JOURNAL OF VIROLOGY, Apr. 1996, p. 2208-2214
0022-538X/96/$04.00+0
Copyright © 1996, American Society for Microbiology

Vol. 70, No. 4

Filovirus-Induced Endothelial Leakage Triggered by Infected
Monocytes/Macrophages

HEINZ FELDMANN,! HARALD BUGANY,' FRIEDERIKE MAHNER,! HANS-DIETER KLENK,'
DETLEY DRENCKHAHN,? aND HANS-JOACHIM SCHNITTLER?*

Institut fiir Virologie, Philipps-Universitit Marburg, D-35037 Marburg," and Anatomisches Institut,
Julius-Maximilians Universitit Wiirzburg, D-97070 Wiirzburg,> Germany

Received 7 September 1995/Accepted 9 January 1996

The pathogenetic mechanisms underlying viral hemorrhagic fevers are not fully understood, but hemor-
rhage, activation of coagulation, and shock suggest vascular instability. Here, we demonstrate that Marburg
virus (MBG), a filovirus causing a severe form of hemorrhagic fever in humans, replicates in human mono-
cytes/macrophages, resulting in cytolytic infection and release of infectious virus particles. Replication also led
to intracellular budding and accumulation of viral particles in vacuoles, thus providing a mechanism by which
the virus may escape immune surveillance. Monocytes/macrophages were activated by MBG infection as
indicated by tumor necrosis factor alpha (TNF-«) release. Supernatants of monocyte/macrophage cultures
infected with MBG increased the permeability of cultured human endothelial cell monolayers. The increase in
endothelial permeability correlated with the time course of TNF-a release and was inhibited by a TNF-a-
specific monoclonal antibody. Furthermore, recombinant TNF-a added at concentrations present in superna-
tants of virus-infected macrophage cultures increased endothelial permeability in the presence of 10 uM H,0,.
These results indicate that TNF-a plays a critical role in mediating increased permeability, which was
identified as a paraendothelial route shown by formation of interendothelial gaps. The combination of viral
replication in endothelial cells (H.-J. Schnittler, F. Mahner, D. Drenckhahn, H.-D. Klenk, and H. Feldmann,
J. Clin. Invest. 19:1301-1309, 1993) and monocytes/macrophages and the permeability-increasing effect of
virus-induced cytokine release provide the first experimental data for a novel concept in the pathogenesis of

viral hemorrhagic fever.

Viral hemorrhagic fevers (HFs) are caused by members of
the Arenaviridae, Bunyaviridae, Flaviviridae, and Filoviridae
families (33). Important examples of viral HFs are (i) HF with
renal syndrome, an emerging health problem in Asia, Europe,
and, recently, the United States (24, 30); (ii) Lassa fever, a
major cause of severe disease in Africa (1); and (iii) viral HF
caused by New World arenaviruses in South America (27).
Filoviruses cause the most severe forms of viral HF that are
associated with multiple hemorrhagic manifestations, marked
hepatic involvement, disseminated intravascular coagulation
(DIC), shock, and the highest case-fatality rates (30 to 90%)
(12, 28, 33). Filoviruses are enveloped, nonsegmented, nega-
tive-strand RNA viruses and constitute a separate family
within the order Mononegavirales (9, 20). The genomes and the
structural proteins of Marburg virus (MBG) and Ebola virus
have been studied extensively during the past few years (9, 10,
36). The general principles of viral replication have also been
unraveled, but little is known about the pathogenesis of filovi-
ral HF. Virus-induced dysfunction of the endothelium, includ-
ing endothelial cell damage and increased permeability, has
been thought to be a factor responsible for some of the major
clinical symptoms observed in viral HF patients (33, 34). En-
dothelial cells control the exchange of macromolecules and
water, regulate the vascular tone by release of autacoids, and
are involved in the control of the coagulation and anticoagu-
lation cascades (8, 25, 26, 38). Recently it was demonstrated
that filoviruses replicate in cultured human endothelial cells
(39) and endothelial cells of infected monkeys (14). Replica-
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tion in endothelial cells in vitro resulted in the production of
infectious viral particles. Infection of endothelial cells has been
observed in vivo (14), and endothelial cells infected in organ
culture show cell lysis (39). It is therefore reasonable to assume
that endothelial cell damage contributes to the gross bleeding
tendency during filovirus infection. However, the fulminant
shock symptom associated with generalized edematous swell-
ing seen in later stages of the disease (28, 33) suggests that
there are additional factors contributing to increased endothe-
lial permeability and disturbed hemostasis.

