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Brain virus burden and indoleamine-2,3-dioxygenase
expression during lentiviral infection of rhesus monkey are
concomitantly lowered by 6-chloro-2’,3'-dideoxyguanosine
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Abstract

Increased kynurenine pathway metabolism has been implicated in the aetiology of lentiviral encephalopathy. Indoleamine-2,3-
dioxygenase (IDO) initiates the increased production of kynurenine pathway metabolites like quinolinic acid (QUIN). QUIN itself is
elevated in AIDS-diseased monkey and human brain parenchyma and cerebrospinal fluid at levels excitotoxic for neurons in vitro. This
study investigates the cellular origin of IDO biosynthesis in the brain of rhesus monkeys infected with simian immunodeficiency virus
(SIV) and explores the effects of CNS-permeant antiretroviral treatment. IDO transcript and protein were absent from the brain of non-
infected and SIV-infected asymptomatic monkeys. IDO biosynthesis was induced in the brain of monkeys exhibiting AIDS. Nodule and
multinucleated giant cell-forming macrophages were the main sources of IDO synthesis. Treatment with the lipophilic 6-chloro-2',3’-
dideoxyguanosine suppressed IDO expression in the brain of AIDS-diseased monkeys. The effectiveness of this treatment was
confirmed by the reduction of virus burden and SIV-induced perivascular infiltrates, mononuclear nodules and multinucleated giant
cells. Our data demonstrate that brain IDO biosynthesis is induced in a subset of monocyte-derived cells, depends on viral burden and
is susceptible to antiretroviral treatment. Thus, IDO induction is associated with reversible overt inflammatory events localized to areas
of active viral replication in the SIV-infected brain.

Introduction

neurodegeneration (Schwarcz et al., 1983), other neurochemical
alterations (Beal et al., 1989) and astrogliosis (Block & Schwarz,

Macaques infected with simian immunodeficiency virus (SIV) develop
cognitive and motor dysfunctions like human immunodeficiency virus

(HIV)-infected individuals (Murray et al., 1992). Impairments occur
with low or marked encephalitis characterized by astrogliosis, nodule
and giant cell formation, infiltrates, myelin pallor and vessel leakage
(Budka, 1986; Lane et al., 1986; Weihe et al., 1993; Luabeya et al.,
2000). Loss of synapses, dendrites and neurons also occur in SIV
disease (Luthert er al., 1995; Li et al., 1999; Bissel et al., 2002).
Neurodegenerative damage could be caused by virus-derived or host-
derived neurotoxic products or by a combination of both (Lipton et al.,
1991; Li et al., 1999), resulting in dementia in HIV-infected patients
(Lawrence & Major, 2002). One of these host-generated toxins is
quinolinic acid (QUIN). QUIN stimulates N-methyl-D-aspartate
(NMDA)-type glutamate receptors (Perkins & Stone, 1983) and
releases glutamate itself (Tavares et al., 2002). QUIN elevation pre-
sumably contributes to altered neuronal activity (Abele et al., 1990),
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1994) in neuro-AIDS. Due to regional differences of NMDA-receptor
distribution, some brain regions and neuronal populations are more
vulnerable to the neurotoxic effect of QUIN than others (Schwarcz &
Kohler, 1983).

The rate-limiting enzyme indoleamine-2,3-dioxygenase (IDO) cat-
alyses the conversion of L-tryptophan into L-kynurenine. Subsequent
enzymatic and non-enzymatic reactions convert L-kynurenine to
QUIN. IDO is induced by cytokines, particularly interferon-y released
during systemic or brain inflammatory processes (Takikawa et al.,
1988; Dai & Gupta, 1990). Increased brain QUIN is directly related to
IDO induction (Heyes et al., 1988, 1989). It is hypothesized that QUIN
in the brain comes from glial elements, endothelial cells, activated
microglia and blood-derived macrophages (Brew et al., 1995; Heyes
et al., 1997; Guillemin et al., 1999; Hansen et al., 2000). In the
periphery, IDO was found to be expressed in dendritic cells and to
influence lymphocyte function (Mellor et al., 2002; Munn et al., 2002).
However, the sites of IDO expression during brain inflammation are
not clearly identified in viral inflammatory diseases, limiting further
understanding of the role of IDO-generated neurotoxins in neuro-
AIDS and other neurodegenerative and neuroinflammatory diseases.
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This study aims to determine if, where and how IDO is synthesized
and regulated in SIV-induced brain inflammatory disease. Addition-
ally, the influence of a lipophilic antiretroviral agent on brain IDO
expression was analysed.

