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The etiology of the central nervous system (CNS) al-
terations after human immunodeficiency virus (HIV)
infection, such as dementia and encephalitis, re-
mains unknown. We have used microarray analysis in
a monkey model of neuroAIDS to identify 98 genes,
many previously unrecognized in lentiviral CNS
pathogenesis, whose expression is significantly up-
regulated in the frontal lobe of simian immunodefi-
ciency virus-infected brains. Further, through immu-
nohistochemical illumination, distinct classes of
genes were found whose protein products localized to
infiltrating macrophages, endothelial cells and resi-
dent glia, such as CD163, Glut5, and ISG15. In addi-
tion we found proteins induced in cortical neurons
(ie, cyclin D3, tissue transglutaminase, �1-antichy-
motrypsin, and STAT1), which have not previously
been described as participating in simian immunode-
ficiency virus or HIV-related CNS pathology. This mo-
lecular phenotyping in the infected brains revealed
pathways promoting entry of macrophages into the
brain and their subsequent detrimental effects on
neurons. These data support the hypothesis that in
HIV-induced CNS disease products of activated macro-
phages and astrocytes lead to CNS dysfunction by
directly damaging neurons, as well as by induction of
altered gene and protein expression profiles in neu-
rons themselves which are deleterious to their func-
tion. (Am J Pathol 2003, 162:2041–2057)

The cognitive/motor disorder associated with human im-
munodeficiency virus (HIV), also known as the AIDS de-
mentia complex or neuroAIDS, occurs in approximately
one-third of patients infected with HIV. Symptoms range
from a minor disorder affecting 25% of individuals to
dementia affecting 15 to 20% of those with AIDS. In

symptomatic individuals, aspects of the pathological en-
tity of HIV encephalitis (HIVE), which includes the ap-
pearance of infected cells of the monocyte/macrophage
lineage, microglia/macrophage nodules, and multinucle-
ated giant cells (MNGCs), have been proposed to corre-
late with neuroAIDS. Although many individuals with neu-
roAIDS do not exhibit frank HIVE, central nervous system
(CNS) dysfunction best correlates with the level of acti-
vated microglia/macrophages in the brain as opposed to
the level of viral infection.1 Still, the etiology of HIV-in-
duced CNS alterations remains unknown. Although cog-
nitive dysfunction in HIV-infected individuals is linked to
pathologically damaged neuronal dendrites,2 the virus
does not infect neurons thus indirect effects that follow
infection of macrophage-like cells in the brain likely result
in the neurological dysfunction of neuroAIDS.

Experimental infection with simian immunodeficiency
virus (SIV) in rhesus macaques provides many parallels
to HIV infection of humans including CNS infection and
dysfunction. Cognitive and motor dysfunction, neurophysi-
ological abnormalities, and neuropathological changes
including SIV encephalitis (SIVE) are also found in SIV-
infected monkeys.3 As with the human disease, CNS ab-
normalities can occur throughout the course of infection,
with the most severe symptoms at the onset of clinical AIDS.
Like HIVE, SIVE can occur with end-stage disease and
accompany CNS disorders.4 SIVE arises sporadically in
infected rhesus macaques, similar to HIVE in humans, but a
reproducible system in which monkeys are transiently de-
pleted of CD8� cells shortly after infection5 leads to rapid
development of SIVE in a high percentage of animals.6

Macrophages and microglia can produce molecules
that are potentially harmful to neurons. Although such
products are common candidates in proposed patho-
genic mechanisms mediating HIV/SIV-initiated damage
to the CNS,7 the identities of the molecules responsible
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for neuropathogenesis remain unknown. We hypothe-
sized that an unbiased examination of brain RNA from
animals with SIV-induced CNS disease would allow us to
identify gene transcripts found in infiltrating and activated
macrophages, as well as other cell types in the affected
brains, and to analyze their pathogenic products as well
as molecular pathways of disease. To this end, gene
expression was analyzed in the frontal lobe of brains from
control and SIV-infected animals depleted of CD8� cells
during acute infection, using Affymetrix Human U95Av2
GeneChips to measure the expression of mRNA tran-
scripts. We have found, as have others, that human gene
chips are efficient in detecting mRNA transcripts from
rhesus macaque tissues.8,9 Indeed, here we report that
many genes, previously unrecognized, were significantly
up-regulated in the frontal lobe of brains with SIVE com-
pared to that of uninfected animals. Using those results,
we examined protein expression by immunohistochemis-
try to create a profile of the pathogenic cell populations
present in the brain and to investigate the inflammatory
processes and molecular alterations that result in CNS
disease.

Materials and Methods

Rhesus Macaques

For this experiment we used 13 rhesus macaques free of
SIV, type D simian retrovirus, and Herpes B virus, that
were obtained from Charles River Breeding Laboratories
(Key Lois, FL) and Covance (Alice, TX). Experiments
were performed when the animals were 3 to 5 years of
age with The Scripps Research Institute’s Animal Care
and Use Committee approval and guidelines. Seven ma-
caques were intravenously inoculated with a cell-free
stock of SIVmac182 (p27 gag antigen equivalent of 0.9
ng, diluted in RPMI 1640 for injection). After inoculation
these animals were initially injected with 10 mg/kg (sub-
cutaneous) then subsequently 5 mg/kg (intravenous) of
the CD8 antibody cM-T807 at 6, 9, and 13 days after
inoculation, a slight modification of the originally de-
scribed protocol.5 The SIVmac182-infected monkeys
were sacrificed, after development of signs of simian
AIDS, on the following days after inoculation: macaque
no. 289 (72 days), no. 301 (108 days), no. 321 (108
days), no. 322 (214 days), no. 323 (93 days), no. 328 (79
days), and no. 330 (111 days).

All of the SIV-infected animals had abnormalities in
CNS functional testing (neurophysiology, cognitive and
motor tasks), which will be reported in detail (MA Taffe
and colleagues, in preparation). On postmortem his-
topathological examination one monkey (no. 322) had a
lymphoma involving the CNS and was subsequently ex-
cluded from the study. The remaining six monkeys all
showed signs of SIV encephalitis (SIVE) with varying
degrees of severity. This was defined as including micro-
glia activation, macrophage infiltration, perivascular cuff-
ing, macrophage/microglia nodules, and high CNS viral
loads (�100,000 RNA equivalent copies of SIV per �g

frontal lobe RNA), with four of the cases also showing
MNGCs (macaque nos.: 289, 301, 321, and 323).

The CD8� cell-depleting regimen was also adminis-
tered to two of six uninfected control monkeys (no. 392
and no. 393) who were sacrificed 87 and 113 days later,
respectively. The four other uninfected control animals
(no. 298, no. 331, no. 332, and no. 357) did not receive
any treatment.

Necropsy was performed after terminal anesthesia
(with ketamine, xylazine, and pentobarbital), with subse-
quent extensive intracardiac perfusion with sterile PBS
containing 1 U/ml heparin to clear blood-borne cells from
the brain tissue. A portion of the frontal lobe (from one
sagittal section of the brain, cut coronally with the rostral
border 0.5 cm from the frontal pole and the caudal border
rostral to the head of the caudate) was taken for RNA
extraction and preserved in RNA-Later (Ambion Inc.,
Austin, TX). Representative sections of this area were
immersed in 10% formalin for histological studies. Addi-
tional brain tissue was taken from a coronal section of the
occipital lobe in the striate area (control macaque nos.:
331, 392, 393; SIVE macaque nos.: 301, 321, 323, 330),
midbrain (control macaque nos.: 298, 332, 357, 331;
SIVE macaque nos.: 289, 301, 321, 323, 328), and a
mid-sagittal section of cerebellum (control macaque
nos.: 298, 332, 357, 331, 392, 393; SIVE macaque nos.:
289, 301, 321, 323, 328).

