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Because the mechanisms associated with re-
cruitment ofmonocytes to brain in AIDS encepha-
litis are unknown, we used tissues from rhesus
monkeys infected with simian immunodeficiency
virus (SIV) to examine the relative contributions
of various adhesion pathways in mediating
monocyte adhesion to endothelium from en-
cephalitic brain. Using a modified Stamper and
Woodruff tissue adhesion assay, wefound that
the human monocytic ceU lines, THP-1 and U937,
and the B ceU line, Ramos, preferentialy bound
to brain vessels from monkeys with AIDS en-
cephalitis. Using a combined tissue adhesion/
immunohistochemistry approach, these cells
only bound to vessels expressing vascular ceU
adhesion molecule-i (VCAM-1). Furthermore,
pretreatment of tissues with antibodies to
VCAM-1 or ceU lines with antibodies to VLA-4
(CD49d) inhibited adhesion by more than 7096
Intercelular adhesion molecule-I (ICAM-i)/3 2
integrin interactions were not significant in me-
diating ceU adhesion to the vasculature in en-
cephalitic simian brain using a ceU line CM ca-
pable of binding rhesus monkey ICAM-1. In
addition, selectin-mediated interactions did not
signiftcantly contribute to cell binding to en-
cepbalitic brain as there was no immunohisto-
chemical expression of E-selectin and P-selectin
in either normal or encephalitic brain, nor was
there a demonstrable adhesive effect from L-

selectin using L-selectin-transfected 300.19 ceUs
on simian encephalitic brain These results dem-
onstrate that using the tissue adhesion assay,
THP-i, U937, and Ramos ceUls bind to vessels
in brain from animals with AIDS encephalitis
using VCAM-1/a4 31 integrin interactions and
suggest that VCAM-1 and VLA-4 may be integral
for monocyte recruitment to the central nervous
system during the development ofAIDS encepha-
litis. (AmJPathol 1994, 144:27-40)

Patients infected with HIV-1 manifest a plethora of dis-
eases, including opportunistic infections, neoplasms,
and inflammatory conditions. One of these inflamma-
tory diseases, AIDS encephalitis, affects approxi-
mately 50% of patients with AIDS based on histologi-
cal evaluation of the central nervous system (CNS) at
the time of postmortem examination.1- This disease
is characterized by multifocal parenchymal and peri-
vascular infiltrates of macrophages and multinucle-
ated giant cells.1' 25'6 Because HIV-1 virions or gene
products can be localized to macrophage infiltrates
and microglia in affected brain tissue in the absence
of secondary opportunistic pathogens,1-3 7 AIDS en-
cephalitis, similar to encephalitic disease induced by
other animal lentiviruses, is likely a primary HIV-1-
induced disorder. Furthermore, productive infection
of brain macrophages or microglia is often associated
with neurological disease, including motor, cognitive,
and behavioral abnormalities.2'8'9
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However, the neuropathogenesis of AIDS en-
cephalitis is not well understood. Because produc-
tive HIV-1 infection has been mostly confined to brain
macrophage infiltrates, multinucleated cells, and mi-
croglia, without evidence of cytolytic infection of neu-
rons, oligodendrocytes, or astrocytes, research on
the pathogenetic mechanisms of this disorder has
predominantly focused on the roles of viral or cell
metabolites/toxins in neuronal dysfunction.10-16 In-
herent in these studies is the notion that HIV-1-in-
fected brain macrophages or related cells either pro-
duce, or induce other CNS resident cells to produce
factors that ultimately result in CNS injury. However,
the inciting mechanisms responsible for initial
macrophage/monocyte recruitment to brain during
HIV-1 infection with subsequent development of
macrophage infiltrates have not, to our knowledge,
been described. Such information has important
consequences because therapy could be directed
at preventing monocyte/macrophage recruitment to
the CNS in AIDS, thereby effectively reducing the
subsequent deleterious effects of macrophage-as-
sociated toxic metabolites or lentiviral products.

It is now well established that inflammatory dis-
eases, including those that involve the CNS, are
characterized by a sequence of cell events that are,
for the most part, initially staged at the vascular level.
Leukocytes first roll and marginate and subsequently
adhere to the endothelial membrane at inflammatory
sites before extravasation from the vascular lumen.
These cell events are mediated by a repertoire of
cytokine-inducible, cell surface adhesion molecules
on both endothelium and leukocytes. Three families
of adhesion molecules have been described: se-
lectins, integrins, and members of the immunoglobu-
lin superfamily.17-27 It is likely that the kinetics of
expression and avidity of these adhesion molecules
on both endothelium and leukocytes, in concert with
chemotactic stimuli, are mechanisms that influence
the numbers and types of inflammatory cells at tissue
sites, since neutralization of adhesion molecule ac-
tivity in vivo with relevant blocking antibodies influ-
ences the nature and extent of subsequent cellular
infiltration.28-31 Thus, determining which adhesion
molecules are involved in a particular inflammatory
disease has important implications for understand-
ing events responsible for leukocyte recruitment and
for subsequently designing rational therapeutic
blocking strategies for that disease.

Similar to patients infected with HIV-1, rhesus mon-
keys infected with simian immunodeficiency virus
(SIV) develop opportunistic infections, neoplasms,
and primary lentivirus-induced inflammatory dis-
eases, including AIDS encephalitis.32-36 SIV exhibits

extensive similarity to HIV-1 in genomic organization,
gene sequences, and biological properties.33'37'38
Furthermore, histological evaluations of AIDS en-
cephalitis in both HIV-1-infected humans and SIV-
infected monkeys have demonstrated significant
morphological parallels.39 40 Therefore, SIV-infected
rhesus monkeys represent a useful animal model in
which to study the pathogenesis of AIDS encephalitis
in HIV-1-infected patients.