Recent morphologic studies of filovirus-infected monkeys
suggested viral replication in circulating monocytes/macro-
phages and tissue macrophages (14). Monocytes/macrophages
are part of the mononuclear phagocyte system, which is in-
volved in immunologic and inflammatory responses. The re-
lease of humoral factors after stimulation is an important
mechanism by which monocytes/macrophages attack their tar-
gets and cause inflammatory responses. In fact, the prototype
cytokine tumor necrosis factor alpha (TNF-o) has been shown
to mediate the development of shock symptomatic in septic
patients. Therefore, we examined the effect of virus-induced
activation of monocytes/macrophages on endothelial perme-
ability in vitro. MBG, the prototype filovirus, was chosen as a
model for these studies. In this paper, we demonstrate that
MBG infection of monocytes/macrophages stimulates TNF-a
release, which in turn leads to an increase in paraendothelial
permeability. Furthermore, replication of MBG in monocytes/
macrophages resulted in the release of infectious viral particles
and finally caused cell lysis.

MATERIALS AND METHODS

Virus. All infections were performed with the Musoke strain of MBG isolated
in 1980 in Kenya (41).
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FIG. 1. Primary cultures of human monocytes/macrophages stained with an MBG (Musoke)-specific human reconvalescent-phase serum 9 days p.i. (A) Viral
inclusion bodies were observed in MBG-infected monocytes/macrophages (arrows). (B) Mock-infected cells showed only background staining.

Culturing of monocytes/macrophages from human blood. Peripheral blood
mononuclear cells were prepared from buffy coats of healthy donors from the
local blood bank. The mononuclear fraction was separated by standard methods
(19). Cells were finally resuspended in RPMI 1640 supplemented with 5% heat-
inactivated pooled human serum (Gibco, Eggenstein, Germany). To separate
adherent monocytes/macrophages from nonadherent cells, 5 X 10° cells were
plated in 24-well tissue culture plates, incubated for 1 h at 37°C, and subsequently
washed to remove nonadherent cells. Adherent cells were cultured for 7 days in
RPMI 1640 containing 5% human serum in order to obtain a macrophage-like
morphology (19). In addition, cells were identified as monocytes/macrophages by
indirect immunofluorescence with a monoclonal antibody directed to CD14
(Dako, Hamburg, Germany).

Human endothelial cell culture. Human umbilical vein endothelial cells (HU-
VECs) were collected and cultured as described previously (39, 40).

Plaque assay. Confluent Vero E6 cell monolayers cultured in six-well tissue
culture plates were infected with clarified tissue culture supernatant of MBG-
infected Vero E6 cells, HUVECs, and monocytes/macrophages at dilutions rang-
ing from 10~! to 10~® (39). Culturing of Vero E6 cells (CRL 1586; American
Type Culture Collection, Rockville, Md.) and infection of Vero E6 cells and
HUVECs (multiplicity of infection [MOI] of 1072 PFU per cell), used for
controls, were performed as described previously (11, 39).

In vivo labeling and analysis of viral proteins. Labeling was performed at day
5 postinfection. Infected cells were washed once with methionine-free RPMI
(Gibco, Eggenstein, Germany) and incubated at 37°C for 24 h with methionine-
free medium containing 20 uCi of [**S]methionine (Amersham Buchler, Braun-
schweig, Germany) per ml. Labeled viral particles were purified, and structural
proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE [10% polyacrylamide]) (15).

Mode of infection. Monocytes/macrophages were infected with MBG Musoke
at either an MOI of 10 (activation studies) or at 1072 PFU per cell (replication
studies) 7 days after cultivation. Adsorption of viral particles was performed for
1 h at 37°C. Subsequently, the inoculum was removed, and the cells were washed
twice with phosphate-buffered saline (PBS). RPMI supplemented with 5% hu-
man pooled serum from healthy donors was added, and incubation proceeded
for the appropriate time at 37°C.

Immunofluorescence. Monocytes/macrophages were fixed with 2% formalde-
hyde in PBS for 10 min, washed twice with PBS, permeabilized in acetone
(=20°C) for 1 min, and processed for indirect immunofluorescence microscopy
as described previously (39). Viral proteins were detected with either an MBG
(Musoke)-specific human reconvalescent-phase serum or a monospecific anti-
MBG (Musoke) nucleoprotein serum (guinea pig) (2) followed by the corre-
sponding secondary antibody labeled with fluorescein isothiocyanate (Sigma,
Deisenhofen, Germany). Endothelial cells were fixed with methanol (—20°C, 10
min), washed in PBS, and further subjected to indirect immunofluorescence with
a monoclonal antibody directed to plakoglobin (Progen, Heidelberg, Germany).

