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The ts1 mutant of Moloney murine leukemia virus (MoMuLV) induces a neurodegenerative disease in mice,
in which glial cells are infected by the retrovirus but neurons are not. #s1 infection of primary astrocytes, or of
the immortalized astrocytic cell line C1, results in accumulation of the zs1 gPr80°"” envelope protein in the
endoplasmic reticulum (ER), with ER and oxidative stress. Notably, only about half of the infected astrocytes
die in these cultures, while the other half survive, continue to proliferate, and continue to produce virus. To
determine how these astrocytes survive #s1 infection in culture, we established a chronically infected subline of
the living cells remaining after the death of all acutely infected cells in an infected C1 cell culture (C1-ts1-S).
We report here that Cl-ts1-S cells proliferate more slowly, produce less virus, show reduced H,O, levels,
increase their uptake of cystine, and maintain higher levels of intracellular GSH and cysteine compared to
acutely infected or uninfected C1 cells. C1-ts1-S cells also upregulate their thiol antioxidant defenses by
activation of the transcription factor NF-E2-related factor 2 (Nrf2) and its target genes. Interestingly, despite
maintenance of higher levels of intracellular reduced thiols, C1-ts1-S cells are more sensitive to cystine
deprivation than uninfected C1 cells. We conclude that some fs1-infected astrocytes survive and adapt to

virus-induced oxidative stress by successfully mobilizing their thiol redox defenses.

Infection of FVB/N mice at birth with the #s1 retrovirus, a
mutant of Moloney murine leukemia virus (MoMuLV), in-
duces a progressive neuroimmunodegenerative disease that
resembles human immunodeficiency virus (HIV) infection/
AIDS in several important ways (10, 43, 44). The characteristic
features of tsl-induced disease are T-cell depletion, from the
thymus and peripheral lymphoid tissues, and neuronal loss and
astrogliosis in the central nervous system (CNS), with the latter
leading to hind-limb paralysis and death by 30 to 40 days
postinfection (p.i.) (42, 44, 46). T cells are the primary periph-
eral targets for both HIV and #s1 MoMuLV. Macrophages are
also targets for both viruses. As in HIV infection, zs1-infected
macrophages survive productive infection, although infected T
cells die (31, 36, 40).

In the CNS, both HIV and #s1 infect microglia and astro-
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cytes, but not neurons (10, 43). These findings suggest that the
profound neuronal loss induced by these retroviruses is not
directly due to infection of neurons, but rather to impairment
of neuronal support by astrocytes or to secretion of neurotoxic
factors by infected or activated astrocytes and microglia. No-
tably, in the spongiform lesions seen in the fsl-infected CNS,
some astrocytes die, but others survive and are alive 30 days
p.i., when infected mice become paralyzed (4, 37, 38).

In our hands, primary astrocytes and continuous astrocyte
cultures were infected with #s1 at a multiplicity of infection of
5 to 10, to ensure that all cells were infected when the inocu-
lum was added. Under these conditions, cytopathic effects and
cell death were evident in the cultures by 3 to 4 days p.i.,
although as noted above, only about half of the cells in these
cultures died. The surviving cells continued to proliferate
slowly and maintained low levels of progeny virus production
(33, 37) if fresh medium was provided and the cells were
passaged. From these observations, we hypothesized that some
ts1-infected astrocytes mounted defenses that allowed them to
survive while replicating virus, although the initial differences
between these cells and those that died were unclear and the
mechanisms for the adaptations were unknown. We therefore
set out to identify adaptations deployed in these “survivor”
cells that enabled them to survive and maintain virus infection.

Due to the limited life span of primary neonatal astrocytes in
culture, we were unable to use these cells to establish the
long-term cultures of infected “survivor” cells necessary to
study the survival mechanisms developed by the cells after #s1
infection. To circumvent this drawback, we used a previously
developed immortalized clonal astrocyte line called C1 (18).
Cultured C1 cells resemble primary astrocytes in many ways,
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including typical astrocytic morphology, expression of the as-
trocyte markers GFAP and vimentin, contact inhibition at con-
fluence, and ready infection by #zs1 (18, 33). In addition, C1
astrocytic cells respond to #s1 infection as do primary astro-
cytes, including the appearance of a survivor cell population
(18, 19), accumulation of gPr80"” in the endoplasmic reticu-
lum (ER), the onset of ER stress (19), intracellular accumu-
lation of reactive oxygen species (ROS), activation of the re-
dox-sensitive transcription factor NF-E2-related factor 2
(Nrf2), and upregulation of Nrf2-coupled antioxidant response
element (ARE)-mediated defenses involving cystine uptake
and glutathione (GSH) synthesis (27).

We surmise that C1 astrocytes that succumb to #s1 infection
die by oxidative-stress-induced apoptosis. This implies that
those cells that survive remain alive because of their successful
mobilization of Nrf2-mediated thiol antioxidative defenses
previously described from our work with infected C1 cultures
(27). To determine whether these factors contribute to cell
survival in the cells that do not die, we established a subline of
the chronically infected “survivor” C1 cells (C1-ts1-S). We then
compared these cells to uninfected C1 cells and to acutely
infected C1 cells (C1-#s1), where appropriate, for the presence
of physiological markers correlated with activation of Nrf2-
mediated antioxidant defense pathways in astrocytes. We were
interested in characteristics of Cl1-s1-S cells that distinguish
them both from uninfected C1 cells and from acutely infected
Cl-#s1 cells; thus, this work required comparisons of Cl-s1-S
cells to uninfected C1 cells for some parameters and to Cl-ts1
cells for others.

We report here that Cl-ts1-S cells proliferate more slowly
than uninfected C1 cells, increase their levels of ER chaperone
proteins in relation to those in uninfected C1 cells, and in-
crease their levels of the prosurvival factor Bcl-2 relative to
levels in uninfected C1 cells. C1-#s1-S cells also contain signif-
icantly elevated amounts of activated Nrf2 and its downstream
target gene products compared to uninfected C1 cells. Finally,
Cl-ts1-S cells exhibit increased cystine uptake and GSH syn-
thesis relative to uninfected C1 cells and contain reduced levels
of intracellular ROS compared to Cl1-ts1 cells. The data imply
that Cl-£5s1-S cells mobilize and maintain enhanced intracellu-
lar thiol redox defenses relative to uninfected C1 cells. To-
gether, these adjustments allow Cl-£s1-S cells to maintain in-
tracellular ROS levels after infection that are lower than those
in Cl-s1 cells, resulting in their surviving ts1-induced oxidative
stress. These results show that some murine astrocytes survive
ts1 infection via activation of their Nrf2-mediated thiol antiox-
idant defenses and that such cells continue to produce infec-
tious virus for an indefinite amount of time.

