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Perivascular macrophages are uniquely situated at the
intersection between the nervous and immune sys-
tems. Although combined myeloid marker detection
differentiates perivascular from resident brain mac-
rophages (parenchymal microglia), no single marker
distinguishes perivascular macrophages in humans
and mice. Here, we present the macrophage scaven-
ger receptor CD163 as a marker for perivascular mac-
rophages in humans, monkeys, and mice. CD163 was
primarily confined to perivascular macrophages and
populations of meningeal and choroid plexus macro-
phages in normal brains and in brains of humans and
monkeys with human immunodeficiency virus or
simian immunodeficiency virus (SIV) encephalitis.
Scattered microglia in SIV encephalitis lesions and
multinucleated giant cells were also CD163 positive.
Consistent with prior findings that perivascular mac-
rophages are primary targets of human immunodefi-
ciency virus and SIV, all SIV-infected cells in the brain
were CD163 positive. Using fluorescent dyes that de-
finitively and selectively label perivascular macro-
phages in vivo , we confirmed that dye-labeled simian
perivascular macrophages were CD163 positive and
able to repopulate the central nervous system within
24 hours. Flow cytometric studies demonstrated a
subset of monocytes (CD163*CD14*CD16%) that were
immunophenotypically similar to brain perivascular
macrophages. These findings recognize CD163"
blood monocytes/macrophages as a source of brain
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perivascular macrophages and underscore the utility
of this molecule in studying the biology of perivascu-
lar macrophages and their precursors in humans,
monkeys, and mice. (Am J Pathol 2006, 168:822—-834
DOI: 10.2353/ajpath.2006.050215)

Brain macrophages are normal constituents of the central
nervous system (CNS) and central players in many CNS
pathologies.’? They are heterogeneous in their location,
turnover, and function, although they are all of common
developmental origin. Perivascular macrophages, lo-
cated in the perivascular (Virchow-Robin) space of cere-
bral microvessels, are continuously repopulated by
blood-derived monocytes/macrophages, unlike the resi-
dent brain macrophages, microglia.>° Perivascular mac-
rophages play distinct roles, as opposed to parenchymal
microglia, in normal CNS functions and in CNS inflamma-
tory diseases such as bacterial meningitis, experimental
allergic encephalomyelitis (EAE), and simian immunode-
ficiency virus (SIV) and human immunodeficiency virus
(HIV) encephalitis (SIVE and HIVE).®~'® Because the rel-
ative contribution of perivascular macrophages and pa-
renchymal microglia differs in normal CNS physiology
and disease progression, phenotypic and functional dif-
ferentiation between these two brain macrophages
becomes important. The rat macrophage-associated
antigen ED2 selectively identifies perivascular macro-
phages, but no such marker exists in humans.™ ' In
addition, a mannose receptor specific for perivascular
macrophages in mouse brain was recently reported,’®
but a human equivalent has yet to be identified. At
present, no single phenotypic marker, equivalent or com-
parable with ED2, that solely identifies perivascular mac-
rophages is available in humans. In humans and mon-
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keys, perivascular macrophages can be distinguished
from parenchymal microglia based on levels of CD14 and
CD45.8:19:19721 Although such methods of distinction are
powerful, results can vary between laboratories depend-
ing on the sensitivity of immunohistochemical detection
methods and the antigen retrieval techniques used.??22

CD163 (also known as M130) is a newly identified
member of the scavenger receptor cysteine-rich super-
family group B.?*72° This protein (primarily molecular
weight 130 kd) is expressed exclusively on all circulating
monocytes and on subpopulations of tissue macro-
phages.®%3" CD163 mediates removal of hemoglobin-
heptaglobin complexes by monocytes/macrophages,
and its soluble form regulates inflammation.®® Unlike
other monocyte-associated markers such as CD14,
CD16, and CD64 that label other leukocytes, CD163 is
reportedly expressed specifically on human monocytes
in which expression is highest on a CD14"CD16" sub-
set.®® Recently, Dijkstra and colleagues®* suggested that
ED2 may be a rat homolog of human CD163; however,
definitive data for this has yet to be published. Although
it has been demonstrated that CD163 identifies perivas-
cular macrophages in human CNS tissues,3®° whether
CD163 is a marker of perivascular macrophages remains
open.

In the present study, we examined CD163 expression
on perivascular macrophages in normal human, monkey,
and mouse brains and in human and monkey brains
infected with HIVE and SIVE. We report that CD163 is a
marker for perivascular macrophages in humans, mon-
keys, and mice in the normal CNS and that CD163™
perivascular macrophages are a prime target of SIV in-
fection in monkeys. Using dextran amine dyes injected
into the cerebrospinal fluid (CSF) of live monkeys, we
show that perivascular macrophages selectively in-
corporate dye and are all CD163 positive. Correspond-
ingly, we observed a subset of blood monocytes
(CD163*CD14"CD16™) that are immunophenotypically
similar to the HIV- or SlV-infected perivascular macro-
phages found in encephalitic brains. This subset may
represent precursors to specific macrophage lineage
subpopulations in the CNS that are CD163 positive.

Materials and Methods

Tissue Samples
Human Brain Tissue

Formalin-fixed, paraffin-embedded sections of frontal
white and gray matter and pons were obtained from the
Manhattan HIV Brain Bank.® A total of four HIVE cases,
two HIV-1-positive cases without encephalitis, and two
seronegative controls were analyzed. CNS pathology
was diagnosed by neuropathological examination initially
performed by S. Morgello.

