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Inflammatory mediators play a crucial role in the
pathophysiology of several neurodegenerative dis-
eases including acquired immune deficiency syn-
drome dementia complex. In the present study we
identified a link between CXCL10 overexpression in
the brain and human immunodeficiency virus de-
mentia and demonstrated the presence of the chemo-
kine CXCL10 and its receptor, CXCR3, in the neurons
in the brains of macaques with simian human immu-
nodeficiency virus encephalitis. Using human fetal
brain cultures, we showed that treatment of these
cells with either SHIV89.6P or viral gp120 resulted in
induction of CXCL10 in neurons. Cultured neurons
treated with the chemokine developed increased
membrane permeability followed by apoptosis via ac-
tivation of caspase-3. We confirmed the relevance of
these findings in sections of human and macaque
brains with encephalopathy demonstrating that neu-
rons expressing CXCL10 also expressed caspase-3.
(Am J Pathol 2004, 164:1557-1566)

It is estimated that almost 25% of untreated human im-
munodeficiency virus (HIV)-infected individuals and ~7%
of HIV-infected patients treated with highly active anti-
retroviral therapy develop HIV-associated dementia
(HAD),"™* a neurodegenerative syndrome that is clini-
cally characterized by progressive cognitive, motor, and
behavioral abnormalities.®® Pathological manifestation of
the syndrome, HIV-encephalitis (HIV-E), is accompanied
by prominent microglial activation, perivascular accumu-
lations of mononuclear cells, formation of microglial nod-
ules, presence of virus-infected multinucleated giant

cells among the accumulations of macrophages, and
neuronal damage and loss.”® The primary cell types
infected by HIV-1 in the brain are macrophages/micro-
glia, and to a lesser extent, astrocytes, but not neurons. '°
One broad explanation frequently advocated explaining
the loss of neurons in this disease is that cellular and/or
viral proteins released from the infected cells have a
direct toxic effect on the neurons.’' '8

Because all parenchymal brain cells are known to
express chemokine receptors,'® and because expres-
sion of chemokines becomes dysregulated and fre-
quently overexpressed during central nervous system
(CNS) inflammation, it is possible that overexpressed
chemokines in the HIV-infected brain may orchestrate the
degenerative neuronal changes.?® In earlier studies
aimed at exploring factors contributing to encephalitis
caused by simian human immunodeficiency virus (SHIV)
in the rhesus macaque model of HIV encephalopathy, we
performed chemokine microarray analysis on the brains
of infected macaques with and without SHIV-E. Among
the various dysregulated genes identified on the array, a
dramatic up-regulation (~20-fold) of CXCL10 (formerly
known as IP-10, interferon-y-inducible protein) was ob-
served in the brains of macaques with SHIV-E.?"

CXCL10 is a secreted polypeptide of 10 kd that was
first identified as an early response gene induced after
interferon-y treatment in a variety of cells, and was thus
named interferon-inducible peptide, IP-10.222% In addi-
tion to interferon-vy, HIV envelope glycoprotein gp120 has
also been shown to induce expression of CXCL10 in
brains of mice.?* CXCL10 has been detected in the ce-
rebrospinal fluid of individuals with HIV-1 infection®®-2°
and in the brains of individuals with HAD.?” Kolb and
co-workers®® reported that CXCL10 is present in the ce-
rebrospinal fluid of all HIV-1-infected patients but is ab-
sent in uninfected control individuals. Significantly, these
authors also reported that CXCL10 levels were closely
associated with the progression of HIV-1-related CNS
infection and neuropyschiatric impairment.2> CXCL10
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and its receptor CXCR3, were also shown to be presentin
SIV/SHIV-encephalitis 2"282°

In the present study, we used the SHIV/rhesus ma-
caque model of HIV-E to investigate whether there was a
link between CXCL10 overexpression and neuronal de-
generation. Using confocal microscopy on immunohisto-
chemically stained sections of macaque brains with
SHIV-E, we report localization of CXCL10 in neurons.
Moreover, we found that overexpression of CXCL10 co-
localized with the active form of caspase-3, the common
effector caspase of the apoptosis cascade. Further, us-
ing human fetal brain cultures, we show that both
SHIV89.6P and viral gp120 induced expression of the
chemokine in neurons and that exogenous CXCL 10 led to
activation of caspase-3 and neuronal apoptosis in these
mixed cultures. Relevance of these findings to the human
disease was substantiated with the demonstration that
CXCL10 was overexpressed in neurons in the brains of
individuals with HIV-E. These results suggest a novel role
for this chemokine in neuronal dysfunction, with a possi-
ble link to HIV dementia.

