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The human immunodeficiency virus type 1-associated cognitive-motor disorder, including the AIDS demen-
tia complex, is characterized by brain functional abnormalities that are associated with injury initiated by viral
infection of the brain. Indoleamine 2,3-dioxygenase (IDO), the first and rate-limiting enzyme in tryptophan
catabolism in extrahepatic tissues, can lead to neurotoxicity through the generation of quinolinic acid and
immunosuppression and can alter brain chemistry via depletion of tryptophan. Using the simian immunode-
ficiency virus (SIV)-infected rhesus macaque model of AIDS, we demonstrate that cells of the macrophage
lineage are the main source for expression of IDO in the SIV-infected monkey brain. Animals with SIV
encephalitis have the highest levels of IDO mRNA, and the level of IDO correlates with gamma interferon
(IFN-�) and viral load levels. In vitro studies on mouse microglia reveal that IFN-� is the primary inducer of
IDO expression. These findings demonstrate the link between IDO expression, IFN-� levels, and brain
pathology signs observed in neuro-AIDS.

Simian AIDS (sAIDS) is the nonhuman primate equivalent
of AIDS in humans and results from infection of Asian ma-
caques with the simian immunodeficiency virus (SIV), highly
analogous to human infection with human immunodeficiency
virus (HIV). In addition to immune deficiency and the result-
ing opportunistic infections and malignancy, sAIDS is charac-
terized by motor, cognitive, and behavioral abnormalities dur-
ing its mid-stage to late stage of infection (29, 36), mimicking
the HIV type 1 (HIV-1) cognitive-motor disorder found in
humans, also known as the AIDS dementia complex or neuro-
AIDS.

In both monkeys and humans, the central nervous system
(CNS) disorder is thought to result from indirect mechanisms
initiated by viral infection of the brain, resulting in functional
and pathological changes occurring in the regions of the brain
responsible for integrating these higher functions. Encephalitis
can result from HIV and SIV infection, with lesions consisting
of multinucleated giant cells, microglia nodules, perivascular
cuffing, and astrocytosis (20, 41). However, encephalitis does
not strictly correlate with functional abnormalities of the CNS.
Other more subtle but significant changes reported include
neuronal dendritic loss and dendritic vacuolization (19, 25).
Similar to what is found for HIV, analysis of the brains and
cerebrospinal fluid (CSF) of SIV-infected monkeys reveals an
increased expression of inflammatory cytokines including tu-
mor necrosis factor alpha (TNF-�), gamma interferon (IFN-
�), interleukin-1� (IL-1�), IL-6, and inducible nitric oxide
synthase (iNOS) (2, 21) and chemokines including monocyte
chemoattractant protein 1 (MCP-1), MCP-3, IFN-�-inducible
protein 10, macrophage-inflammatory protein 1� (MIP-1�),

MIP-1�, and RANTES (8, 32). Neurotoxins such as quinolinic
acid and peroxynitrite have also been detected in the CSF and
brain parenchyma of patients and monkeys with brain inflam-
mation (3, 16, 30)

Previous studies have shown that the severity of neuro-AIDS
best correlates with the level of activated macrophages and
microglia in the brain as opposed to the level of viral infection
(11), although a recent report indicates that a high viral load
may indeed correlate with dementia (26). Considering the cy-
tokine milieu in the SIV-infected and inflamed brain and the
elevation of activated microglia and macrophages, it is likely
that this combination of virus and host factors would lead to
increased neurotoxin generation by these cells.

The production of neurotoxins by the host or virus following
infection is an important means by which HIV and SIV may
cause neurological disease. A potential mechanism for neural
damage by cells infected by SIV or HIV in the brain is via the
N-methyl-D-aspartate (NMDA) receptors, a subtype of gluta-
mate receptor (22). Excessive stimulation of these receptors
leads to a cascade of increased neuronal intracellular calcium,
increased glutamate release, and overexcitation of neurons,
eventually resulting in neuronal damage and death. Increased
accumulation of quinolinic acid in the CSF and brain tissue has
been reported to be one of the hallmarks of neurological dys-
function in patients with neuro-AIDS and in SIV-infected ma-
caques (5, 14–16, 30, 34). It is thus probable that quinolinic
acid, being an excitatory neurotransmitter acting via the
NMDA receptor, is a contributing factor to the neuronal dys-
function observed in these cases.

Although macrophages are thought to be the main source of
this excitatory neurotoxin, which is generated by oxidative ca-
tabolism of tryptophan, endothelial cells and astrocytes have
also been shown by in vitro studies to be potential sources.
Stimulation of macrophages with lipopolysaccharide (LPS),
IFN-�, or TNF-� leads to increased quinolinic acid production,
whereas stimulation with transforming growth factor �2, IL-

* Corresponding author. Mailing address: Department of Neuro-
pharmacology, CVN 8, The Scripps Research Institute, 10550 N. Tor-
rey Pines Rd., La Jolla, CA 92037. Phone: (858) 784-7171. Fax: (858)
784-7296. E-mail: hsfox@scripps.edu.