Previously, we reported that vascular cell adhesion
molecule-1 (VCAM-1), a member of the immuno-
globulin supergene family, was induced on brain
endothelium in SIV-infected animals with AIDS en-
cephalitis and that increased soluble levels of
VCAM-1 could be detected in cerebrospinal fluid from
affected animals.41 The functional significance of this
expression and the relative contribution of other ad-
hesion molecules were not assessed. In this report,
using a tissue-leukocyte adhesion assay and block-
ing antibodies to relevant adhesion ligands, we dem-
onstrate that monocyte adhesion to endothelium in
simian brain: 1) occurs in encephalitic tissue from SIV-
infected animals and not in nonencephalitic brain, 2)
is confined to endothelium expressing VCAM-1, and
3) is primarily mediated by the VCAM-1/VLA-4 adhe-
sion pathway.

Materials and Methods

Animals and Virus

Brain tissue from 1 1 rhesus monkeys (Macaca mu-
latta) and one Formosan macaque (Macaca cyclo-
pis) was collected at death and used for routine
histological, immunohistochemical, and tissue adhe-
sion assays. Six of these animals were experimen-
tally infected with SIV. The strains of SIV used for
experimental infection, survival time, age, and histo-
pathological findings are shown in Table 1. The ex-
perimental inoculation of one of these animals, 316-
85, has been described in detail previously.33'42
Animals 144-85 and 121-84 were inoculated intra-
venously with 0.5 ml of a 1:100 dilution of cell-free
supernatant from SlVmac251-infected human pe-
ripheral blood mononuclear cells. Animal 155-88
was infected intravenously with 1.0 ml of cell-free
supernatant from CEMx174 cells infected with SIV-
mac239 (reverse transcriptase activity = 44 x 103
cpm/ml). Animals 108-89 and 118-89 were inocu-
lated with SIV intracerebrally while under general an-
esthesia. Briefly, a small (2-3 cm) incision was made
over the dorsolateral aspect of the calvarium, the
dura exposed via trephination, and 0.9 ml of cell-free
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Table 1. SIV-Infected Rhesus Monkeys with AIDS Encephalitis

Survival Age
Animal Inoculum (days) (yr)* Other diagnosest
155-88 SlVmac239 (molecularly cloned) 818 3 SV40 (kidney), GCP, CRY, GCL
144-85 SlVmac251 (uncloned) 264 >5 GCP, PC, CMV
316-85 SlVmac239 (molecularly cloned) 167 4 GCP
108-89 SlVsmmB670 (uncloned) 145 3 GCP, ADV
118-89 SlVsmmB670 (uncloned) 201 3 GCP, GCL
121-84 SlVmac251 (uncloned) 143 >8 GCP, GCL, PC, CRY

* At death.
t SV40, simian virus 40; GCP, multinucleated giant cell pneumonia; CRY, cryptosporidiosis; GCL, multinucleated giant cell lymphadenitis;

PC, pneumocystis pneumonia; CMV, cytomegalovirus; ADV, adenovirus.

supernatant (16.4 ng of gag protein) from cultures of
rhesus peripheral blood mononuclear cells infected
with uncloned SIVDeltaB670 (kindly provided by Dr.
Michael Murphey-Corb, Tulane University)39,40,43
was injected into three separate cerebral sites imme-
diately under the exposed dura. For certain experi-
ments, brain tissue from an additional five SIV-
mac251- or SlVmac239-infected animals without
histopathological evidence of AIDS encephalitis was
used, as previously described in detail.41 All animals
demonstrated persistent infection with SIV by mul-
tiple viral isolations from peripheral blood mono-
nuclear cells and/or a rise in serum antibody re-
sponse against SIV proteins, as previously
described

All experimental animals were kept in accord-
ance with the guidelines prepared by the Commit-
tee on the Care and Use of Laboratory Animals, Na-
tional Research Council.

Cells

The human monocytic cell lines, THP-1 and U937,
and the human B cell line, Ramos, were obtained
from the American Type Culture Collection (ATCC
Nos. TIB 202, CRL 1593, and CRL 1596, Rockville,
MD). The human JY B cell line was a gift from Dr.
Jack Strominger (Harvard Medical School, Boston,
MA). Parental murine 300.19 cells and L-selectin-
expressing 300.19 cells transfected with human
L-selectin cDNA4647 were the gifts of Dr. Thomas
Tedder (Dana Farber Cancer Institute, Boston, MA).
All cell lines were maintained in RPMI 1640 medium
supplemented with 100 U/ml of penicillin, 100 pg/ml
of streptomycin, 2 mmol/L glutamine, 25 mmol/L
HEPES, and 10% fetal calf serum (GIBCO Laborato-
ries, Grand Island, NY). For the murine cells, me-
dium was additionally supplemented with 10 x 10-5
mol/L 2-mercaptoethanol. Cells were cultured at a
concentration 0.5 x 106/ml in 75-cm2 polystyrene
flasks (Corning Plastic Works, Corning, NY) in 5%

C02 at 37 C. Immediately before use in the adhe-
sion assay, cells were resuspended in complete
medium at a concentration of 107 cells/ml. For im-
munocytochemical analyses, cells were cytocentri-
fuged onto glass slides, air-dried, and stored desic-
cated at -80 C until further use.