Materials and Methods

Animals

Five rhesus macaque monkeys previously used to define
cytokine/chemokine gene expression profiles in the brain
were used in this study. The five animals were infected
with SHIV89.6P and all developed acquired immune de-
ficiency syndrome (AIDS)-defining illnesses. All five had
also developed virus infection in the brain but only three
of these animals developed SHIV-E as demonstrated by
histopathology of nine different regions of the brain.?’
Details of viral inoculation, disease course, processing of
tissue samples, and histological analysis of the tissues
have been described earlier.?" Prominent neuropatho-
logical changes were present in basal ganglia, motor
cortex, and brain stem regions in the encephalitic ani-
mals.

Antibodies

R-Phycoerythrin-conjugated/unconjugated mouse anti-
human CXCL10 monoclonal antibodies and mouse anti-
human CXCR3 antibody were purchased from BD
PharMingen (San Diego, CA). Rabbit anti-human active
casapase-3 polyclonal antibody and mouse anti-human
CXCL10 monoclonal antibody were purchased from R&D
Systems (Minneapolis, MN). Mouse anti-neuronal nuclei
(NeuN) monoclonal antibody was purchased from
Chemicon (Temecula, CA). Rabbit anti-microtubule-as-
sociated protein 2 (MAP-2) and neurofilament, two neu-
ronal markers, were purchased from Sigma-Aldrich (St.
Louis, MO) and rabbit anti-glial fibrillary acidic protein
(GFAP) antibody, an astrocyte marker, was purchased
from DAKO (Glostrup, Denmark). Alexa Fluor 488/594
goat anti-rabbit/mouse 1gGs (Molecular Probes, Eugene,
OR) were used as the secondary antibodies.

Immunohistochemical/lmmunocytochemical
Analyses

Immunohistochemical analysis was performed on paraf-
fin-fixed sections of brain as previously described.?’
Briefly, paraffin sections of brain tissue were dewaxed,
rehydrated in graded ethanol solutions, and then irradi-
ated at 750 W in a microwave oven in 0.01 mol/L sodium
citrate buffer, pH 6.0, for 1.5 minutes. After blockage with
1% of milk in phosphate-buffered saline, the sections
were stained with primary/secondary antibodies. For
double-immunofluorescence staining, sections were first
treated with the primary antibody, followed by treatment
with Alexa Fluor 594/488-conjugated secondary anti-
body. The sections were then stained with another pri-
mary antibody (different species from the first primary
antibody), followed by treating with Alexa Fluor 488/594-
conjugated secondary antibody. After the final washing,
the slides were mounted in SlowFade anti-fade reagent with
4,6-diamidino-2-phenylindole (DAPI) (Molecular Probes,
Eugene, OR) and images were captured by confocal
microscope.

Western Blotting

For Western blotting, proteins from brain homogenates
were separated by sodium dodecyl! sulfate-polyacrylam-
ide gel electrophoresis (18% gels) under reducing con-
ditions in the presence of 10 mmol/L dithiothreitol, and
electrotransferred to nitrocellulose membranes that were
blocked, and incubated with 2 ug/ml of anti-CXCL10
monoclonal antibodies from two different sources. Alka-
line phosphatase conjugated to goat-anti-mouse IgG was
used as a secondary antibody. CXCL10 signal was de-
tected by chemiluminescence (CDP-star; Tropix, Bed-
ford, MA).