MATERIALS AND METHODS

Virus titer and #s1 infection. 51, a spontaneous temperature-sensitive mutant
of MoMuLV-TB, was propagated in TB cells, a thymus-bone marrow cell line.
Virus titers were determined by a modified direct focus-forming assay in the 15F
cell line, a murine sarcoma virus-positive, leukemia-virus-negative cell line, as
described previously (48).

Mice and infection. FVB/N mice were obtained from Taconic Farms (Ger-
mantown, NY). Breeding pairs were housed in sterilized microisolator cages and
supplied with autoclaved food and water ad libitum. The microisolators were
kept in an environmentally controlled isolation room. For #s1 infection, 1-day-old
mice were inoculated intraperitoneally with 0.1 ml of vehicle (mock infection) or
with 0.1 ml of a #s1 suspension containing 1 X 10° to 5 X 10° infectious units/ml.
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Mice from all groups were observed daily for clinical signs of disease, and some
individuals from all groups were sacrificed at 21 or 30 days p.i. The brainstems
and spinal cords were removed, snap-frozen in liquid nitrogen, and kept at
—80°C until they were used for cysteine and GSH assays. These infection, animal
maintenance, and euthanasia protocols were approved by The University of
Texas M. D. Anderson Cancer Center Institutional Animal Care and Use Com-
mittee.

Establishment of the ts1-resistant C1-ts1-S cell line. Immortalized murine C1
astrocytes were established as previously described (18). Briefly, primary astro-
cytes from FVB/N mice were transfected with sequences encoding a tempera-
ture-sensitive form of the simian virus 40 T antigen (tsA58). The advantage of
using this conditional-mutant T antigen for transformation of the C1 cells is that
the mitogenic drive of the T antigen can be suppressed simply by shifting the
incubation temperature of the cells from permissive (33 to 34°C) to restrictive
(37 to 38°C) temperature. At this temperature, which is the temperature at which
our cells are incubated, the C1 cells differentiate and behave like primary astro-
cytes and, like primary astrocytes, are readily infected with #s1.

To establish the “survivor” cell line from #s1-infected C1 cells, C1 astrocytes
were seeded at 1 X 10° cells/well in 100-mm plastic tissue culture dishes and
incubated overnight in Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing 1% fetal bovine serum (FBS) and 3 pg/ml Polybrene to enhance viral
adsorption. The next day, the cells were infected with #s1 for 40 min at a
multiplicity of infection of 10 in a 37°C CO, incubator. The cells were then
washed and refed with fresh DMEM containing 10% FBS. As noted above,
approximately 50% of the cells in these cultures typically died by 3 to 5 days p.i.
At that time, cultures containing dead and surviving cells were fed fresh DMEM
every 3 or 4 days until the surviving cells were confluent, and then the cells were
passed into new culture dishes. This was continued for 2 months, producing a
stable subline of immortalized C1 astrocytes that were chronically infected with
ts1 (C1-ts1-S).

Cell viability. To compare the relative sensitivities of C1-ts1-S and uninfected
Cl1 cells to cystine-limited conditions, both cell types were plated at 4 X 10° cells
per 60-mm plate in DMEM containing different concentrations of cystine. The
media for all cultures contained 10% FBS but were supplemented with stepped
concentrations of cystine (0, 10, 100, 200, 500, or 1,000 uM cystine [Invitrogen,
Carlsbad, CA]). Untreated, cystine-starved, and cystine-supplemented cells from
both cultures were then tested either for viability, by trypan blue exclusion at 24,
48, or 72 h p.i., or for their GSH content (see below). For cell counting, cells were
trypsinized, suspended, stained with trypan blue for 5 min, and then counted with
a hemocytometer.

Cell cycle analysis. C1 or C1-ts1-S cells (1 X 10°) were cultured for 16 h in
100-mm plastic petri dishes in DMEM containing 1% FBS, after which fresh
DMEM containing 10% FBS was added. At 0, 24, 48, and 72 h of incubation, the
cells were trypsinized, fixed in 70% ethanol, and stained with propidium iodide
containing RNase. The DNA content was analyzed by flow cytometry on a
Coulter Epics Elite flow cytometer. Cell cycle analysis was performed with
Multicycle software (Phoenix Flow Systems, San Diego, CA).

Intracellular GSH content. Levels of intracellular GSH were determined as
previously described (27), using a GSH assay kit (Calbiochem, San Diego, CA).
In brief, C1 or Cl-£s1-S cells were plated at a density of 2 X 10° cells per 100-mm
dish. Some of the C1 cell cultures were infected with £s1 virus as described above.
For comparisons of GSH levels under cystine-deficient conditions, cells were
cultured for 24, 48, or 72 h in cystine-deficient DMEM with 10% FBS, to which
increasing supplemental concentrations of cystine (0, 10, 100, 200, 500, or 1,000
1M cystine) were added. At each of the three time points, C1 or Cl-ts1-S cell
cultures were washed twice with phosphate-buffered saline (PBS) and then col-
lected by centrifugation. The resulting pellets were homogenized in ice-cold 5%
metaphosphoric acid solution and then recentrifuged to obtain supernatants for
the measurement of absorbance at 400 nm.

Brainstem and spinal cord tissues were harvested from #s1-infected and unin-
fected mice at 30 days p.i., and their GSH contents were determined as described
above. After homogenization in ice-cold 5% metaphosphoric acid solution, the
tissues were centrifuged and supernatants were harvested for measurement of
their absorbance at 400 nm. The protein contents of homogenized cells and
tissues were determined for each sample with a bicinchoninic acid (BCA) protein
assay kit (Pierce, Rockford, IL). The GSH content is expressed as the number of
nanomoles of GSH per milligram of protein.