† Paper 14882-NP from The Scripps Research Institute.

12233



1�, and IL-6 has no apparent effect (9, 35). Furthermore,
although viral proteins such as Tat and Nef, as well as platelet-
activating factor, are potent inducers of quinolinic acid pro-
duction in macrophages (35), their mechanisms of action re-
main unclear.

Indoleamine 2,3-dioxygenase (IDO) is the first and rate-
liming enzyme in the generation of quinolinic acid from tryp-
tophan via the kynurenine pathway in extrahepatic tissues (13).
In vitro, IDO is shown to be induced in macrophages by IFN-�,
TNF-�, LPS, and CD40 ligand (CD40L) (1, 9), among other
stimuli. By depleting the essential amino acid tryptophan, IDO
is also thus involved in immune regulation as an inhibitor of
T-cell proliferation (18) and in the brain can contribute to
serotonin depletion leading to CNS dysfunction (40). Although
previous studies have shown increased IDO activity in brain
samples from neuro-AIDS patients (31), no detailed examina-
tion of its temporal and spatial expression has been performed.
We report the regional modulation of IDO in brains of mon-
keys infected with SIV and its correlation with viral load,
IFN-� expression, and CNS pathology.

MATERIALS AND METHODS

Materials. NG-monoethyl-L-arginine monoacetate (NMM) was obtained from
Sigma (St. Louis, Mo.). Sources for antibodies used in immunohistochemistry
were as follows: HAM56, MAC387, and glial fibrillary acidic protein (GFAP),
Dako (Carpinteria, Calif.); LN3, Zymed (South San Francisco, Calif.); CD3-12,
Novocastra (Newcastle-upon-Tyne, United Kingdom); FA2 anti-SIV p27 Gag,
produced in our laboratory from a hybridoma provided by the National Institutes
of Health AIDS Research and Reference Reagent Program. The CD8-depleting
cM-T807 antibody was obtained from the Resource for Primate Lymphocyte-
Depleting Monoclonal Antibodies (Beth Israel Deaconess Medical Center, Bos-
ton, Mass.). All cytokines were purchased from PeproTech Inc. (Rocky Hill,
N.J.); CD40L was obtained from Research Diagnostics Inc. (Flanders, N.J.).
Oligonucleotide primers and probes were supplied by Annovis (Aston, Pa.).

Infections. Macaque monkeys (Macaca mulata), free of type D simian retro-
viruses and herpes B virus, were acquired from Charles River (Key Lois, Fla.)
and Covance (Alice, Tex.) and prepared for the experiments in accordance with
The Scripps Research Institute’s Animal Care and Use Committee guidelines.

The animals were divided into three groups. Group A consisted of five unin-
fected controls (animals 298, 331, 332, 357, and 392); two of these animals
received the anti-CD8 antibody treatment described below. The other two
groups were infected with SIVmac182, derived from microglia passage of SIV-
mac251 (38). Animals were inoculated via the saphenous vein with a cryopre-
served cell-free SIVmac182 stock (p27 Gag antigen equivalent of 0.9 ng). They
were also treated with the anti-CD8 antibody cM-T807 to deplete CD8 cells at
different times following SIV inoculation by modifications of the protocol of
Schmitz et al. (33). Group B consisted of chronically infected animals that were
sacrificed at 21 to 24 months postinoculation (p.i.) without signs or symptoms of
simian AIDS due to lack of disease progression (per protocol, with a predeter-
mined criterion of 18 to 24 months p.i. without disease progression). Of the three
animals in Group B (animals 290, 291, and 304), animals 290 and 304 were
treated with the anti-CD8 antibody on days 462, 465, and 469 p.i., whereas the
third (291) was treated on days 210, 213, and 217 p.i. This led to a transient
depletion of CD8 cells (recovering to �200 CD8� cells per �l of blood by 32 days
following the final treatment) accompanied by a transient rise in viral load. No
progression of disease over time was noted, and animals were later sacrificed at
641 (291), 646 (304), and 723 (290) days following infection. Group C consisted
of animals that were treated with the anti-CD8 antibody near the time of
infection in order to induce a more rapid disease course, reported to yield a high
incidence of encephalitis (43). These four animals (animals 301, 321, 323, and
330) were treated with the anti-CD8 antibody at days 6, 9, and 13 p.i. and
developed transient CD8 depletion (recovering to � 200 CD8� cells per �l of
blood by day 45 p.i., 32 days following the final treatment) but had a consistently
high viral load until sacrifice. These animals were sacrificed at 93 (323), 101
(301), 108 (321), and 111 (330) days following viral inoculation due to the
predetermined criterion of development of symptomatic simian AIDS.

Tissues were acquired following deep anesthesia of the animals with ketamine,
xylazine, and pentobarbital and complete vascular perfusion with heparinated

phosphate-buffered saline (PBS). Sections were immediately fixed in 10% neu-
tral buffered formalin or preserved in RNA-later (Ambion, Austin, Tex.) for
RNA isolation.