Cell Cultures
Fetal Brain Cultures

Brain specimens were obtained from human fetuses of
12 to 14 weeks gestational age with consent from women
undergoing elective termination of pregnancy and ap-
proval by the Johns Hopkins University Institutional Re-
view Board. After dissection, tissue was mechanically
disrupted by aspiration through a 19-gauge needle,
rinsed in Eagle’s minimal essential medium (MEM), and
cultured in MEM containing 10% fetal bovine serum, L-
glutamine (2 mmol/L), and gentamicin (5 png/ml) and 1%
of N-2 supplement.®® These cultures were comprised
mainly of neurons (70%) and astrocytes (30%).%°

NT-2 Cell Cultures

Undifferentiated human teratocarcinoma cells NTera
2/c1.D1 (NT—) were maintained in Opti-MEM supple-
mented with 5% fetal bovine serum and penicillin (100
U/ml) and streptomycin (100 U/ml) (all from Life Technol-
ogies, Grand lIsland, NY) and were differentiated with



retinoic acid as described previously.®" Briefly, undiffer-
entiated NT2 cells were treated with 10 umol/L retinoic
acid (Sigma-Aldrich, St. Louis, MO) for a period of 5to 6
weeks and harvested by selective trypsinization. This
neuron-enriched culture was replated three times in me-
dium containing mitotic inhibitors (10 umol/L 5-fluoro-2’-
deoxyuridine, 10 wmol/L uridine, 1 umol/L cytosine B-D-
arabinofuranoside) to prevent the undifferentiated cells
from overgrowing the postmitotic neurons. Cell suspen-
sions rich in neurons were then seeded in glass chamber
slides and flasks and used in various assays. NT-2 neu-
rons are greater than 95% pure.

Induction of CXCL10 with SHIV89.6P and
gp 120 of Macrophage-Tropic HIV

Fetal brain cultures were inoculated with SHIV89.6P for 1
to 2 hours, after which, the inoculum was removed in
three washes with RPMI 1640. The cultures were then
replenished with fresh medium. After 18 hours of incuba-
tion, the supernatant was collected for analysis of
CXCL10 expression using the CXCL10 enzyme-linked
immunosorbent assay (ELISA) kit. Confocal microscopy
using antibodies specific for neurofilament and CXCL10
was used to determine whether neurons in the inoculated
cultures were the producers of the chemokine. Fetal brain
cultures were also treated with varying concentrations
(10 to 500 ng/ml) of gp120 derived from macrophage-
tropic HIV-Bal for 48 hours and supernatant fluids were
collected to determine the levels of CXCL10 protein by
ELISA. The ELISA kit was purchased from R&D Systems
(Minneapolis, MN). The detection limit was 5 pg/ml.

CXCL10 Assay of Degenerative Changes in
Neurons

Cell Viability

The Cell Titer 96 Ag,cous One Solution Assay (Pro-
mega, Madison, WI) was performed using the manufac-
turer's recommendation to measure viability of the neu-
ronal cells.

Changes in Membrane Permeability

Fetal brain cultures were seeded at 40% confluence in
six-well plates and after attachment, the cells were incu-
bated with different concentrations of CXCL10 (10 to 100
ng/ml). Individual cultures were harvested at different
time points after treatment, and stained with propidium
iodide solution (1 mg/ml) for 30 minutes, then analyzed
by fluorescence-activated cell sorting. The results were
expressed as average intensity of propidium iodide stain-
ing as previously described.3?

ApoAlert Caspase Profiling Assay

Fetal neuronal cultures were seeded in 96-well plates
and cultured in Opti-MEM medium with 100 U/ml penicil-
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lin, 100 U/ml streptomycin, and 10% fetal bovine serum
(Life Technologies, Inc., Grand Island, NY). After attach-
ment, the cells were incubated with 50 ng/ml of CXCL10
(BD PharMingen, San Diego, CA). Individual cultures
were collected, lysed, centrifuged (14,000 rpm, 5 min-
utes), and the supernatant collected. One hundred ul of
the lysates were transferred into each well of the ApoAlert
Caspase Profiling Assay plate (BD Biosciences Clontech,
Palo Alto, CA) and then incubated at 37°C for 2 hours. A
CytoFluor fluorescence plate reader set to 380 nm (exci-
tation) and 460 nm (emission) was used for fluorescence
measurements.

