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Primary cultures of buman brain microvessel
endotbelial cells were used to study the effects of
buman recombinant interferon-vy (IFN-y) on ce-
rebral endothelium in vitro Incubation of mono-
layers with various concentrations of IFN-y(10to
200 U/ml) for 12 to 96 bours induced surface ex-
pression of class Il major bistocompatibility com-
plex (Ia) antigen in a time- and concentration-
dependent manner. In immunogold-stained cul-
tures, labeling was observed as early as 12 bours,
was maximal after 48 bours, and persisted at pla-
teau levels in the continuous presence of the cy-
tokine. Expression was blocked by coincubation
with anti-IFN-yantibody and was reversed 4 days
Sollowing removal of IFN-v from the culture me-
dia. Endotbelial cells treated with IFN-y for 3 to 4
days became spindle-shaped, extensively over-
lapped, and frequently formed cellular whorls.
These changes did not occur in the presence of
anti-IFN-vy antibody and reversed upon removal
of IFN-y from the media. The morpbological al-
terations were associated with increased perme-
ability of confluent monolayers to macromole-
cules as compared with untreated cultures. The
results of these studies indicate that buman brain
microvessel endotbelial cells respond to in vitro
cytokine stimulation by undergoing profound
morpbological, functional, and permeability
changes. We conclude that cerebral endotbelium
may play an important role in the initiation and
regulation of lympbocyte traffic across the blood-
brain barrier in inflammatory disorders of the

buman central nervous system. (Am J Pathol
1993, 142:1265-1278)

Inflammatory and autoimmune demyelinating dis-
eases of the central nervous system (CNS), such as

multiple sclerosis (MS) and its prime animal model,
experimental autoimmune encephalomyelitis (EAE),
are characterized by increased permeability of the
blood-brain barrier (BBB) and migration of lympho-
cytes from blood into brain through the cerebral vas-
culature that normally excludes circulating inflamma-
tory cells from the brain. Since brain endothelial cells
are the first native cells of the CNS to encounter cir-
culating lymphocytes, membrane interactions be-
tween these two cell types may be important in initi-
ating a localized immune response. The specific
mechanisms that mediate such interactions and are
responsible for the selective adhesion and transmi-
gration of lymphocytes across the cerebral endothe-
lial barrier have not yet been fully investigated. A large
body of evidence indicates that endothelial cells lin-
ing extracerebral blood vessels may be induced to
express class Il major histocompatibility complex
(MHC Il or la) antigens following in vitro or in vivo
stimulation with interferon-y (IFN-y) and may thus act
as antigen-presenting cells for circulating CD4* T
lymphocytes.’® In addition, IFN-y-treated endothe-
lial cell monolayers increase lymphocyte adhesion
and transmigration as compared with untreated
monolayers.®-13

Endothelial cells lining the cerebral blood vessels
are morphologically and functionally different from
endothelial cells of other vascular beds. The pres-
ence of interendothelial tight junctions that restrict the
paracellular movement of macromolecules, a paucity
of cytoplasmic vesicles, and specialized membrane
transport systems endow these cells with unique bar-
rier properties. The role of the cerebral endothelium
in CNS inflammation remains ill defined and rather
controversial. Recently, molecular changes on the ce-
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rebral endothelium have been increasingly impli-
cated as important modulators of the initial stages of
the localized immune response. Thus, rat and guinea
pig brain microvessel endothelium can be induced to
express la antigen by IFN-vy in vitro'#-'®, and isolated
mouse brain endothelial cells, treated with con-
canavalin A-conditioned media, are able to present
antigen to myelin basic protein-sensitized lymph
node cells.'® Other studies, however, report expres-
sion of la antigen by brain microvascular smooth mus-
cle or microglia rather than endothelial cells'”-'® and
indicate that smooth muscle cells can present antigen
to specific T-cell lines to a much greater extent than
endothelial cells.’® In vivo immunohistochemical
studies have demonstrated la antigen expression on
endothelial cells, in addition to astrocytes, microglia,
and macrophages in acute, active chronic, and silent
chronic MS lesions,2%2" in graft-versus-host dis-
ease,?? and in simian immunodeficiency virus en-
cephalitis.?® Similar studies in EAE, however, are
rather conflicting, since la antigen expression by
brain endothelium has been reported by some?4-25
but not other investigators.26-27