Rhesus Endothelial Cell Binding Assay

An adhesion assay utilizing rhesus monkey umbilical
vein endothelial cells (RUVEC) was performed as a
positive control for rhesus monkey intercellular ad-
hesion molecule-1 (ICAM-1)-mediated adhesion of
human cells to rhesus brain endothelium in the tissue
adhesion assay. RUVEC were harvested from rhesus
monkey umbilical cord, as previously described,4a
and were maintained in M199 medium (Whittaker Bio-
products, Walkersville, MD) containing 20%
endotoxin-tested fetal bovine serum (GIBCO Labo-
ratories), 90 pg/mI preservative-free porcine heparin
(Sigma Chemical Co., St. Louis, MO), 100 pg/ml bo-
vine hypothalamus extract (Otsuka America Pharma-
ceutical Inc., Rockville MD), 50 U/ml of penicillin, 50
pg/ml of streptomycin, and 0.25 pg/ml of amphoteri-
cin B (GIBCO Laboratories). Cells were grown to con-
fluence in gelatin-coated 75-cm2 polystyrene flasks
and were passaged by dislodgment with washes of
2.5 g/l trypsin (Sigma Chemical Co.) and calcium-
and magnesium-free Hanks' balanced salt solution
(GIBCO Laboratories) and reseeding onto other
gelatin-coated flasks or flat-bottomed 96-well plates.

For binding studies, RUVEC (<9th passage) were
first plated onto gelatin-coated flat-bottomed 96-
well plates and cultured for 48 hours or until conflu-
ent. Some cultures were subsequently stimulated
with 10 ng/ml human recombinant tumor necrosis
factor-a (TNF-a) (Sigma Chemical Co.) for 4 hours,
followed by rinsing in supplemented medium. Next,
106 cells were added to each well and incubated
with RUVEC for 30 minutes at 37 C. After incuba-
tion, nonadherent cells were removed from wells by
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two consecutive washes with complete medium,
placed on another 96-well plate, and counted. The
number of nonadherent viable cells was determined
by a colorimetric assay based on the ability of live
cells to reduce a tetrazolium-based compound
(MTT) (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tet-
razolium bromide) to a blue formazan product.49
Briefly, 0.5 mg/ml of MTT was added to the nonad-
herent cell fraction for 4 hours at 37 C, during which
mitochondrial dehydrogenase from the nonadherent
cells reduced MTT, resulting in insoluble formazan
crystals. The subsequent addition of 150 pi/well of
anhydrous isopropanol yielded a colorimetric
change proportionally related to the quantity of mi-
tochondrial dehydrogenase and resultant formazan
crystals. The number of nonadherent cells was then
determined from a standard curve of optical density
versus cell number, and the number of adherent
cells was calculated by subtraction. Consistent re-

sults were obtained using RUVEC passaged less
than 9 times.

Specificity for a particular adhesion pathway was

deduced if significant inhibition of binding was

achieved using relevant neutralizing antibodies
against VCAM-1, LFA-1, VLA-4, or L-selectin (Table
2). Briefly, endothelial cell monolayers were incu-
bated with F(ab')2 fragments of antibodies, while
cells were pretreated with relevant whole antibodies
diluted in supplemented RPMI medium for 30 min-
utes at 37 C (Table 2). Control wells contained
supplemented medium only or F(ab')2 fragments of
the antihuman transferrin receptor antibody, 5E9
(kindly provided by Drs. Walter Blattler and John
Lambert, Immunogen Inc., Cambridge, MA), which
does not recognize the rhesus monkey epitope
(Drs. W. Blattler, J. Lambert, and D. Ringler, unpub-
lished observations).50 Anti-leukocyte common anti-
gen (LCA; CD45) monoclonal antibodies (Table 2)
(DAKO Corp., Carpinteria, CA) were used as control

antibodies for cell lines.51 Cell lines were added to
wells containing RUVEC in the continued presence

of antibodies and assayed as described.

Preparation of Brain Tissue

For histological analyses, representative sections of
brain were fixed in 10% phosphate-buffered forma-
lin, processed by routine histological techniques,
and stained with hematoxylin and eosin. For immu-
nohistochemistry and tissue adhesion assays, brain
tissue was embedded in OCT compound (Miles
Inc., Elkhart, IN) and snap-frozen in 2-methylbutane
cooled in dry ice. Serial sections were cut on a

cryomicrotome at a thickness of 7 p for immunohis-
tochemical analyses and 10 p for tissue adhesion
assays. Tissue sections were then mounted on

gelatin-coated glass slides and allowed to air-dry at
25 C for 2 hours before use.

Tissue Adhesion Assay

A modification of the in vitro adhesion assay first
described by Stamper and Woodruff52 and used
more recently by Yednock et al.28 was utilized to
assess cell adhesion to endothelium in encephalitic
monkey brain. Desiccated sections of frozen brain
from SIV-infected animals with and without encepha-
litis and uninfected normal control animals were first
pretreated with RPMI 1640/10% fetal calf serum for
10 minutes at 4 C. Next, 106 cells in 100 pl of RPMI
1640/10% fetal calf serum were layered onto each
tissue section, and the section and cells were placed
on a gyratory shaker (Eberbach Corp., Ann Arbor,
MI) at 60 rpm for 30 minutes at 4 C. For JY cell
binding and evaluation of ICAM-1-mediated adhe-
sion, the procedure was performed at 37 C. As a

Table 2. Antibodies Usedfor Adhesion Assay

Reference
Antibody Antigen Isotype No. Source

2G7 VCAM-1 IgGl F(ab')2 53, 61 W. Newman, Otsuka America
Pharmaceutical Inc.,
Rockville, MD

3B7 E-selectin IgG2a F(ab')2 53, 61 W. Newman
25.3 CD1la (a chain of LFA-1) IgGl 78, 79 AMAC Inc., Westbrook, ME
MHM23 CD18 IgGl 80 DAKO Corp., Carpinteria, CA
HP2/1 CD49d (a chain of VLA-4) IgGl 81, 82 AMAC Inc.
LAMl-3 L-selectin IgGl 54 T. Tedder, Dana Farber Cancer Institute,

Boston, MA
PD7/26 and CD45 IgGl 51 DAKO Corp.