DNA Array

Total RNA was purified from samples using TRIzol Re-
agent (Invitrogen, Carlsbad, CA) following the manufac-
turer’s protocol, with an additional centrifugation step to
remove unwanted cellular debris. RNA was then further
purified using the RNeasy mini kit (Qiagen, Valencia, CA)
and the quantity of total RNA was assessed by 260-nm
UV absorption, with quality verified by gel electrophoresis
and analysis of the ribosomal RNA bands. Total RNA was
prepared to synthesize cDNA that was then used as a
template to produce biotinylated cRNA (as described in
the Gene Chip Expression Analysis Technical Manual,
Version 5.0; Affymetrix, Santa Clara, CA). Affymetrix Test
2 chips were used to assess RNA quality by examining
the 3� to 5� ratios for actin and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH). Fifteen �g of cRNA was
prepared in a hybridization cocktail of 300 �l total vol-
ume, of which 200 �l was placed on an Affymetrix Human
U95Av2 GeneChip, containing 12,625 independent
probe sets to analyze gene expression. After hybridiza-
tion this sample was returned to the original aliquot,
which was then frozen. For the frontal lobe samples, a
further 200 �l was sampled from the original cocktail and
hybridized to a separate duplicate GeneChip within 30
days. Hybridization and subsequent washing and stain-
ing were performed using the Affymetrix Fluidics Station
400 following supplied protocols. Chips were then double
stained and scanned according to basic Affymetrix pro-
tocol to create GeneChip image files that were converted
to text-bases files using Microarray Suite 5.0 software
(Affymetrix).
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Earlier versions of the Affymetrix software gave empir-
ical Average Difference values that could be negative
and thus compromise statistical analysis. In this newer
version each oligomer was assessed for signal intensity,
and a mean Signal Value (SV) was obtained that assigns
to the transcript a relative measure of abundance that is
always a positive number. GeneSpring Expression Anal-
ysis Software 4.1 (Silicon Genetics, Redwood City, CA)
was then used for statistical analysis of the SVs for each
gene between the groups. Individual cases were classi-
fied for comparison as either control or SIVE. Cases were
analyzed after normalization to center the data around 1.
Next, significant differences in expression levels for the
frontal lobe samples were determined to highlight only
up-regulated genes as follows: 1) mean normalized SV of
the SIVE group of at least 0.8 (to select for a significant
level of expression of up-regulated genes, equivalent to a
prenormalization SV of 200), 2) fold-change in mean nor-
malized SV between SIVE and control of at least two-
times higher, and 3) P � 0.01 using a nonparametric test
(Wilcoxon-Mann-Whitney). As stated, these criteria high-
light only significantly up-regulated genes. Discussion of
down-regulated genes will be presented in a subsequent
article. For the comparison of other brain regions, a single
GeneChip analysis was performed from each sample,
and the control and SIVE samples were grouped sepa-
rately from each region and analyzed, using criteria 1 and
2 above, for the presence of probe sets that had been
found to be up-regulated in the frontal lobe.

Immunohistochemistry and in Situ Hybridization

After identification of significantly up-regulated genes,
this analysis was used for an immunohistochemical/in situ
hybridization study of the location of proteins or tran-
scripts corresponding to 16 of the up-regulated genes. In
addition to the tissue from animals used in the array
analysis, two more SIV-infected animals, that did not
receive the CD8� cell-depleting antibody but developed
SIVE spontaneously in the course of simian AIDS, were
used in the immunohistochemical studies for comparison

with the SIV-infected monkeys given the CD8� cell de-
pleting regime. These animals were no. 188 (sacrificed at
308 days after inoculation) and no. 226 (sacrificed at 378
days after inoculation).

Formalin-fixed, paraffin-embedded sections were
deparaffinized with xylene and hydrated in graded alco-
hols. Immunohistochemical staining followed a basic in-
direct protocol, using an antigen retrieval method where
indicated (heating to 95°C in 0.01 mol/L citrate buffer for
45 minutes, then left for 20 minutes to steep). Antibodies
and protocols used are indicated in Table 1. The primary
antibody was detected with the PicturePlus universal sec-
ondary antibody-horseradish peroxidase polymer re-
agent (Zymed, San Francisco, CA) and developed with
the NovaRed chromogen (Vector Laboratories, Burlin-
game, CA), followed by a hematoxylin counterstain (Sig-
ma-Aldrich, St. Louis, MO). Control slides included omis-
sion of the primary antibody and use of irrelevant primary
antibodies.

In situ hybridization was performed using probes for
rhesus ISG12 and HCgp39, which were obtained by
reverse transcriptase-polymerase chain reaction amplifi-
cation using oligonucleotides derived from the human
sequence. Molecularly cloned products were verified by
DNA sequencing and used to construct 33P-labeled RNA
probes (Stratagene, Cedar Creek, TX) with RNA bacte-
riophage promoters. Formalin-fixed, paraffin-embedded
sections were prepared for immunohistochemistry as
above, with heat-treatment in citrate buffer; after washes
in 0.5� standard saline citrate, sections were incubated
for 1 hour at 42 to 46°C in a prehybridization buffer (50%
formamide, 0.3 mol/L NaCl, 20 mmol/L Tris, pH 8, 5
mmol/L ethylenediaminetetraacetic acid, 1� Denhardt’s
solution, 10 mmol/L dithiothreitol, 10% dextran sulfate in
diethyl pyrocarbonate-treated water) and subsequently
hybridized in 3 � 106 cpm radiolabeled probe in the
same buffer at 42 to 46°C overnight. Controls included
sense probes and omission of the probe. After hybridiza-
tion, sections were washed and treated with RNase fol-

Table 1. Antibody Dilutions Used for Immunohistochemistry

Antigen Dilution
Antigen
recovery Antibody type Source

Alpha-1 antichymotrypsin 1:200 None Rabbit poly Novacastra
Apolipoprotein D 1:100 Citrate Mouse mono Novacastra
C1q 1:4 None Rabbit poly BioGenex
CD163 1:100 Citrate Mouse mono Novocastra
CD31 1:50 Citrate Mouse mono Dako
CD37 1:300 Citrate Mouse mono Novocastra
Cyclin D3 1:40 Citrate Mouse mono Novocastra
GFAP 1:500 Citrate Rabbit poly Zymed
Glut5 1:200 Citrate Rabbit poly Chemicon
HAM56 1:200 Citrate Mouse mono Dako
HLA-DR (LN3) 1:50 Citrate Mouse mono Zymed
ISG15 1:250 Citrate Rabbit poly Dr. E. Borden
LCA 1:300 Citrate Mouse monos Dako
STAT1 1:100 Citrate Mouse mono Santa Cruz
TGase II (Ab-3) 1:250 Citrate Mouse monos Neomarkers
Vimentin 1:100 Citrate Mouse mono Novocastra
Von Willebrand Factor 1:300 None Rabbit poly Dako
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Table 2. Genes Up-Regulated in the Frontal Lobe of SIVE Cases Compared to Control Cases

