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Increase of C1q biosynthesis in brain microglia and macrophages
during lentivirus infection in the rhesus macaque is sensitive to
antiretroviral treatment with 6-chloro-2’,3'-dideoxyguanosine
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Complement activation in the brain contributes to the pathology of
neuroinflammatory and neurodegenerative diseases such as neuro-
AIDS. Using semiquantitative in situ hybridization and immunobhis-
tochemistry, we observed an early and sustained increase in the
expression of Clq, the initial recognition subcomponent of the classical
complement cascade, in the CNS during simian immunodeficiency
virus (SIV) infection of rhesus macaques. Cells of the microglial/
macrophage lineage were the sources for Clq protein and transcripts.
Cl1q expression was observed in proliferating and infiltrating cells in
SIV-encephalitic brains. All SIV-positive cells were also C1q-positive.
Treatment with the CNS-permeant antiretroviral agent 6-chloro-2',3'-
dideoxyguanosine decreased C1q synthesis along with SIV burden and
focal inflammatory reactions in the brains of AIDS-symptomatic
monkeys. Thus, activation of the classical complement arm of innate
immunity is an early event in neuro-AIDS and a possible target for
intervention.
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Introduction

The complement system is a major component of the innate
immune system. It is composed of more than thirty soluble and
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membrane-anchored proteins. Three possible complement activa-
tion cascades generate opsonins, inflaimmatory mediators, and
cytolytic protein complexes which play an important role in
clearing microorganisms and tissue damage products (Whaley
and Schwaeble, 1997). Locally synthesized complement compo-
nents and regulators are present at higher than normal levels in a
variety of human and animal neurodegenerative (Farkas et al.,
2003; Kovacs et al., 2004; Rostagno et al., 2002; Schifer et al.,
2000; Singhrao et al., 1996; Velazquez et al., 1997; Yamada et
al., 1994) and neuroinflammatory diseases (Dietzschold et al.,
1995; Walsh and Murray, 1998; Williams et al., 1994). Mice
which are deficient in classical complement activation are partly
protected against spongiform encephalopathy after intraperitoneal
exposure to prion (Klein et al, 2001). On the other hand,
complement activation can reduce neurodegeneration and plaque
formation in a mouse model of Alzheimer’s disease (Wyss-Coray
et al., 2002).

Activation of complement was shown during the course of
human immunodeficiency virus (HIV) infection in non-CNS
tissues but little is known about the involvement of complement
activation during HIV infection in the brain (Perricone et al.,
1987; Senaldi et al., 1990). In vitro, complement activation may
significantly enhance the infection of complement receptor-
bearing cells by HIV-1 (Robinson et al., 1988, 1989, 1990;
Sélder et al., 1989; Tremblay et al., 1990) or simian immunode-
ficiency virus (SIV) (Montefiori et al., 1990). Activation of the
classical complement pathway in immunodeficiency virus infec-
tion may be through direct binding of C1q, the recognition subunit
of the first complement component, to the retroviral glycoproteins
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gp41 or gpl20 (Ebenbichler et al., 1991), or as a result of
interaction of Clq with immune complexes of envelope-specific
antibodies.

The aims of this study were to investigate whether Clq is
produced locally in the brain in the course of lentiviral infection,
to identify the cell types responsible for the biosynthesis of Clq
peptide chains, and to characterize the regulation of Clq expres-
sion through the disease process and therapeutic intervention. We
used a well-established primate model for human HIV infection—
SIV infection of rhesus macaques. Like HIV-infected individuals,
rhesus monkeys infected with SIV develop acquired immunode-
ficiency syndrome (AIDS) and neurological complications
including cognitive and motor deficits (Murray et al., 1992).
Impairments occur with low or marked encephalitis with the
appearance of astrogliosis, nodule and giant cell formation,
inflammatory infiltrates, myelin pallor, and vessel leakage
(Budka, 1986; Lane et al., 1996; Luabeya et al., 2000; Weihe
et al,, 1993). Loss of synapses, dendrites, and neurons also
occurs in SIV disease (Bissel et al., 2002; Li et al., 1999; Luthert
et al., 1995). Neurodegenerative damage is thought to be related
to SIV replication, the number of inflammatory cells infiltrat-
ing and activated in the brain, and the amount of host- and/or
virus-derived cytotoxins produced (Bissel et al., 2002; Glass
et al.,, 1995; Li et al.,, 1999; Lipton et al., 1991; Power et al.,
2002).

In order to understand the effect of CNS-permeant antiretroviral
treatment on neurochemical sequelae during simian AIDS, we
explored additionally the effects of the lipophilic antiretroviral
agent 6-chloro-2’,3'-dideoxyguanosine (6-Cl-ddG) on Clq expres-
sion. 6-Cl-ddG is a congener of 2/,3'-dideoxyguanosine and
penetrates efficiently into the CNS in monkeys (Hawkins et al.,
1995). It is highly active against HIV-1 and SIV in vitro (Fujii et
al., 1998; Shirasaka et al., 1990), and in vivo (Depboylu et al.,
2004; Fujii et al, 1997a,b, 1998). Our data demonstrate a
relationship between Clq expression and virus burden, as well as
disease progression and CNS-directed antiretroviral therapy during
lentiviral infection of the brain.

Materials and methods

Virus stock, inoculation procedures in rhesus monkeys, and
antiretroviral treatment

Juvenile rhesus macaques, which were determined negative for
simian retrovirus-1 and -2, simian immunodeficiency virus, and
simian herpes virus, were inoculated intravenously with ten rhesus
infectious doses of cell-free SIVgpg79 grown in human peripheral
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. Blood
and cerebrospinal fluid (CSF) samples were obtained from the
animals at regular intervals. Eight macaques exhibited clinical
signs of acquired immunodeficiency syndrome (AIDS) and five
did not at time of euthanasia (Depboylu et al., 2004). AIDS-
defining criteria included one or more of the following: more than
10% loss of body weight, intractable diarrhea/dehydration requir-
ing fluid replacement, oral lesions, and organ inflammations.
Additionally, four SIV-infected monkeys, in which the viral load
was found to be more than 100,000 virions/mL in plasma and more

than 100 virions/mL in CSF in more than two consecutive
examinations, underwent a treatment with 2’,3/-dideoxyinosine
(ddI) or 6-chloro-2',3'-dideoxyguanosine (6-Cl-ddG), and were
euthanized shortly thereafter (see Depboylu et al., 2004). Three
monkeys (MO76, MO77, and MO91) received 10 mg/kg/day ddI
subcutaneously for 3 weeks for clinical stabilization and then 75
mg/kg/day of 6-Cl-ddG subcutanously for 6 weeks. A fourth
monkey (MO89) received only 6-Cl-ddG (200 mg/kg/day)
subcutaneously for 3 weeks. The vehicle for ddI administration
was phosphate-buffered saline (PBS), and for 6-Cl-ddG admin-
istration, the vehicle was 70% propylene glycol/30% PBS. 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 Committee of Bioqual, Inc., an NIH-
approved and Association for Assessment and Accreditation of
Laboratory Animal Care-accredited research facility. All experi-
ments were carried out using the ethical guidelines promulgated in
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Tissue preparation for histochemical analysis

Prior to sacrifice, animals received ketamine (20 mg/kg) and
were then anesthetized sequentially with ketamine—acepromazine
(10 mg/kg) and perfused transcardially in the following sequence:
2 L/kg PBS, then 400 mL/kg of 1% formalin in PBS, followed by
1.5 L/kg of 4% formalin in PBS. Tissue specimens were obtained
at necropsy and immersion-fixed overnight in 4% paraformalde-
hyde/PBS. Next, some blocks were cryopreserved in 10-20%
sucrose in PBS and snap frozen in isopentane cooled to —70°C.
Some blocks were postfixed in Bouin—Hollande solution (contain-
ing 4% picric acid, 2.5% cupric acetate, 3.7% formaldehyde, and
1% glacial acetic acid) or buffered formalin, followed by extensive
washes in 70% 2-propanol, dehydration, and processing for
paraffin embedding.