Materials and methods

Virus stock and inoculation procedures in rhesus monkeys

Juvenile rhesus macaques were housed in the BIOQUAL animal
facility (Rockville, MD, USA), which is fully accredited by the
American Association for Accreditation of Laboratory Animal Care.
They were determined negative for simian retrovirus-1 and -2, SIV and
simian herpes virus. Animals were inoculated intravenously with 10
rhesus infectious doses of cell-free SIVsge70 grown in human periph-
eral blood mononuclear cells. Virus was obtained as an aliquot of a
previously characterized virus stock stored in liquid nitrogen (da
Cunha et al., 1995). Following inoculation, animals were monitored
and examined for clinical evidence of disease. In short intervals blood
and cerebrospinal fluid (CSF) samples were obtained from the animals.
At time of killing and necropsy eight macaques exhibited clinical signs
of AIDS and five did not. AIDS-defining criteria included one or more
of the following: loss of body weight over 10%, intractable diarrhoea/
dehydration requiring fluid replacement, oral lesions/thrush and other
opportunistic infections. Four age-matched non-infected macaques
were used as controls. Experiments involving the use of rhesus
macaques were approved by the Animal Care and Use Commitee
of Bioqual, Inc., an NIH-approved and Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC)-accredited
research facility. All experiments were carried out using the ethical
guidelines promulgated in the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

TABLE 1. Compiled results at time of killing and necropsy

Antiretroviral treatment

Four SIV-infected monkeys, in which the viral load was found to be
>100,000 virions/mL in plasma and >100 virions/mL in CSF in more
than two consecutive examinations underwent treatment with 2',3’-
dideoxyinosine (ddI) or 6-chloro-2’,3’-dideoxyguanosine (6-Cl-ddG)
subcutaneously (Shirasaka et al., 1990, 1991; Hawkins et al., 1995),
and were killed shortly thereafter. These monkeys developed signs of
AIDS-defining criteria during the course of antiretroviral treatment
until death. Three of these four monkeys (MO76, MO77 and MO91)
received 10 mg/kg/day ddI for 3 weeks for clinical stabilization and
then 75mg/kg/day of 6-Cl-ddG for 6 weeks. The fourth monkey
(MO89) received 6-Cl-ddG (200 mg/kg/day) for 3 weeks. The vehicle
for ddI administration was phosphate-buffered saline (PBS) and for
6-Cl-ddG administration 70% propylene glycol/30% PBS.

Tissue preparation for histochemical analysis

Prior to killing, animals were anaesthetized with ketamine (20 mg/kg)
and ketamine-acepromazine (10 mg/kg), then perfused transcardially
in the following sequence: PBS, 1% formalin/PBS and 4% formalin/
PBS. Tissue specimens were obtained at necropsy and immersion-
fixed overnight in 4% paraformaldehyde/PBS. Some blocks were
cryopreserved in 10-20% sucrose/PBS over 48 h and snap frozen in
cooled isopentane. Some blocks were postfixed in Bouin—Hollande
solution, followed by extensive washes in 70% 2-propanol, dehydra-
tion and processing for paraffin embedding.