Control SIVE
Fold

change Probe set Accession number Gene name OL MB CB

Monocyte migration
0.50 (0.27) 1.07 (0.33) 2.1 37398_at AA100961 CD31/PECAM *
2.01 (1.36) 5.21 (1.56) 2.6 41138_at M16279 CD99/MIC2
0.87 (0.22) 1.94 (0.56) 2.2 31719_at X02761 Fibronectin * *
0.50 (0.22) 1.45 (1.02) 2.9 31720_s_at M10905 Fibronectin *
0.35 (0.37) 1.40 (0.61) 3.9 311_s_at HG3044-HT3742 Fibronectin *
0.39 (0.19) 0.89 (0.52) 2.3 32526_at AA149644 JAM3
2.30 (0.71) 7.78 (4.34) 3.4 2092_s_at J04765 Osteopontin *
15.47 (4.30) 40.95 (18.04) 2.7 34342_s_at AF052124 Osteopontin *
0.25 (0.12) 0.82 (0.64) 3.2 38138_at D38583 S100A11/Calgizzarin *
0.51 (0.42) 1.97 (0.66) 3.8 38404_at M55153 Transglutaminase-2 * * *

Inflammation and disease
0.31 (0.19) 1.23 (0.49) 4.0 36781_at X01683 Alpha1-antitrypsin * *
0.55 (0.36) 1.43 (0.45) 2.6 33825_at X68733 Alpha 1-antichymotrypsin * *
6.03 (1.83) 14.39 (3.66) 2.4 32242_at AL038340 Alpha B-crystallin *
17.25 (6.45) 36.63 (8.66) 2.1 32243_g_at AL038340 Alpha B-crystallin
0.46 (0.40) 1.79 (1.37) 3.9 36681_at J02611 Apolipoprotein D * *
0.57 (0.40) 1.24 (0.67) 2.2 39775_at X54486 C1-inhibitor *
0.41 (0.28) 3.66 (0.91) 9.0 38796_at X03084 C1q-B * *
0.72 (0.37) 3.88 (1.32) 5.4 40766_at U24578 C4a * *
0.58 (0.34) 1.42 (0.31) 2.5 34362_at M55531 Glut5 * *
0.26 (0.24) 1.24 (0.51) 4.7 36197_at Y08374 HCgp39/YKL-40 * *
0.97 (0.32) 2.59 (2.44) 2.7 33273_f_at X57809 Heat shock 70kD protein 1A *
0.43 (0.28) 1.43 (0.69) 3.4 36804_at M34455 Indoleamine 2,3-dioxygenase * * *
0.32 (0.27) 2.69 (0.99) 8.3 37754_at L13210 Mac-2 binding protein * * *
0.45 (0.36) 0.96 (0.5) 2.1 35426_at AC004410 SPPL2b/PSL1
0.17 (0.05) 1.88 (2.03) 11.0 1693_s_at D11139 TIMP1 *
0.63 (0.29) 1.27 (0.20) 2.0 33452_at M15518 Tissue plasminogen activator *
0.21 (0.17) 0.87 (0.31) 4.2 607_s_at M10321 von Willebrand factor *

Antigen presentation
0.65 (0.36) 2.51 (0.98) 3.9 34644_at AB021288 Beta 2-microglobulin * * *
1.18 (0.57) 6.59 (3.19) 5.6 201_s_at S82297 Beta 2-microglobulin * * *
2.33 (1.06) 9.71 (3.59) 4.2 428_s_at V00567 Beta 2-microglobulin * * *
0.70 (0.60) 1.64 (0.32) 2.4 38363_at W60864 DAP12
1.21 (0.33) 3.32 (0.80) 2.7 41237_at D32129 HLA-A * *
2.02 (0.75) 15.16 (4.51) 7.5 37383_f_at X58536 HLA-C * *
0.38 (0.19) 1.59 (0.54) 4.2 37344_at X62744 HLA-DM� * *
0.48 (0.24) 2.14 (1.41) 4.4 41723_s_at M32578 HLA-DR�1 * *
1.82 (0.33) 8.15 (4.40) 4.5 32321_at X56841 HLA-E * *
1.76 (0.46) 6.28 (1.61) 3.6 37421_f_at AL022723 HLA-F * *
2.44 (0.68) 8.28 (2.54) 3.4 40369_f_at AL022723 HLA-F * *
0.98 (0.38) 5.57 (1.25) 5.7 40370_f_at M90683 HLA-G * *
0.87 (0.34) 4.01 (1.55) 4.6 35016_at M13560 Ia-associated invariant �-chain/CD74 * *
1.13 (0.22) 2.96 (0.70) 2.6 36600_at L07633 PA28� * *
1.65 (0.44) 4.47 (1.08) 2.7 41171_at D45248 PA28� * * *
1.82 (0.40) 4.06 (1.38) 2.2 1184_at D45248 PA28� * *
0.07 (0.02) 0.86 (0.65) 12.0 41184_s_at X87344 PSMB8/LMP7 *
0.99 (0.36) 5.06 (2.36) 5.1 38287_at AA808961 PSMB9/LMP2 * * *

Lysosomal
0.86 (0.65) 2.16 (1.23) 2.5 39062_at AL008726 Cathepsin A *
0.73 (0.30) 1.55 (0.56) 2.1 37021_at X16832 Cathepsin H *
0.56 (0.40) 1.20 (0.20) 2.2 32824_at AF039704 CLN2 *
0.46 (0.33) 1.67 (0.91) 3.6 39728_at J03909 GILT/IP30 * * *
0.26 (0.16) 1.20 (0.73) 4.6 925_at J03909 GILT/IP30 * *
1.08 (0.36) 3.18 (0.68) 2.9 37759_at U51240 LAPTM-5 * *
0.62 (0.46) 1.38 (0.31) 2.2 39130_at AB018313 Vam6/Vps39-like

Interferon inducible
0.20 (0.16) 1.64 (0.98) 8.4 1358_s_at U22970 G1P3 * *
0.56 (0.21) 4.40 (1.52) 7.8 37641_at D28915 IFI44 * * *
0.94 (0.15) 5.58 (2.43) 5.9 32814_at M24594 IFIT1 * * *
1.47 (0.43) 18.33 (10.55) 12.0 915_at M24594 IFIT1 * * *
0.41 (0.24) 2.87 (2.26) 7.0 908_at M14660 IFIT2 * *
0.28 (0.20) 1.22 (0.58) 4.4 909_g_at M14660 IFIT2 * *
0.29 (0.15) 0.94 (0.18) 3.3 38584_at AF026939 IFIT4 * * *
0.38 (0.19) 0.84 (0.55) 2.2 675_at J04164 IFITM1 * * *
5.51 (2.28) 61.23 (18.97) 11.0 676_g_at J04164 IFITM1 * *
3.66 (2.34) 35.11 (18.30) 9.6 41745_at X57352 IFITM3 * *
0.38 (0.30) 5.79 (2.54) 15.0 425_at X67325 ISG12 * * *
1.05 (0.35) 10.01 (7.22) 9.6 1107_s_at M13755 ISG15 * * *
0.25 (0.19) 0.92 (0.97) 3.7 38432_at AA203213 ISG15 * *

(Table continues)
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lowed by an immunohistochemical staining with HAM56
antibody, performed as above except HistoMark Orange
(KPL, Gaithersburg, MD) was used as the chromogen.
The slides were then washed, dehydrated, vacuum-
dried, and coated with LM1 emulsion (Amersham, Pisca-
taway, NJ). The slides were then left in the dark for 40
days before developing (Kodak D19) and fixing (Kodak

‘Fixer’) (Eastman Kodak, Rochester, NY) followed by
counterstaining with hematoxylin (Sigma-Aldrich), dehy-
drating, and mounting.