Cultured microglia. Microglia was isolated from the brains of monkeys as
described previously (24). The cells were plated in a six-well plate in RPMI 1640
containing 10% fetal calf serum, PenStrep, amphotericin B (Fungizone), and 50
ng of macrophage colony-stimulating factor/ml for 7 days at 37°C and 5% CO2

before use. Purity was determined by incubation with fluorescent dye laurdan-
labeled acetylated low-density lipoprotein, followed by examination by fluores-
cence microscopy, as previous described (21), and was found to be �95%.

To isolate mouse microglia, brains from four newborn mouse pups were
triturated in 10 ml cDMEM (Dulbecco’s modified Eagle medium with 10% fetal
calf serum, PenStrep, and Fungizone) containing trypsin-EDTA and incubated
at room temperature for 20 min. To harvest the cells, 40 ml of cDMEM was
added and cells were pelleted at 2,000 rpm for 10 min. The cell pellet was
reconstituted in 30 ml of cDMEM and plated in two 75-cm2 flasks at 37°C and
5% CO2 with media change the next day. After 7 days in culture, the cells were
detached in PBS-trypsin-EDTA, harvested in cDMEM, and replated in two
plastic 24-well plates in cDMEM containing 50% of the previous culture’s me-
dium and 50 ng of macrophage colony-stimulating factor/ml for 7 days before
use.

RNA isolation. Monkey brain RNA was isolated by homogenization in Trizol
(Gibco, Carlsbad, Calif.), with an additional phenol-chloroform extraction.
Mouse brain and microglia RNA were isolated with a Totally RNA kit (Am-
bion). RNA was reconstituted in diethyl pyrocarbonate (DEPC)-treated water
and quantified on a Beckman DU640B spectrophotometer.

Monkey sequences. The human IDO sequence from GenBank was used to
design forward (CGGTC TGGTG TATGA AGGGT TCTG) and reverse (CG-
GAC TGAGG GATTT GACTC TAATG) primers to generate a 216-bp PCR
product. cDNA prepared from SIV-infected monkey brain RNA was used as a
template. This PCR product was cloned into the pCR 2.1 vector (Invitrogen,
Carlsbad, Calif.), transformed into TOP 10F cells (Invitrogen), and sequenced.
The associated rhesus monkey IDO sequence and the GenBank rhesus monkey
IFN-� sequence were used to design primers and probes for real-time PCR with
the help of the Primer Express software (Applied Biosystems, Foster City, Cal-
if.). The TNF-� primers and probes were adapted from those reported for
humans (4) with a single base change in the forward primer to account for a
difference between the rhesus monkey and human sequences based on the
GenBank rhesus monkey TNF-� sequences. The 18S and SIV primers and
probes were those previously reported (10, 17). The probes were labeled with
6-carboxyfluorescein (FAM) as the fluorochrome and tetramethylrhodamine
(TAMRA) as the quencher. All primers and probes were purified by polyacryl-
amide gel electrophoresis and double high-pressure liquid chromatography, re-
spectively. The sequences and concentrations (micromolar) of the primers and
probes used in real-time PCR are shown in Table 1.

RT-PCR. For generation of cDNA, 1 to 2 �g of RNA was incubated with
random primers and SuperScript II reverse transcriptase (RT) (Gibco) at 42°C
for 1 h, followed by 10 min at 90°C to inactivate the reverse transcription
reagents.

Real-time PCR. Lyophilized primers and probes were reconstituted in DEPC-
treated water to 100 �M stock. Reactions utilized one Ready-To-Go PCR bead
(Amersham-Pharmacia Biotech Inc., Piscataway, N.J.) in 25 �l, yielding 1.5 U of
Taq DNA polymerase, 10 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCl2, and 200
�M (each) deoxynucleoside triphosphate; reaction mixtures were brought to a
final concentration of 3.5 mM MgCl2. Real-time PCR was performed on a Smart
Cycler real-time machine (Cepheid, Sunnyvale, Calif.) using Smart Cycler tubes
from Fisher (Sunnyvale, Calif.). Each assay was optimized by titrating a range of
primer and probe concentrations and determining their cycle threshold (CT)
values. The primer-probe combinations that gave the lowest CT were used for
the final analysis. Additionally, a dilutional analysis of the samples indicated a
correlation coefficient for concentration and a CT of 0.99.

To perform the quantitative real-time PCR, the RT product was diluted with
an equal volume of DEPC-treated water and 7 �l was used for IDO, SIV, TNF-�,
and IFN-�, while 2 �l was used for analysis of 18S in a 25-�l reaction mixture in
triplicate. The reaction was run in the Smart Cycler at an initial 95°C for 90 s and
then at 95°C for 15 s and 62.5°C for 45 s for 45 cycles. The optic signal was
recorded at the end of every 62.5°C annealing/extension step.