Rhesus Monkey Tissue

Necropsy specimens of brain and lymph node from 24
adult rhesus macaques (Macaca mulatta) were used in
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the present study. Twenty-one of these animals were
infected with SIVmac251 (20 ng of SIV p27) by intrave-
nous injection and killed at peak viremia (n = 5) or when
they developed AIDS (n = 16). Nine of the monkeys with
AIDS had evidence of SIVE, defined by the presence of
SIV in the brain and the accumulation of macrophages
and multinucleated giant cells (MNGCs).3"38 Three nor-
mal, age-matched, uninfected animals were used as con-
trols. All animals were anesthetized with ketamine-HCI,
euthanized by intravenous pentobarbital overdose, and
exsanguinated. Tissues were either collected in 10%
neutral buffered formalin and embedded in paraffin or
blocked in optimum cutting temperature compound
(Miles Scientific, Elkhart, IN) and snap-frozen. Formalin-
fixed, paraffin-embedded tissues were cut into 6-um-
thick sections, and frozen tissues were sectioned at
10 um.

Mouse Brain Tissue

Brain and spleen were obtained from two 13-week-old
C3H mice. Whole-brain tissue was frozen in optimum
cutting temperature compound (Miles Scientific) and
stored at —80°C until use. Sagittal sections of 10-um
thickness were cut, dried, and acetone fixed for 10 min-
utes on ice.

Injection of Dextran Amines

Hydrophilic fluorescent dyes injected into the lateral ce-
rebral ventricle selectively label perivascular macro-
phages.®® We used the same approach to rhesus mon-
keys to visualize perivascular macrophages. A total of
four normal uninfected rhesus macaques were used:
three animals received either fluorescein-conjugated
dextran (Fluoro-Emerald; Molecular Probes, Eugene,
OR), rhodamine-conjugated dextran (Fluoro-Ruby; Mo-
lecular Probes), or biotinylated dextran amine (BDA-
10,000; Molecular Probes); one received Fluoro-Emerald
and BDA-10,000 sequentially. Before injections, animals
were initially tranquilized with ketamine or telazol and
anesthetized with sodium pentobarbital. One milliliter of
5% dextran amines dissolved in 0.9% NaCl saline was
injected into the cerebellomedullary cistern. Injections
were performed over a 5-minute period using a stereo-
taxic apparatus. These animals were killed 1 day after
Fluoro-Emerald, Fluoro-Ruby, or BDA-10,000 injection.
To follow the sequential traffic of new macrophages into
perivascular spaces, one animal was injected with a sec-
ond dye BDA-10,000 7 days after the first Fluoro-Emerald
injection and killed 24 hours later. Excess fluorescent dye
that was not taken up by perivascular macrophages was
completely cleared from the CSF within 24 hours. Be-
cause of this, newly immigrated perivascular macro-
phages can be identified by the second dye label.

Antibodies

Primary antibodies used are listed in Table 1. To examine
CD163 expression in paraffin-embedded human brain



824 Kim et al

AJP March 2006, Vol. 168, No. 3

Table 1. Antibodies Used in the Present Study
Antigen Clone Isotype Reactivity Manufacturer Application
CD14 AML-2-23 Mouse IgG2b Hu, Mk Medarex IHC(F), IF(F)
CD14 7 Mouse IgG2a Hu Novocastra IHC(P), IF(P)
CD14 RMO52 Mouse IgG2a Hu, Mk Immunotech FC
CD16 2H7 Mouse IgG2a Hu, Mk Novocastra IHC(P), IF(P)
CD16 3G8 Mouse IgG1 Hu, Mk PharMingen FC
CD163 EDHu-1 Mouse IgG1 Hu, Mk Serotec IHC(F,P), IF(F,P), FC
CD163 10D6 Mouse IgG1 Hu, Mk Novocastra IHC(P), IF(P)
CD163 GHI/61 Mouse IgG1 Hu, Mk PharMingen IHC(F), FC
CD163 5C6-FAT Mouse 1gG1 Hu, Mk BMA IHC(F), FC
CD163 MAC 2-158 Mouse IgG1 Hu, Mk Trillium FC
CD163 Polyclonal G-17 Goat IgG Ms Santa Cruz IHC(F), IF(F)
CD163 Polyclonal K-18 Goat IgG Ms Santa Cruz IHC(F), IF(F)
Glut-1 Polyclonal Rabbit 1gG Hu, Mk, Rt Chemicon IHC(F,P), IF(F,P)
HLA-DR CD3/43 Mouse IgG1 Hu, Mk DAKO IHC(F,P)
HLA-DR L243 Mouse IgG2a Hu, Mk Becton Dickinson FC

Hu, human; Mk, monkey; Ms, mouse; Rt, rat; IHC, immunohistochemistry; IF, immunofluorescence; FC, flow cytometry; F, frozen; P, paraffin.