In the present study, the induced expression of la
antigen by human cerebral endothelium was inves-
tigated in primary cultures of human brain microves-
sel endothelial cells (HBMEC) treated with recombi-
nant human IFN-vy, a cytokine known to specifically
induce class I| MHC antigen expression. We have
previously reported that HBMEC in culture form con-
fluent monolayers of Factor VIl and Ulex europaeus
agglutinin—positive cells that retain important mor-
phological characteristics of their in vivo counter-
parts, namely, a paucity of cytoplasmic vesicles and
the presence of tight junctions that restrict the
transendothelial passage of macromolecules.?®
Treatment of HBMEC with IFN-vy resulted in de novo
expression of la antigen in a time- and concentration-
dependent manner and induced changes in the mor-
phology, organization, and permeability of the mono-
layers. Our results indicate that IFN-y induces
profound morphological and functional alterations on
human cerebral endothelial cells that may be impor-
tant for antigen presentation and initiation of inflam-
matory responses within the human CNS.

Materials and Methods

Isolation and Culture of Human Brain
Microvessel Endothelial Cells

Primary cultures of endothelial cells were estab-
lished from normal brains at autopsy and temporal
lobectomy specimens as previously described.?®

The isolated clumps of endothelial cells were
seeded onto fibronectin-coated plastic wells (Corn-
ing Plastics, Corning, NY) and maintained in culture
in minimum essential medium a (aMEM) (Gibco,
Burlington, Ontario) supplemented with 10% horse
plasma-derived serum (HyClone Laboratories, Lo-
gan, UT), 256 mM (N-2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid (pH 7.4), 20 ug/ml endothelial
cell growth supplement, 100 pug/ml heparin (all from
Sigma Chemical Co., St. Louis, MO), and penicillin
(100 pg/ml), streptomycin (100 pg/ml), and ampho-
tericin B (2.5 pg/ml) (Gibco) at 37 C in a humidified
2.5% CO0,/97.5% air atmosphere. The endothelial
origin of the cells was confirmed by their strongly
positive, perinuclear immunofluorescence for Factor
Vili-related antigen and their binding of U.
europaeus-| lectin as described previously.?® Cul-
ture media were changed every other day. Conflu-
ent monolayers of contact-inhibiting cells were ob-
tained 5 to 7 days after plating. Cultures were used
as soon as they reached confluency. There were no
differences in the growth pattern and cell morphol-
ogy between cells derived from postmortem brains
and temporal lobectomy specimens.

Antibodies

Mouse monoclonal antibody against human recom-
binant [IFN-y (KM48) and mouse anti-human
HLA-DR IgG (DK22) were obtained from Dimension
Laboratories, Inc. (Missisauga, Ontario). Goat anti-
mouse IgG coupled to 5-nm gold particles (Auro-
probe LMGAM IgG) was obtained from Janssen/
Cedarlane Labs, Ltd., (Hornby, Ontario), and mouse
anti-human pituitary follicle-stimulating hormone IgG
was from Biogenex Laboratories (Dublin, CA).

Treatment of Primary HBMEC Cultures

Human recombinant IFN-y (Collaborative Research,
Inc., Bedford, MA) was diluted in complete media to
a final concentration of 10, 20, 50, 100, 150, and
200 U/ml. Confluent monolayers of HBMEC grown
in replicate wells were incubated with different con-
centrations of IFN-y for 4 days and with 200 U/ml for
12 hours to 4 days at 37 C. Cultures used for these
experiments were derived from endothelial cells iso-
lated from several different brains and temporal
lobectomy specimens. The specificity of la Ag in-
duction by IFN-y was tested in cultures coincu-
bated with IFN-y (200 U/ml) and anti-IFN-y mono-
clonal antibody (optimal concentration, 10 pg/ml)
for 4 days. In order to study the reversibility of la Ag
expression, monolayers previously treated with



IFN-y (200 U/ml) for 4 days were thoroughly
washed with aMEM to remove the cytokine, then
placed in complete media and returned to the incu-
bator for another 4 days prior to la Ag detection.