Total extra- and intracellular cystine/cysteine content. Total extra- and intra-
cellular cystine/cysteine was measured by fluorometric high-performance liquid
chromatography (HPLC), as described previously (27, 35, 45). C1 or Cl-ts1-S
cells were plated at a density of 2 X 10° cells per 100-mm dish. At 24, 48, or 72 h
of incubation, the culture medium was collected, and the cell monolayers were
washed three times with PBS, harvested, and pelleted; 1.5 M HCIO, was then
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added to the supernatants, while the cells in the pellet were resuspended in 0.5
M HCIO,. Both the supernatants and pellet suspensions were then neutralized
with 2 M KHCOj; and centrifuged at 14,000 rpm for 20 min. The supernatants
from this centrifugation step were collected and frozen at —80°C for later
measurement of the total extra- and intracellular cystine/cysteine content, while
the pellets were retained for protein content measurements. For measurement of
total extra- and intracellular cystine/cysteine, the frozen samples were thawed,
followed by reduction of cystine to cysteine in the presence of 2-mercaptoetha-
nol, and then by conversion of total cysteine to S-carboxymethylcysteine in the
presence of iodoacetate. S-carboxymethylcysteine reacts with o-phthaldialdehyde
to form a fluorescent derivative that can be measured by fluorometric HPLC.
Cysteine in the samples was quantified with the aid of cysteine standards (Sigma,
St. Louis, MO). The protein content was then determined with a BCA protein
assay kit. Total intracellular cysteine levels from these determinations were
expressed as nmol cysteine per mg of protein, and total extracellular cystine/
cysteine content was expressed as nmol of cysteine per ml of culture medium.

Brainstem and spinal cord tissues were harvested from #s1-infected and unin-
fected mice at 30 days p.i. The tissues were homogenized in 0.5 M HCIO,,
neutralized with 2 M KHCO; and then centrifuged at 14,000 rpm for 20 min.
Measurements of total cystine/cysteine in the tissue samples was done using the
same procedures described above. The cystine/cysteine content was expressed as
nmol cysteine per mg of protein.

Intracellular ROS (H,0,) assay. Intracellular ROS (H,O,) levels were mea-
sured using the dye 5 (and 6)-chloromethyl-2,7-dichlorodihydrofluorescein diac-
etate (CM-H2DCFDA) (Molecular Probes, Eugene, OR), as described previ-
ously (17, 27). In brief, C1 or Cl-ts1-S cells were plated as described above. The
C1 cells were then either mock infected or infected with the #s1 virus. Some of the
cell cultures in each experiment were treated with 1 mM buthionine sulfoximine
(BSO) (Sigma), an inhibitor of GSH synthesis (24), for the last 24 h of incuba-
tion. These BSO-treated cells served as positive control cultures for induced
oxidative stress (uninfected C1 cells) or to test for amplified oxidative stress
(C1-ts1-S cells).

After 24, 48, or 72 h of incubation, all cells were loaded with 10 pM of
CM-H,DCFDA dye in the culture medium for a final 30 min at 37°C. The
dye-loaded cells were then harvested, and their forward and side scatter DCFDA
fluorescence profiles were determined by flow cytometry using a Coulter Epics
Elite software program, version 4.02.

Western blotting analysis. Total cellular proteins were prepared with modified
radioimmunoprecipitation assay buffer as described previously (27). Separate
nuclear and cytoplasmic fractions were prepared with the NE-PER nuclear and
cytoplasmic extraction kit (Pierce), and cross-contamination between the frac-
tions was verified as being less than 5% by Western blotting with cytosol- and
nuclear-protein-specific antibodies. Protein concentrations were determined
with the DC protein assay reagent (Bio-Rad Laboratories, Hercules, CA). The
cell lysates (20 to 50 pg of total protein per sample) were separated on sodium
dodecyl sulfate-polyacrylamide gels with 10 or 12% polyacrylamide. After elec-
trophoresis, the proteins were transferred to polyvinylidene difluoride mem-
branes (Millipore Corp., Bedford, MA). The blotted membranes were blocked
for 1 h in Tris-buffered saline with 5% nonfat milk at room temperature and
subsequently incubated with primary antibodies against the proteins of interest.

Rabbit anti-catalase antibody was purchased from Rockland, Inc. (Gilberts-
ville, PA); rabbit anti-GPx was from Chemicon International (Temecula, CA);
rabbit anti-y-GCLC was a gift from T. J. Kavanagh of the University of Wash-
ington; rabbit anti-xCT and rabbit anti-y-GCLM polyclonal antibodies were
prepared in our laboratory, as described previously (27), and affinity purified
(Bethyl Laboratories, TX); mouse monoclonal anti-Bcl-2, rabbit anti-Nrf2, rabbit
anti-GRP78, and rabbit anti-GRP94 antibodies were from Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA); rabbit anti-calreticulin (CalR) was from Sigma,
and goat anti-gp70 was from ViroMed Biosafety Laboratories (Camden, NJ).

After incubation with the primary antibody, the polyvinylidene difluoride
membranes were washed and incubated with horseradish peroxidase-conjugated
secondary antibodies (anti-rabbit [Amersham Biosciences, Piscataway, NJ], anti-
goat [Sigma], and anti-mouse [Bio-Rad Laboratories]). Immune complexes were
detected on the membranes with a chemiluminescent reagent (NEN Life Science
Products, Boston, MA). An anti-B-actin monoclonal antibody (Sigma) was used
as a control for protein loading. Net intensities of protein bands of interest were
acquired through densitometric analysis of autoradiographs using a Kodak Dig-
ital Science Image Station 440 CF and 1D Image Analysis software (Kodak,
Rochester, NY). Band intensities were then normalized to B-actin intensities and
compared for differences between experimental and control conditions. All
Western blotting results were replicated in three to five independent experi-
ments.
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Cystine uptake. For measurement of cystine uptake by C1 or C1-ts1-S cells, the
cells were plated at a density of 2 X 10° cells per 35-mm dish and incubated for
24 h. The monolayers were then washed and incubated in bicarbonate buffer
medium (122 mM NaCl, 3 mM KCl, 25 mM NaHCOs;, 1.3 mM CaCl,, 1.2 mM
KH,PO,, 0.4 mM MgSO,, and 10 mM glucose) for 20 min at 37°C in 5% CO,,
followed by addition of 0.5 wCi/ml of L-[>>S]cystine (Amersham Pharmaceuti-
cals, Piscataway, NJ) to each culture in 100 pM of unlabeled L-cystine and
incubation of the cultures for an additional 3 min. The uptake of [*>S]cystine (1)
was terminated by washing the cells three times with ice-cold bicarbonate buffer.
The cells were then solubilized in 0.5 ml of 0.5 N NaOH for 30 min, and 300 p.l
of each lysate was added to 5 ml scintillation solution for measurement of
radioactivity in a Beckman LS6500 liquid scintillation counter (Beckman
Coulter, Fullerton, CA). Another 50 wl of the lysate was used for protein content
determination, using a BCA protein assay kit. Cystine uptake rates from these
determinations were expressed as nmol cystine taken up by the cells/min/mg of
protein.