tissue, several monoclonal antibodies (mAbs) directed
against human CD163 antigen were initially tested with or
without antigen retrieval pretreatments (microwave or
heat treatment in 0.01 mol/L sodium citrate buffer, pH
6.0). Two clones, EDHu-1 (Serotec, Oxford, UK) and
10D6 (Novocastra, Newcastle on Tyne, UK), were se-
lected as most effective in formalin-fixed, paraffin-em-
bedded human tissues.?®“° Clone 10D6 was effective on
paraffin-embedded tissues only after pretreatment; how-
ever, clone EDHu-1 was effective on paraffin-embedded
tissues without pretreatment and also functioned on fro-
zen tissues. Because of this, EDHu-1 was the primary
antibody used for immunohistochemical and fluores-
cence studies. The cross-species reactivity of these anti-
human CD163 mAbs with rhesus macaque tissue was
evaluated by immunohistochemistry and immunoblot. To
verify results obtained with paraffin-embedded tissues
after antigen retrieval, which can result in the generation
of neo-antigens, we used EDHu-1 and additional anti-
human CD163 clones GHI/61 (PharMingen, San Diego,
CA) and 5C6-FAT (BMA Biomedicals, Augst, Switzer-
land), which function on frozen tissues.?® Two polyclonal
antibodies, one against the N-terminal region of mouse
CD163 (G-17; Santa Cruz Biotechnology; Santa Cruz,
CA) and another against its internal region (K-18; Santa
Cruz Biotechnology), which had not been previously as-
sessed by immunohistochemistry, were also tested on
mouse CNS tissues. Clones MAC 2-158 (Trillium Diag-
nostics, Scarborough, ME), EDHu-1, GHI/61, and 5C6-
FAT were used for flow cytometry studies of CD163
expression on monocytes and monocyte-derived macro-
phages as described below.

Immunohistochemistry

Deparaffinized sections and acetone-fixed frozen sec-
tions were assessed by immunohistochemistry for
CD163. Immunohistochemistry was performed using avi-
din-biotin peroxidase complex (Vectastain kit; Vector
Laboratories, Burlingame, CA) or peroxidase-conjugated
polymer reagent (SuperPicTure kit; Zymed, San Fran-
cisco, CA) according to the manufacturers’ instructions.

Before primary antibody incubation, serum or nonserum
protein block was applied for 2 hours at room tempera-
ture or overnight at 4°C. The color reaction product was
developed using 3,3’-diaminobenzidine tetrahydrochlo-
ride (DAB; DAKO) as the chromogenic substrate for
horseradish peroxidase. The sections were counter-
stained with hematoxylin and then dehydrated and
mounted. Controls consisted of omission of the primary
antibody or addition of isotype-matched immunoglobulin.
To detect CD163* cells and Glut-1" endothelial cells in
human and monkey brains, double-label immunohisto-
chemistry was performed using the DAKO Double Stain
System, according to the manufacturer’s instructions.
The color reaction product was developed using DAB
and Fast Red (DAKO) for CD163 and Glut-1 staining,
respectively. The sections were mounted using Faramout
agueous mounting medium (DAKO).

In Situ Hybridization for SIV RNA

In situ hybridization for SIV RNA was performed using
digoxigenin-labeled antisense riboprobes obtained from
Lofstrand Labs (Gaithersburg, MD; with permission from
Dr. V. Hirsch and C. Brown [National Institute of Health,
Rockville, MD]). In situ hybridization was performed with a
modification of previously published procedures.*”

For simultaneous detection of viral nucleic acid and
CD163 in the same tissue section, in situ hybridization
for SIV RNA was followed by immunochistochemistry or
immunofluorescence for CD163, using previously de-
scribed methods™ and as described below.

Confocal Microscopy

Immunofluorescence confocal microscopy was used to
identify CD163™ cells in brain, to examine whether
CD163* cells were SIV RNA positive, and to determine
whether dextran dye-labeled perivascular macrophages
were CD163 positive. Deparaffinized sections or ace-
tone-fixed frozen sections were washed with phosphate-
buffered saline containing 0.2% fish skin gelatin (PBS/
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FSG) at room temperature and blocked with 10% normal
goat serum diluted in PBS/FSG (2% normal rabbit serum
was used for goat polyclonal anti-mouse CD163 anti-
body). Primary antibodies were diluted in blocking solu-
tion and incubated for 1 hour at room temperature or
overnight at 4°C. CD163 immunofluorescence was re-
vealed using goat anti-mouse or rabbit anti-goat second-
ary antibodies labeled with Alexa Fluor 488 or 568 (Mo-
lecular Probes). Glut-1 was followed by goat anti-rabbit
Alexa Fluor 633 (Molecular Probes). Sections were
washed with PBS/FSG before the addition of the next
primary or secondary antibody. Secondary antibodies
were also diluted in blocking solution and incubated for
30 minutes. Triple-label immunofluorescence was per-
formed to colocalize CD163 with CD14 or CD16 on
perivascular macrophages with Glut-1* CNS microves-
sels. After incubation with primary mAbs to CD14 or
CD16 and biotinylated isotype-specific secondary anti-
bodies (PharMingen), sections were visualized with
streptavidin-conjugated Alexa Fluor 568 (Molecular
Probes).

Confocal microscopy was performed using a Leica
TCS SP laser scanning microscope equipped with three
lasers. Individual optical slices represent 0.2 um, and 32
to 62 optical slices were collected at 512 X 512 pixel
resolution. The fluorescence of individual fluorochromes
was captured separately in sequential mode after optimi-
zation to reduce bleed-through between channels (pho-
tomultiplier tubes) using Leica software. NIH Image ver-
sion 1.62 and Adobe Photoshop version 7 software were
used to assign correct colors of up to four channels
collected, including the fluorochromes Alexa Fluor 488
(green), Alexa Fluor 568 (red), and Alexa Fluor 633 (blue)
and the differential interference contrast image (gray
scale). Some images were rendered with Volocity 3.6
Software (Improvision, Lexington, MA). Colocalization of
antigens is indicated by the addition of colors as indi-
cated in the figure legends.