Generation of specific complementary RNA probes

Specific sense and antisense riboprobes were generated from
linearized vector constructs by in vitro transcription using the
appropriate RNA polymerases and [*>S]-UTP and digoxigenin-
UTP as label. Vectors with inserts were pBluescript KS+
containing an ~0.65-kb fragment of human Clq A cDNA,
pBluescript KS+ containing an ~0.4-kb fragment of human Clq
B cDNA and pGEM-T easy containing an ~0.45-kb fragment of
human C1q C cDNA, respectively (Sellar et al., 1991). To increase
tissue penetration of probes, the generated cRNA transcripts were
reduced to nucleotide fragments of approximately 200-250
nucleotides by limited alkaline hydrolysis. The specificity of in
situ hybridization signals was assessed by performing experiments
with cRNA probes in sense strand orientation on subjacent
sections.

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

ISH was performed according to the protocol reported by
Schéfer et al. (1992) with some modifications (Depboylu et al.,
2004). Frozen sections (14 pm) were cut from cryopreserved
tissues, and thaw-mounted on superfrost plus microscope slides.
Alternatively, paraffin embedded formalin-fixed brain tissue
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sections (10 um) were cut, deparaffinized in xylene, and
rehydrated through graded series of 2-propanol. For pretreat-
ment, sections were boiled in 10 mM sodium citrate buffer (pH
6.0) at 95°C for 15 min, washed in 10 mM PBS and in 0.4%
Triton X-100/PBS. After rinsing in distilled water, sections were
acetylated with triethanolamine/acetic anhydride (pH 8.0) for
10 min at room temperature (RT), followed by a wash in dis-
tilled water, and then dehydrated in graded ethanols, air dried,
and directly used for hybridization, or stored at —20°C until
use.

For radioactive hybridization, sections were incubated with
cRNA probes diluted in hybridization buffer {50% formamide,
10% dextran sulfate, 3X saline sodium citrate (SSC), 50 mM
sodium phosphate (pH 7.4), 10 mM dithiothreitol (DTT), 1Xx
Denhardt’s solution [0.02% Ficoll 400, 0.02% polyvinylpyrroli-
done, 0.02% bovine serum albumine (BSA)], 0.1 mg/mL yeast
tRNA} to a final concentration of 50 x 10°> dpm/pL. DTT was
added to a final concentration of 10 mM. 20- to 30-uL
hybridization mix was applied and slides were coverslipped.
Hybridization was carried out at 60°C in a humid chamber.
After 16 h, coverslips were removed in 2X SSC at RT and the
sections washed in the following order: 20 min in 1x SSC, 30
min RNAse buffer (10 mM Tris, pH 8.0, 0.5 M NaCl and 1.0
mM EDTA; containing 20 pg/mL RNAse A and 1 U/mL
RNAse T1) at 37°C, in 1%, in 0.5%, and in 0.2x SSC each for
20 min, 60 min in 0.2x SSC at 60°C, and 10 min in 0.2x SSC
and 5 min in distilled water at RT. The tissue was then
dehydrated in graded ethanols and air dried. For visualization of
hybridization signals, sections were coated with nitroblue
tetrazolium (NBT)-2 nuclear emulsion (Eastman Kodak, Roches-
ter, NY) and stored at 4°C. After 2-3 weeks of exposure, slides
were developed (Kodak D19), fixed, counterstained with
hematoxylin, dehydrated through graded series of ethanol, and
coverslipped.

For non-radioactive detection, riboprobes were generated by
in vitro transcription with a digoxigenin labeling mix containing
10 mM each of ATP, CTP, and GTP, 6.5 mM UTP, and 3.5 mM
digoxigenin-11-UTP (Boehringer, Germany). After hydrolysis,
probes were purified by sodium acetate precipitation and added
in hybridization buffer to a final concentration of 1 ng/uL.
Hybridization and washing procedures were performed as
described above for radioactive detection. For the detection of
non-radioactive hybrids, slides were equilibrated to buffer 1 (100
mM Tris and 150 mM sodium chloride, pH 7.5) containing
0.05% Tween 20 (Merck, Germany). Blocking was performed by
incubation for 1 h in blocking buffer (buffer 1 containing 2%
normal lamb serum). Alkaline phosphatase-conjugated anti-
digoxigenin Fab fragments (Boehringer, Germany) were diluted
to 1 U/mL in blocking buffer. After the slides were rinsed with
buffer 1, the diluted antibody was applied for 1 h at RT. After
washes in buffer 1, slides were equilibrated to buffer 2 (100 mM
Tris, 100 mM sodium chloride, and 50 mM magnesium chloride,
pH 9.4) containing 0.05% Tween 20 before a 72-h color reaction
in buffer 2 containing 0.2 mM 5-bromo-4-chloro-3-indolyl
phosphate (BCIP) and 0.2 mM NBT-2 salt (Boehringer,
Germany) at 4°C. The reaction was stopped by washing the
slides in distilled water, counterstained with hematoxylin, and
coverslipped.

Hybridized sections were analyzed in dark or bright field
illumination and photographed with the Olympus AX70 micro-
scope (Olympus Optical, Germany).

Single enzymatic and single fluorescence immunohistochemistry
(IHC)

A previously reported protocol for IHC was used with some
modifications (Rohrenbeck et al., 1999; Schéfer et al., 2000).
Deparaftinized paraffin-embedded tissue sections (7 um) or
cryosections (14 um) were rehydrated through graded series of
2-propanol, incubated in methanol/H,O, for 30 min, and boiled
in 10 mM sodium citrate buffer (pH 6.0) at 95°C for 15 min.
After several rinses in 50 mM PBS, sections were incubated in
PBS containing 5% BSA for 30 min and in 1% BSA/PBS for 15
min. Thereafter sections were incubated with 30% avidin-block-
ing kit in 1% BSA/PBS and 30% biotin-blocking kit in 1% BSA/
PBS (Vectastain Elite Avidin—Biotin-Blocking kit, Boehringer,
Germany) for 15 min at RT. Then, primary antibodies were
applied. A sheep polyclonal antibody against Clq protein (ICN
Biochemicals, CA) which did not differentiate between the Clq
A, B, and C chains was used at a 1:15,000 dilution. The
proliferation marker Ki67 was detected with the mouse mono-
clonal antibody MIB-1 (Dianova, Germany) at a 1:200 dilution.
Cells of mononuclear origin and endothelial cells were visualized
with the biotinylated isolectin RCA-120 (Dianova, Germany) at a
1:5000 dilution. The primary antibodies were applied in 1%
BSA/PBS and incubated at 16°C overnight followed by 2 h at
37°C and 2 h 27°C. After several washes in distilled water
followed by rinsing in PBS, sections were incubated with species-
specific biotinylated secondary antibodies (Dianova, Germany)
for 1 h at 37°C, washed several times and incubated for 45 min
with avidin-biotin—peroxidase complex reagents (Vectastain Elite
ABC kit, Boehringer, Germany). Immunoreactions were visual-
ized with 3,3’-diaminobenzidine (DAB, Sigma, Germany),
resulting in a brown staining, or enhanced by the addition of
0.08% ammonium nickel sulfate (Fluka, Buchs, Switzerland),
resulting in a dark blue staining. After three 5-min washes in
distilled water, the sections were dehydrated through graded
series of 2-propanol and coverslipped.