Radioactive and non-radioactive in situ hybridization (ISH)
histochemistry

[*°S]-UTP- and digoxigenin-UTP-labelled human specific sense and
antisense orientated riboprobes were generated by in vitro transcription

Duration of Brain Degree of Brain
Monkey infection Drug SIvV SIV-induced IDO Clinical
number (months) treatment” burden’ encephalitis* synthesis§ findings
44 Not infected Not treated - - - No disease
50 Not infected Not treated - - - No disease
69 Not infected Not treated - - - No disease
87 Not infected Not treated - - - No disease
75 2.5 Not treated - - - Asymptomatic
80 6.5 Not treated — — — Asymptomatic
85 4.5 Not treated — — - Asymptomatic
92 6.0 Not treated — — - Asymptomatic
93 4.5 Not treated — — — Asymptomatic
46 19.0 Not treated + + + Diarrhoea, mycotic infection, mass
71 6.5 Not treated ++ ++ ++ Diarrhoea, listless, rash
74 6.0 Not treated +++ +++ ++ Diarrhoea, anaemia, parasitic infection, LN atrophy
78 2.4 Not treated +++ +++ +++ Diarrhoea, parasitic infection, pneumonitis
79 2.5 Not treated + + + Rash, heart murmur, LN atrophy
82 3.0 Not treated +++ +++ +++ Diarrhoea, wasting
86 4.5 Not treated +++ +++ ++ Wasting, mass, thrush, colitis, LN atrophy
90 2.3 Not treated ++ ++ ++ Vomiting, wasting, tube feed
76 22.0 ddl/6-Cl-ddG — — — Wasting, diarrhoea, heart murmur, anaemia
77 4.0 ddl/6-Cl-ddG +/— +/— +/— Incontinence, wasting, diarrhoea
89 22.0 6-Cl-ddG — — — Anaemia, wasting, diarrhoea, lymphoma
91 6.1 ddl/6-Cl-ddG — — — Wasting, diarrhoea

*Treatment with ddI prior with the CNS-permeant 6-Cl-ddG; MO89 received only 6-Cl-ddG. "Detection of SIV env/pol by ISH; detection of SIV gp120 by IHC.
iSIV-induced mononuclear reactions monitored by IHC for Ibal, scoring was as: +++ for severe, ++ for moderate and + for mild SIV-induced encephalitis with
appearance of macrophage nodules, mononuclear cell infiltrates, multinucleated giant cells, — for no SIV-induced encephalitis. §Detection of IDO mRNA by ISH
and of IDO protein by IHC; THC for SIV gp/20 and IDO as well as ISH for IDO and SIV were scored as: — (no immunoreactive cells or cells with more than
background silver grains) to ++- (>100 immunoreactive cells or cells with significantly greater number of silver grains than background per mm?); numbers are
not specifically determined; sections from temporal cortex, hippocampus and basal ganglia were analysed and summarized. 6-Cl-ddG, 6-chloro-2',3'-
dideoxyguanosine; ddl, 2’,3’-dideoxyinosine; IDO, indoleamine-2,3-dioxygenase; LN, lymph node; SIV, simian immunodeficiency virus.
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from linearized pBluescript KS+ containing human IDO (accession
no: M34455; kindly provided by S. L. Gupta, Hipple Cancer Research
Center, Dayton, USA; Dai & Gupta, 1990) and alkaline hydrolysed to
200-250 nucleotide fragments prior to application. For prehybridiza-
tion, frozen cryopreserved tissue sections (14 wm) were incubated in
10 mM Na-citrate buffer (pH 6.0) at 95 °C for 15 min, washed in PBS
and in 0.4% Triton X-100/PBS for 10 min, acetylated with triethano-
lamine/acetic-anhydride (pH 8.0) for 10 min, rinsed in distilled water,
dehydrated in graded ethanols, dried and used for hybridization, or
stored at —20 °C until use. Hybridization with cRNA probes diluted in
hybridization mix (final concentration of 50 x 10° d.p.m./pL for radio-
active probe and 1 ng/p.L for non-radioactive probe) overnight at 60 °C
and post-hybridization were carried out as described previously

A

IDO protein

SIV,-AIDS |
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(Schifer et al., 1992). Radioactive hybridization signals were revealed
by autoradiography after 2-3 weeks of exposure on slides dipped in
NTB-2 emulsion (Eastman Kodak, NY, USA). Non-radioactive hybri-
dization signals were detected according to the manufacturer’s instruc-
tions (Boehringer, Germany), resulting in a dark blue reaction product.
ISH signals were analysed with the Olympus AX70 microscope
(Olympus Optical, Germany). Sections from frontal cortex, parietal
cortex, temporal cortex, occipital cortex, hippocampus, basal ganglia,
thalamus, brainstem and spinal cord were analysed.