Data analysis. For computing the relative amounts of IDO, IFN-�, TNF-�,
and SIV mRNA in the samples, the average CT of the primary signal for 18S was
subtracted from that for IDO, IFN-�, TNF-�, and SIV to give changes in CT
(dCTs). A baseline dCT of 25 was subtracted from these dCTs, and the resultant
values were multiplied by �1 to get the difference in the dCTs (ddCT, log2

relative units) used here as the measure of mRNA concentration. The normal-
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ization of IDO with 18S controls for variation in efficiency of RNA isolation,
possible differences in amounts of starting mRNA, and RT efficiency.

For statistical analysis, the ddCT values were used. Comparisons between
groups were analyzed by one-way analysis of variance, followed, when a signifi-
cant difference was found, by Student-Newman-Keuls tests for comparisons of
data among the groups. Results were deemed significant at a P value �0.05. The
strength of association between two variables (IDO and cytokine or virus levels)
was determined by using the Pearson product-moment correlation coefficient (r).

Immunohistochemistry. Formalin-fixed tissue sections were embedded in par-
affin wax. Six-micrometer sections were treated with xylene to remove the par-
affin and rehydrated for 3 min each in 100, 95, 75, and 50% ethanol followed by
PBS. Endogenous peroxidase activity was quenched by treatment with 0.3%
hydrogen peroxide in methanol. The sections were then washed in PBS before
treatment with 0.01 M sodium citrate, pH 6.39, at 104°C. Nonspecific binding was
blocked in casein before an overnight staining with primary antibody at 4°C. A
biotinylated secondary antibody (Vector Laboratories, Burlingame, Calif.) was
used at 1:100, followed by Histostain-Plus streptavidin peroxidase conjugate
(Zymed), and visualized with the VIP chromogen in accordance with the man-
ufacturer’s (Vector) instructions. The slides were then counterstained with
methyl green, dehydrated, and mounted. A minimum of four level sections were
stained with each antibody and examined microscopically. The staining patterns
and histopathologies on the level sections, as well as on at least 12 sections from
other regions of the brain, were similar.

In situ hybridization. The IDO cDNA described above was inserted in the pBS
SKII plasmid and used to develop a riboprobe labeled with 35S-UTP according
to the manufacturer’s instructions (Stratagene). Six-micrometer-thick formalin-
fixed, paraffin-embedded brain sections were dewaxed, hydrated, and treated
with citrate in heat as described above. Following washes in 0.5	 SSC (1	 SSC
is 0.15 M NaCl plus 0.015 M sodium citrate), the sections were prehybridized for
1 to 3 h at 42 to 46°C in a buffer containing 50% formamide, 0.3 M NaCl, 20 mM
Tris (pH 8), 5 mM EDTA, 1	 Denhardt’s solution, 10 mM dithiothreitol, and
10% dextran sulfate in DEPC water. Subsequently, they were hybridized with 3
	 106 cpm of probe in the same buffer at 42 to 46°C overnight. Following washes
and RNase treatment, immunohistochemical staining was done on selected slides
as described above. The slides were vacuum dried overnight and coated with
NTB2 nuclear emulsion in accordance with the manufacturer’s instructions
(Eastman Kodak, Rochester, N.Y.). Following a 1- to 2-week exposure, the slides
were developed, counterstained with methyl green, and mounted. Antisense
probes were used to detect the specific RNAs, and sense strand probes were used
for controls. Triplicate sections from at least three different regions of the brain
were examined. Analysis for IFN-� expression in the brain was similarly per-
formed with the probe previously described (21).

Photomicroscopy. Representative microscopic fields were captured with a
Spot RT Color charge-coupled device camera with the assistance of Spot RT
software (Spot Diagnostic Instruments, Inc., Sterling Heights, Mich.) and an
Optiphot microscope (Nikon Instruments, Inc., Melville, N.Y.).

Nucleotide sequence accession number. The GenBank accession number for
the 216-bp PCR product is AF533656.

RESULTS

IDO expression in microglia. To investigate the regulation
of IDO mRNA expression in microglia, initial studies of mouse
microglia isolated from newborn pups were performed. In cul-
tured mouse microglia, addition of IFN-� led to a significant
induction of IDO (Fig. 1a). TNF-� had a small but significant
stimulatory effect on IDO expression, which was augmented by
IFN-� (Fig. 1b). LPS had no significant effect on its own and
did not alter the level induced by IFN-� (Fig. 1c). Since nitric
oxide, formed via the production of iNOS, has been shown to
inhibit IDO activity, NMM, an inhibitor of iNOS activity, was
added to the cultures. In the mouse microglia cultures NMM
had no effect when used alone or in the presence of IFN-� (Fig.
1d).