For immunofluorescence, Clq was detected with the sheep
polyclonal antibody (ICN Biochemicals, CA) at a 1:1000 dilution.
In addition, the following antibodies against brain resident cell
markers were used. The mouse monoclonal antibody KP1 (DAKO,
Denmark) recognized the macrophage activation marker molecule
CD-68 and was used at a 1:50 dilution. Endothelial cells were
visualized with a rabbit polyclonal antibody against von Wille-
brand factor (VWF; DAKO, Germany) at a 1:400 dilution. The
biotinylated isolectin ricinus communis agglutinin-120 (RCA-120;
Dianova, Germany) detected the cells of mononuclear origin and
the endothelial cells (1:500 diluted). Neurons were visualized with
a mouse monoclonal antibody recognizing the neuronal marker
antigen NeuN (MAB377; Chemicon, Temecula, CA) at a 1:300
dilution. Astrocytes were stained with a polyclonal antibody from
guinea pig against glial fibrillary acid protein (GFAP; 1:400
diluted; Progen, Germany). Oligodendrocytes were identified with
a mouse monoclonal antibody Ab-1 recognizing 2’,3'-cyclic
nucleotide-3’-phosphodiesterase (CNPase; Neomarkers, Fremont,
USA) at a 1:50 dilution. Proliferating cells were visualized with the
mouse monoclonal antibody MIB-1 against Ki67 (1:50 diluted).
Immunoreactions were visualized by incubation with either
species-specific indocarbocyamine-conjugated IgG (Cy3; Dianova,
Germany), resulting in red—orange fluorescence labeling, or with
species-specific biotinylated IgG (Dianova, Germany) both diluted
1:100 in 1% BSA/PBS for 1 h at 37°C and then, after a 15-min
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wash in PBS, with Alexa 488-conjugated streptavidin (MoBiTec,
Germany) at a 1:200 dilution in 1% BSA/PBS for 2 h at 37°C,
resulting in green fluorescence. The biotinylated isolectin RCA-
120 was visualized with Alexa 488-conjugated streptavidin. After
extensive washes in distilled water, sections were further processed
or coverslipped.

Fluorescence signals were analyzed and photographed with the
Olympus AX70 microscope (Olympus Optical, Germany) or with
the Olympus Fluoview confocal laser scanning microscope
(Olympus Optical, Germany).

Double enzymatic and double fluorescence IHC

To visualize two different antigens in the same section, double
IHC was carried out with primary antibodies from different
species. The proliferation marker Ki67 was detected with nickel-
enhanced DAB-visualization resulting in a nuclear dark blue
staining. Prior to application of the antibody against Clq, the
avidin—biotin—peroxidase from the first visualization procedure
was blocked by incubation of sections in methanol/H,O, and in
avidin-biotin-blocking kit. Clg-immunoreactivity was visualized
as described above but without nickel enhancement resulting in a
cytoplasmic brown reaction product. To identify cell types
immunopositive for Clq, double immunofluorescence for Clq
and for the appropriate markers for brain resident cells (see above)
was carried out. Sections were analyzed by high-power confocal
laser scanning microscopy.

Double ISH histochemistry

Detection of two different RNA transcripts in the same tissue
section was performed with radioactive and non-radioactive
labeled riboprobes as described previously (Schifer and Day,
1994). Digoxigenin-labeled and [**S]-labeled probes were diluted
in the same hybridization buffer in working concentrations.
Hybridization and post-hybridization were carried out as
described above. Non-radioactive signals were detected first.
For the detection of radioactive-labeled probes, slides were air
dried and covered with K5 photoemulsion (Ilford, England)
diluted 1:1 in distilled water and stored at 4°C. Exposure times
were 2-4 weeks.

Immunofluorescence combined with ISH histochemistry

For visualizing of an antigen with an RNA transcript in the
same tissue section, IHC was performed in combination with ISH.
Prehybridization, hybridization with the [>°S]-labeled probe
against C1q A mRNA, and post-hybridization were performed.
Before covering the slides with K5 photoemulsion (Ilford,
England) for a 3-week exposure at 4°C, Clq or RCA-120
immunofluorescence staining was performed.

Detection of viral burden

Viral transcription and translation were detected by ISH and
[HC. The monoclonal antibody KK41 against the SIV 51
envelope glycoprotein gp4/ (NIH AIDS Research and Refer-
ence Program, Bethesda, MD, USA) was used to detect the
crossreacting SIVgpg70 gp4l (Kent et al, 1992). Single
enzymatic (KK41 diluted 1:2000) and immunofluorescence
(KK41 diluted 1:200) detection of gp4l were carried out as

described above. To assess the relationship of Clq with viral
gp4l, sections were co-stained for Clq and gp4/ double
immunofluorescence as described above. ISH was performed
using probes generated by incorporation of [>°S] into SIV RNA
probes by in vitro transcription of SIV .30 sequences cloned
in a pTRIKsn19 vector, or into DNA probes by random
priming using sequences of cloned SIV..sx28 DNA (Depboylu
et al.,, 2004; Reinhart et al., 1997). Activities of radioactive
probes were 30-50 X 10° dpm/uL. The DNA templates were a
Kpnl fragment from the pol gene of SIVi.n39 (nucleotide
positions 5208-4713) or a BamHI fragment from SIV ..px2s
(nucleotide positions 1841-9174). In some experiments, in situ
hybridization experiments were 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 996-967 of SIVynu4 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 SIVgy,p4).
Polyacrylamide gel purified nucleotides were 3’'-end-labeled with
[>°S]-dCTP using terminal deoxynucleotide transferase to
specific activities of 2-8 x 10° cpm/pg. For ISH, slide-mounted
sections (14 pm) of cryopreserved tissues were postfixed in 4%
paraformaldehyde/PBS, washed, and dehydrated. Pretreatments
consisted of incubation for 20 min each in 0.2 N HCI at
ambient temperature; 2x SSC at 70°C; and 2 mM CaCl,, 20
mM Tris (pH 7.5), 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 oligonucleotide 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.