Single enzymatic immunohistochemistry (IHC)

As described previously (Weihe et al., 1993), IHC was performed on
deparaffinized paraffin-embedded tissue sections (7 pm) or cryosec-

Fi1G. 1. Indoleamine-2,3-dioxygenase (IDO) biosynthesis in the rhesus monkey CNS in early and late stage of simian immunodeficiency virus (SIV)infection, and effect of
antiretroviral treatment. (A, C and E) IHC for IDO protein, (B, D and F) ISH forIDOmRNA. (A and B) IDO protein and transcript are not detected in the brain of STV-infected
monkeys without AIDS (SIV, —AIDS). (C and D) In the brain of untreated SIV-infected monkeys with AIDS (SIV, +AIDS) IDO was induced. 6-Chloro-2',3'-
dideoxyguanosine (6-Cl-ddG) treatment (SIV, +AIDS, +ddG) inhibits expression of IDO protein and mRNA in the brain (E and F). Scale bar, 100 pm (A).
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A

F1G.2. Confocal laser scanning analysis after double immunofluorescence for IDO with established markers for brain resident cells demonstrates that chromogranin
A (CGA)-positive neuronal cell bodies (A), glial fibrillary acid protein (GFAP)-positive astrocytes (B) and von Willebrand factor (vWF)-stained endothelial cells (C)
are strictly lacking IDO in SIV encephalitis. Note vesicular appearance of IDO. Singular colours merged at A, B and C. Scale bar, 10 pum (A).

tions (14 wm) using standard avidin-biotin—peroxidase techniques (Vectastain Elite, Boehringer). Cells of mononuclear origin were
(Vectastain Elite ABC kit, Boehringer). For optimal antigen retrieval, visualized with a rabbit-polyclonal antibody against ionized calcium-
sections were incubated in a pressure cooker (15 min at 95 °C in 10 mm adapter binding molecule (Ibal; 1:3000; Imai er al., 1996). IDO
Na-citrate buffer, pH 6.0) and blocked by successive 30-min incuba- antigen was detected with a mouse-monoclonal antibody (1 :400;

tion in bovine serum albumin (BSA) and Avidin-Biotin-Blocking kit Takikawa et al., 1988). Primary antibodies were applied in 1%

F1G. 3. Combination of non-radioactive ISH for IDO (dark blue reaction product) with cytochemistry for Ibal (brown reaction product) on a brain section of an AIDS-
diseased monkey. IDO mRNA is mainly localized in Ibal-positive macrophages and giant cell in the nodule (asterisk) but also in some Ibal-positive perinodular cells
with mostly non-ramified appearance (arrow heads). Note also the presence of Ibal-positive cells with the appearance of ramified microglia, which are devoid of
hybridization signals for IDO (arrows). Scale bar, 100 wm (for A); 50 wm (for B).

© 2004 Federation of European Neuroscience Societies, European Journal of Neuroscience, 19, 2997-3005
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F1G.4. Confocal double immunofluorescence of adjacent sections of a nodule from an AIDS-diseased monkey alternately stained for IDO with ionized calcium-
adapter binding molecule (Ibal; A—C) and for SIV gp/20 with Ibal (D-F), respectively. Note overlap of the distribution of IDO-positive and SIV-positive cells (B and
E). Both IDO- and SIV-positive cells coincide with Ibal within the nodule (C and F). Note distribution of Ibal immunoreactivity to the surface of the nodular cells,
while IDO and SIV immunoreactivities are localized to cell cytoplasm. Ibal-positive microglial cells in the perinodular region (arrow heads) lack immunoreactivity

for IDO. Scale bar, 20 pm (A).