Image capture was performed with a Spot RT Color CCD
camera with Spot RT software, version 3.4.2 for MacOS
(Spot Diagnostic Instruments, Sterling Heights, MI) using a
Leica Diaplan microscope (Leica Inc., Deerfield, IL). Fig-

Table 2. Continued

Control SIVE
Fold

change Probe set Accession number Gene name OL MB CB

Antiviral
3.75 (1.63) 9.54 (2.49) 2.6 38014_at X79448 Adenosine deaminase * *
0.13 (0.09) 3.00 (2.07) 23.0 37014_at M33882 MxA/p78 * *
0.36 (0.21) 0.83 (0.51) 2.3 39264_at M87284 2�-5�-oligadenylate synthetase

Transcriptional regulation
2.48 (0.85) 6.24 (1.77) 2.5 38354_at X52560 NF-IL6 *
1.20 (0.28) 2.54 (0.92) 2.1 1052_s_at M83667 NF-IL6b * *
0.52 (0.40) 1.23 (0.75) 2.4 38517_at M87503 P48 protein/ISGF3� * *
0.57 (0.14) 1.95 (1.00) 3.4 36423_at W47047 P8 protein * *
0.52 (0.40) 1.11 (0.35) 2.1 34189_at D31891 SETDB1
0.34 (0.13) 2.33 (0.68) 6.9 32859_at M97935 STAT1 91kDa * * *
0.35 (0.18) 1.13 (0.29) 3.2 32860)g_at M97935 STAT1 91kDa * * *
0.17 (0.09) 3.11 (1.30) 18.0 3338_at M97936 STAT1 91kDa * * *
0.63 (0.29) 2.96 (1.32) 4.7 33339_g_at M97936 STAT1 91kDa * *
0.91 (0.42) 2.01 (0.75) 2.2 39708_at L29277 STAT3 *
0.95 (0.65) 2.03 (0.65) 2.1 39681_at AF060568 Zinc finger protein 145 (PML)

Cell cycle
0.82 (0.57) 2.39 (0.97) 2.9 36131_at AJ012008 CLIC1/NCC27 * *
0.60 (0.44) 1.26 (0.49) 2.1 1794_at M92287 Cyclin D3
0.82 (0.83) 2.96 (1.61) 3.6 32609_at AI885852 Histone H2A * *
0.51 (0.30) 1.13 (0.43) 2.2 35576_f_at AL009179 Histone H2B *
0.34 (0.30) 0.83 (0.40) 2.4 34027_f_at AA010078 Histone H4 * *
0.61 (0.59) 1.43 (0.40) 2.3 1787_at U23398 p57KIP2 *
1.56 (0.83) 3.33 (0.94) 2.1 39286_at D64109 TOB2 *

Growth, differentiation, and signaling
0.55 (0.28) 1.42 (0.69) 2.6 1278_at HG162-HT3165 AXL *
0.23 (0.12) 1.32 (0.97) 5.7 39061_at D28137 BST-2 * *
3.95 (1.82) 9.43 (1.96) 2.4 35282_r_at M33680 CD81/TAPA-1
0.27 (0.07) 1.03 (0.67) 3.8 41198_at AF055008 Epithelin/Granulin *
2.73 (2.58) 6.81 (2.55) 2.5 424_s_at X66945 FGFR1
0.53 (0.35) 1.32 (0.43) 2.5 34268_at X91809 GAIP/RGS19
0.40 (0.25) 0.91 (0.62) 2.3 577_at M94250 Midkine *
2.03 (0.54) 4.39 (1.94) 2.2 31508_at S73591 VDUP1/TBP-2 *

Cytoskeleton
0.68 (0.21) 1.44 (0.51) 2.1 406_at X53587 Integrin beta 4
0.66 (0.35) 1.83 (0.63) 2.8 38391_at M94345 Macrophage capping protein/CapG *
1.72 (0.79) 4.03 (1.46) 2.4 40771_at Z98946 Moesin
3.54 (1.68) 7.32 (1.67) 2.1 38021_at U53204 Plectin
1.29 (0.63) 2.73 (0.66) 2.1 36902_at X61587 RhoG
9.27 (2.62) 19.47 (6.77) 2.1 34091_s_at Z19554 Vimentin *

Immune system
0.31 (0.06) 1.65 (0.70) 5.3 36661_s_at X06882 CD14 * *
0.96 (0.36) 3.85 (1.03) 4.0 31870_at X14046 CD37
0.37 (0.18) 1.15 (0.87) 3.1 31438_s_at Z22971 CD163/M130 * *
0.42 (0.41) 1.16 (0.39) 2.8 36889_at M33195 Fc-� receptor �-chain
0.09 (0.05) 1.26 (1.90) 14.0 38194_s_at M63438 Immunoglobulin kappa * *
0.33 (0.21) 1.60 (2.22) 4.9 33274_f_at M18645 Immunoglobulin lambda *
0.34 (0.28) 0.89 (0.19) 2.6 34660_at AI142565 Ribonuclease K6 * *

Other
1.35 (0.85) 2.76 (0.72) 2.0 33804_at U43522 Cell adhesion kinase beta
1.21 (0.74) 2.58 (0.62) 2.1 41168_at AF029750 CNPase
0.35 (0.25) 1.08 (0.28) 3.1 38788_at M82827 Fusion protein * *
1.06 (0.51) 2.19 (0.48) 2.1 40054_at D43949 KIAA0082
0.23 (0.31) 1.15 (0.45) 4.9 32317_s_at U34804 STP2 *
0.69 (0.53) 1.63 (0.34) 2.3 39693_at N53547 Unknown
0.20 (0.13) 0.94 (1.06) 4.8 41827_f_at AI932613 Unknown *

Average normalized SV, and (SD) for each probe set is indicated for the control and SIVE groups, followed by the fold change (SIVE/control). The
GenBank (www.ncbi.nlm.nih.gov) or Institute for Genomic Research (www.tigr.org) accession number from which each probe set was derived, the
name of the Affymetrix probe set (sequences of the probes sets and links to gene information can be obtained at www.affymetrix.com), and the name
of the gene represented by the probe set, are indicated.

*indicates up-regulation of the gene probe sets in occipital lobe (OL), midbrain (MB), and cerebellum (CB).
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ures were assembled with Adobe Photoshop, version 6.0
for MacOS (Adobe Systems Inc., San Jose, CA).

Results

Array Analysis of SIV-Induced CNS Transcripts

Statistical analysis revealed that 114 probe sets were
significantly elevated in the frontal lobe of six monkeys
with SIVE compared to six uninfected controls. These 114
probe sets corresponded to 98 independent genes (two
or more probe sets were up-regulated for 12 genes). The
mean SVs (plus SD) and fold change after normalization,
accession numbers, probe sets, and gene names are
listed in Table 2. As SIVE neuropathology was varied
among the cases analysis was also performed to com-
pare controls with only the SIVE cases that showed
MNGCs; there were no significant differences between
these cases and the comparison including those without
MNGCs. Initially, the genes have been categorized
based on the described biological properties of their
products, but we note that many gene products can
function in more than one category. The roles of several
genes in these categories are detailed below.