Immunocytochemical Localization
of la Ag

Light Microscopy Immunocytochemistry

Following incubation with IFN-y, the monolayers
were washed 3 times with buffer containing
phosphate-buffered saline (PBS) (10 mM, pH 7.2),
1% bovine serum albumin (BSA), and 1% normal
goat serum (PBS/BSA/NGS) and incubated for 40
minutes at room temperature with mouse anti-
human HLA-DR monoclonal antibody at 1:30 dilu-
tion in carrier buffer containing PBS, 5% BSA, and
4% NGS. Following brief washing with PBS/BSA/
NGS, the monolayers were incubated with the sec-
ondary antibody (Auroprobe LMGAM IgG coupled
to 5-nm gold particles) diluted 1:40 in carrier buffer
for 60 minutes at room temperature. At the end of
the incubation period, the cells were washed with
PBS/BSA/NGS, fixed in fresly prepared buffered
formaldehyde-acetone fixative (20 mg Na,HPO,,
100 mg KH,PO,, 30 ml distilled H,0, 25 mi 37% for-
maldehyde, and 45 ml acetone) for 30 seconds,
washed with distilled H,O, and incubated in silver
enhancing solution (IntenseM, Janssen/Cedarlane)
for 25 to 35 minutes. After washing with distilled
H,O, the monolayers were counterstained with
Giemsa and coverslipped using JB-4 plus
(Polysciences/Analychem, Markham, Ontario) as
the mounting medium.

Controls included intact monolayers grown in the
absence of IFN-y and cultures incubated with 1)
normal mouse IgG at the same concentration as the
primary antibody (5.9 pg/ml IgG), 2) carrier buffer,
and 3) irrelevant antibody (anti-human pituitary
follicle-stimulating hormone 1gG) instead of the pri-
mary antibody.

Stained monolayers were examined under a Ni-
kon Labophot light microscope. Quantitation of la
Ag expression was performed by counting one cen-
tral and four peripheral randomly selected fields of
each culture well with an ocular grid under X200
magnification. All counts were performed blindly.
Data are expressed as the mean = SEM.

Immunoelectron Microscopy

Confluent monolayers of HBMEC, treated with
200 U/ml IFN-y for 4 days, were washed with buffer
containing PBS, 1% BSA, and 0.2% NaN; (PBS/
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BSA) and incubated with mouse anti-human
HLA-DR monoclonal antibody at 1:30 dilution in car-
rier buffer containing PBS, 5% BSA, and 4% NGS
for 30 minutes at room temperature. After washing
with PBS/BSA, the cells were incubated with 5-nm
gold particle-conjugated secondary antibody (Auro-
probe LMGAMIgG) at 1:40 dilution in carrier buffer
for 45 minutes, washed, and fixed in periodate-
lysine-paraformaldehyde fixative®® overnight at 4 C.
Following fixation, the cells were washed in PBS,
postfixed in 1% buffered OsQ,, stained en bloc with
uranyl magnesium acetate overnight at 4 C, dehy-
drated in graded series of methanol, and embed-
ded in Epon-Araldite. Blocks cut from the embed-
ded cultures were re-embedded for cross-
sectioning. Thin sections were examined in a Philips
EM400 without heavy metal staining. Controls con-
sisted of cells maintained in IFN-y-free growth me-
dia, and monolayers incubated with normal mouse
IgG or carrier buffer instead of the primary antibody.

Scanning Electron Microscopy

Confluent HBMEC monolayers treated with 200
U/ml IFN-y for 3 to 4 days and monolayers incu-
bated for the same period of time with 200 U/ml
IFN-y with the addition of 10 pg/ml anti-IFN-y mono-
clonal antibody, as well as intact control cultures,
were processed for scanning electron microscopy
as described by Schroeter et al.3° Cultures were
washed in Hanks’ balanced salt solution and fixed
in 2.5% glutaraldehyde in 0.05 M sodium cacody-
late buffer (pH 7.2) for 1 hour at 4 C. Following
washing in cacodylate buffer, the cells were post-
fixed in buffered 1% OsQ, for 1 hour, washed in
buffer, and treated with 1% tannic acid for 1 hour.
After further washing in cacodylate buffer, the
monolayers were dehydrated in graded series of
methanol up to 70% and block stained with 4% ura-
nyl acetate overnight at 4 C. The cells were then de-
hydrated with methanol up to 100%, critical point
dried, gold coated, and viewed with a Cambridge
Stereoscan 250T scanning electron microscope.