v-GT activity. y-Glutamyltranspeptidase (y-GT) enzymatic activity was deter-
mined in whole-cell lysates using a commercially available y-glutamyl transferase
kit (Sigma). For this assay, 5 X 10° C1 or Cl-ts1-S cells were plated in 100-mm
dishes. Some of the cultures were treated with 200 wM of acivicin, a specific
inhibitor of y-GT (9), for the last 4 h of their 24-hour incubation. After incuba-
tion, the cells were washed three times with PBS, harvested, and then pelleted.
The cell pellets were lysed and incubated on ice for 10 min and then centrifuged
at 14,000 rpm for 4 min; 50 pl of the resulting lysate from each pellet was then
added to 0.5 ml of prewarmed y-GT substrate. After 1 h of incubation at 37°C,
1 ml of 10% acetic acid was added to each tube, followed by 0.5 ml of sodium
nitrite solution. After being mixed, each tube was incubated at room temperature
for 3 min, at which time 0.5 ml of ammonium sulfamate solution was added, and
the solution was mixed and incubated for a final 3 min. At the end of the last
incubation, 0.5 ml of naphthylethylenediamine solution was added, the mixtures
were shaken vigorously, and the absorbances of the samples were read at 530 nm.
v-GT activity was determined from a standard curve and expressed as units per
107 cells.

Statistical analysis. All experiments were conducted in triplicate or duplicate
wells, with the means from three or four individual experiments used for statis-
tical analysis. The statistical significance of the results was determined by analysis
of variance or Student’s ¢ test. P values of < 0.05 were considered statistically
significant.

RESULTS

Cell proliferation and virus production by C1-ts1-S astro-
cytes. When Cl-ts1-S cells and C1 cells were cultured side by
side for 24, 48, 72, 96, and 120 h, the Cl-ts1-S cell cultures
proliferated more slowly than uninfected C1 cells (Fig. 1A)
and contained significantly fewer cells in the S phase at 72 and
120 h (Fig. 1B). When C1-51-S cells were cultured for 3 or 5
days alongside C1 cells infected with zs1 (Cl-ts1), the acutely
infected Cl-ts1 astrocytes produced more virus at both time
points than did the C1-£s1-S cells (Fig. 1C). Despite the unique
characteristics of Cl-ts1-S cells, however, their #s1 progeny
virus retained the specific phenotypic characteristics of the
original fs1 inoculum. These characteristics included a temper-
ature-sensitive phenotype (41), the ability to infect and kill
previously unchallenged astrocyte cultures, and the ability to
cause hind-limb paralysis on schedule in neonatally infected
FVB/N mice (data not shown).

Upregulation of Bcl-2 and catalase in C1-#5s1-S cells. Over-
expression of the mitochondrial protein Bcl-2 has been shown
to block apoptosis in many cell types (14, 29). Work by others
has shown that expression of transgenic Bcl-2 in neurons,
driven by a neuron-specific promoter, prevents neuronal apop-
tosis in mice infected with zs1 (14). In view of this, we were
curious to know how Bcl-2 levels change over time in culture
for acutely infected Cl-#s1 cells relative to C1 cells from 24, 48,
or 72 h after infection or for C1-£s1-S cells relative to C1 cells
after 24, 48, or 72 h of culture. The data in Fig. 2A show that
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FIG. 1. Characterization of Cl-ts1-S cells. (A) Cell proliferation
rates in Cl and Cl-ts1-S cell cultures. C1 and Cl-ts1-S cells were
synchronized for 16 h and then incubated for 0, 24, 48, 72, 96, and
120 h. Viable cells were counted daily by trypan blue exclusion. C1 cells
(O); Cl-ts1-S cells (m). *, P < 0.05; %%, P < 0.01 compared with C1
cells. (B) Changes in relative numbers of cells in S phase with time
after synchronization in C1 and Cl-ts1-S cells. C1 and Cl1-#s1-S cells
were synchronized for 16 h. After incubation for 0, 24, 48, 72, and
120 h, the cells were fixed in 70% ethanol and stained with propidium
iodide containing RNase. The percentages of cells in S phase were
determined by fluorescence-activated cell sorter analysis. %, P < 0.05;
%%, P < 0.01 compared with C1 cells. (C) Supernatant virus titers
from cultures of acutely #s1-infected C1 cells (Cl-ts1) versus Cl-ts1-S
cells, measured at 3 and 5 days p.i. %, P < 0.05 by ¢ test. (A to C)
Results shown are the averages from four experiments plus or minus
standard deviations.
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Bcl-2 levels declined dramatically by 72 hours p.i. in acutely
infected (Cl-ts1) astrocytes relative to uninfected astrocytes.
However, Fig. 2B shows that Cl-ts1-S astrocytes were very
different, having significantly higher Bcl-2 levels than unin-
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FIG. 2. Bcl-2 in C1 versus Cl-s1 cells and in C1 versus Cl-ts1-S
cells. C1, Cl-ts1, and Cl-#s1-S cell lysates were prepared after 24, 48,
and 72 h of incubation or after infection. Bcl-2 and catalase levels were
analyzed by Western blotting. The blots were then stripped and re-
immunoblotted with anti-B-actin antibody. (A) Bcl-2 levels in unin-
fected C1 cells versus Cl-ts1 cells assayed at 24, 48, and 72 hours p.i.
(B) Bcl-2 and catalase levels in uninfected C1 cells versus C1-ts1-S cells
at 24, 48, and 72 h of culture. The results are representative of three
separate experiments. “Fold” values appearing under the bands are
ratios of band density, measured by densitometric tracing, to the band
density for C1 control cells after normalization for protein loading
using the B-actin bands.

fected C1 cells at 24, 48, and 72 h of culture. This difference
suggests that maintenance of higher than normal Bcl-2 lev-
els may contribute to the survival of Cl-ts1-S cells after #s1
infection.