Flow Cytometry

To examine the expression of CD163 on circulating
monocytes, EDTA-treated fresh whole venous blood from
normal uninfected humans and monkeys was tested by
four-color flow cytometry. Prior studies using anti-CD163
mAbs GHI/61, EDHu-1, and MAC 2-158 reported extreme
inconsistencies in the level of expression per cell or per-
centage of circulating monocytes expressing CD163 (re-
ported percentage of positive cells ranged from 0 to 90%
depending on the clones and methods).?®2942 |nitially,
we also found great variability among blood samples and
mAbs when using heparinized blood. However, using
EDTA as a coagulant, we found that more than 90% of
peripheral blood monocytes expressed CD163 regard-
less of the clone used. For multiparameter flow cytometry
staining, 100-uL aliquots of whole blood were mixed with
fluorescein isothiocyanate-conjugated anti-CD163 (MAC
2-158 or 5C6-FAT) or phycoerythrin-conjugated anti-
CD163 (GHI/61) in combination with fluorescein isothio-
cyanate- or phycoerythrin-conjugated anti-CD16 (3G8;
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PharMingen), energy-coupled dye-PE-Texas Red-conju-
gated CD14 (RMO52; Beckman Coulter, Miami, FL), and
Allophycocyanin-conjugated anti-HLA-DR (L243; Becton
Dickinson, San Jose, CA). Samples were incubated for
30 minutes at room temperature. For CD163 detection
using unconjugated EDHu-1, a secondary antibody con-
jugated with Alexa Fluor 488 was used. After staining,
erythrocytes were lysed using ImmunoPrep Reagent Sys-
tem. The samples were then washed with PBS, resus-
pended in 2% formaldehyde in PBS, and analyzed on a
FACSCalibur flow cytometer (Becton Dickinson).

In addition, the regulation of CD163 expression was
assessed in vitro using monocyte-derived macrophages.
Peripheral blood mononuclear cells were isolated from
heparinized whole blood using Ficoll-Hypaque. Periph-
eral blood mononuclear cells were washed twice with
Dulbecco’s PBS, resuspended in RPMI with 2% human
AB serum, and incubated for 2 hours at 37°C and 5%
CO,. Nonadherent cells were removed by gentle wash-
ing with RPMI, and the remaining adherent monocytes
were cultured in RPMI with 2% human AB serum in the
presence of granulocyte-macrophage colony-stimulating
factor (500 U/ml; PharMingen) for 5 days. Flow cytometry
was performed as described above with 1 X 10° granu-
locyte-macrophage colony-stimulating factor-derived
cultured macrophages.

Results

CD163 Selectively Identifies Perivascular
Macrophages in Normal Brains of Monkeys,
Humans, and Mice

Following the suggestion that CD163 is equivalent to
the perivascular macrophage marker ED2 in rodents,®*
we sought to determine whether CD163 detects
perivascular macrophages in normal human and mon-
key brains. Initially, mAbs to human CD163 were eval-
uated with formalin-fixed, paraffin-embedded tissue
sections from normal rhesus macaques (Table 2). Two
clones (EDHu-1 and 10D6) were selected because
they functioned well in paraffin-embedded human tis-
sues and, importantly, cross-react to rhesus monkey.
These clones functioned and yielded similar patterns
of reactivity on lymph nodes, specifically staining mac-
rophages (data not shown). In the normal human CNS,
CD163-labeled perivascular macrophages repre-
sented flattened and elongated cells and were found
exclusively around small- to medium-sized blood ves-
sels (Figures 1A and 2A). In the normal monkey brain,
these antibodies stained perivascular macrophages
and populations of macrophages in the meninges and
choroid plexus (Figure 2A; data not shown). To confirm
the CD163 specificity found in paraffin sections, we
also used clones EDHu-1, GHI/61, and 5C6-FAT, which
were effective on frozen tissues and reacted with the
same populations (data not shown). In addition to
these antibodies functioning in human and nonhuman
primate CNS tissues, polyclonal anti-mouse CD163 an-
tibodies (G-17 and K-18) specifically labeled perivas-
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Table 2. Summary of CD163 Immunohistochemistry on HIVE and SIVE Brains
Clone Tissue Dilution Pretreatment* ABC or Polymer® Staining

EDHu-1 Frozen SIVE 1:500 None ABC or polymer Perivascular
Paraffin SIVE 1:250 None ABC Perivascular
Paraffin SIVE 1:250 Microwave ABC Perivascular; scattered parenchymal
Paraffin SIVE 1:250 None Polymer Perivascular; scattered parenchymal
Paraffin HIVE 1:250 None ABC Perivascular; scattered parenchymal
Paraffin HIVE 1:250 None Polymer Perivascular, scattered parenchymal

10D6 Paraffin SIVE 1:100 None ABC Perivascular (very weak)
Paraffin SIVE 1:100 Boiling ABC Perivascular
Paraffin SIVE 1:100 Microwave ABC Perivascular; scattered parenchymal
Paraffin SIVE 1:100 Boiling Polymer Perivascular; scattered parenchymal
Paraffin HIVE 1:100 Boiling ABC Perivascular; scattered parenchymal
Paraffin HIVE 1:100 Boiling Polymer Perivascular; scattered parenchymal

GHI/61 Frozen SIVE 1:500 None ABC Perivascular

5C6-FAT Frozen SIVE 1:1000 None ABC or polymer Perivascular

*Pretreatment was performed either by microwave antigen retrieval in 0.01 mol/L sodium citrate buffer, pH 6.0, for 20 minutes or by heating in 0.01

mol/L sodium citrate buffer, pH 6.0, for 30 minutes at 95°C.