Studies on microglia isolated from macaques were then per-
formed. In microglia derived from monkeys, cells from both
uninfected and SIV-infected animals were found to express
basal levels of IDO mRNA under these culture conditions.
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This basal level was significantly up-regulated by IFN-� (Fig.
2). CD40L treatment of the microglia did not significantly alter
IDO levels in the presence of IFN-� (Fig. 2). In the monkey
microglia, TNF-� had a minimal up-regulating effect, whereas
NMM was found to have no significant effect, either alone or
in combination with IFN-� (data not shown).

IDO expression in the brain. Monkeys infected with SIV
were evaluated for the expression of IDO in the brain. RNA
samples from three groups of monkeys (uninfected, chronically
infected but without AIDS at 21 to 24 months p.i., and a group
that rapidly progressed to AIDS at 3 to 4 months p.i.) were
analyzed for IDO mRNA expression. Since our previous work
had indicated that SIV was most consistently detectable in
cerebellar RNA (24), cerebellar samples from the groups were
compared. All brain tissues from uninfected (group A) mon-
keys had undetectable levels of IDO mRNA. The animals in
the chronic stage of infection (group B) had a significantly
up-regulated mean relative level of IDO mRNA of 324 (28.34).
Monkeys that were infected with SIV and that rapidly devel-
oped AIDS (group C animals) had the highest level of IDO
transcripts, with a mean relative level of 8,135 (212.99) (Fig.

3A), significantly different from levels for both uninfected
(group A) and chronically infected (group B) animals.

Brain viral load. To determine whether the regulation of
IDO observed in monkeys infected with SIV was attributable
to observed differences in viral load levels in the tissues, the
same cerebellar samples were analyzed for SIV RNA. Similar
to IDO levels, relative SIV levels in group C, monkeys with
AIDS, were significantly higher (244,589; 217.9) than those in
the group B animals sacrificed during the chronic infection (23;
24.54); the uninfected monkeys (group A) were negative for the
viral RNA as expected (Fig. 3B).

Brain IFN-� levels. Following the observation that IFN-� is
the most potent endogenous inducer of IDO expression in
microglia, as well as in macrophages and astrocytes in vitro
(data not shown), we determined the levels and regulation of
IFN-� transcripts in the same samples in order to understand
the mechanism by which viral infection may be causing the
up-regulation of IDO. All infected animals had higher levels of
IFN-� mRNA than the uninfected controls. Control group A
had no detectable amount of IFN-�, whereas animals in the
chronic stage of infection (group B) had a low level of IFN-�
transcripts (1.4; 20.51). The highest levels (41.6; 25.38) were
again observed in animals with rapidly progressive AIDS
(group C) (Fig. 3C); these were significantly different from
those for the other two groups. Thus it was evident that there
is also a correlation between the amount of IFN-� and the
generation of IDO in the brain, suggesting that IFN-� is a
major potent IDO inducer in SIV infection in the brain.

Brain TNF-� levels. One other immunomodulant found to
have a regulating effect on IDO expression is TNF-�. To de-
termine whether TNF-� has a role in the regulation of IDO in
the brains of SIV-infected monkeys, we assayed for its tran-
scripts in the same brain samples used for the other molecules.
TNF-� mRNA was found in all groups, with the uninfected
(group A) animals having the lowest mean level (60; 25.91);
higher levels were seen in the chronically infected (group B)

FIG. 1. Modulation of IDO in mouse microglia in vitro. Relative mRNA levels were quantified by real-time RT-PCR. The y axis indicates ddCT
(log2 relative units). (a) Cells were stimulated with 0 to 100 ng of IFN-�/ml for 24 h. IFN-� induces and significantly up-regulates the expression
of IDO in a concentration-dependent manner. (b) Cells were stimulated with 200 ng of TNF-�/ml alone and in combination with 100 ng of
IFN-�/ml for 24 h. IDO expression analysis showed significant low-level induction by TNF-� alone; when TNF-� was combined with IFN-�, there
was a complementary effect. (c) Cells were stimulated with LPS (100 ng/ml), with and without IFN-� (100 ng/ml) for 24 h. LPS alone resulted in
minimal induction of IDO and did not alter the IFN-� IDO induction. (d) Cells were treated with NMM (100 �m) with and without IFN-� (100
ng/ml) for 24 h. NMM had no significant effect alone or on IFN-�-induced IDO expression. For all the experiments, control cells were cultured
without the indicated agents.

FIG. 2. In vitro modulation of IDO in monkey microglia. Relative
mRNA levels were quantified by real-time RT-PCR. The y axis indi-
cates ddCT (log2 relative units). Cells isolated from infected or unin-
fected monkey brains were stimulated with IFN-� (100 ng/ml), with
and without CD40L (500 ng/ml), for 24 h. IFN-� treatment resulted in
significant IDO induction, which was not significantly altered by
CD40L. Control cells were cultured without inducing agents.
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animals (135; 27.08), and the highest levels, significantly differ-
ent from those for the other two groups, were found in the
group C animals (508; 28.99), which had rapidly progressive
AIDS (Fig. 3D).