We have reported previously that levels of the H,O,-scav-
enging enzyme catalase are reduced after acute infection in
Cl-ts1 cells compared with uninfected C1 cells (20). The West-
ern blotting data in Fig. 2B show that C1-51-S cells differ from
Cl-#s1 cells in this respect as well, in that catalase protein levels
are slightly increased at 24 and 48 hours p.i. in C1-s1-S cells.

Upregulation of ER chaperone proteins. ER chaperone pro-
teins, such as the glucose-responsive proteins 78 and 94
(GRP78 and GRP94) and CalR, are activated by the presence
of misfolded proteins in the ER (16). We have shown previ-
ously that amounts of GRP78 and GRP94 are elevated in
acutely infected C1 astrocytes within 24 hours p.i. (27). In most
cell types, ER stress causes Ca®" release from ER stores and
is accompanied by rising CalR levels (11). We therefore used
Western blotting to compare the levels of these three proteins
(GRP78, GRP94, and CalR) over 24, 48, and 72 h of culture
for Cl1-#s1-S cells versus uninfected C1 cells. In these experi-
ments, parallel cultures of both cell types were also either left
untreated or treated with the GSH synthesis inhibitor BSO.

Figure 3 shows that Cl-ts1-S cells contained significantly
increased levels of GRP78, GRP94, and CalR, relative to un-
infected C1 astrocytes, at all three time points. Treatment with
BSO increased the expression of ER chaperone proteins in
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FIG. 3. gPr80“" and gp70, GRP78, GRPY4, and CalR protein expression in C1 and C1-#s1-S cells. C1 or C1-#s1-S cells were plated as described
in Materials and Methods, but in separate sets of replicate cultures, with one set left untreated and the other treated with 1 mM BSO for the last
24 h of incubation. After incubation for 24, 48, and 72 h, cell lysates were prepared, and 50 pg of total protein from each lysate was analyzed by
Western blotting for gPr80“"” and gp70, GRP78, GRP94, and CalR. The blots were then stripped and reimmunoblotted with anti-B-actin antibody.
The results are representative of two or three experiments. The values under the bands are ratios of band density, measured by densitometric
tracing, to the band densities for C1 control cells after normalization of protein loading using the B-actin bands.

C1-ts1-S cells, but not in C1 cells, at 24 h of culture. This
suggested to us that the antioxidant defense machinery repre-
sented by these stress proteins is primed and ready for quick
response to further challenge (BSO) in Cl-#s1-S cells.

Lower intracellular ROS levels in C1-s1-S cells. Intracellu-
lar H,O, content is a global reflection of amounts of toxic ROS
in cells, including H,O,, superoxide, and hydroxyl radicals.
Using flow cytometry and a fluorescent dye to detect and
quantitate intracellular H,O,, we have shown previously that
acute #s1 infection leads to the rapid accumulation of intracel-
lular ROS, and to oxidative stress, in primary astrocyte cultures
or in cultured C1 astrocytes (27). The same H,O, measure-
ment protocol was used here to measure ROS levels in (i)
Cl-ts1-S cultures incubated for 24, 48, and 72 h; (ii) acutely
infected C1 cell cultures (Cl-ts1) incubated for 24, 48, and 72
hours p.i.; and (iii) uninfected C1 cell cultures sampled at the
same time points. The cells were loaded with CM-H,DCFDA
for 30 min prior to being harvested, as described previously
(27), allowing detection of H,O, levels in the cells via the
fluorescent derivative formed by interaction of the dye with
intracellular H,O,.

Figure 4 shows the fluorescence intensity profiles (reflecting
H,O, contents) for all three cell types after seeding of cultures
(C1-ts1-S cells) or after infection (Cl1 cells) for 24 h (top), 48 h
(middle), and 72 h (bottom). The data show that C1-£s1-S cells
maintained low H,0, (ROS) concentrations, similar to those
of uninfected CI cells, at all three time points, in contrast to
high levels at all three time points for acutely infected C1-ts1
cells. This difference was particularly evident at 72 h of culture.

Increased intracellular thiols, cystine uptake, and GSH re-
cycling. We have shown previously that thiol-related antioxi-

dative-defense responses are activated after acute infection of
C1 astrocytes with £s1, but that half of the cells in such cultures
still die soon after infection (27). Data from these earlier
studies implicated Nrf2 as the factor orchestrating thiol redox
responses in infected cells, including increased expression of
the xCT cystine/glutamate antiporter, as well as elevations in
the levels of specific proteins involved in GSH synthesis. In
these prior studies, cells harvested from acutely #s1-infected
Cl-ts1 cell cultures (containing both dying cells and the pre-
cursors of survivor cells) contained net amounts of GSH sig-
nificantly lower than those of uninfected C1 cells, although
intracellular cysteine levels and consumption of extracellular
cystine were both increased (27).

To determine whether the same situation existed in cultures
of C1-#s1-S cells, we compared the GSH contents of C1-ts1-S
cells to the GSH contents of uninfected C1 cells, or acutely
infected Cl-#s1 cells, at 24, 48, and 72 hours p.i. Figure 5A
shows that the GSH levels of Cl-ts1-S cells were significantly
higher than those of either Cl-ts1 cells or uninfected C1 cells
at 48 to 72 h of culture. This result is very different from that
obtained in our earlier work for unseparated #s1-infected C1
cell cultures, where net levels of GSH were significantly lower
for infected versus uninfected C1 cells (27). Figure 5B shows
that intracellular cystine/cysteine levels were also significantly
higher in C1-#s1-S cultures than in uninfected C1 cultures. We
suggest that the maintenance of high levels of GSH in C1-t5s1-S
cells reflects the successful activation of thiol redox defenses in
these adapted cells.