Quantification of Clq A mRNA-positive cells

The average number of Clq A mRNA-positive cells was
determined by cell counts in at least 15 random areas (each 0.1
mm?) per section of striatum and insular cortex in a magnification
which allowed the discrimination of cellular features. Three to
eight interval sections of striatum and insular cortex were analyzed
per animal. Cells with a nucleus were accepted as positive when
having greater number of silver grains over their cytoplasm than
background. Each multinucleated giant cell and cluster of cells,
where the individual cell borders could not be distinguished, were
counted as single cells. Quantitative image analysis was performed
with the MCID M4 image analysis system (Imaging Research, St.
Catharines, ON, Canada). Data were expressed as mean number
(£SEM) of positive cells per 0. mm?® area per experimental

group.
Quantification of silver grains per Clq A mRNA-positive cell

After radioactive ISH, the number of silver grains per Clq A
mRNA-positive cell in striatum and insular cortex were counted
under highest magnification. Three to eight interval sections of
striatum and insular cortex per monkey were analyzed. At least 20
random cells per section of striatum and insular cortex were
analyzed by computer-assisted image analysis (MCID M4 image
analysis system, Imaging Research, St. Catharines, ON, Canada).
Multinucleated giant cells and clusters of cells, where the cell
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borders could not be distinguished, were not included for the
counting. From the average grain number per cell of the section
labeled with the antisense probe for C1q A mRNA, the average
background grain number per cell of the subjacent section labeled
with the sense probe for Cl1q A mRNA was subtracted to get the
net grain number per cell. Data were expressed as mean number
(£SEM) of grains per C1q A mRNA-positive cell per experimental

group.

Quantification of cells immunopositive for Clq and/or the
proliferation marker Ki67

Three to eight interval sections per area and per monkey with
double IHC for Clq and Ki67 were analyzed at a magnification
which allowed the discrimination of cellular features. Immuno-
positive cells with a nucleus were counted in more than four
random 0.1 mm?® areas per section of insular, occipital, and
basofrontal cortices, striatum, and corpus callosum. Dark blue cell
nuclei stained for Ki67 and cells stained brown for Clq were
counted. Then, the cells co-stained for C1q and Ki67 were counted.
In animals exhibiting AIDS (SIV,+AIDS and SIV,+AIDS,+ddG),
the number of Clg- and/or Ki67-positive cells, which were
parenchymal, intravascular, and perivascular, were counted sepa-
rately. For total number of cells, all three were summed. Each
multinucleated giant cell and cluster of cells, where the individual
cell borders could not be distinguished, were counted as single

Table 1

cells having one nucleus. Quantitative image analysis was
performed with the MCID M4 image analysis system (Imaging
Research, St. Catharines, ON, Canada). Data were expressed as
mean number (+SEM) of cell per 0.1 mm? area per experimental

group.
Statistics

One-way non-parametric analysis of variance (ANOVA) and
the post hoc Newman—Keuls Multiple Comparison Test were used
to evaluate statistical differences between the experimental groups.
Unpaired, two-tailed Student’s ¢ test was assessed when compar-
ing antiretroviral untreated and treated AIDS-diseased animal
groups. Values of P less than 0.05 were considered statistically
significant.

Results

Brain tissue sections of non-infected control monkeys (Ctrl),
SIV-infected monkeys without AIDS (SIV,—AIDS), and SIV-
infected monkeys exhibiting AIDS (SIV,+AIDS) were analyzed. 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 sum-
marized in Table 1.

Infection duration, treatment regime, brain virus burden, and signs of encephalitis in monkeys at time of euthanasia and necropsy

Monkey number Duration of infection Drug treatment Brain SIV Degree of SIV-induced Clinical findings
(months) burden® encephalitis®
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 + + Diarrhea, mycotic infection, mass
71 6.5 Not treated ++ ++ Diarrhea, listless, rash
74 6.0 Not treated +H+ +++ Diarrhea, anemia, parasitic infection,
LN atrophy
78 2.4 Not treated +++ +++ Diarrhea, parasitic infection, pneumonitis
79 2.5 Not treated + + Rash, heart murmur, LN atrophy
82 3.0 Not treated +++ -+ Diarrhea, 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, diarrhea, heart murmur, anemia
77* 4.0 ddl/6-Cl-ddG + + Incontinence, washing, diarrhea
89° 22.0 6-Cl-ddG - - Anemia, wasting, diarrhea, lymphoma
91* 6.1 ddl/6-Cl-ddG - - Wasting, diarrhea

6-Cl-ddG, 6-chloro-2',3'-dideoxyguanosine; ddl, 2’,3'-diodeoxyinosine; LN, lymph node; SIV, simian immunodeficiency virus.

? Treatment with ddI prior with the CNS-permeant 6-CI-ddG.
® Treatment only with 6-Cl-ddG.

¢ Detection of SIV env/pol by ISH; detection of SIV gp41 by IHC. Scoring: —(ISH: no cells with more silver grains above background, defined as signal with
the sense control probes and IHC: no immunoreactive cells) to +++ (ISH: >100 cells/mm?® with intense collections of silver grains and IHC: >100
immunoreactive cells/mm?); the numbers of cells/mm? were not specifically determined; sections from frontal, insular and occipital cortex, hippocampus, basal

ganglia, thalamus, and brainstem were analyzed and summarized.

4 SIV-induced mononuclear reactions monitored by IHC for RCA-120 or CD-68; 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 non-SIV-induced encephalitis.
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Brain Clq protein and mRNA levels in early and late stage of SIV
infection

Biosynthesis and regulation of Clq was examined at the
transcriptional and translational level in the monkey central
nervous system during SIV infection. IHC and ISH for Clq
protein and mRNAs encoding the C1q peptide chains A, B, and C
were carried out on brain tissue sections of non-infected control
monkeys (Ctrl), SIV-infected monkeys without clinical symptoms
of AIDS (SIV,—AIDS), and infected monkeys exhibiting AIDS

a

(SIV,+AIDS). Immunohistochemistry for Clq revealed only few
immunoreactive cells in cortical gray and white matter of non-
infected monkeys as demonstrated for the insular cortex (Fig. 1A).
SIV infection caused a moderate increase in the number of Clg-
immunopositive cells and in the intensity of Clq cell immunor-
eactivity in insular cortex in early unproductive stage of disease
(Fig. 1B). An even stronger increase in the number of Clg-
immunostained cells was observed in late stage of disease with
clinical manifestation of AIDS (Fig. 1C). Next, we explored
whether the three Clq chains A, B, and C were co-upregulated, as

Fig. 1. Regulation of Clq protein and mRNA encoding C1q A and B chains in the rhesus monkey insular cortex in control (A, E and I), SIV infection without
AIDS (B, F and J), SIV infection with AIDS (C, G and K) and SIV infection with AIDS and antiretroviral treatment (D, H and L). Clq-immunoreactivity is
moderately increased in the insular cortex of monkeys without AIDS (B) and more strongly increased in monkeys exhibiting AIDS (C) as compared to non-
infected control monkeys (A). After antiretroviral treatment of monkeys exhibiting AIDS, the number of Clg-immunoreactive cells is similar to that in early
stages of disease (D). In situ hybridization signals for mRNA of Clq chains A and B are abundant in the insular cortex of monkeys with AIDS (G and K) as
compared to control (E and I). After antiretroviral treatment, the number of cells demonstrating signals for C1q A and B mRNA (H and L) is similar to levels in

the SIV,-AIDS group (F and J). Scale bar in A for A-L is 200 pm.
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biologically active Clq protein requires the co-expression of all
three Clq chains. The antibody we employed did not differentiate
between the three Clq peptide chains; therefore, in situ hybrid-
ization was carried out to localize the three Clq transcripts.