2B1 1
5E9 Human transferrin receptor IgGl F(ab')2 50 W. Blattler, J. Lambert, Immunogen Inc.,

(irrelevant in macaques) Cambridge, MA
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positive control for the evaluation of L-selectin-medi-
ated adhesion, fresh frozen rhesus monkey lymph
node sections were used as a binding substrate at 4
C. After incubation, all sections were gently rinsed in
cold 0.15 mol/L phosphate-buffered saline (PBS),
fixed in 1% glutaraldehyde in PBS for 15 minutes at
4 C, rinsed in PBS/0.2% gelatin (pH 7.2), and sub-
sequently stained with 0.5% toluidine blue/30% etha-
nol for 15 to 20 seconds. After rinsing in 100% etha-
nol, the stained sections were mounted and
examined microscopically. Experiments were per-
formed a minimum of five times using encephalitic
brain tissue from SIV-infected animals and three
times on tissue from the uninfected controls.

To determine the relative contribution of various
adhesion pathways in monocyte-endothelial interac-
tions using this assay, we used a number of neutral-
izing monoclonal antibodies specifically directed at
adhesion ligands on cell lines and on brain tissue
from encephalitic and nonencephalitic SIV-infected
animals as well as normal, uninfected control ani-
mals (Table 2). Briefly, before the cell-tissue incuba-
tion, tissue sections, cells, or both were incubated
for 30 minutes at 4 C with saturating concentrations
(20 pg/mI) of monoclonal antibodies to VCAM-1, the
a4 subunit (CD49d) of VLA-4, and CD11a and
CD18 of LFA-1 (Table 2). In addition, the specificity
of anti-VCAM-1 antibody, 2G7, was assessed by
saturating it with excess soluble VCAM-1 (100
pg/ml) for 30 minutes at 4 C before use in the tissue
adhesion assay. Purified soluble VCAM-1 was ob-
tained by ligation of a truncated form of VCAM-1
cDNA to the expression vector, pCDN-1, and trans-
fected in COS cells as previously described.53
Monoclonal antibodies to the human transferrin re-
ceptor (5E9; irrelevant in rhesus monkeys) and LCA
were used on tissues and cell lines, respectively, as
controls. L-selectin-expressing 300.19 cells and
nontransfected 300.19 cells, along with neutralizing
concentrations of LAM 1-3 against L-selectin (as-
citic fluid diluted 1:100)54 were used in the assay to
investigate the contribution of L-selectin in mono-
cyte adhesion to simian brain endothelium.

Cell binding to tissue sections was assessed by
microscopic examination and manual counting of
bound cells per linear unit of endothelium. Briefly,
quantification of cell binding was performed by
evaluating all vessels in a tissue section having
width and length sums (vascular dimension unit) 2
150 p. For each vessel, a binding coefficient was
determined by the quotient of bound cells/vascular
dimension unit. At least 15 vessels in each tissue
section were used to obtain the mean binding coef-
ficient (MBC) ± 1 SEM for each tissue. MBC values

could vary in absolute number between each as-
say; yet, relative to one case or another, there was
significant consistency. Therefore, cell binding inhi-
bition was measured as the percentage of MBC
obtained using blocking or control antibodies rela-
tive to the MBC obtained from a serial tissue section
in the same assay trial without antibody pretreat-
ment.

Immunocytochemistry and
Immunohistochemistry

For immunocytochemistry or immunohistochemistry,
cytocentrifuged cells or tissue sections respectively
were fixed in 2% paraformaldehyde/0.5X PBS (pH
7.2) for 10 minutes at 4 C. A three-layer peroxidase-
antiperoxidase procedure or avidin-biotin-horse-
radish peroxidase complex (ABC) technique with
diaminobenzidine as the chromogen was used, as
previously described.41,55-57 Cytocentrifuged cells
were immunophenotypically characterized using
monoclonal antibodies (Table 2) directed against
LFA-1 (CD1 1a) and VLA-4 (CD49d), while tissue
sections were labeled for VCAM-1, ICAM-1,
E-selectin, and P-selectin, using monoclonal anti-
bodies 2G7 (Table 2), E1/7 (courtesy of Dr. M. Bev-
ilacqua, University of California at San Diego, San
Diego, CA), 3B7 (Table 2), and S12 (courtesy of Dr.
Rodger McEver, University of Oklahoma, Oklahoma
City, OK), respectively.

Combined Tissue Adhesion Assay and
Immunohistochemistry

To determine whether cell binding occurred on endo-
thelium expressing VCAM-1, after performing the ad-
hesion assay, select tissue sections were post-fixed
in 0.5% glutaraldehyde, rather than 1.0% glutaralde-
hyde. An ABC technique was subsequently per-
formed on the same tissue section using monoclonal
antibody, 2G7, directed against VCAM-1. Immedi-
ately after chromogen development, these tissue
sections were fixed again in 10% phosphate-buff-
ered formalin for 10 minutes at 25 C, washed in
PBS/0.2% gelatin, stained for 15 to 20 seconds in
toluidine blue/30% ethanol, rinsed two times in 100%
ethanol, and mounted.