Permeability Studies

Confluent HBMEC monolayers treated with IFN-y
(200 U/ml) for 4 days were washed with serum-free
aMEM and incubated in aMEM containing 1 mg/ml
horseradish peroxidase (HRP) (Sigma Type VI) for 5
to 10 minutes at 37 C as previously described.3' At
the end of the incubation period, the cells were
fixed in 2.5% glutaraldehyde and 2% paraformalde-
hyde in 0.1 M sodium cacodylate buffer (pH 7.4) for
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1 hour at 4 C. Following washing with buffer, the
monolayers were incubated with 3,3'-diamino-
benzidine (Sigma) for 1 hour at 4 C, washed with
cacodylate buffer, postfixed in 1% buffered OsQ,,
stained en bloc with uranyl magnesium acetate, de-
hydrated with graded series of methanol, and em-
bedded in Epon-Araldite. Thin plastic sections were
examined in a Philips EM400 without heavy metal
staining. Controls consisted of identical age-
matched primary cultures grown to confluence in
IFN-y-free media.

Quantitation of the junctional permeability and pi-
nocytotic activity of endothelial cells was performed
by counting the number of permeable and imper-
meable intercellular contacts and the number of
HRP-labeled and -unlabeled cytoplasmic vesicles
in IFN-y-treated and in untreated cultures.

Growth Studies

Freshly isolated endothelial cells were plated in rep-
licate wells of Corning 24-well plates at a density of
1 X 105 cells/cm? on day 0. On day 1, all experi-
mental wells were refed with complete medium con-
taining IFN-y (150 U/ml). Medium was changed ev-
ery other day. Control cultures were maintained in
growth medium in the absence of IFN-y. The cells
were viewed with a Nikon Diaphot TMD inverted mi-
croscope, and photographs of one central and four
peripheral fields of each well were taken daily at
X100 magnification. The number of cells in each
photograph was counted, and the data are ex-
pressed as the mean = SEM. Student's t-test was
used to determine significant differences between
IFN-y-treated and untreated cultures.

Results
Induction of la Ag Expression

Treatment of cultures with IFN-y induced expression
of la Ag by endothelial cells, which was dependent
upon the concentration and length of exposure to
IFN-y. Surface labeling was observed as early as
12 hours following incubation with 200 U/ml in a
small cell population (9.24 + 0.99%), increased up
to 88.35 = 0.18% after 24 hours, and reached
100% after 48 hours (Fig. 1). la Ag expression
reached plateau levels after 2 days and persisted
for 4 days in the continuous presence of the cyto-
kine. Expression was maximal with 100 to 200 U/m|
IFN-y (100% of cells) and minimal with 10 U/ml
(25.76 = 7%) (Fig. 2). Incubation with 20 U/ml of
IFN-y induced la Ag expression in 68.73 + 18.5%
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Figure 1. Time course of la antigen induction on human cerebral
endothelium. Confluent HBMEC cultures were incubated with 200
units/ml IFN-y for 0.5 to 4 days and then stained with the immu-
nogold technique for the immunobistochemical demonstration of Ia
antigen. Results are expressed as percentage of labeled cells in treated
cultures. Untreated cells were not labeled. Bars represent the mean +
SEM of duplicate wells of two separate experiments.

100

80

60

% of labelled cells

0 10 20 50 100 150 200

IFN-Y Concentration (U/ml)

Figure 2. Dose response of Ia antigen induction by IFN-y on HB-
MEC. Confluent monolayers were incubated for 4 days with 10 to
200 units/ml IFN-y and then immunostained for the demonstration
of Ia antigen. Results are expressed as percentage of labeled cells in
treated and untreated cultures. Bars represent the mean + SEM of
duplicate wells of three seperate experiments.