In situ hybridization with [>>S]-labeled cRNA antisense probes
demonstrated a similar pattern of changes in Clq A, B, C mRNA
expression throughout all telencephalic lobes, hippocampus,
striatum, and brainstem nuclei, indicating that bioactive C1q was
produced. The changes of Clq mRNA expression in the four
experimental groups are demonstrated for the C1q A and B chains
(Figs. 1E-G and 11-K). A marked increase in the density of cells
expressing Clq A and B mRNAs was observed in the insular
cortex of monkeys with AIDS. Clq mRNA was found to be
copious in the cortex of SIV,+AIDS monkeys, and was distributed
in a uniform, non-laminar pattern suggesting a non-neuronal
localization. SIV-infected monkeys without AIDS exhibited only
a moderate increase in cells expressing Clq mRNAs which
occurred mainly in submeningeal spaces.

To quantify the observed changes of C1q mRNA and protein
expression during SIV infection, cells stained for the C1q A chain
mRNA shown to be representative for the B and C chains and Clq
protein were counted. A dramatic increase in the number of cells
expressing C1q A mRNA in the striatum and the insular cortex of
monkeys with AIDS (43.9 £ 10.0 and 38.5 + 7.5 cells per 0.1
mm? area) was observed (Table 2) as compared to the animals of
the control (0.5 + 0.1 and 0.4 + 0.1 cells per 0.1 mm? area) or
SIV,—AIDS groups (0.6 + 0.4 and 0.5 + 0.1 cells per 0.1 mm?
area). Counting of Clg-immunopositive cells revealed an early

Table 2

Quantification of Clq protein-positive and C1q A mRNA-positive cells as
well as of grains per Clq A mRNA-positive cell in the brain of rhesus
macaques during SIV infection and antiretroviral treatment

Monkey groups Insular cortex Striatum

Clgq protein-positive cells®

Ctrl 23 +22 1.0 £ 0.2
SIV,—AIDS 6.8 + 3.7 79 £ 1.9°
SIV,+AIDS 40.6 + 5.8° 444 + 75°
SIV,+AIDS,+ddG 6.8 +2.8 5.2 £ 2.0°
Clg A mRNA-positive cells®

Ctrl 04 + 0.1 0.5 + 0.1
SIV,—AIDS 0.5+ 0.1 0.6 + 04
SIV,+AIDS 38.5 + 7.5° 43.9 + 10.0°
SIVAAIDS,+ddG 9.3 + 2.8¢ 9.2 + 329
Grains per Clqg A mRNA-positive cell

Ctrl 485 + 9.1 41.1 £ 254
SIV,—AIDS 64.2 + 10.7 622 + 163
SIV,+AIDS 152.1 + 22.6° 160.4 + 24.5°
SIV,+AIDS,+ddG 82.0 + 243 78.5 £ 243

ANOVA and the post hoc Newman—Keuls Multiple Comparison Test are
used to evaluate statistical differences.

 Data expressed as mean number (+SEM) of Clg-positive cells per 0.1
mm? area.

© Statistically significantly different as compared to the other animal
groups for the same brain area.

¢ Statistically significantly different only as compared to Ctrl group for
the same brain area (P < 0.05).

4 Statistically significantly different only as compared to Ctrl and
SIV,—AIDS groups for the same brain area (P < 0.05).

upregulation of Clq protein biosynthesis during SIV infection
before clinical symptoms became apparent (Table 2). In striatum
and insular cortex of SIV,—AIDS animals, 7.9 + 1.9 and 6.8 + 3.7
cells per 0.1 mm? area, respectively, were detected as compared to
control striatum and insular cortex (1.0 + 0.2 and 2.3 + 2.2 cells
per 0.1 mm? area, respectively). In AIDS-diseased animals, even
more Clg-immunoreactive cells were seen in the striatum (44.4 +
7.5 cells per 0.1 mm? area) and in the insular cortex (40.6 + 5.8
cells per 0.1 mm? area). Table 3 demonstrates additionally the
number of Clg-immunopositive cells per area in occipital cortex,
basofrontal cortex, and in corpus callosum of the Ctrl, SIV,—AIDS,
and SIV,+AIDS groups. Grain counting revealed a significant (P <
0.05) increase in the C1q A mRNA abundance per cell in the brain
of monkeys with AIDS as compared to non-infected monkeys and
infected monkeys without AIDS (Table 2).

Antiretroviral treatment and Clq protein and mRNA levels in the
brain

To determine the impact of viral burden on the Clq biosyn-
thesis in brain tissue, SIV-infected monkeys with high viremia and
increased viral load in CSF were treated with 2’,3/-dideoxyinosine
(ddI) for clinical stabilization followed by lipophilic 6-chloro-
2/,3'-dideoxyguanosine (6-Cl-ddG). Only one animal (MO89) was
treated only with 6-Cl-ddG. All animals receiving antiretroviral
treatment with either ddI followed by 6-Cl-ddG or with 6-Cl-ddG
alone exhibited clinical symptoms of AIDS (SIV,+AIDS,+ddG).
In these four antiretrovirally treated animals, only minor
upregulation of Clq was seen (Figs. 1D, H, and L) independently
of whether they received combinatorial treatment or treatment
with 6-CI-ddG alone. This justifies analyzing these antiretrovirally
treated animals as a group, though not homogeneous. Cell
counting in striatum and insular cortex revealed that monkeys
of the treated group had a higher density of cells expressing Clq
A mRNA (9.2 + 3.2 and 93 + 2.8 cells per 0.1 mm?® area,
respectively) and Clq protein (5.2 + 2.0 and 6.8 + 2.8 cells per
0.1 mm? area, respectively) than monkeys of the Ctrl or
SIV,—AIDS groups. Table 3 demonstrates additionally the density
of Clg-immunopositive cells in occipital cortex, basofrontal
cortex, and in corpus callosum of the SIV,+AIDS,+ddG group.
As compared to non-treated AIDS-positive animals, all animals
receiving antiretroviral treatment had a lower number of cells
expressing Clq A mRNA and protein per area in the insular
cortex and the striatum. The average grain number per Clq A
mRNA-expressing cell was selectively increased in untreated
symptomatic animals as compared to the other three groups (Table
2). Thus, antiretroviral treatment seemed to reduce Clq mRNA
per cell in animals with AIDS.