SIV-induced pathology. To better characterize the differ-
ences between the groups, cerebellar sections were examined
by immunohistochemistry with HAM56 (macrophage marker),
MAC387 (newly immigrated activated macrophages), LN3
(HLA-DR; on activated endothelial and immune cells), and
CD3-12 (for T cells) (Fig. 4). Examination of sections from
control animals (group A), such as animal 298, for HAM56-
reactive cells revealed only a few faintly staining perivascular
cells, dispersed largely in the white matter. No MAC387-reactive
or CD3-12-reactive cells were found, and only rare LN3-reac-
tive blood vessels were present. Chronically infected animals
(group B, such as animal 291) had HAM56- and LN3-positive
micronodules scattered within the white matter. Small foci of
CD3-12-positive T cells could be found. LN3-reactive blood
vessels were also present. However, in the group C animals,
which developed rapidly progressive sAIDS, two distinct pat-
terns of pathology were found. In animals 301, 321, and 323,
frank SIV encephalitis (SIVE) was present, including numer-
ous microglia and macrophage nodules, multinucleate giant
cells, and perivascular macrophages, predominately in the
white matter, which were HAM56 positive, as exemplified by
animal 321. MAC387-reactive cells were detected in the same
lesions, although the positive cells were less numerous than
HAM56-positive cells. CD3-12-positive T cells were also
found, largely within or near the nodules. Major histocompat-
ibility complex class II expression, as determined by LN3 stain-
ing, was found in nodules, blood vessels, and cells (with the
morphology of microglia) in the white (quite intense) and gray
matter (less intense). In contrast, animal 330 had foci of
perivascular and infiltrating HAM56-positive macrophages but
no nodules or giant cells. MAC387 reactivity was not seen.
Scattered CD3-12-positive T cells were found in the paren-
chyma. LN3 reactivity was found focally on microglial cells in
the white matter, endothelial cells, and a few perivascular
macrophages.

Correlation between virus, cytokines, and IDO. The data
above reveal that the animals in group C had higher levels of
IDO, SIV, IFN-�, and TNF-� RNA and more-severe histopa-
thology than those in group B (and similarly for group B
compared to group A). The three animals in group C (301, 321,
and 323) with SIVE also exhibited higher RNA levels of all
measured molecules than the fourth animal (330) in the group,
which had less-distinct histopathology. To better discern the
relationship between IDO and SIV, IFN-�, and TNF-� levels
in the brain in the setting of SIVE, four other regions of the
brain (in addition to the cerebellar samples above; frontal
cortex, occipital cortex, midbrain, and hippocampus) from the
three animals in group C with SIVE were analyzed for levels of
RNA of the above molecules. Examination of the association
between IDO levels and the other molecules in these five
regions revealed that the strongest correlation was between
IDO and IFN-� mRNA levels (Fig. 5).

Identification of IDO- and IFN-�-expressing cells. Immu-
nohistochemistry for macrophage markers, the SIV Gag pro-
tein, and GFAP, combined with in situ hybridization for IDO,
was then performed to discern the origin of IDO in the brains
of animals with SIVE. IDO expression was found concentrated
in microglia and macrophage nodules, in which a high fraction
of the cells were infected with SIV (Fig. 6). IDO expression
was not detected in astrocytes or in HAM56-negative cells of
the brain. Separate in situ hybridization for IFN-� performed
on brain sections showed individual cells positive for IFN-�
mRNA in the same nodules found to express high levels of
IDO (Fig. 7). Similar examination of the brain of animal 330
revealed a focus of IDO signal over a small cluster of macro-
phages, whereas no signal was found for IFN-�; group A and B
animals were negative for both molecules (data not shown).

DISCUSSION

In this study, we demonstrate that the up-regulation of IDO
in the brains of SIV-infected monkeys is dependent on the
stage of infection and that the highest levels occur in animals
with SIVE. IFN-� is similarly up-regulated in the brain tissues
of these animals, and this coincides with high viral levels. In
vitro, IFN-� is shown to be a major inducer of IDO expression
in microglia.

The development of neuro-AIDS in humans and CNS func-
tional abnormalities in SIV-infected monkeys has been shown
to be part of the sequel of HIV and SIV infection in humans
and monkeys, respectively. This is thought to be a result of
injury to brain neurons caused indirectly by the viral infection.
One of the mechanisms by which this is thought to occur is
through overexcitation of the NMDA receptors by quinolinic
acid. Quinolinic acid, generated by oxidative degradation of
tryptophan via the kynurenine pathway, has previously been
reported to accumulate in CSF and brain tissue of SIV-in-
fected monkeys and HIV-infected humans (5, 14–16, 30, 34).