Monocyte Migration

HIV and SIV likely make their entrance into the CNS
carried by infiltrating macrophages. Because these cells
are of prime importance in the pathogenic effects leading
to CNS dysfunction, the up-regulated genes involved with
cell migration across the blood-brain barrier are grouped
together here.

The migration of monocytes across endothelial junc-
tions involves the sequential expression of CD31/platelet-
endothelial cell adhesion molecule (PECAM) and CD99/
MIC2.10 Also involved is the macrophage scavenger
receptor CD163, which is important in monocyte adher-
ence to the vascular endothelium.11 Tissue transglutami-
nase (tTG), an enzyme involved in the cross-linking of
glutamine and lysine, serves as an adhesion and migra-
tion receptor for the extracellular matrix protein fibronec-
tin, promoting the invasion of monocytes into tissues.12

Osteopontin, a protein also involved in immune cell dif-
ferentiation and activation, is a potent chemoattractant for
monocytes,13 thus increases in this molecule may also
promote monocyte entry.

Inflammation and Disease

The genes in this category are involved in inflammatory
and neurodegenerative disorders of the CNS including
HIVE/SIVE. Indoleamine 2,3-dioxygenase (IDO) is an in-
terferon (IFN)-inducible enzyme in the conversion path-
way of tryptophan to the neurotoxin quinolinic acid,
present in the brains of HIV-infected humans and SIV-
infected monkeys.14 The serine protease tissue-type
plasminogen activator (tPA) is a crucial component of
excitotoxin-induced microglial activation and neuronal

degeneration in the brain.15 Increases in tPA in conjunc-
tion with matrix metalloproteinases can lead to degrada-
tion of the extracellular matrix unless the latter is blocked by
the tissue inhibitors of metalloproteinases (TIMPs) such as
TIMP1. SPPL2b/PSL1 (presenilin-like protein 1) is an in-
tramembrane protease similar to the presenilins, thought
to be crucial in Alzheimer’s disease pathogenesis.16 Lev-
els of apolipoprotein D (ApoD), a transporter of choles-
terol and arachidonic acid, are increased in the brains of
those with stroke, Alzheimer’s disease, and motor neuron
disease.17,18 Up-regulation of von Willebrand factor (vWf)
indicates persistent activation of endothelial cells after
injury. This factor is also released into plasmaand ele-
vated in correspondence with HIV progression and viral
load.19 Also in this category are GLUT5 and HCgp39,
which are expressed in activated microglia and macro-
phages, respectively.

Three inflammation-related serine proteinase inhibitors
were found to be up-regulated: C1 inhibitor (C1I); �1-anti-
trypsin and �1-anti-chymotrypsin (ACT). The latter two
are major components of amyloid plaques in brains af-
flicted with Alzheimer’s disease20 along with complement
component C1q.21 Both C1I and ACT are tTG substrates
(see Monocyte Migration), a link that connects the expres-
sion of these inflammatory components to the cell migra-
tion process.

Antigen Presentation

Among the largest categories of genes described here
are those involved in antigen presentation including both
the major histocompatibility complex (MHC) class I and
class II pathways for endogenous and exogenous pep-
tide presentation to CD8� and CD4� T cells. Class I
heavy chain molecules are represented in this study by
both the ubiquitously expressed classical HLAs A and C,
and the more restricted nonclassical HLAs F and G.
Heavy chains associate with the constant light chain
molecule �2-microglobulin, increases of which in cere-
brospinal fluid correspond to the level of neuroAIDS.22

Class II MHC molecules include HLA-DR�1 and Ia-asso-
ciated �-chain/CD74. Accessory genes involved in anti-
gen processing, such as those involved in proteosomal
protein degradation, including PA28� and -�, and
PSMB8 and PSMB9, are also induced in SIVE.

Lysosomal Proteins

Lysosomes break down intracellular molecules crucial for
multiple cellular functions including antigen presentation.
Interestingly, many of the up-regulated genes are lyso-
some-associated molecules. The association of in-
creased lysosomal hydrolytic enzyme activity with HIV

CNS infection has been reported;23 we similarly find pro-
teases such as cathepsin A and H to be up-regulated.
Furthermore, other lysosomal proteins, such as LAPTM5,
a factor in lysosomal membrane dynamics that is asso-
ciated with microglia activation after neuronal apopto-
sis,24 are up-regulated, indicating additional lysosomal
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processes that may be involved in escalating the dam-
age of neuroAIDS.

Interferon-Inducible
Genes/Antiviral/Transcriptional Regulation

More then 300 IFN-inducible genes have been identified
and the proteins encoded by these genes play a large
part in the antiviral response. Induction of many of the
IFN-inducible genes, including MxA, adenosine deami-
nase, and 2-5 oligoadenylate synthase (2-5OA) can lead
to actions protective against many viruses including, for
2-5OA, protection from HIV infection.25

Transcription of these genes after stimulation of IFN�/�
or � receptors leads to the phosphorylation of signal
transducer and activator of transcription (STAT)1�/� ho-
modimers or of heterodimers in association with STAT2.
On activation, the STAT molecules, which can also com-
plex with p48protein/ISGF3�, are translocated to the nu-
cleus to stimulate transcription of genes including Mac–
binding protein, ISG12, ISG15, and GIP3.

A transcriptional activator found up-regulated in acti-
vated and differentiated macrophages is nuclear factor
interleukin 6 (NF-IL6), which is essential for HIV-1 repli-
cation in these cells.26 This molecule is also involved in
the gene expression of several inflammatory cytokines in
conjunction with STAT3.

Cell Cycle and Growth, Differentiation, and
Signaling

Cell proliferation, such as the astro- and microgliosis
seen in SIVE/HIVE cases, involves up-regulation of cell-
cycle elements, along with cell growth and differentiation.
Cell-cycle progression relies on the effects of cyclins,
such as cyclin D3, on the activity of cyclin-dependent
protein kinases to enable the transcription of genes re-
quired in S phase of the cell cycle.

Epithelin/granulin peptides are growth factors for di-
viding cells, as is the cytokine midkine, which is involved
in neuronal development, growth, and maintenance. Ac-
tivation of fibroblast growth factor receptor-1, or CD81/
target of anti-proliferative antibody 1 (TAPA1), can also
increase cell proliferation rates, especially in angiogene-
sis and astrocytosis.

Cytoskeleton

Cell changes in neuroAIDS can include alterations in cell
size and shape. Examples are the increased expression
of intermediate filaments including, in astrocytes, vimen-
tin which can alter cell shape and process length by
association with plectin at the cell membrane. Plectin also
binds GFAP, actin, and integrin-�4. Additionally, vimentin
has a close relationship to CapG/macrophage capping
protein, moesin, and actin, with the assembly of the latter
involving the GTPase RhoG, a participant in neurite
outgrowth.

Immune System

Some of the up-regulated genes are important in cells of
the immune system. Of note, CapG (see also Cytoskeleton)
accounts for 1% of the total protein in macrophages.
CD14 and CD163 are specific markers for these cells and
are more highly expressed in activated macrophages
during inflammatory reactions, as is human cartilage
glycoprotein 39 (HCgp39). Glut5, a fructose transporter
with unknown CNS function, is expressed in resting
and up-regulated microglia.27 Moreover, the enzyme
ribonuclease K6 resides in monocytes and neutrophils.