Cellular expression of Clq protein and mRNA encoding Clg
peptide chains A, B, and C

To identify the cell types producing Clq, high-power confocal
laser scanning analysis was carried out after double immuno-
fluorescence for Clq and the well-established microglia/macro-
phage activity marker CD-68, the astroglial marker GFAP, the
oligodendroglial marker CNPase, the endothelial cell marker von
Willebrand factor vWF, and the neuronal marker NeuN, respec-
tively. Clq was co-localized with CD-68 in microglia/macro-
phages and multinucleated giant cells (Figs. 2A, B) but was
absent from GFAP-positive astrocytes and CNPase-positive
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Table 3
Proportional analysis of Clg-positive cells with Ki67-immunoreactivity in different brain regions during SIV infection and antiretroviral treatment
Monkey groups® Brain regions Clq' Ki67" Clq'/Ki67"
Ctrl Insular cortex 23 +22 0.1 £ 0.1 0.1 £ 0.1
Occipital cortex 49 £ 26 0 0
Basofrontal cortex 1.7+ 13 0.1 0.1
Striatum 1.0 £ 0.2 0.2 + 0.1 0.1 0.1
Corpus callosum 1.2 +£02 0.7 £ 0.5 04+ 0.3
SIV,—AIDS Insular cortex 6.8 + 3.7 09 + 0.8 0.9 + 0.7
Occipital cortex 129 + 3.2° 14 +0.7 13+ 0.8
Basofrontal cortex 10.0 + 5.5° 1.3+ 0.6 1.2 £ 0.6
Striatum 79 + 1.9° 1.6 £ 0.8 1.6 £ 0.7
Corpus callosum 8.8 + 1.6° 6.0 + 3.1° 53 +2.5°
SIV,+AIDS Insular cortex 40.6 + 5.6° 14.0 + 7.0¢ 12.7 £ 6.3°
Occipital cortex 483 + 9.4° 73 + 4.1¢ 6.9 + 4.0°
Basofrontal cortex 40.3 + 6.9° 8.6 + 3.7 8.1 + 3.4°
Striatum 444 + 75° 17.8 £ 7.0 16.5 = 7.0
Corpus callosum 38.6 £ 11.6° 184 + 4.8° 17.6 + 5.6°
SIVA+AIDS,+ddG Insular cortex 6.8 + 2.8 8.1+ 5.1¢ 24 + L1°
Occipital cortex 9.1 £ 43 73 + 3.6° 35+ 1.7°
Basofrontal cortex 82 +32° 7.3 + 2.1 37+ 1.2°
Striatum 52 +2.0° 8.8 + 4.9 27 +13°
Corpus callosum 52 +2.1° 6.8 +3.1° 2.7 +0.7°

ANOVA and the post hoc Newman—Keuls Multiple Comparison Test are used to evaluate statistical differences.
2 Data expressed as mean number (£SEM) of Clq-, Ki67-positive, or C1q-/Ki67-co-positive cells per 0.1 mm? area.

b Statistically significantly different only as compared to Ctrl group for the same brain area (P < 0.05).

¢ Statistically significantly different as compared to the other animal groups for the same brain area (P < 0.05).

4 Statistically significantly different only as compared to Ctrl and SIV,—AIDS groups for the same brain area (P < 0.05).

oligodendocytes (Figs. 2C, D). Clq protein was not seen in the
cytoplasm of neuronal perikarya and was undetectable in
endothelial cells (Figs. 2E, F).

Additionally, co-localization experiments were performed by
combining [HC and ISH. C1q A mRNA hybridization signals were
found in isolectin-positive microglia, macrophages, and multi-

Fig. 2. Identification of Clq-positive cell types. Confocal laser scanning images of double immunofluorescence demonstrating co-existence of Clq (red) with
the activation marker CD-68 (green) in a single microglia/macrophage and in a multinucleated giant cell (A and B) and segregation of Clq (red) with the
established markers of brain resident cells (green)-glial fibrillary acid protein (GFAP) for astrocytes (C), 2’,3'-cyclic nucleotide-3'-phosphodiesterase (CNPase)
for oligodendrocytes (D), neuronal antigen NeuN for neurons (E), and van Willebrand factor (vVWF) for endothelial cells (F). A minimum of about 500 cells
were examined for each cell type for each SIV-infected animal with AIDS (SIV,+AIDS) to make definitive statements. Scale bar in A for A—F is 10 pm in

single-colored micrographs and 5 pm in micrographs with overlayed colors.
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nucleated giant cells (Figs. 3A, B) in brains of monkeys with
AIDS, but were totally absent from isolectin-positive endothelial
cells (Figs. 3A, B). Clq protein was co-localized with its mRNA as
shown for subependymal macrophages and macrophages adherent
on the ependymal surface (Fig. 3C, D). Double ISH revealed the
presence of transcripts encoding all three chains of C1q in diffusely
distributed as well as in nodule and syncytium forming microglia/
macrophages (Figs. 4A, B) and confirmed the absence of Clq
biosynthesis in endothelial cells and neuronal cell bodies (Fig. 4C).
Ependymal cells neither exhibited hybridization signals for Clq
mRNA nor were they Clg-immunoreactive. In all animal groups,
Clqg A, B, and C mRNAs were not detected in neurons.
However, in the absence of neuronal synthesis of Clq, a variable
number of neurons throughout the brain exhibited deposition of
immunopositive Clq on the surface membrane of their somata
and processes (Figs. 5A, B), both in control and in infected
animals, with no obvious difference between the four exper-
imental groups.

Relationship of Clq expression to cell proliferation and influence
of antiretroviral treatment

To determine whether the level of Clq expression is due to
SIV-induced cell proliferation, double IHC for Clq and the
nuclear proliferation marker Ki67 was carried out. Ki67-immu-
nostaining revealed very few proliferating cells which were
mainly found in perivascular areas, both in the brains of control
and asymptomatically infected animals. The clinical manifestation
of disease was characterized by an increase of proliferation in
perivascular areas and an appearance of proliferating cells
adhering to the luminal endothelium as well as by an induction
of diffuse cell proliferation in the brain parenchyma (Fig. 6). To
determine the correlation between Clg-positive cells and Ki67-
positive proliferating cells, computer-assisted comparative cell
counting was performed as demonstrated for the insular, occipital,

and basofrontal cortices, for the striatum and for the corpus
callosum (Table 3). In monkey brains of the SIV,+AIDS group,
92-97% of proliferating cells were Clqg-immunoreactive. In
antiretrovirally treated animals, the number of cells labeled for
Clq alone or co-labeled for Clq and Ki67 was similar to that in
infected animals without AIDS. Antiretroviral treatment had no
significant influence on the total number of Ki67-positive cells as
compared to untreated AIDS-diseased animals except for the
corpus callosum (Figs. 6A-D; Table 3). However, parenchymal
accumulation of Ki67-positive proliferating cells seen in untreated
animals was absent in all four animals receiving antiretroviral
treatment. In contrast, the vessel-associated cell proliferation seen
in the SIV,+AIDS group was largely unaffected by the anti-
retroviral treatment (Table 4). The different proliferating or non-
proliferating Clg-positive cell types observed in the brain of
monkeys with AIDS were assessed by double IHC for Clq and
Ki67 (Fig. 7).

Adherence of Clg-positive cells on the endothelium in late stage of
SIV infection and influence of antiretroviral treatment

Adherence of inflammatory cells on the luminal endothelium
is regarded as a morphological sign for infiltration of cells
through the blood-brain barrier (Williams and Hickey, 1995). Our
quantitative analysis revealed an increase in the number of Clg-
immunostained cells adhering on the luminal side of the
endothelium in the brain of monkeys with AIDS (P < 0.05),
especially in areas with accumulation of macrophages and
multinucleated giant cells known as hallmarks of productive
SIV infection. 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. Antiretroviral treatment was found to reduce
the number of Clg-positive cells attached to the endothelium
(Table 5).