TABC, avidin/biotin complex; polymer, peroxidase-labeled polymer conjugated with secondary antibodies.

cular macrophages in mouse brain, similar to the mAbs
in humans and monkeys (data not shown). Selective
expression of CD163 on perivascular macrophages
and meningeal and choroid plexus macrophages, but
not microglia, clearly demonstrates the existence of
distinct subpopulations of macrophages in the CNS.

CD163™ Cells Are Associated with Blood
Vessels in Encephalitic Brains

Because HIVE and SIVE are characterized by perivascu-
lar accumulation of macrophages and MNGCs, we inves-
tigated whether CD163 also labels macrophages in the
perivascular cuffs of the CNS of HIV-infected humans or
SIV-infected monkeys. Our findings of CD163-positive
cells in HIVE and SIVE brains are summarized in Table 2.
We found CD163 reactivity by perivascular macrophages
with elongated morphology in HIV-infected patients with-
out HIVE, in SIV-infected animals sacrificed at peak vire-
mia (14 days after infection) and in animals that died of
AIDS and without SIVE (data not shown). No difference in
levels of CD163 expression or number of CD163-reactive
cells was found among patients or animals that were
noninfected or infected with HIV or SIV without enceph-
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alitis (data not shown). In CNS tissues from patients or
animals with AIDS and encephalitis, we observed a
substantial increase in the number of CD163-reactive
cells as well as the level of CD163 expression (Figures
1 and 2). Cells expressing CD163 were found almost
exclusively in the perivascular cuffs and were present
in HIVE and SIVE lesions (Figures 1 and 2). In addition
to the elongated perivascular macrophages found in
normal brains, CD163 labeled large, round macro-
phages in the perivascular cuffs often with a short
process. MNGCs were also labeled, and CD163 immu-
noreactivity was detected mainly within the cytoplasm
(Figure 2, C and D). In some cases, CD163 immuno-
reactivity was detected on scattered cells in the paren-
chyma that were morphologically consistent with ram-
ified microglia. When found in the parenchyma, CD163
staining in our experience was mainly intracytoplasmic
rather than membranous. To address the association of
these CD163" perivascular macrophages with CNS
vessels, we performed double-label immunohisto-
chemistry with another brain endothelial marker, Glut-
1.43 Although morphologically diverse, CD163" cells
were mainly found in association with Glut-1* CNS
vessels (Figures 1 and 2).
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Figure 1. CD1063 expression in HIV encephalitis brains. A: Perivascular macrophages in brains of control uninfected humans selectively labeled with anti-human
CD163 antibody. B: Association of CD163" cells (DAB; brown) with Glut-1*" CNS vessels (Fast Red; red) in HIVE brains. C: Accumulation of CD163™ cells in HIVE
lesions. CD163 immunoreactivity (DAB; brown) was found on CNS perivascular macrophages and intimately associated with Glut-1" CNS vessels (Fast Red; red).
MNGCs and populations of macrophages in the meninges and choroid plexus were also stained with anti-CD163 antibody (data not shown). Original

magnifications, X400 (A and C) and X200 (B).
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Figure 2. SIV-infected cells in the CNS are CD163 positive. A: Brains of control uninfected macaques stained with anti-human CD163 antibody. B: Association
of CD163™" cells with CNS vessels in SIVE brains. C: Accumulation of CD163™" cells in SIVE lesions. Virtually all CD163™" cells, although morphologically diverse,
were found intimately associated with Glut-1" vessels (Fast Red; red). Note the presence of CD163" MNGCs in the SIVE lesions in C (arrow). CD163 expression
levels and the number of CD163™ cells in SIVE brains were higher than those found in the CNS of noninfected controls. D: In situ hybridization for SIV RNA
combined with immunohistochemistry for CD163. CD163™ (brown) and SIV RNA™ (blue) perivascular macrophages (arrowheads) and MNGCs (inset). Virtually
all SIV RNA™ productively infected cells detected were CD163 positive. E: 2 situ hybridization for SIV RNA combined with immunofluorescence for CD163. A
representative confocal image of SIV RNA™ (red), CD163™ (green) perivascular macrophages near a CNS vessel (Glut-1; blue).

SIV-Infected Cells in the Brain Are CD163-
Positive Perivascular Macrophages

Using either CD14 or CD45 with Glut-1 to immunopheno-
typically define the perivascular macrophage population,
we have previously shown that perivascular macrophages
are a major cell target of productive infection in the CNS of
SIV-infected macaques.'® Because we found that CD163 is
preferentially expressed on perivascular macrophages in
the CNS, we sought to determine whether CD163 functions
as a marker of SlV-infected cells in the CNS. Combined in
situ hybridization and immunohistochemistry or immunoflu-
orescence for SIV RNA, CD163, and Glut-1 showed that
virtually all SIV. RNA-positive, productively infected cells,
including perivascular macrophages and MNGCs, were

CD163 positive (Figure 2, D and E). However, not all
CD163-positive macrophages were positive for SIV RNA.
These observations are similar to previous studies using
CD14, CD45, and PCNA as markers of infected perivascu-
lar macrophages.'®*" In these studies, a majority of SIV-
infected cells were positive for CD14, CD45, and PCNA, but
many noninfected CD14"CD45" macrophages were in the
lesions.