To elucidate the role of this pathway in the observed CNS
abnormalities, we sought to determine the regulation of IDO,
the first and rate-limiting enzyme in the generation of quino-
linic acid. The level of IDO transcripts in infected animals was
higher than that in uninfected animals, and the up-regulation
was most significant in animals manifesting SIVE. The parallel
expression of IDO and the viral load levels in the brain ob-

FIG. 3. Cerebellar RNA levels of IDO, SIV, IFN-�, and TNF-�.
Relative mRNA levels were quantified by real-time RT-PCR. The y
axis indicates ddCT (log2 relative units). IDO (A), SIV (B), IFN-� (C),
and TNF-� (D) expression levels are significantly higher in animals
with rapidly progressive AIDS (group C) than in chronically infected
animals (group B). No expression is found in controls (group A).

VOL. 76, 2002 IDO EXPRESSION IN SIV-INFECTED MONKEY BRAINS 12237



served in these studies are in agreement with the findings of
others on products of the tryptophan-kynurenine pathway
(kynurenic and quinolinic acid). It is evident from our studies
that the increased levels of these neurotoxins observed in pre-
vious studies (5, 14–16, 30, 34) can be linked to an increase in
IDO expression.

The levels of viral load in the brain were in tandem with IDO
levels and the presence of SIVE. This may indicate the essen-
tial role the presence of virus in the brain plays in the stimu-
lation of IDO expression. In vitro studies have revealed that
HIV infection of macrophages can itself induce IDO (12).
However such induction of IDO is transient and is dependent
on production of IFN-� by the infected macrophages, and HIV
infection did not alter the inducibility of IDO by IFN-� (12).

By far the most potent producers of IFN-� are activated T
cells. Indeed, we have shown that an influx of activated CD8�

T cells, expressing IFN-�, occurs in the early stage (11 weeks

p.i.) of infection (24). Induction of IDO can also be found at
this early stage (data not shown), and higher levels are found
in other stages, in tandem with increased levels of IFN-�.

The lower levels of expression of IDO found in the relatively
stable phase of infection (chronic, group B) likely reflect the
low level of virus in the brain and may also reflect a differential
regulation of IL-4, IL-10, and transforming growth factor �, all
possible inhibitors of IFN-� activity (23). Previous studies have
shown that IL-4, generated mainly by Th2-like T cells, and
TNF-� are elevated in predementia HIV patients, although,
later during dementia, IL-4 is down-regulated (39). This may
suggest that, even at such early stages of infection, the milieu
of cytokines necessary for the down-regulation or inhibition of
IFN-� is present in the brains of patients with HIV.

IFN-�, considered a major up-regulating agent for IDO,
showed a clear correlation with IDO levels in the brain. More-
over, the animals with simian AIDS, high CNS viral load, and

FIG. 4. Immunohistochemical staining for HAM56, MAC387, LN3, and CD-3-12 of cerebellar brain sections from control and SIV-infected
monkeys. The two groups of SIV-infected animals manifested different patterns of CNS pathology. Uninfected group A animals do not manifest
any lesions (e.g., animal 298). Group B animals, with chronic nonprogressive infection, show small nodules of lymphocytes and macrophages (e.g.,
animal 291). Group C animals, with a rapid disease course, showed encephalitis (three monkeys; e.g., animal 321) or a less severe pathology (one
monkey; animal 330). Magnification, 	100.
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brain pathology (group C) had significantly higher IFN-�
mRNA levels than those in the chronic stage of infection
(group B), whereas no IFN-� was detected in the uninfected
controls (group A). In the animal with AIDS without frank
SIVE (330) as well as the three chronically infected animals
without significant brain histopathology, lower levels of virus,
IFN-�, and IDO were present. However the levels in some
regions of the brain were often just at or below the level of
detection, preventing the detailed correlation performed for
the animals with SIVE.

We also observed a basal level of TNF-� mRNA expression

in the brains of all animals regardless of whether they were
infected or not. Whether translational activation (42) is the
main mechanism at play in TNF-� production is still open to
investigation. Our findings show that TNF-� alone is unable to
highly induce IDO in vitro. However, it has been reported that
in some glioblastoma cells TNF-� has a synergistic effect when

FIG. 5. Scatter chart showing the Pearson product-moment corre-
lation coefficients between IDO expression (x axis) and IFN-� (trian-
gles), TNF-� (circles), and SIV (squares) expression (y axis) in brain
RNA of animals manifesting SIVE. IDO levels have the strongest
correlation with IFN-� levels, a moderate correlation with TNF-�
levels, and the lowest correlation with viral load. Relative RNA levels
were quantified by real-time RT-PCR; x and y axes indicate ddCT (log2
relative units).

FIG. 6. IDO in situ hybridization (silver grains) in SIVE, combined with immunohistochemistry (brown diaminobenzidine product). (A) IDO
mRNA is observed in the nodules largely within the white matter (no primary antibody). (B) Immunohistochemical staining for GFAP reveals no
colocalization with astrocytes. (C) Immunohistochemical staining with the FA2 antibody (for SIV Gag) reveals colocalization with SIV-expressing
cells. (D to F) Immunohistochemical staining with the HAM56 antibody reveals colocalization with cells of the macrophage lineage. Data from
monkeys 321 (A to D; magnification, 	200) and 323 (E and F; magnification, 	400) are shown.