Terminal dUTP Nick-End Labeling (TUNEL) ELISA
Assay

Cells were also harvested to assess degenerative
changes as indicated by the extent of high-molecular
weight DNA strand breaks. This was performed by the
Cell Death Detection ELISA kit (Boehringer Mannheim,
Indianapolis, IN) according to the manufacturer’s instruc-
tions. To confirm the activation of caspase by CXCL10, 3
hours before the addition of CXCL10, a pan-caspase
inhibitor [50 wmol/L N-benzyloxycarbonyl-Val-Ala-Asp-
fluorometry ketone (zVAD-fmk)] or a caspase-3-specific
inhibitor [50 umol/L z-Asp-Glu-Val-Asp-fluoromethy ke-
tone (DEVD-fmk)] was added. Briefly, CXCL10-treated
cells were harvested and transferred to the streptavidin-
coated microplates, followed by incubation with anti-his-
tone-biotin and anti-DNA-POD complex. During the incu-
bation period, the anti-histone antibody binds to the
histone component of the nucleosomes and simulta-
neously captures the immunocomplex to the streptavidin-
coated MP via its biotinylation. Additionally, the anti-DNA-
POD antibody reacts with the DNA component of the
nucleosomes. After removing the unbound antibodies,
we quantified the labeled nucleosomes photometrically.

Human Tissue Samples

Paraffin-embedded brain sections from basal ganglia
of two adult patients with HIV encephalitis, two with HIV
infection without encephalitis were stained as described.
Postmortem intervals varied between 5 and 21 hours. All
human tissue samples were obtained from the National
Neuro-AlDS tissue consortium (Galveston, TX).

Statistical Analysis

Statistical analysis was performed using one-way analy-
sis of variance. Results were judged statistically signifi-
cant if p < 0.05 by analysis of variance.

Results

Localization of CXCL10 in Neurons in Brains of
Macaques with SHIV-E

In our previous studies, we had examined brains from five
SHIV89.6P-infected macaques that succumbed to AIDS.
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Figure 1. A and B: Demonstration of CXCL10 antigen in basal ganglia region
of SHIV-encephalitic brain by immunohistochemistry. Microglial nodule in A
is highlighted within the circle. Arrows in B indicate CXCL10-positive cells.
C: Western blot analysis, showing expression of CXCL10 in brains of ma-
caques with (lanes 3 to 5) and without (lanes 1 and 2) encephalitis. Arrow
on the right indicates the CXCL10 protein. Number on the left indicates the
14.4-kd protein in the marker. Original magnifications: X100 (A); X200 (B).

Three of the five animals had developed CNS lesions and
had lentiviral encephalitis associated with opportunistic
infections. The two other animals died with AIDS but had
no CNS lesions.?"33 Microarray analysis for cytokine and
chemokine genes in the brains from the two groups of
macaques demonstrated a marked up-regulation of
CXCL10 RNA (almost a 20-fold increase) in the brains of
macaques with SHIV-E compared to brains of infected
macaques without encephalitis.?! In assays described
here, we used sections of encephalitic brain for immuno-
histochemical analyses to determine the expression pat-
tern of CXCL10. As shown in Figure 1A, CXCL10 antigen
was observed in large cells outside of and in close prox-
imity to microglial nodules, but not in the macrophages
populating the nodules. Microglial nodules in SHIV-E an-

imals were found mainly in the basal ganglia. These
lesions were also seen sporadically in different cortical
areas of the brain and were located mainly at the junc-
tions of gray and white matter. Close examination of these
cells showed that the CXCL10 protein was localized
mainly in the cytoplasm of the cells (Figure 1B). These
findings were further confirmed by Western blot analysis
revealing an up-regulation of CXCL10 protein in the
brains of macaques with SHIV-E as compared to brains
of SHIV-infected animals without encephalitis that lacked
the protein (Figure 1C).