Transmission electron microscopy. For transmission electron microscopy,
monocytes/macrophages were cultured on polycarbonate filters (Costar, Cam-
bridge, Mass.) and infected as described above. Filters were fixed in 2% glutar-
aldehyde (Sigma) and processed as described previously (39). Ultrathin sections
were stained with uranyl acetate and lead citrate. Sections were observed and
photographed with a Zeiss E 109 electron microscope.

Transwell filter system (permeability assay). Permeability assays were per-

formed with a modified version of a previously published system (22). Polycar-
bonate filters (3-wm-pore size and 6-mm diameter [Costar]) were coated with
0.1% gelatin for 2 h. Subsequently, the gelatin was cross-linked for 30 min with
2% glutaraldehyde (in PBS). After an excessive wash with PBS overnight, filters
were put into 24-well plates and HUVECs were seeded on the coated filter
membranes (5 X 10* cells per cm?) in 300 pl of medium 199 (upper compart-
ment) and cultured until confluence (2 days). The lower compartments con-
tained 700 pl of medium 199. Prior to the permeability assay, HUVEC mono-
layers (filter units) were washed twice with RPMI 1640 and transferred to a new
24-well plate. The monolayers were incubated at 37°C with 300 wl of filtered
tissue culture fluids (0.1-pm-pore size) added to the upper compartment, fol-
lowed by 0.25 mM horseradish peroxidase (HRP) 30 min later. Aliquots of 60 pl
were collected from the lower compartment at different time intervals and stored
immediately at —20°C. HRP activity was determined by addition of 860 wl of
reaction buffer (5 mM guaiacol in 50 mM NaH,PO,), and 100 pl of H,0, (0.6
mM in H,O, freshly prepared). After an incubation period of 25 min at room
temperature, 44,, was measured. For the inhibition studies, a monoclonal anti-
body directed to TNF-a (clone 195; Boehringer, Mannheim, Germany) was
added at 60 wg/ml (an amount that neutralizes about 30 ng of recombinant
TNF-a per ml) to the culture supernatants of MBG-infected monocytes/macro-
phages. After an incubation time of 30 min at 37°C, the supernatants were placed
in the upper compartment of the transwell filter system and assayed for perme-
ability induction as described above. For further control experiments, different
concentrations of recombinant TNF-« in the presence or absence of H,O, were
tested for their ability to increase endothelial permeability. Monolayers were
treated for 6 h with recombinant TNF-« at 37°C prior to addition of H,O, (10
wM) and HRP.

TNF-a ELISA. Monocytes/macrophages cultured in six-well plates were in-
fected with MBG Musoke at an MOI of 10 PFU per cell. One milliliter of tissue
culture supernatant was collected at different times postinfection and stored at
—20°C. Determination of TNF-« in the culture supernatants was performed with
an enzyme-linked immunosorbent assay (ELISA) that specifically reacts with
human TNF-a (Boehringer) according to the manual of the manufacturer.

Reverse transcriptase PCR. Viral RNA isolation, reverse transcriptase PCR,
and hybridization were performed as described recently (39) with the following
oligonucleotides: 2232(+), ACTTTTATAGCCCACCACATTGTGTGA; and
2449(—), TCATAGAGTTGTTATACATTGATTATC (L gene of MBG Mu-
soke [EMBL Data Library, emnew: MVREPCYC, accession no. Z12132]).

RESULTS

Replication of MBG in human monocytes/macrophages.
Monocytes/macrophages were susceptible to infection with
MBG and produced infectious viral particles. Two days postin-
fection (p.i.), cells displayed the first signs of virus antigen
production, as revealed by immunofluorescence. Within a pe-
riod of 9 to 12 days p.i., most cells were positive for MBG
antigen. The immunoreaction displayed punctate and plaque-
like patterns, which are known as inclusion bodies and which
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FIG. 2. Transmission electron microscopy of primary cultures of human monocytes/macrophages infected with MBG 9 days p.i. (A) Overview of a segment of an
infected monocyte/macrophage showing viral particles in multiple cytoplasmic vacuoles (arrowheads). Budding of viral particles was observed from the plasma
membrane (B) (arrow) and membranes surrounding intracellular cytoplasmic vacuoles (C) (arrows). V, viral particle. Bars, 0.5 wm.