FIG. 7. IFN-� and IDO expression as examined by in situ hybrid-
ization in SIVE. Brain nodules showing high levels of expression of
IDO mRNA also contain IFN-�-expressing cells in the next serial
section. Corresponding brain sections from animal 321 are shown.
Magnification, 	400.
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combined with IFN-� (7) and that the IFN-�-independent,
LPS-induced induction of IDO in gene-disrupted mice may
result from the action of TNF-� (9). It is also possible that the
role of TNF-� in the brain is facilitated or augmented by other
IDO-inducing molecules such as CD40L. Thus, although
TNF-� mRNA expression in the brain may not be sufficient to
induce IDO expression in vivo, in animals with a high expres-
sion of IFN-�, the increased levels of TNF-� that we observed
may accentuate the effect of IFN-� on IDO up-regulation.
These phenomena provide a direct correlation between viral
load, induction of IFN-�, up-regulation of IDO, and the de-
velopment of SIVE, a sequence of events that could culminate
in behavioral, motor, and cognitive abnormalities.

In studies done in our laboratory and others, it has been
shown that there is an increase in the number of T cells in the
brains of SIV-infected monkeys (20, 24, 36, 37). Specifically,
there is a significant increase in CD8� T cells in the CSF and
brain parenchyma. Besides the protective role of these T cells
during the viral infection of the brain, it is likely that the T cells
in the brain produce IFN-�, which stimulates the macrophages
to make IDO. Here we have found CD3� T cells in the brains
of animals in both group B (chronic infection) and group C
(simian AIDS). Although combined in situ hybridization and
immunohistochemical staining were not performed, fluores-
cence-activated cell sorter analysis of brain T-cell populations
indicates that CD8� T cells predominate over CD4� T cells
(by three- to fivefold) in both of these groups, confirming their
presence and dominance in the brain (M. C. G. Marcondes,
unpublished data). Although T cells are reported to be gener-
ators of IDO (6), the levels are quite low, making them unlikely
to contribute significantly to the IDO pool emanating from
microglia and macrophages. The role of T cells in the gener-
ation of IDO via their production of IFN-� is supported by the
high levels of IFN-� we observe and the very high correlation
with IDO levels. Furthermore, we determined that most of the
cells generating IDO in the SIVE monkey brains were macro-
phages and microglial cells. However, it is important that cells
staining for the CD3 T-cell marker were also detectable in the
brain nodular structures that were positive for virus, IDO, and
the macrophage marker HAM56, providing a practical prox-
imity for such signaling.

A concurrent effect of the interplay between T cells and
the IDO environment is the immunosuppression of the T cells
that results from the tryptophan depletion (27, 28), with the
overall consequence of minimizing brain inflammation and
reducing T-cell effector functions, allowing the infection to
thrive. Subsequently, the T cells may undergo apoptosis if
tryptophan is not restored and a second signal from the T-cell
receptor (TCR) is not forthcoming (27). Alternatively, the T
cells in the arrested stage may enter a state of anergy or return
to a resting state. Thus, the microenvironment we expect
around these nodules would include high IDO and low tryp-
tophan levels, hence immunosuppressed, anergic, resting and
apoptotic T cells (T cells arrested in G1 phase), and high
kynurenic and quinolinic acid levels, and consequently injured
and apoptotic neurons. We are currently investigating this hy-
pothesis.

Our findings are consistent with the theory that, following
SIV infection, IFN-� and IDO can be expressed and main-
tained at palpable levels by the host response to the presence

of virus in the brain, and that the magnitude of the effect of this
up-regulation and the maintenance of these levels can be tem-
pered by other modulatory factors generated during the virus-
host interaction in individual animals. Interestingly, motor skill
impairment in SIV-infected animals, even in relatively early
stages of infection, was found to correlate with CSF quinolinic
acid level (30), necessitating CNS IDO induction (16). Later in
disease, with the onset of immunosuppression, increases in
CNS macrophages and virus, in the presence of the host re-
sponse (e.g., IFN-�), result in higher levels of quinolinic acid
(15, 34) due to increased IDO, resulting from high-level pro-
duction in macrophage and microglial nodules, and its further
untoward effects on CNS function.

In conclusion, we have shown that there is a direct correla-
tion between IFN-� levels, up-regulation of IDO, brain pathol-
ogy, and viral load in SIV-infected monkey brain. It is conceiv-
able that the induction of IFN-� following viral entry to the
brain induces macrophages and microglia to generate IDO,
which in turn leads to increased quinolinic acid levels, resulting
in neurotoxicity. Furthermore, the immunosuppression result-
ing from IDO generation in virus-infected nodules creates a
safe haven for further seeding of the virus and persistence of
the infection. This may be a major explanation for the behav-
ioral, motor, and cognitive abnormalities observed in SIV-
infected monkeys and HIV-infected humans.
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