In CNS glial cells, including astrocytes, the xCT antiporter at
the plasma membrane exchanges incoming cystine for outgo-
ing glutamate. We therefore asked whether the increased
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FIG. 4. Intracellular H,O, in C1 and Cl1-#s1-S cells. Intracellular
H,0, levels were measured via CM-H,DCFDA fluorescence in unin-
fected and acutely infected C1 cells or C1-ts1-S cells. After incubation
for 24, 48, and 72 h, all cells were loaded with 10 uM CM-H,DCFDA
for 30 min, followed by flow cytometric measurement of their H,O,
contents. The three panels represent the results for cells harvested at
24 (top), 48 (middle), and 72 (bottom) hours p.i. Shown are uninfected
CI1 cells (C1; blue lines), acutely ts1-infected C1 cells (ts1; green lines),
Cl1-ts1-S cells (Cl-£s1-S; red lines), and BSO-treated C1 cells (BSO;
brown lines).

amounts of intracellular GSH and cystine/cysteine in C1-ts1-S
cells might be due to increased activity of their xCT, which
could counteract depletion of GSH in the cells resulting from
infection. Figure 5C shows that Cl-ts1-S cells exhibit signifi-
cantly increased uptake of [*>S]cystine at 24 h of culture com-
pared with uninfected C1 cells. We then also asked whether
the increased GSH and cystine/cysteine contents of C1-#s1-S
cells might be due to enhancement of their GSH salvage path-
ways via the ectoenzyme vy-GT, which cleaves extracellular
GSH into its peptide components, thereby freeing cystine/cys-
teine for reuptake (8). Figure 5D shows that y-GT enzymatic
activity was increased twofold in Cl-ts1-S cells at 24 h of
culture relative to that measured in uninfected C1 cells. Addi-
tional evidence for specific enhancement of y-GT activity in
C1-£51-S cells is provided by the data for C1-#s1-S cells and C1
cells treated with the y-GT-inhibiting agent acivicin, which
significantly reduced y-GT activity in both (Fig. 5SD).

J. VIROL.

Upregulated Nrf2 and its downstream targets. The data
above suggested that increased intracellular GSH in Cl-ts1-S
cells is likely to result from upregulation of proteins involved in
the Nrf2-mediated thiol antioxidant pathway. As noted above,
one of the target genes in this pathway is the xCT antiporter,
whose activity is increased in Cl-ts1-S cells relative to unin-
fected C1 cells (Fig. SC). We have shown previously that Nrf2
activation and nuclear translocation, and upregulation of Nrf2
target genes, occur in C1 cells infected with #s1 (27).

Activation of the Nrf2 transcription factor begins with its
release from its cytoplasmic inhibitor and its translocation into
the nucleus (12, 13, 26). In the nucleus, Nrf2 binds to ARE
promoter regions in the genes encoding xCT, the two subunits
of y-glutamylcysteine ligase (y-GCL), y-GCLC and y-GCLM,
and glutathione peroxidase (GPx) (27).

To test for Nrf2 activation in Cl-£51-S cells versus C1 cells,
and to determine whether Nrf2 target genes are upregulated in
Cl1-£51-S cells, we cultured Cl-£s1-S cells and C1 cells side by
side for 24, 48, and 72 h. Both cell types were cultured in either
the presence or absence of the y-GCLC inhibitor BSO, which
depletes intracellular GSH and activates Nrf2 (27). We sam-
pled the Cl-ts1-S and C1 cells at each time point, to follow
levels of xCT, y-GCLC, y-GCLM, and GPx in untreated and
BSO-treated C1 versus Cl-ts1-S cells. Figure 6A shows that
nuclear levels of Nrf2 are significantly increased in untreated
Cl1-ts1-S cells versus Cl1 cells at 24, 48, and 72 h of culture and
that nuclear Nrf2 levels also rise in the uninfected control C1
cells at 72 h of culture. We suspect that nuclear Nrf2 and Nrf2
target gene expression levels rise at later times in uninfected
Cl1 cells because the cells are growing in spent medium and are
becoming oxidatively stressed.

Figure 6B shows that levels of all four of the selected Nrf2
target gene products (xCT, y-GCLC, y-GCLM, and GPx) were
increased in C1-#s1-S cells versus uninfected C1 cells at 24 and
48 h of culture. The transient increase in nuclear translocation
of Nrf2 at 24 h of culture in C1-£51-S cells (Fig. 6A), followed
by upregulation in levels of its target gene products, most likely
reflects the activation sequence itself, in which Nrf2 nuclear
translocation, and Nrf2 engagement of ARE sequences in tar-
get gene promoters, is followed by transcription and transla-
tion of target gene proteins. Treatment of the C1 cells and
Cl1-ts1-S cells with the y-GCLC inhibitor BSO increased Nrf2
expression and Nrf2 target gene expression at all time points
for both cell types (Fig. 6A and B).

These results show that Nrf2 activation, Nrf2 nuclear trans-
location, and specific transcriptional activation of Nrf2 target
genes are continuously under way in C1-£51-S cells and that all
of these activities are upregulated by BSO.

Cystine/cysteine deficiency increases sensitivity to zs1-in-
duced cell death. The availability of cystine/cysteine is a limit-
ing factor for protein and GSH synthesis in both normal and
stressed cells (15). For this reason, cystine/cysteine deprivation
causes rapid cell death in acutely infected C1 cells (27). We
therefore asked whether and how the availability of cystine/
cysteine affects intracellular GSH levels and cell survival over
time in Cl-£s1-S cells versus uninfected C1 cells. C1-s1-S cells
and C1 cells were cultured for 24, 48, and 72 h in culture medium
containing stepped concentrations of cystine (0, 10, 100, 200, and
1,000 uM, where 200 uM is the concentration normally present in
Cl1 cell culture medium). The three graphs on the left of Fig. 7
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(Fig. 7A, 24, 48, and 72 h) follow viable-cell numbers over time in
cultures of C1 versus Cl-s1-S cells grown in culture media con-
taining the different cystine concentrations identified above. The
three graphs on the right (Fig. 7B) follow intracellular GSH levels
under the same conditions.