Fluorescent Dye-Labeled Cells in the Monkey
Brain Express CD163 and Turnover

Intracerebroventricular injection of fluorescent dextran
amines in the rat labels perivascular macrophages but
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not parenchymal microglia.>® We have used the ability
of perivascular macrophages to phagocytose dextran
amines as a definitive marker for perivascular macro-
phages. Using confocal microscopy, we sought to ex-
amine whether the dextran dye-labeled perivascular
macrophages are CD163-positive (Figure 3). Fluoresce-
in-conjugated dextran amine (Fluoro-Emerald) was in-
jected into the CSF of normal uninfected monkeys, which
were sacrificed 1 day later. In multiple tissue sections ex-
amined, perivascular macrophages were consistently
dye-labeled (Figure 3). Next, double-label confocal mi-
croscopy was performed to confirm further that the dye-
labeled cells were CD163* and CD14" perivascular
macrophages. All perivascular macrophages were dye-
labeled, and were all CD163 (Figure 3B) and CD14 pos-
itive (Figure 3C). In addition, CD163™ meningeal macro-
phages were also labeled with the dextran amine dye
(Figure 3, E and F). To examine the turnover of these
cells, we injected biotinylated dextran amine (BDA-
10,000) (Figure 3, D-F) 7 days after the Fluoro-Emerald
injection and sacrificed this animal 24 hours later. Be-
cause the first dye was completely cleared from the CSF
within 24 hours because of rapid turnover of total CSF
(about 5 hours for humans), the second injected dye
labeled cells that were in the perivascular space at the
time of the first injection and new cells that had trafficked
to this space within the last 24 hours. Sequential labeling
identified two populations: perivascular and meningeal
macrophages that had taken up both dyes (green and
blue) and newly arrived macrophages that were labeled
only with the second dye (blue). Although most perivas-
cular macrophages were double positive (green and
blue), approximately 1 of 500 dye-labeled cells was sin-
gle-positive for the second dye injected (blue). This turn-
over rate is strikingly consistent with reports of perivas-
cular macrophage turnover in rodents in similar dye
experiments.3® All of the dye-labeled cells, whether sin-
gle or double labeled, were CD163 positive (Figure 3),
indicating that CD163 is a definitive marker of perivascu-
lar macrophages in uninfected CNS and that turnover of
such CD163" dye-labeled cells can be detected in non-
inflammatory conditions within as little as 24 hours.

A subset of blood monocytes has been hypothesized to
be potential precursors of perivascular macrophages.**4°
To identify a subset of monocytes that may represent such
precursors, we have characterized phenotypes of blood
monocytes by flow cytometry using anti-CD163, anti-CD14,
anti-CD16, and anti-HLA-DR antibodies. Although greater
than 80% of CD163* monocytes co-expressed CD14 and
HLA-DR, only ~10% of CD163™ cells were CD16™ (data
not shown). Monkey monocyte expression of CD163 with
CD14 or CD16 increased after differentiation of monocytes
to macrophages in culture and after acute infection with SIV
(data not shown). These findings are consistent with previ-
ous studies in humans and suggest that mature and/or
activated CD163"CD14*CD16™ cells in blood may repre-
sent precursors to CNS perivascular macrophages. It is
possible that a population of these cells may traffic to the
CNS to replace perivascular macrophages.

CD163" Perivascular Macrophages Co-Express
CD14 and CD16

Although perivascular macrophages and parenchymal
microglia are derived from bone marrow, perivascular
macrophages are considered to be of more recent mono-
cytic origin than their parenchymal counterparts. We
have previously shown that perivascular macrophages
exhibit an immune phenotype that is similar to a subset of
monocytes (CD14*CD16™) that are expanded in blood of
SIV-infected monkeys.*® Such cells may traffic to the
CNS and become perivascular macrophages. Because
CD163 is expressed on perivascular brain macrophages
that are CD14 and CD16 positive in the human, we ex-
amined CD14, CD16, and HLA-DR expression in the
monkey brain by single-label immunohistochemistry (Ta-
ble 3). Although low CD16 and HLA-DR expression was
largely restricted to perivascular macrophages in normal
brains, this was up-regulated on perivascular macro-
phages and was induced de novo on parenchymal mi-
croglia in encephalitic brains. CD14, CD16, and HLA-DR
all were easily detected on MNGCs. The distribution of
CD14™" cells resembled that of CD163™" cells: all were
closely associated with vessels in normal and encepha-
litic brain. Triple-label confocal microscopy studies con-
firmed CD163 as a marker for perivascular macrophage
and demonstrated that CD14 or CD16 was co-expressed
on CD163" perivascular macrophages located adjacent
to Glut-1" CNS vessels (Figure 4). Because activation
antigens including CD16 and HLA-DR are inducible on
CD163 -activated microglia and are constitutively ex-
pressed on CD163* perivascular macrophages in nor-
mal and encephalitic brain, it is likely that, similar to
CD14, CD163 is a lineage-specific marker expressed by
subpopulations of brain macrophages and an activation
marker on these cells.