Consistent with our previous reverse transcriptase-
polymerase chain reaction analysis,?' CXCL10 staining
was absent in the brain sections of macaques without
encephalitis. Constitutive expression of CXCRS, the re-
ceptor for CXCL10 in the neurons was observed in the
brains of macaques with SHIV-E (data not shown), con-
firming similar findings in human brains. 224

To determine whether CXCL10-expressing cells in the
encephalitic brains were neurons or astrocytes, we per-
formed double-label confocal microscopy using antibod-
ies specific for CXCL10 and cell-specific markers [neu-
ronal marker, MAP-2 (microtubule-associated protein) or
astrocyte-specific marker, GFAP]. These studies showed
that the cells in which CXCL10 was identified were the
cells that also stained with MAP-2 antibodies (Figure 2A).
In contrast, none of the CXCL10-stained cells were pos-
itive for GFAP (Figure 2B). These studies suggested that
neurons (almost 35%) were the main cells expressing
CXCL10 in SHIV-E.

Induction of CXCL10 by SHIV89.6P and Viral
gp120 in Fetal Brain Cultures

To explain the uniquely high concentration of CXCL10 in
neurons in SHIV-E, we inquired whether treatment of fetal
neuronal cultures with SHIV 89.6P could induce expres-
sion of the chemokine in neurons. We demonstrated the
up-regulation in expression of CXCL10 on SHIV89.6P
treatment in fetal neuronal cultures (Figure 3A). To ex-
plore whether neurons in the fetal brain cultures inocu-
lated with stock SHIV89.6P produced CXCL10, we
performed confocal microscopy using antibodies spe-
cific for neurofilament and CXCL10. This experiment
showed that greater than 30% of the neurons in the
culture expressed CXCL10 (Figure 3B).

Because neurons are uninfectable by the virus, we
inquired whether the viral gp120 that is present in the
virus stock could have induced expression of CXCL10
protein. Fresh cultures were therefore inoculated with
different concentrations of recombinant gp120 derived
from macrophage-tropic (BAL) and lymphocyte-tropic
(IB) HIV. Gp120,,5 failed to induce CXCL10 in the cul-
tures (data not shown). Figure 3C shows a dose curve of
CXCL10 induction by gp120g,, . Although gp120 at a
concentration of 10 ng/ml induced expression of
CXCL10, the maximal effect was observed with 100 ng/
ml. Higher concentrations did not show a further increase
in CXCL10 expression. Heat-inactivated gp120 failed to
induce CXCL10 in these cells.
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Exogenous CXCL 10-Induced Apoptosis in Fetal
Brain Cultures

To verify whether overexpression of CXCL10 could play a
role in neuronal dysfunction, we performed studies to
assess the effect of exogenous CXCL10 on the alter-
ations in membrane permeability and on the viability of
neuronal cells. The present study was performed in fetal
brain cultures and in NT-2 neurons. Fetal brain cultures
were used because they adequately mimic the in vivo
cellular milieu of neurons. However, in this mixed culture
almost 30% of the cells are comprised of astrocytes.
Therefore, confirmation of our studies was also per-
formed in differentiated NT-2 cells that are more than
95% neuronal in their phenotype. Treatment of fetal brain
cultures and NT-2 neurons with increasing amounts of
exogenous CXCL10 led to increased membrane perme-
ability as assessed by staining with propidium iodide
(Table 1). The changes in membrane permeability were
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Figure 2. Cellular localization of CXCL10 in the brains of SHIV89.6P-infected
macaque with encephalitis. A: Basal ganglia regions of the brain from SHIV-E
macaques were double immunostained with anti-MAP-2 (green) and anti-
CXCL10 (red) antibodies. DAPI (blue) was also applied to stain the nuclei (top
right). Confocal microscopy analysis showed that CXCL10 co-localized with
MAP-2 in the SHIV-E brain sections (bottom right). B: Basal ganglia regions of
the SHIV-E macaques were double immunostained with anti-GFAP (green)
antibody and anti-CXCL10 (red). Confocal microscopy analysis showed lack of
CXCL10 and GFAP co-localization (merged image).