Other Brain Regions

Tissue RNA was also available from three other brain
areas: the occipital lobe, the midbrain, and cerebellum
from selected animals (at least four SIVE and three con-
trols for each location). GeneChip analysis was per-
formed to examine the expression levels of the genes
found to be up-regulated in the frontal lobe samples. As
indicated in Table 2, 66 of the 98 genes were also up-
regulated in the occipital lobe, with 68 in the midbrain
and 19 in the cerebellum. All brain regions examined had
genes that were predominant in the Interferon Inducible
and Antigen Presentation categories. The cerebellum
showed little up-regulation of genes in the other catego-
ries, suggesting that, in this model, there is far less in-
volvement of this part of the brain. Interestingly there was
little representation of the frontal lobe up-regulated genes
from the Cytoskeleton and Growth and Differentiation cat-
egories in the other three brain regions, suggesting that
cellular reorganization is a higher factor in the frontal
lobe.

Infiltrating Macrophages and Parenchymal
Microglia Express Many of the Up-Regulated
Genes

Tissue samples taken for our RNA analysis contain the
whole array of CNS cells such as neurons, oligodendro-
cytes, astrocytes, microglia, and endothelial cells, as well
as cells found within lesions associated with SIV infection,
such as infiltrating macrophages and lymphoid cells, and
MNGCs. Certainly, analyzing gene array provides an
overview of up-regulated genes in whole tissue, but of
equal importance is pinpointing the specific locations
of these genes’ products. Furthermore, up-regulation of
RNA may not necessarily correspond to that of the pro-
tein product. To assess up-regulation of protein, and to
gain insight into the cellular origin of the up-regulated
genes, serial sections of frontal lobe from SIVE and un-
infected control monkeys were immunostained with anti-
bodies corresponding to 14 of the up-regulated genes,
chosen to represent the functional groups described
above. Subsequent immunohistochemical staining for
GFAP (astrocytes), HAM56 (macrophages and activated
microglia), and LCA (lymphocytes) then aided identifica-
tion of affected cells. Two additional genes, HCgp39 and
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ISG12, were examined at the RNA level by in situ hybrid-
ization.

Most of the immunoreactivity and in situ hybridization
signals occurred within the SIVE lesions, including
perivascular cuffs and microglia/macrophage nodules.
Such lesions were predominately composed of HAM56-
positive microglia/macrophages (Figure 1A) with LCA
staining of three to four lymphocytes (Figure 1B), and with
GFAP-reactive astrocytes surrounding, but rarely infiltrat-
ing, many of the nodular lesions (Figure 1C). Within the
lesions, staining was intense for CD163 (Figure 1D),
Glut5 (Figure 1E), HLA-DR (Figure 1F), tTG (Figure 1G),
and vimentin (Figure 1H). HCgp39 (see below, Figure 3A)
and ISG12 in situ hybridization revealed signal over nod-
ules of macrophages. Immunohistochemistry further re-
vealed that ACT showed strong localization to large cells
where foamy macrophages appeared (Figure 1I). STAT1
and C1q (Figure 1J) were also found in these nodules,
but to a lesser degree. ApoD (Figure 1K), CD37 (Figure
1L), and cyclin D3 were each found in only two or three
distinct cells in lesions. MNGCs were not uniformly
stained with these antibodies. HLA-DR (Figure 1M), tTG
(see Figure 1G), vimentin (Figure 1N), and HAM56 pro-
duced a very dark reaction product in MNGCs (including,
with vimentin, an even darker central area); whereas C1q,
CD163, Glut5, and ACT (Figure 1O) showed much lighter
staining.

In parenchymal microglia from the SIVE cases, CD163
(Figure 2A, see also Figure 1D) was induced, and Glut5
(Figure 2C, see also Figure 1E) clearly increased com-
pared to amounts in uninfected controls (Figure 2, B and
D, respectively). HLA-DR (see Figure 1, F and M) occu-
pied white matter microglia in concordance with HAM56
(Figure 2E), but neither of these was identified in paren-
chymal microglia of uninfected controls (eg, Figure 2F;
HLA-DR). Less frequently, microglia expressing ACT,
C1q, STAT1, and tTG (Figure 2G) could be found, pre-
dominantly around lesions. Control tissue had no Clq or
STAT1 at all, and tTG was found only along the endothe-
lium (Figure 2H).

Neurons and Other Native CNS Cells from SIV-
Infected Animals Express a Wide Array of Novel
Proteins

In addition to microglia, other native cells of the CNS also
displayed induction or increased expression of markers.
In SIV-infected brains, the HCgp39 signal appeared in
white matter (Figure 3A), in the vicinity of lesions and
occasionally in patches along the white/gray matter junc-
tion; in controls, only a few isolated white matter cells
contained HCgp39 (Figure 3B). Although HCgp39 was
found in macrophages in the lesions, the strongest signal
was predominately found in cells that did not react with
HAM56. Similarly ISG12 was also found in cells that did
not stain with HAM56 (data not shown). In both cases
these cells are presumably astrocytes but staining for
GFAP was not performed in conjunction with in situ hy-
bridization. Cells with clear astrocytic morphology ex-
pressed tTG, vimentin (Figures 1, H and N), ACT, STAT1

(Figure 3C), and ISG15 (Figure 3E). Of these, ACT
stained only occasional astrocyte patches in control tis-
sue, whereas neither ISG15 nor STAT1 (Figure 3D) re-
acted at all with astrocytes in controls.

Endothelial cells in the brains of animals with SIVE
expressed vimentin (Figure 1N), tTG (Figure 2G), ACT,
ApoD, and STAT1 (Figure 3C) throughout the vascular
endothelium in the setting of SIV-induced CNS pathology.
Expression of vWf was much stronger (Figure 3G) than in
the controls (Figure 3H), and similarly a moderate level of
CD31 (Figure 3F) was found in the SIVE cases compared
to only faint staining in control cases.

The cytoplasm of distinct swaths of neurons located in
cortical layers 4 to 6 were notably stained with ACT
(Figure 4A), whereas cyclin D3 (Figure 4C) was highly
expressed in the nuclei of numerous neurons in cortical
layers 3 to 6, and tTG (Figure 4E) was also encountered
in many neuronal nuclei. This pattern occurred in all
neurons of some areas but, elsewhere, only those in
distinct layers or occasional cells. STAT1 stained unique,
individual neurons, mostly classed as large pyramidal
cells (Figure 4F). None of these antibodies stained neu-
rons in control tissue (ACT, Figure 4B; cyclin D3, Figure
4D; tTG, Figure 2H).

In addition to examining brains from uninfected, un-
treated monkeys, two additional sets of controls were
performed. First, two of the uninfected animals received
the CD8� cell-depletion protocol. These were indistin-
guishable from the other four controls as to expression of
the identified genes on the array analysis (data not
shown); they did not exhibit neuropathological changes
at necropsy, and their immunohistochemical analysis
was consistent with that of the other controls (not shown).
Second, brain sections from two animals that developed
SIVE after a natural course of SIV infection (no CD8� cell
depletion; development of simian AIDS at an average of
11 months after infection) were examined by immunohis-
tochemical staining for all of the protein markers. For all,
the pattern of staining was consistent with that seen in
animals with rapid SIVE induced by the CD8 depletion
protocol (eg, Figure 5; A to F).