Discussion

Located in the perivascular (Virchow-Robin) space of
cerebral microvessels, perivascular macrophages are
situated at the interface between the nervous and im-
mune systems and likely connect the two.%® Although
several studies of human CNS disease demonstrate the
importance of these cells, studies of the biology of
perivascular macrophages in the human CNS has been
hampered by the lack of a selective marker. The biology
of these cells in vivo has been studied in the rat using the
ED2 antigen, which selectively identifies perivascular
macrophages, but not microglia, in normal and diseased
brains.*”® Recently, Dijkstra and colleagues®* sug-
gested that human CD163 is homologous or even iden-
tical to rat ED2 based on peptide sequence analysis. We
originally aimed to investigate whether CD163 is a spe-
cific marker for human and macaque perivascular mac-
rophages in normal and HIV- and SIV-infected brains.
Our results show that CD163 selectively identifies
perivascular macrophages in normal human, monkey,
and mouse brains. In our experience, CD163 was mainly
restricted to perivascular macrophages in brains of HIVE
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Table 3. Immune Phenotype of CD163" Perivascular Macrophages
Perivascular macrophages Parenchymal microglia
Control brain Encephalitis lesion Control brain Encephalitis lesion
CD14 +++* +++ - -
CD16 +++ +++ + ++
HLA-DR +++ +++ + +
CD163 +++ +++ - +

*, —, no staining present; =, (<5 to 10%); +, (30 to 60%); ++, (60 to 90%); +++, (>90%).

and SIVE. However, scattered cells with a microglial mor-
phology were found to be CD163 positive, consistent with
previous reports.*%4° These findings suggest that CD163
may be a lineage-specific marker, distinguishing perivas-
cular macrophages and subpopulations of macrophages
in the meninges and choroid plexus from brain parenchy-
mal microglia. ED2 expression by the same macrophage
populations in the CNS has been reported.*®°° In some
ways, our observations suggest that populations of
CD163 monocytes, all of which are positive in blood,
replace some but not all macrophage populations in the
CNS. These findings also suggest that monocytes/mac-
rophages in the meninges and choroid plexus are heter-
ogeneous with respect to CD163 expression and that
some of these cells are similar to perivascular macro-
phages.®' Bone marrow chimera studies have shown that
the biology and kinetics of perivascular macrophage
turnover are similar to some macrophages in the menin-
ges and choroid plexus.**

CD163 is a recently designated CD molecule that is a
member of the scavenger receptor cysteine-rich super-
family. CD163 expression is restricted to cells of the
monocyte/macrophage lineage. It functions as an endo-
cytotic receptor for hemoglobin-heptaglobin complexes,
and its soluble form regulates inflammation.®? Ex vivo
analysis of monocytes and enzyme-linked immunosor-
bent assay for soluble CD163 showed that cell surface
expression and shedding of CD163 are increased in
inflammatory disorders including Gaucher disease and
reactive hemophagocytic syndrome.®?°% A similar shed-
ding of soluble CD14 by monocytes, which might play an
immune regulatory role, has been demonstrated.®*-5¢

Although several mAbs that recognize the CD163 mol-
ecule have become available, they were tested mostly in
non-CNS tissues, and therefore little is known about
CD163 expression in the CNS. A previous study of
phagocytic macrophages in the CNS of multiple sclerosis
patients showed that perivascular macrophages, but not
microglia, in normal white matter and in active lesions
were stained with Ber-MAC3 antibody.®” This antibody
was later found to recognize CD163.5® Recently, two
other studies have shown that perivascular macrophages
express CD163 in the normal human CNS, whereas hu-
man parenchymal microglia do not.?°%® Rezaie and
Male®® stated in their brief report that this marker is
largely absent on parenchymal microglia in neurodegen-
erative disorders including Alzheimer’s disease, diffuse
Lewy body disease, and multiple sclerosis. Our results
are in agreement with these studies and further substan-
tiate the use of CD163 as a marker for perivascular mac-

rophages in both normal and diseased brains, in multiple
species. Our data extend these observations to SIV-in-
fected perivascular macrophages.

Very recently, Fox and colleagues showed that
CD163 labels not only perivascular macrophages but
also activated microglia and a small subset of ramified
microglia in gray matter in SIVE and HIVE brains,
whereas only perivascular macrophages were stained in
normal human and monkey brains and brains of variant
Creutzfeldt-Jacob disease and Alzheimer’s disease. In
some cases, we also found intracellular CD163 immuno-
reactivity in ramified microglia cells. Such expression
may be interpreted in two ways, either 1) de novo expres-
sion on activated microglia within SIV and HIV lesions or
2) the recent migration of CD163-positive cells from
blood into the brain where such cells take up residence
and differentiate into cells with a ramified morphology.
Interestingly, in our experience, parenchymal microglial
cells mainly expressed CD163 intracellularly. One reason
might be that these cells reflect a transitional state from
monocytes/macrophages to ramified microglia. It has
been shown that a small population of parenchymal mi-
croglia is repopulated in the brains of adult rodents and
that these cells are replaced by bone marrow-derived
cells during CNS inflammation.®® Because we and others
have shown that the majority of blood monocytes are
CD163 positive, it is possible that CD163™" cells reported
by Fox and colleagues*®“® are recent CNS immigrants.
Rappaport and colleagues®©° have suggested that HIV-
infected CD16™* microglia in the CNS of patients with
HIVE might be derived from monocytes that have recently
trafficked to the CNS and lost CD14 expression. Our data
partly underscore this possibility. It should be noted that
there are reports of scattered ED2 immunoreactivity on
populations of parenchymal microglia.®" 62 Lastly, a pop-
ulation of juxtavascular microglia have been described
that are morphologically similar to parenchymal micro-
glia.®? Because these cells are situated adjacent to CNS
vessels and can quickly migrate from vessels to sites of
injury, they might be a source of the CD163-positive,
dye-labeled cells we identified with parenchymal micro-
glial morphology.