Merged

more striking after 6 days of treatment with CXCL10 com-
pared to treatment for 3 days. In addition to causing
increased permeability, CXCL10, used at a concentration
of 10 ng/ml, also caused cell loss of ~20 to 40% in the
fetal brain cultures (Table 1) and in the NT-2 neurons at
48 hours after treatment (data not shown). Because the
effect was basically similar in the two cell types, we
presumed that neurons were the primary target of the
chemokine in the fetal brain cultures. These findings sug-
gested that induction of apoptosis-related mechanisms
might be responsible for these events.

To determine whether CXCL10-induced damage in
neuronal cultures was mediated via the apoptotic path-
way, we asked whether caspases, a family of proteases
that are involved in signal transduction of apoptotic stim-
uli,®®> had become activated. Fetal brain cultures were
exposed to CXCL10 (10 to 100 ng/ml) for 16 to 24 hours
and the ApoAlert Caspase Profiling Assay was used to
measure activation of caspase-2, -3, and -9, simulta-
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Table 1. Effect of Exogenous CXCL10 on Membrane
Permeability and Cell Viability in Fetal Neuronal

Cultures
900 - *
o ¥ 10 ng/ml 100 ng/ml
800 [ —
L Membrane permeability ++ ++
200 after 6 days of exposure
to CXCL10*
600 Neuronal cell growth ++ +4++
] inhibition/cell loss’
<
3 500 - *Fetal neuronal cultures treated with CXCL10 for 3 to 6 days, cells
5 were harvested, stained with Pl solution for 30 minutes and analyzed
€ 400 by FACS. membrane permeability: +, 1.5 to 2.9-fold increase of Pl
) staining; ++, 3.0 to 4.9-fold increase of Pl staining; +++, 5 to 7.9-fold
e increase of Pl staining.
300 TCell growth inhibition: +: 10 to 20%; ++: 21 to 40%.
200 - -
neously. As shown in Figure 4A, CXCL10-treated neurons
100 developed a 4- to 4.9-fold increase in caspase-3 activa-
tion compared to untreated neurons. Among the various
0 — \ caspases involved in transmitting the apoptotic stimuli,
control 89.66-1hrireatment  :69:6P-2hnfreatment caspase-3 is the major downstream effector of the cas-
cade and is activated in several neurodegenerative dis-
orders %6738

To determine whether active caspase-3 was present
specifically in neurons, after treatment with CXCL10, fetal
neuronal cultures were stained with antibodies specific
for caspase-3 and the neuron-specific marker NeuN. As
shown in Figure 4B, chemokine treatment resulted in a
significant increase in caspase-3 staining in neurons 18
hours after exposure to CXCL10. Moreover, the staining
pattern manifested both cytoplasmic and nuclear local-
CXCL10 ization of caspase-3 in the neurons (Figure 4B). We found
a similar staining pattern in NT-2 cells treated with
CXCL10 (data not shown), demonstrating the apoptotic
effect of the chemokine was specific for neurons.

To further determine whether CXCL10 could induce
neuronal apoptosis, we conducted TUNEL analysis to
determine the extent of genomic DNA strand breaks trig-
gered by the chemokine. Fetal neuronal cultures/neuro-
nal NT-2 cells were treated with CXCL10 for 3 to 6 days
and then analyzed by the TUNEL assays to detect the
presence of fragmented DNA. Consistent with data
shown in Figure 4B, increased TUNEL activity in cells
treated with the CXCL10 was demonstrated by TUNEL

Neurofilament Merged

c ELISA assays (Figure 4C). Pre-treatment of the cells with

a pan-caspase inhibitor, zZVAD-fmk or a caspase-3-spe-

2508 1 . cific inhibitor DEVD-fmk, followed by exogenous CXCL10

treatment led to a decrease in TUNEL activity (Figure 4C).

2000 - * In our efforts to extrapolate the findings in cell cultures

% of CXCL10-mediated induction of caspase-3 to those in

2 1500 the brains of macaques with SHIV-E, we asked whether

) overexpression of CXCL10 in the neurons correlated with
o . . . . .