were found exclusively in the perinuclear region of the infected
cells (Fig. 1). The first signs of cytopathogenic effects with cells
rounded off were observed 5 to 6 days p.i. Examination of
infected monocytes/macrophages by transmission electron mi-
croscopy revealed numerous viral particles in intracellular cy-
toplasmic vacuoles. The vacuoles differed greatly in number
and size (Fig. 2A). Virus budding was observed at the plasma
membrane (Fig. 2B) and at the membrane surrounding the
vacuoles (Fig. 2C). The structural variability of intra- and ex-
tracellular viral particles was consistent with previous descrip-
tions of MBG particles observed in human organs (35) as well
as in infected Vero E6 cells and HUVECs (39). Both the
number of infected cells and the cytopathogenic effect in-
creased with time and resulted in cellular degeneration and
disintegration in advanced stages (14 to 17 days p.i.). In con-
trast, mock-infected cultures remained viable and did not dis-
play any cell degeneration or disintegration at these time
points (data not shown). Replication and release of viral par-
ticles were also analyzed by metabolic labeling and SDS-PAGE
of MBG structural proteins, as well as reverse transcriptase
PCR analysis of genomic RNA isolated from released viral
particles. The infectivity of released MBG was determined by
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FIG. 3. Time course of TNF-a release. Results were obtained with superna-
tants of MBG-infected (A) and mock-infected (m) cultured human monocytes/
macrophages.
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FIG. 4. Increased permeability of confluent cultures of HUVECsS in response
to culture supernatants of MBG and mock-infected human monocytes/macro-
phages. Solid bars, culture supernatants of MBG-infected monocytes/macro-
phages; shaded bars, culture supernatants of MBG-infected monocytes/macro-
phages after incubation with a neutralizing anti-TNF-a antibody (60 wg/ml);
hatched bars, culture supernatants of mock-infected monocytes/macrophages;
open bars, culture supernatants of mock-infected monocytes/macrophages after
incubation with a neutralizing anti-TNF-a antibody. Note that the permeability-
increasing effect of culture supernatants of MBG-infected monocytes/macro-
phages was abolished by addition of TNF-a-neutralizing monoclonal antibodies.
OD, optical density at 470 nm.

a plaque assay in which virus was first detectable 24 to 32 h p.i.
(data not shown).

Virus-induced activation of monocytes/macrophages. Acti-
vated monocytes/macrophages typically secrete various hu-
moral factors, including cytokines, prostanoids, free oxygen
radicals, etc. To examine whether monocytes/macrophages
were activated by MBG infection, TNF-a was chosen as a
prototype cytokine and important mediator of activated mono-
cytes/macrophages. Tissue culture supernatants from MBG-
infected and mock-infected cultured human monocytes/mac-
rophages were collected at different time points p.i. (0 to 32 h)
and assayed by ELISA for the presence of TNF-a. Twelve to
24 h p.i., supernatants of infected cultures reached peak values
of biological, active TNF-a (~3 ng/ml) twofold higher than
those observed in mock-infected cultures (Fig. 3).

Tissue culture supernatants of MBG-infected monocytes/
macrophages increase paraendothelial permeability. To inves-
tigate the effect of tissue culture supernatants of MBG-in-
fected monocytes/macrophages on endothelial permeability,
we used an in vitro transwell filter assay in which the passage
of HRP through an endothelial cell monolayer (grown on a
filter) is assayed (22, 23). A significant increase in permeability
was detected with culture supernatants of infected monocytes/
macrophages collected 4 h p.i. A maximum of increase in
permeability of approximately 120% was reached with culture
supernatants obtained 20 and 32 h p.i. (Fig. 4). The time course
of the potency of culture supernatants to increase endothelial
permeability correlated with the increase of TNF-a release of
infected monocytes/macrophages (Fig. 3). The permeability-
increasing effect was abolished by the addition of a TNF-a-
specific monoclonal antibody (Fig. 4). To exclude the possibil-
ity that the increased permeability was due to viral replication
in endothelial cells and subsequent cytolysis, endothelial cell
monolayers were infected with MBG (MOI of 1 to 10 PFU per
cell) and assayed for HRP filtration under identical conditions.
Within 48 h p.i., no significant increase in permeability could
be detected (data not shown).

In order to confirm the causative role of TNF-« in mediating
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permeability, recombinant TNF-a was tested for its ability to
increase endothelial permeability. Recombinant TNF-a at a
concentration of 1 pg/ml caused a significant increase in en-
dothelial permeability within 12 h (data not shown). This con-
centration of TNF-a is approximately 300 times higher than
the concentrations measured in culture supernatants of MBG-
infected monocytes/macrophages (~3 ng/ml). In the presence
of 10 M H,0,, however, a TNF-a concentration of 10 ng/ml,
which is in the order of magnitude measured in culture super-
natants of infected monocytes/macrophages, was sufficient to
increase endothelial permeability (Fig. 5). H,O, by itself, even
at concentrations of 100 wM, did not increase endothelial
permeability within 12 h.