Phenotypic heterogeneity between parenchymal mi-
croglia and perivascular macrophages suggests that
they may represent two separate lineages of macro-
phage populations in the CNS.'9:2163°85 Pgrenchymal
microglia are derived from fetal precursors early in de-
velopment and originate in the yolk sac, although it is not
clear whether bone marrow elements or circulating
monocytes are differentiated into parenchymal microglia

40,49
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Figure 4. Co-expression of CD14 and CD16 on CD163™ perivascular macrophages in human and monkey brains. Triple-label confocal microscopic studies of
HIVE brains (A, B, C, and D) and SIVE brains (E and F) demonstrate perivascular macrophages (CD163, green) that are CD14 positive (red; A, C, and E) and
CD16 positive (red; B, D, and F) next to a CNS vessel (Glut-1, blue). A large number of CD163™ perivascular macrophages were positive for CD14 and CD16.
These CD163"CD14"CD16" perivascular macrophages accumulated in the perivascular space, which was markedly enlarged (A, B, and C). B, inset: A typical
HIVE lesion with a collapsed vessel at its center. CD1637CD147CD16™" cells were often found within the lumen of a vessel (D and F). It is possible that such
peripheral blood monocytes/macrophages were in the process of trafficking to the perivascular space.
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during development.®®~%° In contrast, perivascular mac-
rophages appear later when the vasculature devel-
ops.®”7° Previous studies in adult rodents have shown
that macrophages in the perivascular, meningeal, and
choroid plexus turnover regularly, whereas the repopula-
tion of microglia by bone marrow precursors is limited, at
least under normal conditions.®”"'~"® Therefore, perivas-
cular macrophages in adult and developing CNS are
undoubtedly of monocytic origin. Two distinct popula-
tions of brain macrophages revealed by CD163 expres-
sion support the existence of two separate lineages of
cells (CD163™ and CD1637). Using fluorochrome-conju-
gated dextrans that label only perivascular macrophage,
we have shown for the first time in primates that CD163™
perivascular macrophages turnover on a time scale of a
day, consistent with studies in rodents.®® Because a
large majority of circulating monocytes are CD163 and
CD14 positive, this supports the notion that perivascular
macrophages are replaced by blood monocytes from the
circulation. In this study, we have also shown that the
perivascular macrophages co-expressing CD16 resem-
ble a subset of blood monocytes that are positive for
CD14, CD16, CD163, and SIV RNA and DNA and may
have a higher potential for trafficking to the CNS to be-
come perivascular macrophages.*®

Increasing evidence points to the importance of the
subset of monocytes/macrophages expressing CD14
and CD16 as mediators of HIV-related CNS disease. It
has been shown that this subset expands in response to
HIV infection and that its increased percentages corre-
late with HIV-associated dementia.”*~"” In this study,
we found that perivascular CD163 expression is up-
regulated and the number of CD163™ cells, including
MNGCs, increases in HIVE and SIVE brains. CD163 is not
a “classical” activation marker per se, because peripheral
blood monocytes and most tissues macrophages of nor-
mal uninfected controls all express it and because in vitro
proinflammatory stimuli largely down-regulate its expres-
sion. Monocyte-derived macrophages in culture show
increased expression of CD163. It has been shown in vivo
that CD163 expression on peripheral macrophages can
be differentially regulated.?787° These findings suggest
that CD163 expression is regulated in association with a
certain stage of differentiation. Although regulation of
CD163 expression on a subset of monocytes expressing
CD14 and CD16 at different phases of HIV infection is not
known, its expression is highest in the CD147CD16™
subset.®® It is likely that during HIV neuropathogenesis, a
subset of monocytes increasingly infiltrate the CNS to
become perivascular macrophages. Similarly, it has
been shown that ED2 expression is up-regulated in EAE,
facial nerve axotomy, and spinal cord injury.'"®° Inter-
estingly, early up-regulation of ED2 expression on
perivascular macrophages precedes the onset of EAE, "
suggesting that perivascular macrophages sense acti-
vating stimuli before certain CNS inflammation and/or that
activated perivascular macrophages are the first infiltrat-
ing cells in the CNS with inflammation.

In this study, we have shown that perivascular macro-
phages express CD163 and are immunophenotypically
distinct from parenchymal microglia, which are largely

CD163 negative. We have also shown that CD163-posi-
tive perivascular macrophages are the primary cell type
infected with SIV in encephalitic brains. This marker will
be of great use to address the trafficking and differenti-
ation of blood monocytes in the CNS as well as the
respective contribution of perivascular macrophages to
the development of CNS disease.
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