-Fr(�myr), or SIV/17E-Fr�nef [input normalized by
particle number (50 ng of p27)]. Supernatants in all experiments were
sampled at various times postinfection (PI) and assayed for viral p27.
Data are representative of several independent experiments.
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cells. Interestingly, SIVmac239 open-nef, SIV/17E-Fr(�nef),
and SIV/17E-Fr�nef all had similar levels of SIV DNA pres-
ent, suggesting that SIVmac239 open-nef is able to enter astro-
cytes and undergo reverse transcription to levels sufficient for
replication and that Nef is important for initial entry and
reverse transcription in astrocytes. However, it is reasonable to
assume that since the Nef-deficient clones are able to replicate
eventually to detectable levels, entry and reverse transcription
are not the only functions of Nef required for efficient repli-
cation in primary astrocytes, which is further supported by the
viral growth curves described above.

Production of viral mRNA in infected primary astrocytes.
Given that SIVmac239 open-nef, SIV/17E-Fr(�nef), and SIV/
17E-Fr�nef were able to enter and undergo reverse transcrip-
tion to similar levels, we next examined production of viral
mRNA in astrocytes infected for 7 days with SIV/17E-Fr, SIV/
17E-Fr�nef, SIV/17E-Fr(�nef), and SIVmac239 open-nef. Re-
al-time PCR analysis for SIV gag was performed to determine
the amount of SIV RNA produced by infection with each virus.
As shown in Table 2, all strains of SIV had detectable amounts
of RNA, although SIV/17E-Fr had the highest levels of RNA
compared with the Nef-deficient clones or SIVmac239 open-nef.

It is interesting that SIVmac239 open-nef transcribed viral
RNA and yet progeny virions were not detectable at any time
during the course of infection. This could be a result of post-
transcriptional deficiencies in protein assembly or budding or
possibly inefficient spread from astrocyte to astrocyte within
the culture, perhaps implicating Env in the replication block.
Astrocytes infected with SIV/17E-Fr�nef and SIV/17E-Fr
(�nef) had detectable amounts of SIV RNA but to a lesser
extent than SIV/17E-Fr, further indicating that Nef is required
for optimal and efficient replication in primary astrocytes.

DISCUSSION

The results of this study clearly demonstrate SIV replication
in macaque astrocytes both in vivo and in vitro. To our knowl-
edge, this is the first in vivo study to examine and characterize
infection of astrocytes directly and longitudinally in the brain
of SIV-infected macaques. Furthermore, the data presented
here demonstrate for the first time that astrocytes were in-
fected in six of six macaques examined as early as 10 days
postinfection, providing further proof that SIV enters the CNS
during acute infection. While astrocytes may not produce de-
tectable amounts of virus during early infection, they do ex-
press early viral proteins, which may alter astrocyte function
and impact the CNS response to virus infection.

Early establishment of infection in astrocytes and other CNS
cells may alter cytokine and chemokine levels in the brain (67),
causing infiltration of immune cells that may contribute to
central nervous system dysfunction (12). We have previously
shown an increase in the expression of T-cell restricted intra-
cellular antigen-1 (TIA-1) in the brains of macaques prior to
the development of encephalitis (12). TIA-1 is expressed ex-
clusively in cytotoxic lymphocytes, including cytotoxic T lym-
phocytes and natural killer cells, which may target infected
cells such as astrocytes in the brain. Individual differences in
immune responses leading to variable targeting and loss of
infected astrocytes could contribute to our observation that
Nef protein is detectable in astrocytes in only half of the ma-
caque brains at terminal infection, independent of the severity
of encephalitis.

In contrast to astrocyte infection in vivo, in which we found
that virus replication is restricted, neurovirulent viruses were
able to establish productive infection in astrocyte cultures in
vitro. While it is difficult to identify the exact mechanism un-
derlying the restricted replication phenotype in vivo, our in
vitro data nonetheless demonstrate that pure cultures of as-
trocytes are capable of supporting efficient viral replication.
Unlike the consistent and well-defined environment in tissue
culture, the dynamic environment of the infected brain with its
associated immunological responses is extremely complex and
largely unknown. Thus, one possibility is that the restricted
replication of HIV or SIV in astrocytes in vivo is maintained by
innate and cellular immune responses in the CNS that occur
throughout the course of infection.