Discussion

Microarray analysis was used to investigate mRNA abun-
dance in the frontal lobes of rhesus macaques with SIVE
compared to that in uninfected monkeys. Statistical anal-
ysis revealed 98 up-regulated genes, the majority of
which have never before been described in SIVE cases.
Many of these were confirmed and localized to specific
cell types within the brain at the protein and RNA level by
the techniques of immunohistochemistry and in situ hy-
bridization. As our results show, we identified an ensem-
ble of genes and proteins up-regulated in association
with SIVE and classified them into categories that reflect
the following pathogenic processes thought responsible
for neuroAIDS: monocyte entry into the brain; production
of neurotoxic effectors; transcription factors that alter
CNS gene expression; and signature markers of acti-
vated astrocytes, endothelial cells, macrophages, and
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Figure 1. Immunohistochemical staining of cellular infiltrates in SIVE revealing HAM56-positive microglia/macrophages in nodule (A) and LCA-positive
lymphocytes contributing to a perivascular infiltrate (B). C: GFAP-positive astrocytes surround a nodule. Immunoreactivity is also found for CD163 (D), Glut5 (E),
HLA-DR (F), tissue transglutaminase (tTG) (G), vimentin (H), �1-anti-chymotrypsin (ACT) (I), C1q (J), apolipoprotein D (K), and CD37 (L). Reactivity of MNGCs
varies, as shown for HLA-DR (M), vimentin (N), and ACT (O). Asterisk indicates MNGCs.

Pathogenic Gene Induction in NeuroAIDS 2049
AJP June 2003, Vol. 162, No. 6



Figure 2. Immunohistochemical staining of parenchymal microglia in SIV-induced CNS pathology and control brains, respectively, using CD163 (A, B), Glut5 (C,
D), HAM56/HLA-DR (E, F), and tTG (G, H).
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Figure 3. A and B: Glial reactivity for HCgp39 (in situ hybridization, combined with immunohistochemistry for HAM56 (A, SIVE; B, control). C and D:
Immunohistochemical staining for STAT1 (C, SIVE; D, control) and ISG15 (E, SIVE). Endothelial reactivity in immunohistochemical staining for CD31 in SIVE (F)
and von Willebrand factor (vWf) in SIVE (G) and control (H) brains.
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microglia. Furthermore, finding induction of genes and
their protein products within cortical neurons points to
specific neuronal responses to SIVE, including those
linked to apoptotic pathways. Although this technology
has been applied to several other CNS disorders includ-
ing multiple sclerosis, schizophrenia, and brain tumors,

this is the first investigation of CNS disease induced by
immunodeficiency virus infection.

NeuroAIDS is thought to develop after increased CNS
invasion by infected and activated macrophages which,
in turn, leads to up-regulation of resident microglia as well
as of astrocytes, leading to damage in the CNS environ-

Figure 4. Immunohistochemical reactivity in neurons for ACT (A, SIVE, also showing astrocyte reactivity; B, control), cyclin D3 (C, SIVE; D, control), tTG in SIVE
(E), and STAT1 in SIVE (F).
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ment causing neuronal injury and loss. One of the key
histological and pathogenic features of neuroAIDS is in-
creased monocyte entry into the brain, and we found a
number of genes in the SIVE cases connected to this
process. Migration of monocytes through endothelial
cells is dependent on both cell types expressing CD31
and CD99; and CD99 itself plays a crucial role in mono-

cyte diapedesis,10 the transendothelial migration in
which the monocyte crosses the blood-brain barrier and
becomes a brain macrophage. CD99 is also implicated in
cell aggregation28 and thus may be involved both in the
recruitment of monocytes to, and formation of, macro-
phage/microglia nodules in SIVE/HIVE. Monocyte migra-
tion is also aided by tissue transglutaminase (tTG),12

Figure 5. Immunohistochemical staining of brains from SIV-infected animals developing spontaneous SIVE. A, ACT in neurons; B, ApoD in perivascular and
infiltrating cells; C, CD163 in perivascular macrophages and parenchymal microglia; D, cyclin D3 in neurons; E, Glut5 in parenchymal microglia; and F, tTG in
nodules and infiltrating and/or parenchymal cells.
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which we found prominently expressed on endothelial
cells as well as on macrophages/microglia. Osteopontin
is a multifunctional molecule with potent chemotactic and
haptotactic actions on monocytes13,29 and can also con-
tribute to monocyte recruitment and CNS pathology. In-
terestingly, transcript sequencing from human multiple
sclerosis plaques revealed abundant transcripts for os-
teopontin, and microarray analysis of spinal cord RNA
from rats with experimental autoimmune encephalomyeli-
tis (EAE), a mouse model for multiple sclerosis, revealed
increased levels of osteopontin.30 Furthermore, microar-
ray analysis of brain RNA from mouse models of Hunting-
ton’s disease and from patients with Huntington’s disease
also revealed increased levels of osteopontin.31 In addi-
tion to its effects on monocytes, pleiotropic osteopontin
may play additional roles in these CNS inflammatory and
degenerative diseases.

The enhanced expression of these genes and proteins
demonstrated here reinforces theories of damage occur-
ring to the CNS after changes to the blood-brain barrier
and a related surge of monocyte entry. In SIV- and HIV-
induced CNS disease, analysis of the factors promoting
monocyte migration has predominantly focused on the
ICAM-1 and VCAM adhesion molecules and MCP-1,
RANTES, and IP-10 chemokines, however these may be
insufficient to explain macrophage accumulation in the
CNS in neuroAIDS.32 We now present CD99, tTG, and
osteopontin as new candidate effectors in the monocyte
accumulation found in SIV- and HIV-induced CNS dis-
ease. These molecules and the mechanisms through
which they act can provide invaluable guides for therapy
that aims at arresting monocyte migration into the brain
and decreasing CNS inflammation.

Cells of the macrophage lineage are key to the patho-
genesis of neuroAIDS as this condition correlates closely
with the degree of microglia/macrophage activation.1

Neuronal dysfunction and loss in patients with AIDS has
been attributed to the increased release of potentially
toxic factors from the large number of infiltrating macro-
phages as well as activated microglia and astrocytes.
Activated microglia in the white matter were notable here
for expression of HLA-DR, CD163, and Glut5. Although
the function of Glut5 in the CNS is unknown, as it has
previously only been characterized as a fructose trans-
porter, CD163 receptor activation is involved in the se-
cretion of IL1�, IL6, and GM-CSF, increases of which
occur in the brains of HIV� patients and have been
linked to pathological mechanisms.33,34

We have also observed the increased expression of
Glut5 and CD163 associated with ramified, gray matter
microglia. This outcome denotes a much more wide-
spread up-regulation of resident microglia than previ-
ously thought, in fact extending beyond those surround-
ing infected cells. This generalized spread could
contribute to the more subtle neuronal damage, such as
dendritic and synaptic changes, in SIV-infected animals
and HIV-infected patients. Considering their ability to
stain such a diverse microglial population, CD163 and
especially Glut5 may be more sensitive markers than the
commonly used HLA-DR and HAM56 for examining
microglia activation in diverse clinical diseases.

Interestingly, microarray analysis of genes induced by
exposure of monocyte-derived macrophages to the HIV
gp120 surface protein did not produce similar genes to
those found in our study.35 This implies that direct effects
of gp120 on cells of the monocyte lineage in the brain is
not sufficient to induce the pathological cascade result-
ing in neuroAIDS. Furthermore, although isolating and
analyzing individual components of a response is an
invaluable part of pathogenic assessment, the interac-
tions between these parts can be more complex than the
sum, and studies in the brain and other organs can
necessitate the use of tissue containing all of the inter-
acting components.