of cells, while 90.85 * 5.5% of cells were labeled
after treatment with 50 U/ml. Endothelial cells ex-
pressing la Ag showed diffuse surface staining in
the form of dark brown-black, granular deposits
(Fig. 3A). In marked contrast, untreated endothelial
cells invariably lacked la Ag expression, as indi-
cated by their consistently negative staining with
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Figure 3. Ia antigen expression by HBMEC detected by immunogold silver staining. A, endotbelial cells incubated with 200 units/ml IFN-y for 4
days demonstrating intense granular surface staining for la antigen. B, control untreated monolayers not expressing la antigen. C, endothelial
cells treated with 200 units/ml IFN-=y for 24 hours exbibiting less dense labeling. Individual cell variation in staining intensity is apparent in A and
C. In D, cultures coincubated with anti-IFN-y antibody failed to label with the immunogold reagent. Bars = 20 um.
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immunogold (Fig. 3B). The staining intensity varied
with the concentration and length of incubation with
IFN-y. Thus, labeling was less intense in cells incu-
bated with 10 to 20 U/ml for 4 days or with 200 U/ml
for 12 to 24 hours (Fig. 3C) and most dense in cul-
tures treated with higher concentrations for 3 to 4
days (Fig. 3A). Within the same culture, the larger
cells were usually stained most intensely. There
were no differences in la Ag expression among
HBMEC monolayers originating from different indi-
viduals and subjected to identical culture conditions
and IFN-y treatment. Staining was not observed in
control cultures incubated with normal mouse IgG,
carrier buffer, or irrelevant antibody.

In monolayers coincubated with IFN-y and anti-
IFN-y monoclonal antibody for 4 days, induction of
la Ag was completely abolished (Fig. 3D), indicat-
ing that IFN-y specifically induces expression of
class Il MHC molecules on human brain endothelial
cells. Treatment of cells with 200 U/ml IFN-y fol-
lowed by withdrawal and culture in regular growth
media resulted in complete reversal of la Ag ex-
pression and negative staining of the cultures.

Ultrastructural examination following immunogold
labeling showed that la Ag was readily detectable
on the apical surface of endothelial cells. Gold par-
ticles were found at the cell membrane with a ten-
dency to localize on or near thin cytoplasmic pro-
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cesses (Fig. 4A). The basal cell surface was not
labeled. No labeling was seen in untreated control
cultures (Fig. 4B).

Effects of IFN-y on Cell Morphology,
Organization, and Growth

Primary cultures of HBMEC grown in regular media
in the absence of IFN-y formed highly ordered con-
fluent monolayers of elongated, closely associated,
contact-inhibiting cells (Fig. 5A). Endothelial cells
treated with 200 U/ml IFN-vy for 3 to 4 days acquired
a spindlelike shape and long attenuated processes.
These markedly elongated cells frequently ar-
ranged themselves in ill-defined whorls and exhib-
ited prominent overlapping, thus contributing to the
unique appearance of the monolayers (Fig. 5B).
These changes were most conspicuous under
scanning electron microscopic examination. Under
normal culture conditions, elongated HBMEC grow
in close contact to each other and display distinct
marginal folds in areas of cell-to-cell contact (Fig.
6A). In contrast, endothelial cells treated with IFN-y
became attenuated, and their long, thin processes
often extended over and covered adjacent cells
(Fig. 6B). As a result of this rearrangement, intercel-
lular contacts and marginal folds became less

v

Figure 4. Immunogold staining of HBMEC for the demonstration of Ia antigen. A, endotbelial cells incubated with 200 units/ml IFN-y for 4 days.

Five-nanometer gold particles focally decorate the apical surface of endothelial cells (arrowbeads) with a tend

cytoplasmic folds. The basal cell surface is not labeled. B, st g ab

-y to localize close to fingerlike
in untreated cells. Bars = 0.5 uym.
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1, contact inhibiting monolayers com-

posed of elongated cells. B, endotbelial cells incubated with IFN-y (200 units/ml) for 4 days bave become spindle shaped, overlap, and focally ar-

range themselves into whorls. Bars = 10 um.

prominent, and the monolayers lost their highly or-
ganized appearance. The above morphological
changes were reversed 4 days following withdrawal
of the cytokine from the culture media and were not
observed in cultures coincubated with IFN-y and
anti-IFN-y antibody.

The effect of IFN-y on the growth of HBMEC was
less profound. Thus, the number of cells in primary
HBMEC cultures treated with 150 U/ml IFN-y from
day 1 was slightly less than that in control cultures
(Fig. 7). This slight inhibitory growth effect of IFN-y
provides further support to the observation that re-
arrangement and overlapping of HBMEC are the di-
rect effect of the cytokine and not the result of cell
overgrowth.