BSA/PBS and incubated at 16 °C overnight followed by 3h at 37 °C.
Sections were washed and incubated with species-specific biotinylated
IgG from donkey (1:200; Dianova, Germany) for 1h at 37°C.
Immunoreactions were visualized with 3,3’-diaminobenzidine (Sigma,
Germany), resulting in a brown staining, or enhanced with 0.08%
Nickel-salt (Fluka, Switzerland), resulting in a dark blue staining. IHC
signals were analysed with the Olympus AX70 microscope (Olympus
Optical).

Dual colour immunofluorescence and confocal
laser scanning analysis

IDO and Ibal were detected with the antibodies from mouse and rabbit
at 1:40 and 1:300 dilutions, respectively. IDO was visualized by
incubation with mouse-specific indocarbocyamine- or Alexa 647-
conjugated IgG (1:100; Dianova), resulting in red-orange fluores-
cence labelling. Ibal was detected after incubation with rabbit-specific
biotinylated IgG and then with Alexa 488-conjugated streptavidin
(1:200; MoBiTec, Germany), resulting in green fluorescence. The
SIVsge70 Was visualized with a cross-reacting mouse-monoclonal
antibody KK45 against SIV 051 glycoprotein 120 (gp120; 1:200;
NIH AIDS Research & Reference Program, USA) and with Alexa
647-conjugated antimouse IgG (Kent e al., 1992). Neurons were

visualized with a rabbit-polyclonal antichromogranin A (CGA) anti-
body (1:1000; Schifer et al., 1994), endothelial cells with a rabbit-
polyclonal anti-von Willebrand factor (vWF) antibody (1 : 500 diluted;
DAKO, Germany; Theilen & Kuschinsky, 1992) and astrocytes with a
polyclonal anti-glial fibrillary acid protein (GFAP) guinea pig-anti-
body (1:400; Progen, Germany; Weihe et al., 1993). All three cell
types were detected with Alexa 488-conjugated streptavidin after
incubation with species-specific biotinylated IgG (1:200; Dianova).
To make definitive statements of coexistence and non-coexistence
pattern of IDO in neurons, astrocytes and endothelial cells in re-
presentative sections, containing hundreds to thousands of cells
identified by the appropriate markers, we examined several sections
(up to three) from several brain regions and for each untreated AIDS-
diseased animal. Fluorescence signals were documented with the
Olympus Fluoview confocal laser scanning microscope (Olympus
Optical).

Combination of non-radioactive ISH with enzymatic IHC

For visualizing antigen with an RNA transcript in the same tissue
section, IHC was performed in combination with ISH. Prehybridiza-
tion, hybridization with the DIG-labelled probe against IDO mRNA
and post-hybridization were performed as described. DIG-ISH signals

F1G.5. Cells expressing IDO at the brain barrier of an untreated monkey with AIDS. (A and B) IDO transcript and protein-expressing monocytes (arrows) are attached
to the endothelium surface. (C), IDO-positive multinucleated giant cell (arrow) is lying on the ependymal surface (ep). Scale bar, 12.5 pm (A).
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for IDO mRNA were detected, resulting in a purple blue reaction
product. After that Ibal was visualized by 3,3’-diaminobenzidine-IHC
as described, resulting in a brown reaction product. The reaction
products could clearly be differentiated at the cellular level.