Astrogliosis can also accompany neuroAIDS, and
many of the genes identified here can be linked to this
process, including changes in astrocyte shape and acti-
vation state. Astrocytes in the vicinity of lesions were
shown to express Clq, tTG, vimentin, and HCgp39; while
�1-anti-chymotrypsin (ACT), STAT1, and ISG15 also
stained a more diffuse set of astrocytes. ACT has a role in
many processes including regulation of inflammation, ap-
optosis, complement activation, and viral pathogene-
sis.36 Many reports cite astrocytes as the main ACT-
expressing cell after any sort of CNS inflammation. ACT is
also expressed in �-APP-containing plaques in brains of
patients with Alzheimer’s disease,37 and reciprocally
�-APP has been found to be present in HIVE-associated
lesions,38 although the characteristic Alzheimer’s plaques
are not present in HIV-induced dementia.

Another significant finding in astrocytes of SIV-infected
brains is STAT1, which is not only up-regulated by IFNs39

but also acts as a signal transducer for these cytokines,
leading to the up-regulation of many IFN-inducible genes
such as ISG15 and others found in this study. Many of
these have anti-viral activity, both for the well-known mol-
ecules like 2-5OA and less characterized ones including
ISG12 investigated here, which has been recently shown
to be protective in lethal mouse Sinbis virus encephali-
tis.40 Similar up-regulation of IFN-induced genes have
been found in microarray analyses of other viral infections
including hepatitis C virus infection of the chimpanzee
liver,41 human cytomegalovirus infection of fibroblasts,42

and hantavirus infection of endothelial cells.43

The CNS function of some of these up-regulated
genes/proteins can be linked to pathogenic processes.
For example tTG is known to be involved in apoptosis44

and was previously reported to be highly up-regulated in
MNGCs and lesions in HIVE.45 An intriguing finding was
the up-regulation of SPPL2b/PSL1 (presenilin-like protein
1). This is a member of the signal peptide peptidase
family of intramembrane proteases16 that is similar to the
presenilins, thought to be crucial in Alzheimer’s disease
pathogenesis. The product of another gene, VDUP1/
TBP-2 (thioredoxin-binding protein-2) lowers the thiol-re-
ducing activity and level of expression of thioredoxin.46

This can lead to an accumulation of reactive oxygen
species and resultant oxidative stress damage, including
induction of apoptosis.47 Thus these comprise other can-
didate mechanisms of neuronal damage in neuroAIDS.

The induction of another inflammatory protein, in-
doleamine 2,3-dioxygenase (IDO), is a critical step lead-
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ing to production of the excitatory neurotoxin quinolinic
acid, the presence of which in the CNS correlates with the
severity of CNS dysfunction and cerebral volume loss
resulting from HIV infection.14,48 We have recently con-
firmed the strong up-regulation of IDO mRNA in these
SIV-infected brains by real-time reverse transcriptase-
polymerase chain reaction and found that IDO is ex-
pressed by macrophages within nodules.49 An additional
likely mediator of CNS damage is tissue plasminogen
activator (tPA). Although best characterized for its lysis of
blood clots, tPA’s release from neurons and microglia
leads to microglial activation, and both excitotoxin-in-
duced seizures and neuronal death are dependent on
tPA production.15,50 Thus, the mechanisms that underlie
inflammation in neuroAIDS are found among other CNS
diseases and represent excellent potential targets in fu-
ture treatment paradigms.

Our immunohistochemical analysis was especially
valuable for localizing up-regulation of protein products
to neurons including STAT1, tTG, ACT, and cyclin D3, all
novel findings with implications for pathogenesis. Neuro-
nal STAT1 similarly increases in EAE51 and, in vitro,
STAT1 is linked to dendritic retraction after IFN-� stimu-
lation.52 Such a mechanism of dendritic injury may be
partially responsible for that accompanying cognitive
dysfunction in patients with neuroAIDS.2 TTG expression
in neurons in vitro has been shown to lead to increased
cellular oxidative stress, sensitizing them to apoptosis.53

Furthermore, tTG expression in neurons in vivo has been
strongly implicated in the damage found in Huntington’s
disease.31,54 In support of this, administration of cysta-
mine, a competitive inhibitor to tTG, ameliorates pathol-
ogy in mouse models of Huntington’s disease31,55 and
thus may represent an important direction of study for
SIVE/HIVE cases. Although its function is unknown, neu-
ronal ACT has been found to be up-regulated in the
brainstem of people with spinocerebellar ataxia type 1,
like Huntington’s, a CAG-trinucleotide repeat (polyglu-
tamine) neurodegenerative disorder.56

Cyclin D3, which is involved in the cell-cycle control
system, is of particular interest here. Immunostaining for
cyclin D3 located it predominately in the nuclei of neu-
rons in cortical layers 3 to 6. Cyclin D3 can phosphorylate
the cell-cycle regulator Rb during G1 phase allowing the
release of the protein E2F1.57 Although the normal func-
tion of E2F1 is to activate the gene expression needed for
cell-cycle progression,58 increased amounts of E2F1 in
postmitotic cells such as neurons can also result in apo-
ptosis.59 In addition, neuronal death can be attributed in
part to pRb phosphorylation itself,60 and an increased
and altered expression of the phosphorylated form of
pRb exists in neuronal populations of HIVE- and SIVE-
affected brains.61,62 These latter studies, like ours, doc-
umented a predominantly nuclear staining of cell-cycle
regulatory proteins, suggesting that the up-regulation of
cyclin D3 found here is a precursor to increased pRb
phosphorylation, E2F1 release, and neuronal death. In
addition cyclin D3 can directly interact with caspase-2,
resulting in an increase in the apoptosis-inducing,
cleaved form of this molecule.63 In fact, a cascade of
neuronal caspase activation underlies dendritic degen-

eration and neuronal apoptosis in models of HIV neuro-
toxicity.64

Neuronal damage has been hypothesized to occur in
vivo during HIV infection because of the production and
release of toxins by infected and/or activated microglia/
macrophages. In the frontal lobes of SIV-infected animals
studied here, the macrophage-containing lesions were
predominately in the white matter, where microglial acti-
vation markers were also pronounced and astrocytes
became activated. Therefore, a noteworthy observation is
that the up-regulated neuronal proteins found here (cy-
clin D3, ACT, tTG, and STAT1) were located primarily in
neurons from cortical layer 3 inward, suggesting that the
proximity of these neurons to the source of damaging
molecules is a key factor in neuronal pathogenesis. In-
deed, Golgi impregnation staining has revealed signifi-
cant damage to cortical neuronal dendrites in these SIV-
infected animals (RF Mervis and HS Fox, unpublished
data). Thus, it is indeed likely that products of infected
and/or activated macrophages, such as those identified
here, potentially amplified by additional factors from lo-
cally activated astrocytes and microglia, lead to unto-
ward effects on neurons resulting in neuroAIDS.

In conclusion, this study has highlighted a number of
novel genes and proteins, identified through unbiased
assessment of gene expression levels by microarray
analysis, that have not been previously considered in this
field. These data support the role of activated macro-
phages and microglia in the injurious effects of HIV on the
CNS, identify an upstream factor in the cell cycle-related
abnormalities found in SIVE/HIVE neurons, and reveal
molecular pathways whose modulation can potentially
reduce cellular infiltration and neuronal dysfunction in
those suffering from these devastating consequences of
HIV infection of the CNS.
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