Fig. 3. Combinatorial in situ hybridization and immunofluorescence on identical brain sections of an untreated monkey with AIDS. (A and B) Hybridization
signals for C1q A mRNA are present in isolectin-positive macrophages and multinucleated giant cells (double arrowheads) but not in isolectin-positive
endothelial cells. (C and D) In situ hybridization signals for C1q A mRNA in Clg-immunopositive cells adherent on the ependymal surface (arrows) and lying
subependymally (double arrowheads). Note the absence of Clq expression from ependymal cells (ep), which are negative for both Clq protein and Clq

mRNA. Scale bar in A for A-D is 10 um.
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Fig. 4. Co-hybridization for mRNA encoding Clq peptide chains A, B,
and C in the brain of monkeys with AIDS. (A) Transcript for Clq chains
B (dark blue reaction) and C (silver grains) in diffusely distributed
microglia/macrophages. (B and C) Message for Clq chains A (blue
reaction) and C (silver grains) is present in nodule and giant cell forming
as well as in diffusely distributed macrophages. Note the absence of
transcripts of Clq A and Clq C chains from dentate gyrus (dg) neurons
and endothelia of a blood vessel (asterisk). Scale bar in A for A-C is 50

pm.

Brain viral burden and CNS-selective antiretroviral treatment

The effect of antiretroviral treatment on brain viral burden is
summarized in Table 1. There was little evidence that the SIV
replicated in the CNS in the asymptomatic stage of infection. SIV
RNA- and SIV glycoprotein gp41-positive cells were mainly
detected in the animals with clinical symptoms of AIDS and with
SIV encephalitis. Only cells of the microglia/macrophage-lineage
were found to contain SIV RNA and gp4/ protein. There was no
evidence for the presence of SIV RNA or SIV gp4l immuno-
reactivity in astrocytes or endothelial cells under our different
experimental conditions. Co-staining experiments for gp4/ and
Clq revealed that nearly all C1g-positive multinucleated giant cells
were also stained for virus gp4l (>95%). Most Clg-positive
macrophages were gp4/-positive (70-80%). The microglia com-
partment had the lowest number of cells double labeled for Clq
and gp41 (<10%; Fig. 8). Antiviral treatment markedly reduced the
number of SIV RNA- and gp4/-positive cells. The effects of
antiviral treatment on viral burden and RCA-120- or CD-68-

stained mononuclear reactions in the brain are summarized in
Table 1.

Discussion

This study describes the plasticity of Clq expression in the
brain of rhesus monkeys during the course of simian immunode-
ficiency virus infection. A striking feature is that C1q was globally
upregulated in early asymptomatic stage of SIV disease. This early
phase of Clq increase was followed by an enhanced Clq
expression when clinical symptoms manifested. The former was
an increase in the number of Clg-immunoreactive brain resident
cells, the latter was a result of C1q gene transcription as well as of
proliferation and infiltration of Clg-positive cells in the brain. The
susceptibility to antiretroviral treatment with the lipophilic 6-
chloro-2’,3'-dideoxyguanosine demonstrated that brain Clq syn-
thesis was directly related to brain SIV burden.

In our study, using IHC and ISH and combination of both
techniques, we identified exclusively cells of the mononuclear
lineage—microglia, macrophages, and multinucleated giant cells—as
the sources of cerebral C1q biosynthesis. Similar observations have
been previously reported in the Borna-infected rat brain (Die-
tzschold et al., 1995). By demonstrating that Clq protein and the
three mRNAs encoding the three C1q chains were co-regulated, we
provide evidence that functionally intact C1q is synthesized in the
brain during SIV infection. Before manifestation of clinical AIDS,
virus burden and signs of productive inflammation in the brain
were low, and Clq was predominantly found in microglia. In
contrast, the late stage was characterized by high viral burden and
encephalitis in the brain, and Clq was also found in resident and
infiltrating macrophages as well as in multinucleated giant cells.

Antiretroviral treatment of AIDS-diseased monkeys reduced
cerebral virus burden and virus-induced encephalitis which
resulted in substantial decline of Clq expression in the brain as
compared to AIDS-diseased animals receiving no antiretroviral
treatment. As the animal receiving 6-Cl-ddG alone (MO89) was
effectively treated with respect to reduction of brain virus burden
and the degree of SIV-induced encephalitis, we conclude that 6-
Cl-ddG is effective independent of pretreatment with ddl
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Fig. 5. High-power micrographs demonstrating neuronal surface staining of
Clq as shown for a neuron of the substantia nigra pars compacta (A) and a
motoneuron of the thoracic spinal cord (B) of a control monkey. Note that
the cytoplasm of the perikarya and processes is free from Clq. All monkey
brains of all experimental groups demonstrated same staining pattern
without obvious difference.
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Fig. 6. Effect of antiviral treatment with 6-CI-ddG on nuclear proliferation antigen Ki67 in the monkey insular cortex. Note the low number of Ki67-stained cell
nuclei in the Ctrl and SIV,—AIDS groups (A and B) but high levels in the AIDS-diseased animal groups (C and D). Untreated symptomatic monkeys
demonstrate a more diffuse and nodular Ki67 staining (C) in contrast to antiretrovirally treated monkeys exhibiting AIDS which exhibit mainly a vasculature-

associated staining for Ki67 (D). Scale bar in A for A-D is 100 pm.

Apparently, the degree of increase in Clq expression correlates
with the viral load in the brain. The key observation to be derived
from the CNS-permeant and systemic antiretroviral therapy is the
tight linkage between brain virus burden and Clq expression in
the microglial/macrophage cellular compartment, both positively
in late-stage (untreated) AIDS, and negatively in late-stage AIDS
accompanied by CNS-permeant plus systemic antiretroviral
therapy. Noteworthy, the Clq increase in microglia during clinical
latency suggests that microglial activation and neuroinflammatory
damage in the brain occur early during SIV infection perhaps
through the early presence of SIV in the CNS, although SIV is
not replicating in this stage. The effect of 6-Cl-ddG appeared to
be cell-specific. It was shown to reduce SIV-induced upregulation
of Clq expression in microglial cells and to completely abolish
the appearance of Clq expressing macrophages and multi-
nucleated giant cells. Thus, signs of productive inflammation
(Budka, 1986; Dickson, 1986; Kato et al., 1987; Lane et al.,
1996; Lifson et al., 1986; Williams et al., 2001) and the
appearance of SIV RNA- and SIV protein-positive cells were
markedly decreased by 6-Cl-ddG. Antiretroviral treatment sig-
nificantly reduced but did not abolish microglial activation.
Interestingly, the antiretroviral treatment selectively reduced

Table 4
Effect of antiretroviral treatment on parenchymal and vasculature-associ-
ated cell proliferation

Monkey groups® Brain region Parenchymal Vasculature
associated”
SIV,+AIDS Insular cortex 8.8 + 2.1 52+ 1.1
Occipital cortex 46 £ 1.5 24 £0.7
Striatum 103 £ 1.5 7.6 £3.0
SIV,+AIDS,+ddG Insular cortex 2.4 4+ 0.5° 56 £ 19
Occipital cortex 2.0 £ 0.3° 52+ 14
Striatum 1.9 + 0.5° 69 £ 19

Unpaired, two-tailed Student’s ¢ test is used to evaluate statistical
differences.

? Data expressed as mean number (£+SEM) of Ki67-positive cell nuclei
per 0.1 mm? area.