£ activation of caspase-3 in these cells. Consistent with the

B T * in vitro caspase-3 staining in CXCL10-treated fetal neu-

500 -

Figure 3. Fetal neuronal cultures were exposed to SHIV89.6P (A) or varying

concentrations of macrophage-tropic gp120,, (C) and expression of

0 s . : o CXCL10 in the culture supernatants was quantitatively determined by ELISA.

*, Statistical significance compared to control. B: SHIV89.6P induced CXCL10

control 10ng/ml 100ng/ml 500ng/ml heat- L . .
gp120 gp120 9p120 iiactvated expression in neurons in fetal brain cultures. Fetal neuronal cultures treated
100RGII with the virus stock were immunostained with anti-CXCL10 (red) and anti-
gp1920 neurofilament (green) antibodies. DAPI (blue stain) was also applied to stain

the nuclei. CXCL10 was localized in neurons.
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ronal cultures; we found that SHIV-E brain sections pos-
itively stained for the active form of caspase-3 (Figure 5).
Using confocal microscopy, we showed that caspase-3
co-localized in cells expressing CXCL10 in the brain
sections with SHIV-E (Figure 5). The phenotype of these
cells resembled neurons. Neurons in brain sections of
macaques without SHIV-E did not express CXCL10 or
active caspase-3. Further confirmation of neuronal apo-
ptosis in the SHIV-E brain was also demonstrated by
TUNEL in situ staining of the macaque brain sections
(data not shown).

To understand whether there was any relevance of
these findings in the human disease, we stained sections
of the basal ganglia from brains of patients infected with
HIV, with and without the encephalitis. As shown in Figure
6, analogous to the macaque disease, we found co-
localization of CXCL10 in the neurons in the brains of
patients with HIV-E. CXCL10 expression was significantly
up-regulated in patients with encephalitis as compared to
HIV-infected individuals without the CNS disease. Brains
of uninfected controls did not express this chemokine.

Discussion

A large number of HIV-1-infected individuals develop
varying degrees of neurological deterioration collectively
termed as HAD. Neurons are not infected by the virus,
therefore the mechanism of neuronal injury in HAD re-
mains speculative. In this study, we demonstrated for the
first time that overexpression of a CXC chemokine,
CXCL10 in the neurons in the brains of macaques with
SHIV-E is a possible cause of neuronal injury in HAD.
Earlier reports have shown that CXCL10 is always
present in the cerebrospinal fluid of HIV-Il-infected pa-
tients and is absent in uninfected control individuals.?52¢
Increased levels of CXCL10 have also been observed in
the brains of HIV-1-infected individuals,®® and in ma-
caques with SIV?® and SHIV-E?' and furthermore,
CXCL10 levels were closely associated with the progres-
sion of HIV-1-related CNS infection and neuropyschiatric
impairment.?® However, the cellular source of this che-
mokine in HAD still remains unclear. Although constitutive
expression of the CXCL10 receptor, CXCR3, has been
documented in neurons,®* our studies showed that en-
hanced expression of the ligand was confined to neurons
in both macaques and humans with lentiviral neurological

Figure 4. A: Activation of caspases in fetal neuronal cultures treated with
exogenous CXCL10. Fetal neuronal cultures were treated with CXCL10. Later
(18 to 24 hours) the cells were lysed and the supernatant collected. One
hundred pl of the lysates were then transferred into each well of the ApoAlert
caspase profiling assay plate and incubated at 37°C for 2 hours. A CytoFluor
fluorescence plate reader was used for fluorescence measurements. The
increase in fluorescence by the various activated caspases is shown as fold
increase relative to untreated cells. B: Caspase-3 activation in neurons in fetal
neuronal cultures treated with exogenous CXCL10. Fetal neuronal cultures
treated with exogenous CXCL10 were immunostained with anti-Neu N (red)
and anti-caspase-3 (green) antibodies. DAPI (blue stain) was also applied to
stain the nuclei. Caspase-3 was observed in the neurons. C: TUNEL ELISA of
fetal neuronal cultures treated with exogenous CXCL10. Exposure of fetal
brain cells to CXCL10 demonstrated a significant increase in apoptosis as
detected by TUNEL ELISA. This increase in apoptosis was prevented by
caspase inhibitors, zZVAD-fmk or DEVD-fmk. * Statistical significance com-
pared to untreated cultures.
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CXCL10 Caspase-3