Statistics

Significance was determined using the paired Stu-
dent's t-test. Differences between means were con-
sidered significant when P < 0.05.
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Results

Histopathological Examination of
S/V-Infected Macaques

To investigate the selective adhesion of monocytic
cells to encephalitic brain endothelium, brain tissue
from six SIV-infected macaques was selected for
this study (Table 1). On histopathological examina-
tion, brain tissue from all six had marked diffuse pa-
renchymal and perivascular macrophage and multi-
nucleated giant cell infiltrates, typical of SIV-
induced AIDS encephalitis.39'58 There was no
microscopic evidence of opportunistic pathogens in
the CNS from any animal. Various SIV-related
diseases or opportunistic infections typical of SIV-
infected macaques were seen in other organs, as
described in detail elsewhere (Table 1).32-36
Brain tissue from five SIV-infected rhesus monkeys
without encephalitis and six normal uninfected
macaques was used as control tissue. These
tissues did not have any microscopic abnor-
malities.

Immunohistochemistry and
Immunocytochemistry

Consistent with our previous report,41 all six brains
from animals with AIDS encephalitis expressed
VCAM-1 on endothelium lining parenchymal vessels
using immunohistochemistry. Conversely, brain tis-
sue from the five SIV-infected animals without en-
cephalitis and the uninfected control animals had
no detectable endothelial expression of VCAM-1 in
any section examined. ICAM-1 expression on ves-
sels in encephalitic brain was not significantly differ-
ent from the light, diffuse, constitutive expression
observed in brains from nonencephalitic animals.41
As described previously,41 E- and P-selectin were
not expressed in any affected or unaffected brain
tissue. Macrophage infiltrates in encephalitic tissue
expressed both CD1 1a (LFA-1) and CD49d (VLA-4)
(Figure 1, A-C), leukocyte ligands for ICAM-1 and
VCAM-1, respectively. Thus, immunohistochemical
findings alone could not functionally differentiate the
relative contributions of VCAM-1/VLA-4, ICAM-l/
LFA-1, or L-selectin-mediated interactions in mono-
cyte recruitment to CNS during the genesis of sim-
ian AIDS encephalitis.

Cells Selectively Adhered to Brain
Endothelium from Animals with AIDS
Encephalitis

We next used a tissue adhesion assay to discrimi-
nate the relative functional role of each adhesion
pathway in monocyte binding to endothelium in sim-
ian encephalitic brain. Two monocytic cell lines
(THP-1 and U937) and one B cell line (Ramos) were
used to study VCAM-1/VLA-4 interactions, because
all three cell lines express CD49d and have been
shown to bind to VCAM-1-transfected COS cells or
VCAM-1-expressing human umbilical vein endothe-
lial cells (HUVEC).5960 Using this tissue adhesion
assay, U937, THP-1, and Ramos cells selectively
bound to endothelium in encephalitic brain tissue,
while little to no binding was observed in normal
macaque brain tissue (Table 3) or brains from non-
encephalitic SIV-infected animals. MBC values for
encephalitic brain tissue were generally one order
of magnitude greater than MBCs for normal brain
tissue, while Ramos cells did not bind at all to nor-
mal macaque brain (Table 3). Furthermore, cell
binding was confined to endothelial sites (Figure
1 D). However, there was no correlation between the
severity of inflammatory changes in brain and the
degree of cell adhesion to endothelium.

Cells Bound Only to Brain Endothelium
Expressing VCAM-1

We next investigated whether cells adhered prefer-
entially to specific endothelial immunophenotypes
derived from brains with simian AIDS encephalitis.
More specifically, immunohistochemistry was used
after the tissue adhesion assay to assess if binding
occurred only to vessels expressing specific adhe-
sion molecules. Using this adhesion/immuno-
histochemistry combination, U937, THP-1, and Ra-
mos cells bound only to vessels that had diffuse
endothelial expression of VCAM-1 (Figure 1D). Ves-
sels with either no or only subtle, focal VCAM-1 im-
munoreactivity did not have significant numbers of
bound cells (Figure 1E).

VCAM- 1/VLA-4 Mediated Significant
Monocyte Attachment to Endothelium in
Brain Tissue with SIV-Induced AIDS
Encephalitis

Because cells in the tissue adhesion assay bound
only to vessels expressing VCAM-1, we next exam-
ined the relative contribution of VCAM-1 in mediat-
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Figure 1. Photomicrographs of brain from animals with SIV-induced AIDS encephalitis. A: Neuropil contains perivascular i?ifiltrates of macro-
phages and muiltinuicleated giant cells (H&E, X 175). B,C: Immunohistochemical staining demonstrates that many of these inflammatory cells co-
express CD49d ( VLA-4), the leukocyte ligand for enidothelial VCAM-1 (B), and CDlla (LFA-1), the leukocyte ligand for ICAM-1 (C) (ABC tech-
nique with Maver's hemnatoxylin counterstain, X230). D, E: On tissue sections from encephalitic brain, U937 cells adhere exclusively to vessels
expressing VCAM-1, as detected by the brown diaminobenzidine reaction product (D), whereas in the same assay, adjacent vessels with either
subtle or no immunoreactivityfor VCAM-1 did not have significant numbers ofbound cells (E) (modified Stamper and Woodruffadhesion assay52
anid ABC techntiquie with anti-VCAM-1 monoclonal antibody, 2G7; toluidine blue counterstain, X350).

ing binding of these cells to encephalitic brain
endothelium. However, using U937 cells, pretreat-
ment of affected tissues with whole antibodies di-
rected at VCAM-1 (blocking antibody 2G7) resulted
in a greater than 50% increase in cell binding rela-
tive to untreated brain tissue (data not shown). As
previously observed,61 these results were consis-
tent with Fc-receptor-mediated binding of U937
cells to simian endothelium.