Increased permeability is due to formation of interendothe-
lial gaps. Confluent endothelial cell monolayers were exposed
to culture supernatant of MBG-infected monocytes/macro-
phages. After 12 h of incubation, the cells were fixed and
stained with an antibody directed to plakoglobin. Plakoglobin
is a component of the adherens-type junctions in epithelial and
endothelial tissues. Plakoglobin is restricted to a noninter-
rupted continuous band along interendothelial junctions in situ
(13) and in endothelial cultures (Fig. 6A). Plakoglobin has
been shown to disappear from the interendothelial junctions in
response to the loss of intercellular adhesion (21). Treatment
of confluent endothelial cell monolayers with culture superna-
tants of MBG-infected monocytes/macrophages resulted in a
streaked and dotted staining pattern along interendothelial cell
borders, demonstrating a redistribution of plakoglobin. This
was most pronounced when culture supernatants collected 32
h p.i. were tested (Fig. 6C). The redistribution of plakoglobin
indicative of interendothelial gap formation correlated with
the increase in permeability. Similar results were obtained with
recombinant TNF-a (10 ng/ml) in the presence of 10 uM H,0,
(Fig. 6D). Control monolayers treated with mock-infected su-
pernatants (Fig. 6B), H,O, (100 wM), or concentrations of
TNF-a not capable of enhancing permeability in confluent
cultures of endothelial cells, did not show a redistribution of
plakoglobin, and thus gap formation was not induced.
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FIG. 5. Time course of the effect of recombinant TNF-a and H,O, on en-
dothelial permeability in confluent cultures of HUVECs. O, no TNF-a and no
H,0,; 00, no TNF-a and 10 uM H,0,; A, 1 ng of TNF-a per ml and 10 uM
H,0,; @, 10 ng of TNF-a per ml and 10 pM H,O,; A, 100 ng of TNF-a per ml
and 10 M H,0,. OD, optical density at 470 nm.
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FIG. 6. Visualization of interendothelial gap formation in confluent cultures of HUVECs by immunofluorescence staining with plakoglobin antibodies. A
continuous band of plakoglobin immunoreactivity is seen in untreated cultures (A) and in cultures treated for 12 h with supernatants of mock-infected monocytes/
macrophages (B) (obtained 32 h p.i.). Gap formation and disturbances of the continuous staining pattern for plakoglobin (arrowheads) are seen in endothelial cell

cultures treated for 12 h with supernatants of MBG-infected monocytes/macrophages (C) (obtained 32 h p.i.) and in endothelial cell cultures treated for 12 h with 10
ng of recombinant TNF-a per ml and 10 oM H,0O, (D).

DISCUSSION

The mechanisms underlying DIC, hemorrhage, and shock
seen in severe or fatal courses of filovirus HF infection are
poorly understood. In the present study, we examined in vitro
the susceptibility of human monocytes/macrophages to infec-
tion with MBG, their response to infection, and the capability
of infected monocytes/macrophages to enhance permeability
in endothelial cell monolayers.

Human monocytes/macrophages are fully susceptible to in-
fection and replication of MBG. This observation raises the
possibility that infected monocytes/macrophages play an im-
portant role in generalization of the infection. Intracellular
budding and accumulation of virus particles in vacuoles (Fig. 2)
provide a mechanism by which virus hidden from the host’s
immune surveillance may spread. Virus particles could be
passed to other cells of the body by exocytosis of the vacuoles
or by release after cell lysis, as demonstrated in vitro. Our
observations are in line with data obtained in vivo from filovi-
rus-infected monkeys in which monocytes/macrophages are

considered to be one of the primary target cells (14). A similar
role of monocytes/macrophages was discussed earlier for hu-
man immunodeficiency virus (31) and Visna virus (32) infec-
tions. MBG infection of human monocytes/macrophages led to
their activation, as demonstrated by the increased release of
TNF-a, which is one of several cytokines typically secreted by
activated monocytes/macrophages (Fig. 3). TNF-a has been
previously shown to interact with specific endothelial cell re-
ceptors (29) and to trigger increased endothelial permeability
(6, 18, 23), loss of anticoagulant activity (37, 38), and expres-
sion of adhesion molecules for leukocytes and platelets (4, 44).
Furthermore, it has been demonstrated that TNF-a causes
hemorrhage in several organs of the rat when infused at mil-
ligram quantities (42) and that TNF-« is involved in shock
development in response to endotoxin (6). One of the most
important events during shock development is the increase in
paraendothelial permeability, in which TNF-a appears to play
an important role as a mediator (17). In this study, we showed
that filovirus-induced activation of monocytes/macrophages re-
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sulted in the release of mediators into culture supernatants
that cause an increase in paraendothelial permeability. The
time course of TNF-a release measured in infected culture
supernatants (Fig. 3) correlated with the ability of supernatants
to increase endothelial permeability (Fig. 4). The release
seemed to be triggered early in infection of monocytes/macro-
phages, long before cell damage and cytolysis occurred. This is
supported by the time course of the permeability effect and the
TNF-a release (Fig. 3 and 4).