Permeability of HBMEC Monolayers

In order to examine the effect that the IFN-y-
induced morphological changes might have on the
permeability of the monolayers to macromolecules,
confluent treated and untreated cultures were incu-
bated with HRP, and the labeling of intercellular
contacts and cytoplasmic vesicles was assessed
ultrastructurally. Intercellular contacts that impeded
the tracer entirely or were penetrated for a short dis-

tance from either the apical or basal cell surface by
HRP were considered impermeable. In untreated
cultures, 75.2% of interendothelial junctions pre-
vented the passage of HRP, in contrast to 36.6% of
impermeable junctions in cultures incubated with
the cytokine for 4 days (Table 1). In untreated
monolayers, endothelial cells formed a single cell
layer and were bound together by junctions, most of
which were not labeled with the tracer (Fig. 8A). Fo-
cally, HRP penetrated an intercellular contact for a
short distance from the basal aspect of the mono-
layer before being arrested at a junctional complex
of an otherwise intact cleft (Fig. 8B). In treated cul-
tures, interendothelial clefts were often penetrated
by the tracer throughout their entire length (Fig. 8C).
Overlapping of endothelial cells resulted in the for-
mation of two or more layers. HRP often penetrated
the intercellular clefts between endothelial cells at
the top layer, and extensive deposits were found
between adjacent cells at the lower layers (Fig. 8D).
The number of cytoplasmic vesicles labeled with
HRP was equally low in control and experimental
cultures (Table 1), indicating that, contrary to
the prominent conformational and organizational
changes, the pinocytotic activity of HBMEC is not
affected by IFN-vy treatment.
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Figure 6. Scanning electron micrograph of HBMEC grown in the absence (A) or presence (B) of IFN-y in the culture media. A, endothelial cells
closely packed without apparent intercellular spaces. Marginal folds (arrows) are present in areas of cell-cell contact. In B, incubation with IFN-y
(200 units/ml) for 3 days induces marked attenuation of cell cytoplasm and disorganization of the monolayer due to the tendency of endothelial
cell processes to extend over and under adjacent cells. Bars = 20 um.
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Figure 7. Effect of IFN-y upon the growth of primary cultures of HB-
MEC. Cells were cultured under standard conditions (- — — -) or in
the continuous presence of IFN-y (150 units/ml) in the culture media
(——). Values represent the mean * SEM of two experiments, each
done in duplicate. P = 0.035 for days 4 and 6. Differences are not
significant after day 6. ’

Discussion

The present studies demonstrate that human re-
combinant IFN-y induces de novo expression of
class Il MHC antigen by human brain micro-
vessel endothelial cells in primary culture in a time-
and concentration-dependent manner. In addition,
cytokine-treated endothelial cells undergo unique
changes in their morphology and organization,
which coincide with a considerable increase in the
permeability of confluent cultures to macromole-
cules.

Unstimulated HBMEC grown under standard cul-
ture conditions do not constitutively express la anti-
gen, as indicated by the lack of immunogold stain-
ing on light and electron microscopy. Previous in
vivo immunohistochemical studies have demon-
strated the absence of la antigen expression by
endothelial cells within the normal human CNS with
low levels of reactivity detected in blood vessels of
patients with brain neoplasms, abscesses, autoim-
mune connective tissue disease, and cerebral inf-
arcts and in older patients without identifiable CNS
lesions.20:32-34 Although the endothelial cells used
in our studies were isolated from normal brains of
several donors with a wide age distribution, expres-
sion of la antigen was not observed in any of the
untreated cultures. A similar lack of constitutive ex-
pression of class || molecules has been observed in
primary cultures of rat brain endothelium™ and in
freshly isolated®® as well as serially passaged® hu-
man umbilical vein endothelial cells (HUVEC) main-
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tained under normal culture conditions. Contrary to
these reports, endothelial cells of normal guinea pig
CNS display surface MHC in vivo and in vitro,'® and
minimal basal expression has been reported in pri-
mary cultures of rhesus monkey cerebral endothe-
lium,22 while cultured rat heart vascular endothelial
cells constitutively express considerably higher lev-
els of la Ag.2 It is apparent, from the above studies,
that the presence of la antigen on normal, unstimu-
lated vascular endothelium may vary among differ-
ent species and vascular beds.