Figure 7A shows that when numbers of surviving cells at 24,
48, and 72 h for the two cell types are compared, it is clear that
Cl-ts1-S cells die much faster than uninfected C1 cells when
cystine is limited or absent. When cultured in 10 wM cystine,
for example, C1-#s1-S cells survived for 24 h (Fig. 7A, top) but
were dead by 48 h (Fig. 7A, middle), although uninfected C1
cells remained alive at all three time points at this cystine
concentration (Fig. 7A, top, middle, and bottom). However, at
high cystine concentrations (between 100 and 1,000 M), via-
ble-cell counts for Cl-ts1-S cells were actually higher than
those of uninfected C1 cells, even at 72 h of culture. It appears
that although C1-ts1-S cells are more sensitive to cystine/cys-
teine deficiency than are uninfected C1 cells; they use cystine
more efficiently than do uninfected C1 cells at higher cystine
concentrations.

The three graphs in Fig. 7B follow intracellular GSH levels

over time (24, 48, and 72 h) in C1 versus Cl-ts1-S cells, again
cultured in stepped concentrations of cystine. As expected
from the data in Fig. 7A, intracellular GSH levels in Cl-ts1-S
cells at 48 and 72 h of culture were significantly higher than
those of C1 cells at cystine concentrations close to those in
normal cell culture medium (compare the two bottom graphs
in Fig. 7B to the top graph), and Cl-ts1-S cells maintained
constant GSH levels over the entire experimental period when
cultured at the highest cystine concentration (1,000 wM), while
GSH levels in C1 cells declined over time.

Together, these observations show that Cl-ts1-S cells are less
able than C1 cells to survive cystine-limiting culture conditions
and to maintain intracellular GSH homeostasis at low cystine
concentrations (<10 uM) (Fig. 7A, 48 and 72 h of culture). On
the other hand, C1-ts1-S cells use cystine more efficiently than C1
cells, both for survival and for GSH synthesis, when cultured at
normal or higher than normal cystine concentrations (100, 200,
and 1,000 wM cystine) (Fig. 7A and B).

GSH and cystine/cysteine levels in the zs1-infected brain-
stem and spinal cord. Work by others has shown that whole
CNS tissues and cerebrospinal fluid of HIV-infected patients
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FIG. 6. Transient upregulation of Nrf2 and activation of its downstream target genes XCT, y-GCL subunits, and GPx in C1-£51-S cells. (A) C1
or Cl-ts1-S cells were incubated for 24, 48, and 72 h in the presence or absence of BSO for the last 24 h of their incubation. For cells harvested
at each time point, nuclear lysates were prepared and analyzed for their content of Nrf2. (B) C1 or Cl-#51-S cells were incubated for 24, 48, and
72 h in the presence or absence of BSO for the last 24 h of their incubation. For cells harvested at each time point, nuclear lysates were prepared
and analyzed for their content of xCT, y-GCLC and y-GCLM, and GPx. All blots were stripped and reimmunoblotted with anti-B-actin antibody
as a protein loading control. All blots shown are representative of three or four independent experiments. The values under the bands are ratios of band
density, measured by densitometric tracing, to the band densities of C1 control cells after normalization of protein loading using the B-actin bands.

contain decreased levels of GSH relative to those of uninfected
individuals (25). In spongiform lesions of the brainstems and
spinal cords of #s1-infected mice, we found larger numbers of
cells containing malondialdehyde adducts, which are protein-
malondialdehyde complexes produced by membrane lipid per-
oxidation, reflecting oxidative stress (13a). We therefore com-
pared cystine/cysteine and GSH in whole brainstem tissues of
ts1-infected versus uninfected mice at 30 days p.i. to assess the
relationship between precursor and product (cystine/cysteine
and GSH) in whole CNS tissue from infected mice. Figures 8A
and B show that cystine/cysteine levels, but not GSH levels,
were reduced in the infected CNS tissues compared to control
CNS tissues at 30 days p.i. These observations suggest that
thiol-related antioxidant responses are activated in the #s1-
infected CNS at this time point (high GSH levels in the tissues)
but that substrate depletion is also under way (lower cystine/
cysteine levels).

DISCUSSION

The genetic determinant of neurovirulence in #s1 is a single-
point mutation in its env sequence, which results in a Val-

25—Ile substitution in the precursor envelope protein gPr80"”
(39). Due to this substitution, the #s1 gPr80°"" precursor pro-
tein accumulates in the ER of cultured astrocytes (33, 39, 47),
inducing ER stress. ER stress responses lead to increased
intracellular production of GADD153, release of Ca®" from
ER stores, and mitochondrial stress (19). These events are
associated with ROS accumulation (27).

Our published studies have shown that cultured astrocytes
respond to fs1 infection, and to the events described above, by
activation of specific thiol antioxidant defenses linked to the
activation of Nrf2 (18, 19, 27, 33, 37). In this study, we asked
which of these defenses are activated in the “survivor” cell
population that arises in long-term #s1-infected astrocyte cul-
tures. We therefore established a population of “survivor”
ts1-infected C1 cells (C1-£51-S) from the C1 astrocytic cell line
and compared cell growth, virus production, and thiol- and
non-thiol-related antioxidant defenses in these cells to those of
uninfected C1 cells or acutely infected C1 cells. We first ob-
served that Cl-ts1-S cells exhibited slower growth than unin-
fected C1 cells and that they maintained lower levels of viral
replication relative to acutely infected C1 cells. It seemed likely
that slowed cell proliferation and restricted virus production in
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FIG. 7. Cell numbers and GSH levels at 24, 48, and 72 h of culture in C1 and Cl1-£s1-S cells grown in cystine-deficient medium. C1 or C1-#s1-S
cells were plated in 60-mm dishes and cultured in cystine-free DMEM with 10% FBS, supplemented with the indicated concentrations of cystine,
and incubated for 24, 48, and 72 h. (A) Cell viability assays at 24 (top), 48 (middle), and 72 (bottom) hours p.i. Viable cells were counted by trypan
blue exclusion. The results are the means plus standard deviations for three different experiments. (B) Intracellular GSH levels, measured as
described in Materials and Methods, for cells grown as described for panel A, for 24 (top), 48 (middle), and 72 (bottom) hours p.i. The results are

the means plus standard deviations for three different experiments.