Concentrations of TNF-« in serum in clinical cases of infec-
tion, including those with fulminant endotoxin and cardiac
shock, were relatively low (~0.33 ng/ml) and never exceeded 4
ng/ml (18). Likewise, in our study, peak values of TNF-a mea-
sured in tissue culture supernatants of MBG-infected mono-
cytes/macrophages reached ~3 ng/ml (Fig. 3). On the other
hand, it was shown in vitro that endothelial permeability did
not increase in response to TNF-a concentrations below 4
ng/ml (18). The data presented here support the notion that
several secretory products (e.g., TNF-a, gamma interferon,
macrophage-specific interleukins, proteases, and oxygen radi-
cals) are released from virus-infected monocytes/macrophages
and that the effect on permeability is cumulative. This assump-
tion has been confirmed by data recently published by Ishii et
al. (18) and obtained here showing that even at low concen-
trations (3 ng/ml), which had no direct permeability-increasing
effect, TNF-a was capable of priming the effect in the presence
of other factors or agents such as interleukin 2 and H,O, (18)
(Fig. 5). TNF-a, however, seems to play a critical role in me-
diating paraendothelial permeability, as demonstrated by the
inhibitory effect of anti-TNF-a antibodies (Fig. 4).

The combination of viral replication in endothelial cells (14,
39) and virus-induced cytokine release from monocytes/mac-
rophages may also promote a distinct proinflammatory endo-
thelial phenotype that then triggers the coagulation cascade
and, as a result, the development of DIC (3, 4, 37). This is of
particular interest for filoviral HF, since the development of
DIC is a complicating event in the final stages of the disease
(28, 33). Hemorrhagic manifestations and generalized shock in
prefinal stages of severe filoviral HF cases typically develop
within 10 to 20 days p.i. (28, 33). The onset of these symptoms
late in infection might be due to an uncontrolled virus-induced
lysis of monocytes/macrophages resulting in a sudden massive
release of secretory products that affect the integrity of the
microvascular wall. This is supported by the observation that
virus-induced macrophage lysis in vitro occurred within 14 to
17 days p.i.

Filovirus glycoproteins contain a region which shows signif-
icant homology to a domain in retroviral envelope proteins
that has been suspected to be responsible for the immunosup-
pressive properties of these viruses (5, 36, 43, 45). In the
retrovirus system, this domain seems to be involved in down-
regulation of certain immune functions of the cellular re-
sponse. An immunosuppressive function of this domain, the
infection of monocytes/macrophages in vivo (14) and in vitro
(demonstrated here), and the virus-induced release of cyto-
kines are in line with an immune response depression found in
Ebola virus-infected monkeys.

Studies to understand the mechanisms leading to viral HF
have so far not appropriately addressed the final steps that
cause hemorrhage, shock, and sudden death. Data presented
here provide the first experimental evidence for a virus-in-
duced increase in endothelial permeability. They further sug-
gest that the course of the disease will depend on the extent of
macrophage and endothelial cell infection and on the effect on
virus-induced release of humoral factors, such as cytokines.
Recent studies of Argentine hemorrhagic fever, caused by
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Junin virus, a member of the family Arenaviridae, reported
increased TNF-a values (up to 0.1 ng/ml) in acute-phase sera
of patients, indicating virus-induced activation of leukocytes.
In these cases, TNF-a levels correlated with the severity of the
disease (16). In addition, the characteristic prominent pulmo-
nary involvement in patients with hantavirus pulmonary syn-
drome, which is causally associated with Sin Nombre virus (of
the family Bunyaviridae), is most likely caused by an increased
vascular permeability. The increased permeability in this syn-
drome has been suggested to be caused by products released
from leukocytes (e.g., monocytes/macrophages) and/or by a
direct effect of virus infection on endothelial cells (7).

ACKNOWLEDGMENTS

Excellent technical assistance by Theresia Manger-Harasim is grate-
fully acknowledged. We are also grateful to A. Sanchez and C. J. Peters
for helpful discussions.