Previous studies on la antigen induction by IFN-y
on HUVEC report a rapid increase of MHC class Il
mRNA that precedes surface expression by 1 to 2
days and rapidly declines to almost undetectable
levels following withdrawal of the cytokine, while
surface expression declines slowly after 4 days." In
HBMEC, removal of IFN-y from the media results in
uniform loss rather than a decrease to lower levels
of class Il MHC surface expression after 4 days. Rat
heart endothelium, however, behaves in a much dif-
ferent way, since withdrawal of IFN-y is not followed
by return of the la antigen expression to basal lev-
els after 3 days.?

Previous immunohistochemical studies on MS
and EAE have demonstrated that surface expres-
sion of la antigen on endothelial cells is discontinu-
ous along the microvessel lumen, so that la* cells
are interposed between endothelial cells lacking la
antigen expression.2°-25 A similarly variable expres-
sion of la antigen was observed in vitro when
HBMEC were treated with low concentrations of
IFN-y or with higher concentrations for less than 2
days. Taken together with the in vivo studies, these
observations may indicate individual cell variation in
the regulation of class || MHC molecule expression.

Induction of la antigen expression on HBMEC
was restricted to the apical portion of the cell mem-
brane. Immunogold particles were not identified on
the lateral or basal cell surfaces. Our findings corre-
late with previous immunohistochemical studies in
acute EAE demonstrating la expression on the lumi-
nal but not abluminal surface of cerebral microves-
sel endothelial cells?® and with similar observations
in a variety of epithelial cells in mice treated with
IFN-v.35 Although the mechanisms responsible for
the asymmetrical presentation of la antigen on the
cell membrane are not known, polarization of ex-
pression is probably of functional significance since
it would enable circulating T lymphocytes to recog-
nize antigen in association with class Il MHC mole-
cules on the luminal surface of the cerebral endo-
thelium and then migrate to sites of inflammation.
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The antiproliferative effect of IFN-y on primary
cultures of HBMEC correlates with previous studies
demonstrating inhibition of cell growth by IFN-vy in-
duced on extracerebral large and small vessel
endothelial cultures in a dose-dependent man-
ner36:37-39 and possibly through modulation of the
endothelial cell growth factor receptors.®® Lower
concentrations of IFN-y (10 to 100 U/ml), however,
appear to have a stimulating effect on cultured HU-
VEC in both the absence and presence of endothe-
lial cell growth factor.4® In addition, IFN-y signifi-
cantly inhibits the formation of endothelial tubular
structures in in vitro models of angiogenesis.*!42

Treatment of HBMEC with IFN-y induces marked
elongation of endothelial cells, prominent overlap-
ping, and frequent arrangement in a whorled pat-
tern. A similar alteration of the morphological phe-
notype and monolayer organization has been
previously reported in cultures of HUVEC®8-3° and
human dermal microvascular endothelial cells3®
treated with IFN-y for 3 to 4 days and has been
shown to be associated with reorganization of the
cytoskeletal filaments and considerable loss of the
fibronectin matrix.3°

Cerebral microvessel endothelial cells in primary
culture are bound together by tight junctions and
have a paucity of cytoplasmic vesicles, two impor-
tant morphological characteristics of their in vivo
counterparts.?®3!' Under standard culture condi-
tions, the great majority of interendothelial junctions
restrict the passage of HRP. In cultures incubated
with IFN-y, an increase in the permeability of the
monolayers was observed that coincided tempo-
rally with changes in morphology and rearrange-
ment of the cells. The number of labeled cytoplas-
mic vesicles was not increased in IFN-y-treated
monolayers, indicating that increased junctional
permeability is primarily responsible for the perme-
ability changes of the monolayers. The mecha-
nism(s) responsible for the increased junctional per-
meability are not known at present. Recent in vitro
studies have demonstrated that tumor necrosis
factor-treated aortic endothelial cell cultures un-