® Proliferating cells demonstrating perivascular or intraluminal endothe-
lial adherent staining.

¢ Statistically significantly reduced as compared to the untreated group
for the same brain area (P < 0.05).

SIV-induced proliferation of brain parenchymal cells and down-
regulated Clq expression in microglia and parenchymal macro-
phages. In contrast, juxtavascular proliferation was partly resistant
to antiretroviral treatment while an increase of C1q biosynthesis
in intravascular and perivascular cells of the monocyte/macro-
phage-lineage was blocked by the treatment. The dissociated
effectiveness of 6-Cl-ddG treatment in CNS tissues and the
relative resistance to that treatment in peripheral cells may be
explained by the better uptake of the lipophilic 6-Cl-ddG by CNS
cells.

The increased local synthesis of Clq in brain resident and
invading cells is likely to be important in the complement-
mediated opsonization of SIV (Speth et al., 2002) and modulation
of phagocytosis by endothelial cells, macrophages, monocytes,
and microglia (Bobak et al., 1987). In addition to pro-

Fig. 7. Clg-positive cells with respect to proliferating and non-proliferating
activity in the brain of monkeys with AIDS revealed by double
immunohistochemistry for Clq and Ki67. Parenchymal microglia/macro-
phages (brown, A and B) and vessel-attached monocytes (brown, C and D)
demonstrating no Ki67 staining (A and C) or clear nuclear Ki67 staining
(nuclear dark blue, B and D). Note that the cell in (B) demonstrates nuclear
Ki67 staining typical for a cell undergoing mitosis. Scale bar in A for A-D
is 10 pm.
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Table 5
Quantitative analysis of Clq-immunopositive cells adhering on the intra-
luminal surface of cerebrovascular endothelium

Monkey groups” Insular cortex Occipital cortex Striatum
Ctrl 0 0 0
SIV,—AIDS 03 +£0.2 03+02 02+02
SIV,+AIDS 39+ 1.4° 4.6 + 14° 48 + 1.6°
SIV,+AIDS,+ddG 1.0 £ 0.6 1.2 +£0.7 0.6 £ 0.3

ANOVA and the post hoc Newman—Keuls Multiple Comparison Test are
used to evaluate statistical differences.

* Data expressed as mean number (+SEM) of C1qg-positive cells per 0.1
mm? area.

® Statistically significantly different as compared to the other animal
groups for the same brain area (P < 0.05).

inflammatory effect of Clq on its own, the activation of com-
plement components downstream of Clq may generate soluble
mediators which could trigger infiltration of inflammatory cells
into the brain directly by chemoattractant properties of comple-
ment anaphylatoxins and cleavage products to complement
receptor bearing cells (Ghebrehiwet et al., 1995; Kuna et al.,
1996; Leigh et al., 1998; Speth et al., 1997) and/or indirectly by
upregulation of adhesion molecules like the endothelial P-selectin
or chemokines like MCP-1 (Mulligan et al., 1997; van den Berg
et al., 1998).

Therefore, we propose that Clq levels in brain are a useful
indicator for the severity of inflammatory reactions during
lentiviral infections as well as for virus burden. This is of potential
significance for monitoring progression and amelioration of SIV-
associated neurological disease and for the prognosis of therapeutic
interventions by determining Clq levels in the CSF. Changes in
CSF levels of mediators of the immune response following
antiretroviral therapy in AIDS had been reported previously for
immediate early proteins like neopterin and ,-microglobulin,
neurotoxins like quinolinic acid, cytokines and cytokine receptors
like MCP-1, TNF-a ligand and its soluble receptor (Conant et al.,
1998; Fuchs et al., 1990; Gulevich et al., 1993; Heyes et al., 1989;
Look et al., 2000) but not for Clq. Changes of Clq levels in the
CSF had been reported in several degenerative and inflammatory
neurological diseases and disease models (Antoine et al., 1986;
Schéfer et al., 2000; Smyth et al., 1994; Wajgt et al., 1989; Yamada
et al., 1994).

There is an ongoing controversy as to whether Clq is
expressed in cerebral neurons in the course of neurological
disorders, especially in the human brain (Fonseca et al., 2004;
Head et al., 2001). Therefore, we paid particular attention to
monitoring Clq mRNA and protein expression in neurons
throughout the brain in all experimental groups. The total absence
of C1qg mRNA from neurons and of Clq immunoreactivity from
neuronal cytoplasm throughout the brain found in this study

A

provides no evidence that neurons synthesize C1q in normal and
diseased rhesus monkey brain. This is in accordance with our
previous studies on rodents also showing restriction of Clq
expression to microglial/macrophage cells both after CNS virus
inflammation and after cerebral ischemia or toxic lesion of the
blood-brain barrier (Dietzschold et al., 1995; Lynch et al., 2004;
Schifer et al., 2000).

The deposition of C1q on the outer surfaces seen in the present
study in some neurons throughout brains of all experimental
groups may be due to deposition of extrinsic Clq most likely
coming from local production or from serum through local
leakages of the blood-brain barrier. This deposition of Clq on
neuronal surfaces may be taken as evidence that a putative Clq
receptor is expressed on some neurons (Eggleton et al., 2000;
Kishore and Reid, 2000). Our results are in some concordance with
immunohistochemical data by Speth et al. (2004) also showing
Clg-immunopositive microglial/macrophage cells, but unlike these
authors, our study clearly excludes astrocytes and neurons as a
source of Clq biosynthesis and provides no evidence that
deposition of C1q on neuronal surfaces is causally related to SIV
infection.

Clq is one of several response genes of the monocyte/
macrophage arm of innate immunity which is regulated during
HIV/SIV infection as recently evaluated using DNA array
technology in the accelerated CDS§-depletion model of SIV-
infected rhesus macaques (Roberts et al., 2003). Among them,
indoleamine 2,3-dioxygenase is upregulated like Clq in SIV brain
disease and is sensitive to antiretroviral treatment (Depboylu et
al., 2004). We obtained no evidence for the presence of SIV RNA
and protein in astrocytes that certainly exhibit activation during
SIV infection as shown previously (Weihe et al., 1993).
Astrocytes are likely involved in the retroviral neuropathogenesis,
but most evidence does not support widespread infection of them
in vivo. For humans, it had been primarily pediatric cases with
massive HIV brain infection that had shown infection of
astrocytes (Saito et al., 1994; Tornatore et al., 1994). Otherwise,
such findings had been observed mainly in vitro/ex vivo, or in
models such as the pig-tailed macaque accelerated model
characterized by massive CNS infection and very short term
disease (Overholser et al., 2003).

In summary, our study provides clear evidence that Clq
synthesis is induced in brain resident and infiltrating immune cells
following SIV infection and correlates with brain virus load as well
as clinical manifestation of simian AIDS. The relationship between
C1q expression in microglia/macrophages and multinucleated giant
cells, and virus burden may ultimately be useful in revealing the
functional association of inflammatory and virological markers
during lentiviral infection of the brain, and therefore the role of
each in motor/cognitive dysfunction associated with lentiviral
infection.

Fig. 8. Double immunofluorescence confocal images demonstrating co-existence of Clq (red) with the SIV glycoprotein gp4/ (green) in a microglia in the
brain of an untreated AIDS-diseased animal (A—C). Scale bar in A for A-C is 10 pm.
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