Detection of viral burden

For analysis of viral transcription, ISH was performed using probes
generated by incorporation of [*°S] into SIV RNA probes by in vitro
transcription of SIV 039 sequences cloned in a pTRIKAN19 vector,
or into DNA probes by random priming using sequences of cloned
SIVacBk2s DNA (Reinhart et al., 1997). Activities of radioactive
probes were 30-50 x 10*d.p.m./uL. The DNA templates were a
Kpnl fragment from the pol gene of SIV ,..239 (nucleotide positions
5208-4713) or a BamHI fragment from SIV,..gksg (nucleotide
positions 1841-9174). In some experiments, ISH was performed with
oligonucleotides specific for unspliced SIV RNA complementary to
sequences at the exon/intron junction at the 5’-end of unspliced RNA
(nucleotide positions 996-967of SIVg,y4 proviral sequence) as
described by Reinhart et al. (1997). The sequences in the control
sense probe were identical to sequences at the same exon/intron
junction (nucleotide positions 967-996 of SIV,n4). Polyacrylamide
gel-purified nucleotides were 3'-end-labelled with [*°S]-dCTP
using terminal deoxynucleotide transferase to specific activities of
2-8 x 10° cpm/p.g. For ISH, slide-mounted sections (14 wm) of cryo-
preserved tissues were postfixed in 4% paraformaldehyde/PBS, washed
and dehydrated. Pretreatments consisted of incubation for 20 min each
in 0.2N HCI at ambient temperature; 2 x SSC at 70 °C; and 2 mM
CaCl,, 20mM Tris (pH7.5) and 10 pg/mL proteinase K at 37 °C,
followed by washing, acetylation and dehydration. Sections were then
hybridized for 18 h at 45°C (for riboprobes) or at 37 °C (for oligo-
nucleotide probes). After post-hybridization sections were coated with
NTB-2 emulsion and exposed at 4 °C for 3—6 days. After development,
the sections were counterstained with cresyl violet. Sections from
frontal cortex, parietal cortex, temporal cortex, hippocampus, basal
ganglia, thalamus, brainstem and spinal cord were analysed.

Results

Analysis of IDO protein and transcript expression was performed on
brain tissue sections of uninfected control monkeys (Ctrl), SIV-
infected monkeys without AIDS (SIV, —AIDS) and SIV-infected
monkeys exhibiting AIDS (SIV, +AIDS). A fourth group consisted
of monkeys with high viremia and increased viral load in CSF at
initiation of antiretroviral treatment and suffering from AIDS (SIV,
+AIDS, +ddG). All animals are summarized in Table 1.

IDO is induced in the brain of SIV-infected monkeys
exhibiting AIDS

IHC for IDO with a previously characterized mouse monoclonal
antibody (Takikawa et al., 1988) revealed no detectable staining in
sections of different brain regions of control (not shown) and SIV-
infected monkeys without symptoms of AIDS (Fig. 1A). In contrast,
IDO protein was found to be expressed in the brain of monkeys
exhibiting AIDS. This de novo expression was exclusively localized
to non-neuronal cells in areas of infiltrates (Fig. 1C). To demonstrate
that induced IDO expression depends on IDO gene transcription, ISH
with [355]—labelled cRNA antisense probes was carried out. IDO
mRNA was not detectable in brain tissue sections of control (not
shown) and SIV-infected animals without AIDS (Fig. 1B). IDO mRNA
was induced in the brain of SIV-infected monkeys with AIDS
(Fig. 1D). The message exhibited a similar distribution pattern as
protein in the brain.

Induction of IDO in the brain of AIDS-diseased monkeys
occurs in a subset of monocyte-derived cell population
in areas of virus burden

To identify the cells in which IDO is induced, co-staining experi-
ments were performed on brain tissue sections of AIDS-diseased
animals. High-power confocal laser scanning analysis after double
immunofluorescence for IDO with established brain resident cellular
markers CGA, GFAP and vWF revealed that neurons, astrocytes and
endothelial cells did not express IDO (Fig. 2A—C). Oligodendrocytes,
choroid plexus cells and ependymal cells did not synthesize IDO (not
shown). A recently characterized marker known as Ibal was used to
identify the cells of monocytic origin including macrophages and
microglia (Imai et al., 1996). IDO biosynthesis was mainly found to be
co-localized with Ibal in and near areas of productive SIV infection,
macrophage nodules and multinucleated giant cells (Figs 3A and B,
and 4A—C). Confocal double immunofluorescence on adjacent sec-
tions demonstrated that IDO/Ibal-co-positive cells in nodules coin-
cided with SIV gpl20-positive cells co-stained for Ibal or were in
close proximity to them (Fig.4D-F). In contrast, IDO was mostly
absent from Ibal-positive ramified microglia (Fig. 4A-C).