In vitro the macrophage-tropic viruses SIV/17E-Br and SIV/
17E-Fr replicated productively in primary macaque astrocytes
and did not require cytokine stimulation or coculture with
permissive cells. Comparing levels of SIV/17E-Fr replication in
astrocytes to those previously reported for replication of
SIVmac251 [macrophage-tropic SIV with a variable neuroviru-
lent phenotype (27)] revealed that SIV/17E-Fr replicated to
100-fold-higher levels than SIVmac251, which was barely de-
tectable by enzyme-linked immunosorbent assay even from
cells stimulated with cytokines. The question arises why SIV/
17E-Fr is able to replicate efficiently in astrocytes without the
need for coculture or cytokine stimulation. SIV/17E-Fr is a
macrophage-tropic, neurovirulent molecular clone with env
and nef sequences from the SIV/17E-Br viral swarm, which was
isolated from an animal with CNS disease (18), and SIV/
17E-Fr is able to reproducibly cause CNS disease in vivo (38),
while SIVmac251 is not reproducibly neurovirulent. Thus, it is
likely that SIV/17E-Fr replicates more efficiently in astrocytes
in vitro because of unique sequences associated with its neu-
rovirulent phenotype in vivo. We have previously shown that
viral genotypes that gain access to the CNS and replicate differ
genotypically from those in the periphery (2), and thus, the
most relevant in vitro model of SIV infection of simian astro-
cytes in vivo may be one that uses a reproducibly neurovirulent
virus such as SIV/17E-Fr.

The ability of AOP-RANTES to completely abolish produc-
tive replication in astrocytes strongly suggests that SIV utilizes
CCR5 as its predominant coreceptor in these cells. It has been
shown previously that SIV predominantly uses CD4 with
CCR5 and rarely other chemokine receptors such as CCR1,
CCR2b, or CCR3 for fusion (16). All of the SIV strains tested

TABLE 2. Expression of SIV DNA and RNA in primary
astrocytes infected with different molecular clones

Molecular clone
SIV DNA (copy

equivalents/250 ng of
total cellular DNA)

SIV RNA (copy
equivalents/�g of

total cellular RNA)

None 0a 0a

SIV/17E-Fr 1,041,772 	 21,392 348,424 	 71,243
SIV/17E-Fr�nef 48,640 	 3,257 8,249 	 226
SIV/17E-Fr(�nef) 46,793 	 545 30,088 	 3,034
SIVmac239 open-nef 59,429 	 5,154 6,705 	 1,041

a The threshold of detection was set as less than 200 copies.
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in this study were able to enter and undergo reverse transcrip-
tion in macaque astrocytes, demonstrating that SIV Env can
efficiently utilize receptors on the surface for entry and further
suggesting that restricted replication of viruses with differing
tropisms may occur by distinct mechanisms. The low surface
expression of both CCR5 and CD4 (undetectable by flow
cytometry) coupled with the fact that SIV/17E-Br and SIV/
17E-Fr can use CCR5 independent of CD4 while SIVmac239
open-nef cannot suggests that CD4-independent viruses may
have an increased capacity to establish productive replication
in macaque astrocytes, a finding similar to that found for SIV
infection of primary brain capillary endothelial cells (17). Be-
cause both SIV/17E-Br and SIV/17E-Fr are neurovirulent,
these data further support the findings of Gorry et al. (25), who
suggested that increased CCR5 affinity and reduced CD4 de-
pendence may represent a phenotype contributing to the neu-
rodegenerative pathology associated with AIDS.

Perhaps the most striking result of our study is the require-
ment of Nef for optimal SIV replication in adult macaque
astrocytes in vitro. Because Nef is required for the develop-
ment of AIDS but is dispensable for most in vitro systems,
using cell culture systems to elucidate the precise Nef function
that is required for in vivo pathogenesis has proven difficult.
The few in vitro culture systems that require Nef include pri-
mary cell cultures of lymphocytes (60), immature dendritic
cells (40), and now primary adult macaque astrocytes. The
exact function of Nef in astrocytes that optimizes replication is
still unclear. However, it is clear that the presence of the Nef
protein, albeit nonmyristoylated, enhances virus replication
compared to astrocytes infected with a Nef-deficient virus. This
suggests a novel function of de novo-synthesized Nef in pri-
mary astrocytes that facilitates optimal replication.

The myristoylation-dependent functions of Nef character-
ized in vitro, such as downregulation of cell surface CD4 and
major histocompatibility complex I, optimization of virion in-
fectivity, and association with cellular signaling molecules, may
play an important role in pathogenesis. However, it is equally
likely that Nef’s versatility allows it to perform different func-
tions in vivo (in different cell types) that have yet to be iden-
tified and also play a significant role in pathogenesis. For
example, the inability of the SIV �nef viruses to replicate to
significant levels in adult macaques in vivo is manifested early
(within 2 weeks) postinoculation (14), suggesting that Nef is
required to establish a threshold level of replication in the
infected individual. This lack of an early establishment of rep-
lication of �nef viruses may be a direct reflection in vivo of the
slow replication kinetics of the virus in specific cell types such
as astrocytes, lymphocytes, and immature dendritic cells that
has been demonstrated in vitro. Thus, the inability of SIV/17E-
Fr(�nef) and SIV/17E-Fr�nef to replicate optimally in astro-
cytes from adult macaques may provide an important in vitro
system to identify novel functions of Nef in cells that play a
direct role in pathogenesis of HIV and/or SIV.
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