This work was supported by the Deutsche Forschungsgemeinschaft
(SFB 355, project B5; and grant Fe 286/4-1).

REFERENCES

1. Auperin, D. D. 1993. Construction and evaluation of recombinant virus
vaccines for Lassa fever, p. 259-280. In M. S. Salvato (ed.), The Arenaviri-
dae. Plenum Press, New York.

2. Becker, S., S. Huppertz, H.-D. Klenk, and H. Feldmann. 1994. The nucleo-
protein of Marburg virus is phosphorylated. J. Gen. Virol. 75:809-818.

3. Bevilacqua, M. P., J. S. Pober, G. R. Majeau, W. Fiers, R. S. Cotran, and
M. A. Gimbrone, Jr. 1986. Recombinant tumor necrosis factor induces pro-
coagulant activity in cultured human vascular endothelium: characterization
and comparison with the actions of interleukin 1. Proc. Natl. Acad. Sci. USA
83:4533-4537.

4. Bevilacqua, M. P., J. S. Pober, D. L. Mendrick, R. S. Cotran, and M. A.
Gimbrone, Jr. 1987. Identification of an inducible endothelial-leukocyte
adhesion molecule. Proc. Natl. Acad. Sci. USA 84:9238-9242.

5. Cianciolo, G. J., T. D. Copeland, S. Oroszlan, and R. Snyderman. 1985.
Inhibition of lymphocyte proliferation by a synthetic peptide homologous to
retroviral envelope proteins. Science 230:453-455.

6. Cybulsky, M. L, M. K. W. Chan, and H. Z. Movat. 1988. Biology of disease.
Acute inflammation and microthrombosis induced by endotoxin, interleu-
kin-1, and tumor necrosis factor and their implication in gram-negative
infection. Lab. Invest. 58:365-378.

7. Duchin, J. S., F. T. Koster, C. J. Peters, G. L. Simpson, B. Tempest, S. R.
Zaki, T. G. Ksiazek, P. E. Rollin, S. T. Nichol, E. T. Umland, R. L.
Moolenaar, S. E. Reef, K. B. Nolte, M. M. Gallaher, J. C. Butler, R. F.
Breiman, and the Hantavirus Study Group. 1994. Hantavirus pulmonary
syndrome: a clinical description of 17 patients with a newly recognized
disease. N. Engl. J. Med. 330:949-955.

8. Erickson, L. A., R. R. Schleef, T. Ny, and D. J. Loskutoff. 1985. The fibrino-
lytic system of the vascular wall. Clin. Haematol. 14:513-529.

9. Feldmann, H., H.-D. Klenk, and A. Sanchez. 1993. Molecular biology and
evolution of filoviruses. Arch. Virol. 7(Suppl.):81-100.

10. Feldmann, H., E. Miihlberger, A. Randolf, C. Will, M. P. Kiley, A. Sanchez,
and H.-D. Klenk. 1992. Marburg virus, a filovirus: messenger RNAs, gene
order, and regulatory elements of the replication cycle. Virus Res. 24:1-19.

11. Feldmann, H., C. Will, M. Schikore, W. Slenczka, and H.-D. Klenk. 1991.
Glycosylation and oligomerization of the spike protein of Marburg virus.
Virology 182:353-356.

12. Fisher-Hoch, S. P., G. S. Platt, G. H. Neild, T. Southee, A. Baskerville, R. T.
Raymond, G. Lloyd, and D. I. H. Simpson. 1985. Pathophysiology of shock
and hemorrhage in a fulminating viral infection (Ebola). J. Infect. Dis.
152:887-894.

13. Franke, W. W., H.-P. Kapprell, and P. Cowin. 1987. Immunolocalization of
plakoglobin in endothelial junctions: identification as a special type of Zonu-
lae adhaerentes. Biol. Cell 59:205-218.

14. Geisbert, T. W., P. B. Jahrling, M. A. Hanes, and P. M. Zack. 1992. Asso-
ciation of Ebola-related Reston virus particles and antigen with tissue lesions
of monkeys imported to the United States. J. Comp. Pathol. 106:137-152.

15. Geyer, H., C. Will, H. Feldmann, H.-D. Klenk, and R. Geyer. 1992. Carbo-
hydrate structure of Marburg virus glycoprotein. Glycobiology 2:299-312.

16. Heller, M. V., M. C. Saavedra, R. Falcoff, J. I. Maiztegui, and F. C. Molinas.
1992. Increased tumor necrosis factor-a levels in Argentine hemorrhagic
fever. J. Infect. Dis. 166:1203-1204.