Table 1. Permeability of HBMEC Monolayers to HRP

dergo prominent cytoskeletal changes similar to
those induced by IFN-y alone or in combination with
tumor necrosis factor, which are temporally related
to an increase in the permeability of the monolayers
to macromolecules and are regulated by G pro-
tein.*3 The fact that leakiness of intercellular con-
tacts appears concomittantly with the morphologi-
cal changes of the endothelium following IFN-y
treatment may indicate that physiologically “tight”
junctional complexes fail to form during the exten-
sive rearrangement of the cells and their cytoskele-
ton. However, other mechanisms, such as modula-
tion of regulatory proteins or cell surface molecules
by IFN-y, cannot be excluded. Disruption of the
BBB has been previously described as an early
and critical event in the evolution of EAE.4447
Recent electron microscopic studies indicate that
increased junctional permeability as well as in-
creased interendothelial space and migration of
inflammatory cells are primarily responsible for the
increased permeability of the BBB to macromole-
cules in this disease.*® The functional significance
of the in vitro morphological and permeability
changes of HBMEC, observed in our studies, is cur-
rently unknown. If, however, similar changes are in-
duced in situ on cerebral endothelial cells by cyto-
kines released locally by activated T lymphocytes,
they would provide an additional mechanism for the
opening of the BBB and could facilitate the transmi-
gration of inflammatory cells from blood into brain
across the endothelial barrier.

Expression of la antigen in situ by cerebral vas-
cular endothelium has been previously demon-
strated in autoimmune demyelinating CNS disor-
ders. Thus, class Il MHC molecules have been
localized on the surface of endothelial cells lining
microvessels at the edge of demyelinating plaques
as well as within the adjacent white matter in acute,
active, and silent chronic MS lesions.2%-2' The pres-
ence of la-positive endothelial cells has also been
documented in acute EAE,2425 while expression of
la antigen by cerebral endothelium in chronic re-
lapsing EAE appears to coincide with the appear-

No. of labeled

No. of interendothelial
tight junctionst

cytoplasmic vesicles* Permeable Impermeable
Control 2.0 £ 1.7 vesicles/cell 248 + 2.7% 752+ 27%
Experimental 2.4 + 2.1 vesicles/cell 63.4 + 5.2% 36.6 £ 5.2%

* Numbers represent mean + SD of labeled vesicles in 100 control and 100 IFN-y-treated cells from one experiment. P > 0.05.
T Numbers represent mean + SD of 400 junctions (200 treated and 200 untreated) from two experiments using two different isolates. P <

0.05.
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Figure 8. HRP localization in untreated (A) and B) and IFN-y-treated (C and D) confluent HBMEC monolayers. A, under standard culture con-
ditions, tight junctions at intercellular contacts ( arrowheads) impeding the passage of HRP. B, HRP penetrating a short segment of an in-
tercellular cleft from the basal cell surface, forming small deposits at the basal aspect of the cleft (arrowbeads) and stopping at a junctional com-
Pplex (arrow). The remaining interendothelial cleft is free of HRP. In C, following 4 days’ incubation with IFN-y (200 units/ml), beavy deposits of
HRP are seen under the basal cell surface, and the tracer permeates the entire length of a long intercellular cleft. The proximal portion of the cleft
is focally dilated (*). There is no increase in the pinocytotic activity of the endothelium. D, in monolayers treated with IFN-y, HRP penetrating the
intercellular clefts and forming ex jve deposits b the layers of overlapping cells. Bars = 0.5 um.
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ance of inflammatory cell infiltrates and diminishes
when inflammation subsides.*® In addition, murine
cerebral endothelial cells isolated from SJL mice
with EAE are able to present antigen to sensitized
syngeneic lymph node cells following incubation
with IFN-y in vitro.5° Contrary to these observations,
cultured rat brain endothelial cells are not effective
at stimulating T-cell division and therefore have not
been considered important as antigen-presenting
cells.5" It is now well accepted that endothelial cells
derived from different species and vascular beds
vary greatly in their function, morphology, and anti-
genic properties, so that results should not be ex-
trapolated from one system to the other52 The
present work demonstrates that class || MHC mole-
cules are not detectable on intact endothelial cells
lining human brain microvessels by the methods
employed in our study but can be specifically in-
duced in vitro by human recombinant IFN-y in asso-
ciation with prominent alterations in the morphology,
organization, and permeability of the monolayers to
macromolecules. Although the ability to present an-
tigen by HBMEC has yet to be unequivocally
proved, our findings indicate a possibly important
role of the human cerebral endothelium in
lymphocyte-endothelial interactions, lymphocyte re-
cruitment, and alteration of blood-brain barrier per-
meability in immune-mediated CNS inflammation.
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