Antiretroviral treatment reduces IDO induction in the brain

To determine the influence of viral transcription and translation on
lentivirus-induced IDO biosynthesis, monkeys with high viremia and
increased viral load in CSF were treated with ddI for clinical stabiliza-
tion followed by lipophilic 6-Cl-ddG. Only one animal (MO89) was
treated only with 6-Cl-ddG. The 6-Cl-ddG animals suffered from
clinical symptoms of AIDS (SIV, +AIDS, +ddG). The biosynthesis
of IDO in the brain was markedly reduced by the antiviral treatment
(Fig. 1E and F), except in MO77, which showed some IDO synthesis
albeit at very low levels (data not shown). The effectiveness of 6-Cl-
ddG treatment on virus burden was monitored by SIV gp/20 immuno-
staining and by ISH for SIV transcripts. Viral burden as well as
Ibal-positive mononuclear infiltrates, macrophage nodules and multi-
nucleated giant cells were markedly reduced in the brain of 6-Cl-ddG-
treated monkeys. Only in MO77 minor viral burden with some signs of
productive inflammation was observed. The effects of antiviral treat-
ment on IDO biosynthesis in relation to viral burden and mononuclear
reactions in the brain are summarized in Table 1.

IDO is induced in monocytes at the blood-brain barrier
in late stage of disease

The first sign of infiltration, the attachment of inflammatory cells on
the endothelial surface, has been observed only in the brain of
untreated AIDS-diseased monkeys. Some monocytes attached to
endothelial cells expressed also IDO in the brain of AIDS-diseased
monkeys (Fig. 5A and B), demonstrating IDO synthesis during infil-
tration through the blood-brain barrier. Apparently, these cells were
truly adherent and in the progress of infiltrating into the brain as they
were not washed away by the transcardial perfusion prior to or during
fixation procedures. On the ventricular side there were also IDO-
positive cells attached to ependymal surfaces (Fig. 5C). Both cellular
phenomena were inhibited by 6-Cl-ddG.

Discussion

In this study we demonstrate that IDO was mainly induced in macro-
phages forming nodules and multinucleated giant cells and infiltrating
monocytes in areas of SIV burden. IDO was mainly absent from
diffusely distributed microglia. Induction of IDO in the brain was
markedly suppressed by the treatment with 6-CI-ddG.
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The antiretroviral drug 6-Cl-ddG is a lipophilic prodrug of 2',3'-
dideoxyguanosine (Shirasaka et al., 1990, 1991) and passes well
through the blood-brain barrier of rhesus monkeys (Hawkins et al.,
1995). The administration of 6-Cl-ddG was found to effectively inhibit
proliferation of HIV-1 (Shirasaka et al., 1990, 1991) and SIV in vitro
(Fujii et al., 1998), and also primary proliferation of SIV in acutely
infected rhesus monkeys (Fujii er al., 1998). In chronically SIV-
infected rhesus monkeys viral load in plasma and CSF decreased
during 6-Cl-ddG treatment (Fujii et al., 1997a). Moreover, a SIV-
infected rhesus monkey with AIDS showed clinical signs of recovery
during 6-Cl-ddG treatment (Fujii et al., 1997b). Although our experi-
mental design was different with treatment initiation at time of
increased viral load in plasma and CSF (corresponding to ‘virological
AIDS’), our obtained results are quite consistent with the studies by
Fujii er al. In 6-Cl-ddG-treated rhesus monkeys brain viral burden
was markedly diminished, although the animals suffered from clinical
symptoms of AIDS during treatment.

IDO can be activated in the brain following systemic immune
stimulation with lipopolysacharide and in the course of inflammatory
CNS diseases including HIV dementia (Sardar & Reynolds, 1995).
Increased activity of the kynurenine pathway via IDO induction
should produce high amounts of kynurenic acid and QUIN (Stone,
1993). While kynurenic acid may be neuroprotective, QUIN is a
neurotoxin. In SIV/HIV-diseased subjects QUIN levels are elevated
more than kynurenic acid levels in both brain parenchyma and CSF
(Heyes et al., 1989, 1990, 1998), suggesting a net neurotoxic effect
of IDO induction.