Therefore, we next pretreated encephalitic brain
tissue sections with F(ab')2 fragments of anti-
VCAM-1 antibodies (2G7). Using either monocytic
cell line, U937 (Figure 2A) or THP-1 (Figure 2B), in

five of six affected brains, up to 70% inhibition of
cell binding was observed after tissue pretreatment
(P < 0.05). In contrast, pretreatment of the tissue
sections with F(ab')2 fragments of the control mono-
clonal antibody, 5E9, did not significantly inhibit cell
binding in any of six cases with THP-1 cells and in
five of six with U937 cells (Figure 2, A and B). When
anti-VCAM-1 antibodies were preincubated with ex-
cess purified soluble VCAM-1 (100 pg/ml) before
use in the tissue adhesion assay, the inhibitory ef-
fect of the antibodies on cell binding was abolished
(Figure 2A). Similarly, when either U937 cells (Fig-
ure 2A) or THP-1 cells (Figure 2B) were pretreated

r.I :.
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Table 3. Mean Binding Coefficientsfor U937, THP-1,
and Ramos Cells to Brain Vessels in
SIV-Infected Animals with AIDS Encephalitis
and Uninfected Controls

Animals U937 THP-1 Ramos

SIV encephalitis
155-88 4.2 + 1.1* 16.2 ± 2.3 15.7 + 2.2
144-85 1.5 ± 0.8 12.9 + 3.1 12.8 + 2.8
316-85 21.0 + 4.1 8.6 + 1.3 27.7 + 5.5
108-89 10.4 ± 2.0 28.0 + 3.7 13.5 + 2.3
118-89 6.6+ 1.7 7.9 ± 1.5 17.8 + 2.9
121-84 3.9 + 0.9 17.9 + 2.9 25.7 + 4.4

Uninfected
controls
328-87 0.5 + 0.3 2.3 ± 0.8 0.0
399-79 1.5 +1.4 1.4 ± 0.2 0.0
170-85 0.1 - 1.5 5.2 ± 1.2 0.0
401-70 0.6 + 0.4 1.2 + 0.5 0.0
32-83 0.0 0.9 + 0.5 0.0
501-78 0.0 2.4 ± 1.7 0.0

* Values represent mean binding coefficient (x103) + 1 SEM.

with anti-CD49d antibodies (aVLA-4), up to 80% in-
hibition in cell binding was observed (P < 0.01 on

five of six cases). Furthermore, when the Ramos B
cell line was used, there was significant (P < 0.05)
inhibition of cell binding in all six cases of AIDS en-

cephalitis when tissues were pretreated with anti-
bodies to VCAM-1 or cells with antibodies to VLA-4
(data not shown). Pretreatment of the cell lines with
LCA antibodies of the same isotype and concentra-
tion had no significant inhibitory effect (data not
shown). In addition, pretreatment of U937 and
THP-1 cells with antibodies to CD1 la had no signifi-
cant inhibitory effect in five of the six cases exam-

ined (Figure 2, A and B). Thus, VCAM-1/VLA-4 inter-
actions were crucial for successful cell binding to
brain endothelium using the tissue adhesion assay.

In general, inhibition of cell binding was slightly
greater using antibodies to CD49d rather than anti-
bodies to VCAM-1 (Figure 2, A and B). Using U937
cells, anti-VCAM-1 antibodies inhibited cell binding
78 + 8%, whereas anti-CD49d antibodies inhibited
89 + 4% (Figure 2A). Similarly, using THP-1 cells,
inhibition using anti-VCAM-1 antibodies was 71 +

3%, while 87 + 6% inhibition was obtained using
antibodies to CD49d (Figure 2B).

ICAM- 1/LFA- 1 Interactions at Endothelial
Sites in Encephalitic Brain Tissue Were
Not Significant Using the Tissue
Adhesion Assay

Because we could not demonstrate ICAM-1/CD1 la-

mediated adhesion between U937 or THP-1 cells
and endothelium in brain from animals with AIDS
encephalitis, we next examined ICAM-1-mediated

VLA-4

VCAM-1

VCAM-IICD1 1a

VCAM-1/sVCAM

CD11a

SE9

0 20 40 60

Percent Inhibition

VLA-4

VCAM-1

VCAM/CD1 1 a

CD11a

SEQ

0 20 40 60

Percent Inhibition

80 100

80 100

Figure 2. Inhibition (%) of U937(A) and THP-1 (B) cell adhesion to
vessels in frozen sections of brain from animals with SIV-induced
AIDS encephalitis when neutralizing antibodies against VLA-4
(CD49d) and LFA-1 (CD1 la) were used to pretreat cells or F (ab' )2
fragments of antibodies against VCAM-1, irrelevant F (ab' )2 frag-
ments (SE9), or soluble VCAM-1 (sVCAM) were used to pretreat brain
tissue sections. Each bar represents the mean + 1 SEM for all six

cases of encephalitis, and inhibition for each case was assessed in re-

lation to binding without pretreatment.

interactions further using the B lymphoblastoid cell
line, JY, which has previously shown to avidly ad-
here to unstimulated HUVEC using the LFA-1/
ICAM-1 pathway.59'62 Similarly, when assayed on

RUVEC, JY cells bound unstimulated monolayers
when performed at 37 C (Figure 3). In addition, pre-

treatment of JY cells with neutralizing concentra-
tions of monoclonal antibodies directed against ei-
ther CD11a or CD18 significantly decreased this
binding by 40% and 55%, respectively (P < 0.02;
Figure 3). These results demonstrated that JY cells
avidly bound RUVEC, at least in part, using the
LFA-1/ICAM-1 pathway and, most importantly, could

_ ~~A
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L-Selectin Had Only a Modest
Contribution in Cell Adhesion to
Endothelium in Simian AIDS Encephalitis

We next examined the relative functional role of the
selectins in cell attachment to endothelium in simian
encephalitic brain using the tissue adhesion assay.
P- and E-selectin were not considered further, since
no detectable expression of either one was seen in
encephalitic brain using immunohistochemistry.41
However, since monocyte attachment to activated
HUVEC is partially mediated by L-selectin under