C1-£51-S cells occur because some cell resources are diverted to
mechanisms for virus production, thereby reducing the supply
of energy available for normal cellular protein synthesis and
proliferation. Among these cellular resources, we suspected
that cystine/cysteine supplies in particular are likely to be re-
directed for use in antioxidant defenses against viral infection,
detracting from their availability for cell proliferation and pro-
tein synthesis. We therefore tested this hypothesis, and we

report here that the successful deployment of these particular
defenses, i.e., thiol antioxidant pathways, is central to the sur-
vival of astrocytes after #s1 infection.

Nrf2 activation mobilizes thiol oxidant defenses by upregu-
lating transcription of genes involved in the biosynthesis of
GSH. The proteins encoded by these genes include the plasma
membrane xCT antiporter, the catalytic and modulatory sub-
units of y-GCL, and GPx (21). Cystine is reduced to cysteine
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FIG. 8. Total brainstem and spinal cord GSH and cystine/cysteine
at 30 days p.i. (A) GSH levels in brainstem and spinal cord tissues from
uninfected versus #s1-infected mice at 30 days p.i. (B) Cystine/cysteine
levels in brainstem and spinal cord tissues of uninfected and #s1-
infected mice at 30 days p.i. The data are expressed as the means plus
or minus standard deviations for five to eight mice for each determi-
nation. In panel B, #x*, P < 0.01 for ts1-infected versus uninfected mice.

upon entry into the cell, and this cysteine provides the sub-
strate for the heterodimeric enzyme y-GCL, which catalyzes
the rate-limiting step in the synthesis of y-glutamylcysteine, a
precursor of GSH (5, 34). GSH protects oxidatively stressed
cells by reacting directly with oxygen or nitrogen free radicals
and by donating electrons for reduction of H,O, to H,O by
GPx (6, 7, 23, 25, 32).

Cl-ts1-S astrocytes tolerate viral infection by mobilizing
Nrf2-mediated thiol antioxidant defenses, with upregulation of
xCT, cystine uptake, and GSH synthesis. Both subunits of
v-GCL (y-GCLC and y-GCLM) are upregulated, as are GPx
levels. As expected under these conditions, intracellular GSH
levels in Cl-#s1-S cells are significantly increased relative to
those of uninfected or acutely infected C1 cells, but this occurs
only if sufficient cystine is available in the culture medium.
Cystine uptake is the rate-limiting step for GSH production,
and large amounts of cystine must be available in the medium
if demand for GSH is increased. As expected, therefore, C1-
ts1-S cells maintain normal ROS levels and GSH content when
the culture medium contains nonlimiting concentrations of
cystine but quickly die at low concentrations of cystine.

It is significant that the result of this pattern of adaptations
in Cl-ts1-S cells (maintenance of protective levels of intracel-
lular GSH) is quite distinct from events that occur in unsepa-
rated ts1-infected C1 cells, which also activate Nrf2-mediated
defenses but half of which die (27). C1-#s1-S cells can maintain
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high cystine/cysteine and GSH levels, and low intracellular
ROS, over 72 h of culture while they survive, divide, and
produce virus. By contrast, cystine/cysteine and GSH levels of
Cl-ts1 cells begin to decline at early times after infection, and
their intracellular ROS levels rise and remain high until the
cells die (by 72 hours p.i.). At present, we do not know why
these two distinct cell types arise in synchronized C1 cell cul-
tures whose infection conditions should ensure simultaneous
infection of all cells. We suspect that the answer to this ques-
tion may provide valuable information about conditions that
suppress or promote retroviral infection in CNS tissues. It is
interesting to note from this study that cystine/cysteine levels,
but not GSH levels, were reduced in whole infected CNS
tissues, compared to control CNS tissues, at 30 days p.i. These
observations suggest that thiol-related antioxidant responses
are activated in #sl-infected CNS tissues at this time point
(high GSH levels in the tissues) but that substrate depletion is
also under way (lower cystine/cysteine levels). Work is now in
progress in our laboratory to measure these parameters for
individual cell types in the CNS.

Cl1-151-S cells also mobilize other antiapoptotic and antiox-
idant defenses, including catalase, the antiapoptotic Bcl-2 pro-
tein, and ER chaperones. The mechanism for upregulation of
these proteins is unclear. We postulate that since all of these
proteins are redox sensitive, their increased levels could be a
response to infection-induced changes in the intracellular re-
dox potential (i.e., relative concentrations of oxidants to anti-
oxidants). We are currently carrying out further studies to
address these questions.

These results corroborate our earlier (19, 27) and current
(13a) findings and support the hypothesis that thiol depletion
and oxidative stress are key factors in the pathogenesis of
ts1-induced neurodegenerative disease. They also suggest that
restoration of the cellular redox balance, and of ER homeosta-
sis, may enable some fsl-infected astrocytes to survive in vivo
and continue to produce low levels of virus. If so, targeted ther-
apies to protect cells against oxidative stress and to restore thiol
depletion might be suitable for treatment of this and other
retrovirus-induced neurodegenerative diseases (13a).

However, the specific roles played in vivo by possible “sur-
vivor” astrocytes in #s1-induced neurodegeneration remain un-
clear. We do know that infected astrocytes are oxidatively
stressed and that their ability to supply local neurons with
adequate reduced thiols is likely to be compromised whether
or not the astrocytes survive infection, and that this may con-
tribute to the death of neurons that are not infected with #s1.
Interestingly, it has been reported that in HIV type 1 infection
of the brain, astrocytes undergo restricted virus replication
(28) and survive HIV Tat protein expression by increasing
their antioxidant defenses (3). If C1-£s1-S cells represent “sur-
vivor” astrocytes that arise in the intact CNS of fs1-infected
mice, such cells may act as persistent viral reservoirs in this and
other retroviral infections, including that caused by HIV type 1
(2). If this proves to be the case, the existence of such cells
must be taken into account when devising or administering
therapies for neurodegeneration following retroviral infection
(22, 30). This is because such treatments could activate and
promote the proliferation of these cells, thereby facilitating
existing productive infection or allowing the reemergence of
virus infection and spread in the CNS.
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