Different cell types have been proposed as an intracerebral source of
QUIN, among them endothelial cells, microglial cells, astrocytes and
macrophages (Heyes et al., 1997; Guillemin e? al., 1999; Hansen et al.,
2000), but direct co-localization studies of IDO and specific cellular
markers have not been performed prior to the present study. Astrocytes
and microglia can release QUIN in vitro (Heyes et al., 1997; Guillemin
et al., 1999). CNS endothelial cells express IDO during malaria
infection (Hansen et al., 2000). Using high-resolution confocal double
immunofluorescence and combination of ISH with IHC for IDO and
specific cellular markers we have directly localized the site of IDO
induction to cells in and near lesions containing cells with SIV, and not
to other cellular loci of SIV-induced inflammation — resident micro-
glia, astrocytes and endothelial cells — in which replicating virus is low
or absent.

Interferon-v is a potent inducer of IDO in macrophages (Takikawa
et al., 1999). IL-1 and TNF«, known to be elevated in the retroviral-
infected brain (Benveniste, 1994), are also capable of stimulating IDO
synthesis (Babcock & Carlin, 2000). Thus, SIV-induced IDO biosynth-
esis may be both initiated and sustained by these cytokines. IDO
induction may be focused to areas of SIV-infected macrophages
because these cytokines are uniquely present at these sites. It is also
possible that locally produced virus particles may induce IDO. Marked
differences in the regulation of IDO expression have been reported
between macrophages and microglial cells (Alberati-Giani et al.,
1997). This may also explain why SIV-induced IDO biosynthesis
was mainly localized to the macrophage/multinucleated giant cell
compartment and did not occur globally in microglia in spite of
synthesis of cytokines in both microglia and macrophages.

IDO localization to areas of virus replication implies that L-kynur-
enine generation is relatively focused, rather than globally activated, in
the SIV-infected brain. IDO is not induced in bystander cells partici-
pating in generalized glial activation during CNS infection. As QUIN
is a selective neurotoxin to cells bearing the NMDA-type glutamate
receptor (Schwarcz et al., 1983) — how does neurodegeneration during
lentiviral infection originate from these foci of IDO production and
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spread diffusely throughout the brain? In part this may be due to the
generation of highly diffusible substances from the sites of IDO
production in the brain. Activation of IDO is functionally coupled
to that of inducible nitric oxide synthase (iNOS; Alberati-Giani et al.,
1997) and iNOS is increased in areas of SIV replication (Li et al.,
1999). iNOS and IDO expression are both up-regulated by interferon-y
(Takikawa et al., 1988; Melillo et al., 1994). Expression of iNOS
results in the generation of highly diffusible NO, which may synergize
with QUIN to exacerbate neuronal damage. QUIN may be generated
away from the sites of IDO production by diffusion of L-kynurenine
into astrocytes and microglia that can convert it to QUIN (Heyes et al.,
1998). Finally, QUIN itself may release glutamate as a neurotoxin
(Tavares et al., 2002), further augmenting the wide-spread neurotoxic
effect of QUIN.

Our obtained results are in concordance with a recently published
study by Burudi et al. (2002), who reported that IDO mRNA expres-
sion occurred in cells of the monocytic lineage in SIV encephalitis, and
that the levels of IDO mRNA correlated with viral load and interferon-
v levels. In addition, we demonstrated here that the expression and
regulation of IDO mRNA was paralleled by the actual expression of
IDO in the brain of SIV-infected monkeys. Our data indicate that the
observed change in protein levels is likely occurring at the transcrip-
tional level as a transcriptome response, rather than as a post-transla-
tional response. Our new finding that IDO production is susceptible
to CNS-directed antiretroviral therapy correlating with decreased
brain virus burden is consistent with reports of decreased QUIN
levels in CSF of patients with AIDS following highly active antire-
troviral therapy (Gendelman et al., 1998; Look et al., 2000). The
effects of IDO and iNOS induction at local sites of SIV replication are
likely to be transmitted globally to the brain, resulting in irrever-
sible neurodegeneration, at some point in viral disease. Strategies for
therapeutic intervention in neuro-AIDS may therefore need to take into
account not only the effectiveness of blocking IDO and iNOS induc-
tion, but also the stage of disease at which their global effects are
irreversibly transmitted from local sites of viral replication.
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