0 1 0 20 30 40 50 nonstatic conditions,13 we examined the contribu-

Cells Bound/Well (x104) tion of L-selectin in mediating cell binding to endo-
N111 (fadclrint j) cl//.,; to ils Coitnning dinsctmdl- thelium in encephalitic tissue.
.\"C 1(R

monolayers. Ant)ibodie to(ll CM)!/(la CO}tD18i. l
adlCA ereAsa p sI -s lecinNC irlU()/(l}'cPluxi7ti/55/[(4(1)1/oti.(Dicdnl*c7L(1 ii C/c96 As a positive control, we first utilized L-selectin

J1)55Cc/1/r1 /) ic addc/itioln to Ivillsl//1 )itreatc/dboundt/1) expressing 300.19 cells transfected with human
''p)reS'I'sen1)d tbe' . ELT /bar. Eacb/ har r'epr'esents tbet IIIC(III2
pboeen1//('cl tohicCR I/dinlcriic ,a Clewlls _1c /ISE11. L-selectin cDNA on rhesus monkey lymph node

sections and found that these cells bound to high
to assess ICAM-1-mediated leukocyte ad- endothelial venules and germinal centers, similar to
to endothelium in simian encephalitic previous studies using human lymph node sub-

strates.46 When these cells were applied to en-

ver, using the tissue adhesion assay at 37 cephalitic brain in the adhesion assay, there was a
bserved that JY cells bound only minimally moderate decrease in cell binding in all five cases
endothelium in animals with AIDS encepha- examined after pretreatment of cells with neutraliz-
Dle 4). Binding coefficients using JY cells ing antibodies to L-selectin; however, in only one
nerally one order of magnitude lower than case (118-89) was this decrease statistically signifi-
Mtained using U937, THP-1, or Ramos cells cant (Table 5). Furthermore, when binding coeffi-
3). Moreover, pretreatment of JY cells with cients between L-selectin-transfected and nontrans-
es to CD18 had no significant effect on cell fected 300.19 cells were compared, no significant
in four of five cases examined (Table 4). In increase in binding to encephalitic brain was ob-
pretreatment of JY cells with antibodies served with the L-selectin transfected cell line

VLA-4 decreased cell binding by greater (Table 5). These results demonstrate that, at least
%, although this decrease was statistically using the tissue adhesion assay, the contribution of
nt in only three of five cases due to the L-selectin in mediating cell adhesion in simian AIDS
ow MBCs observed in the cases examined. encephalitis, if any, appears to be minor compared
e, using JY cells in the tissue adhesion as- with VCAM-1/VLA-4 interactions.
M-1/f32 integrin-mediated adhesion was not
d in the majority of encephalitic cases ex-
These results are concordant with the low Discussion

et detectable, expression of ICAM-1 on This study demonstrates that the monocytic cell
lium in both encephalitic and normal brain lines U937, THP-1, and Ramos selectively adhere to
munohistochemical techniques. endothelium in brain from animals with SIV-induced

Table 4. mi/an i3inding C oct/ici/n to)r /1 Ce// Bindingl to Bralinm I cPsscs in SII In/ltcde Aniiima/ls ni/it AIDS Funccl)p/ditis
(inodfifled Stal)mI)iJ)cr iaid 1 nodeulW Ass at 37 ()
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1.4 + 0.6t
1.5 -+ 0.9
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0.5 + 0.5

2.69 + 1.3
3.46_ 1.7
5.16 _ 2.4

caCD18

0 -4- 0t
0.78 _ 0.2
1.38 0.6
5.18 + 1.7
6.2 3.6

caCD49d

0.23 _ 0.2t
_u

0.63 0.4
0.99 _ 0.5t
1.05 + 0.7t
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t Values represent mean binding coefficient (x 103) l SEM.
t Statistically significant (P < 0.05) from CNTL group.
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Table 5. Mean Binding Coefficients for L-Selectin-
Transfected 300.19 and Nontransfected 300.19
Cells to Brain Vessels in SIV-Infected Animals
with AIDS Encephalitis

300.19 L-selectin-
transfected

300.19
nontransfected

Animals aLCA aL-sel aLCA aL-sel

155-88 1.6 ± 0.5* 0.4 + 0.3 6.4 ± 1.1 3.5 ± 0.9
144-85 3.5 ± 1.5 0.4 ± 0.4 3.7 ± 2.2 3.8 ± 1.4
108-89 3.8 ± 1.4 2.8 + 1.4 3.1 ± 0.6 1.7 ± 0.8
118-89 7.5± 1.3 2.9 0.9t 27.1 ±3.3 19.9+ 1.8
121-84 1.7 ± 1.1 0.3 ± 0.3 0.9 ± 0.5 2.7 ± 1.7

* Values represent mean binding coefficient (x103) + 1 SEM.
t Statistically significant (P < 0.05) from aLCA group.

AIDS encephalitis. Furthermore, up to 80% of this
adhesion can be inhibited by pretreatment of cells
or tissues with neutralizing monoclonal antibodies to
either VCAM-1 or VLA-4. In contrast, using cells ca-
pable of interacting with rhesus monkey ICAM-1
and the ligand for L-selectin, we found no similar
functional role for ICAM-1- and L-selectin-mediated
adhesion in simian encephalitic brain. Furthermore,
endothelial E- and P-selectin were not detected in
encephalitic parenchymal tissue using immunohis-
tochemistry. These findings suggest that the mono-
cytic cell infiltrates characteristic of AIDS encepha-
litis may be recruited as a result of VLA-4NCAM-1-
mediated adhesive interactions between blood
monocytes and brain endothelium. As such, inhibi-
tion of this pathway may prove effective in decreas-
ing monocyte recruitment to the CNS in lentivirus-
infected animals or humans.