Figure 5. Co-localization of CXCL10 and caspase-3 in the brains of SHIV89.6P-infected macaque with encephalitis. Basal ganglia regions of the brain from SHIV-E
macaques were double immunostained with anti-CXCL10 (red) and anti-caspase-3 (green) antibodies. Confocal microscopy analysis showed that CXCL10

co-localized with caspase-3 in the SHIV-E brain sections (merged image).

disease, and these were associated with degenerative
changes in the neurons.

In our efforts to explore whether expression of CXCL10
and its receptor could play a role in HIV-associated neu-
ronal injury, and the implied dementia, we demonstrated
that treatment of fetal neuronal cultures and NT-2 neurons
with increasing concentrations of exogenous CXCL10
resulted in increased membrane permeability and in-
creased cell loss, presumably via apoptotic mechanisms.
Because apoptosis is mediated by activation of
caspases, we inquired whether caspase-3 was activated
in neuronal cultures treated with the chemokine. We
found that neurons treated with exogenous CXCL10
showed a strong staining for active caspase-3 expression
by immunocytochemistry. Furthermore, pre-treatment of
the cells with a caspase-3-specific inhibitor DEVD-fmk
protected the cells from CXCL10-induced apoptosis.
These data strongly suggested that CXCL10-mediated
apoptosis involved specific activation of caspase-3. Con-
firmation of these cell culture findings was obtained from
studies in the brains of macaques with SHIV-E wherein
we demonstrated co-localization of CXCL10 and
caspase-3 in the neurons in the CNS. This is the first
report showing that capsase-3-positive cells also ex-

CXCL10

pressed CXCL10, extending previous reports that HIV-E
is associated with an increase in neuronal immunoreac-
tivity for the active form of caspase-3.29“° Clinical rele-
vance of our findings was further demonstrated by local-
ization of overexpressed CXCL10 in the neurons in brains
of individuals with HIV-E. These results suggest a novel
role for this chemokine in HIV dementia.

The mechanism of CXCL10 overexpression in neurons
still remains to be determined. HIV-E is usually associ-
ated with infection with viruses that use the CCR5 co-
receptor, although it has been demonstrated recently that
viruses that use CXCR4 can also cause the disease.*’
SHIV-E has been clearly associated with viruses that use
the CXCR4 co-receptor.?’424% The common factor
shared by these viruses was their tropism for macro-
phages. Because expression of CXCL10 in neuronal cul-
tures could only be induced with gp120 of macrophage-
tropic HIVg,., and it is known that neurons express both
CXCR4 and CCR5 co-receptors,**45 it is possible that
overexpression of CXCL10 in the encephalitic brains was
induced by viral gp120, irrespective of the co-receptor
usage of the causative virus. The viral glycoprotein re-
leased from the infected macrophages in the microglial
nodule in the encephalitic animals could thus be the initial

Figure 6. Localization of CXCL10 in the neurons in the brains of patients with HIV-E. Basal ganglia region of the brain from individuals with HIV-E was double
immunostained with anti-CXCL10 (red) and anti-MAP-2 (green) antibodies. Confocal microscopy analysis showed that CXCL10 localized in the neurons in the
HIV-E brain sections (merged image).



trigger that causes enhanced expression of the chemo-
kine in neurons. It remains to be determined whether
other viral proteins such as tat or CXCL10 itself could
induce the chemokine expression thereby amplifying the
response further.

These findings suggest that viral proteins from the
infected cells cause neuronal injury not only though direct
toxic pathways, but also through indirect pathways by
induction of neuronal CXCL10 expression, leading ulti-
mately to neuronal apoptosis. Future studies aimed at the
development of therapeutic strategies for AIDS-associ-
ated CNS disorders could therefore include CXCR3 an-
tagonists and inhibitors of CXCL10.
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