In all cases except one, pretreatment of cells with
neutralizing antibodies to VLA-4 (aCD49d) resulted
in slightly greater inhibition of cell binding than did
pretreatment of tissue sections with neutralizing an-
tibodies to VCAM-1. These differences were statisti-
cally significant (P < 0.02) for THP-1 cells but not
for U937 cells. Although speculative, the greater ef-
ficiency of antibodies to VLA-4 in cell binding inhibi-
tion compared with antibodies to VCAM-1 alone
may be the result of their ability to prevent cell inter-
actions with both VCAM-1 and the CS1 domain of fi-
bronectin.2464 Alternatively, the anti-VLA-4 antibody
may be a more effective blocking reagent. Whether
neutralization of VLA-4 activity in vivo results in a
more efficient blockade of VLA-4NCAM-1 interac-
tions than that obtained by neutralization of VCAM-1
activity alone will require further studies with animal
inflammatory models.
These findings provide further evidence for the

selective recruitment of mononuclear cells to inflam-
matory sites by the activity of specific adhesion mol-

ecules. Most recently, Yednock et al.26 and Baron et
al.29 have reported VLA-4-dependent adhesion of
lymphocytes to activated endothelium in CNS during
the development of experimental autoimmune en-
cephalomyelitis. Moreover, VCAM-1NLA-4 interac-
tions have been implicated in the development of
mononuclear cell infiltrates in adjuvant-induced30
and spontaneous arthritis,21'2324'65 atherogenesis,66
experimental models of dermatitis,30,31,67,66 and in
murine cardiac allograft rejection.69

Recently, monocyte attachment to TNF-a-stimu-
lated HUVEC under nonstatic conditions was shown
to be mediated, in part, by L-selectin.63 However, we
observed only minimal L-selectin-mediated binding
of L-selectin-transfected 300.19 cells to vessels in
encephalitic brain, despite their avidity for rhesus
monkey high endothelial venules in normal lymph
node. In addition, significant inhibition of binding us-
ing neutralizing antibodies to L-selectin was ob-
served in only one of five cases examined. Moreover,
adhesion between L-selectin-transfected 300.19
cells and endothelium in simian AIDS encephalitic
tissue was quantitatively similar on a per case basis
to binding using nontransfected 300.19 cells. There-
fore, when examined individually in the adhesion as-
say, the contribution of L-selectin-mediated binding,
if any, appears modest.

Similarly, in five of the six cases examined, we
did not observe significant inhibition of cell binding
by pretreatment of U937 and THP-1 monocytic cells
with neutralizing antibodies to CD1 la (LFA-1), the
leukocyte ligand for endothelial ICAM-1. These re-
sults are similar to findings in rat brain with experi-
mental autoimmune encephalitis in which U937
cells and rat peripheral blood mononuclear cells
were not inhibited from binding to encephalitic brain
after pretreatment with antibodies to LFA-1.26 More-
over, using a cell line (JY) that avidly binds to rhe-
sus monkey ICAM-1 at 37 C, we observed no sig-
nificant inhibition of cell binding to encephalitic
tissue after pretreatment of cells with antibodies to
CD18 in four of five cases examined. Therefore,
similar to the findings for L-selectin, ICAM-1/12 inte-
grin interactions, at least in the tissue adhesion as-
say, appear less critical in cell binding to endothe-
lium in SIV-induced AIDS encephalitis than do
VCAM-1/a4f31 integrin binding events.

First described by Stamper and Woodruff,52 ad-
hesion assays on tissue sections have been useful in
delineating specific endothelial/leukocyte interac-
tions at the tissue level in both normal and diseased
states.242670 Collectively, with immunohistochemi-
cal detection of specific adhesion proteins in tissues,
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these assays provide useful functional data for fur-
ther work on novel anti-inflammatory therapeutic ap-
proaches. As no immunohistochemical detection of
P-selectin was observed in either normal or en-
cephalitic brain,41 it is unlikely to have a role in mono-
cyte adhesion to endothelium during the develop-
ment of simian AIDS encephalitis. Similarly,
E-selectin was not observed in any case of simian
AIDS encephalitis not complicated by terminal sep-
sis.41 However, it is unlikely that VCAM-1NLA-4 in-
teractions are solely responsible for recruitment of
mononuclear cells to the CNS in SIV-induced AIDS
encephalitis, and we cannot rule out that other
adhesion pathways, although having a minor contri-
bution in the adhesion assay when examined indi-
vidually, work in concert in vivo to significantly con-
tribute to monocyte/endothelial adhesion.

Several investigators have demonstrated that
AIDS encephalitis is characterized by the increased
expression or elaboration of specific cytokines,
such as TNF-a71 and TGF-13,72 or toxic metabolites,
such as quinolinic acid,73 in the brain. More re-
cently, Genis et al.10 reported that cocultures of
HIV-infected monocytes and astroglia produce high
levels of TNF-a and IL-18. Interestingly, both of
these cytokines induce endothelial expression of
VCAM-1 in vitro. 17,59,61 Furthermore, cells express-
ing VLA-4 selectively bind to TNF-a-stimulated74,75
and IL-1-stimulated76,77 endothelium in vitro. How-
ever, the exact mechanisms responsible for
VCAM-1 expression and subsequent monocyte re-
cruitment to the CNS in AIDS encephalitis are un-
known. Regardless of the inciting events, abroga-
tion of monocyte recruitment in this disorder, using
neutralization strategies against VLA-4 or VCAM-1
activity in vivo, may be a useful therapeutic ap-
proach for either patients with AIDS encephalitis or
those HIV-1-infected individuals predisposed to it.
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