17. Horvath, C. J., T. J. Ferro, G. Jesmok, and A. B. Malik. 1988. Recombinant
tumor necrosis factor increases pulmonary vascular permeability indepen-
dent of neutrophils. Proc. Natl. Acad. Sci. USA 85:9219-9223.

18. Ishii, Y., C. A. Partridge, P. J. Del Vecchio, and A. B. Malik. 1992. Tumor
necrosis factor-a-mediated decrease in glutathione increases the sensitivity



2214

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

FELDMANN ET AL.

of pulmonary vascular endothelial cells to H,O,. J. Clin. Invest. 189:794-802.
Johnston, R. B., Jr. 1993. Clinical aspects of immunology, 5th ed., p. 267—
479. Blackwell, London.

Kiley, M. P., E. T. W. Bowen, G. A. Eddy, M. Isaicson, K. M. Johnson, J. B.
McCormick, F. A. Murphy, S. R. Pattyn, D. Peters, O. W. Prozesky, R. L.
Regnery, D. I. H. Simpson, W. Slenczka, P. Sureau, G. van der Groen, P. A.
Webb, and H. Wulff. 1982. Filoviridae: a taxonomic home for Marburg and
Ebola viruses? Intervirology 18:24-32.

Lampugnani, M. G., M. Corada, L. Caveda, F. Breviario, O. Ayalon, B.
Geiger, and E. Dejana. 1995. The molecular organization of endothelial cell
to cell junctions: differential association of plakoglobin, B-catenin, and a-catenin
with vascular endothelial cadherin (VE-cadherin). J. Cell Biol. 129:203-217.
Lampugnani, M. G., M. Resnati, E. Dejana, and P. C. Marchisio. 1991. The
role of integrins in the maintenance of endothelial monolayer integrity. J.
Cell Biol. 112:479-490.

Lampugnani, M. G., M. Resnati, M. Raiteri, R. Pigott, A. Pisacane, G.
Houen, L. P. Ruco, and E. Dejana. 1992. A novel endothelial-specific mem-
brane protein is a marker of cell-cell contacts. J. Cell Biol. 118:1511-1522.
Lee, H. W., P. W. Lee, and Y. K. Chu. 1991. Geographical distribution of
hemorrhagic fever with renal syndrome and hantaviruses. Arch. Virol. 1-
(Suppl.):5-18.

Levin, E. G. 1983. Latent tissue plasminogen activator produced by human
endothelial cells in culture: evidence for an enzyme-inhibitor complex. Proc.
Natl. Acad. Sci. USA 80:6804-6808.

Levin, E. G., and D. J. Loskutoff. 1982. Cultured bovine endothelial cells
produced both urokinase and tissue-plasminogen activators. J. Cell Biol.
94:631-636.

Martinez-Peralta, L. A., C. E. Coto, and M. C. Weissenbacher. 1993. The
Tacaribe complex: the close association between a pathogenic (Junin) and a
nonpathogenic (Tacaribe) arenavirus, p. 281-299. In M. S. Salvato (ed.), The
Arenaviridae. Plenum Press, New York.

Murphy, F. A, M. P. Kiley, and S. P. Fisher-Hoch. 1990. Filoviridae—
Marburg and Ebola viruses, p. 933-942. In B. N. Fields and D. M. Knipe
(ed.), Virology. Raven Press, New York.

Nawroth, P. P., I. Bank, D. Handley, J. Cassimeris, L. Chess, and D. M.
Stern. 1986. Tumor necrosis factor/cachectin interacts with endothelial cell
receptors to induce release of interleukin 1. J. Exp. Med. 163:1363-1375.
Nichol, S. T., C. F. Spiropoulou, S. Morzunov, P. E. Rollin, T. G. Ksiazek, H.
Feldmann, A. Sanchez, J. Childs, S. Zaki, and C. J. Peters. 1993. Genetic
identification of a hantavirus associated with an outbreak of acute respira-
tory illness. Science 262:914-917.

Orenstein, J. M., M. S. Meltzer, T. Phipps, and H. E. Gendelman. 1988.
Cytoplasmic assembly and accumulation of human immunodeficiency virus
types 1 and 2 in recombinant human colony-stimulating factor-1-treated
human monocytes: an ultrastructural study. J. Virol. 62:2578-2586.

Peluso, R., A. Haase, L. Stowring, M. Edwards, and P. Ventura. A Trojan

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

J. VIROL.

horse mechanism for the spread of Visna virus in monocytes. Virology
147:231-236.

Peters, C. J., E. D. Johnson, and K. T. McKee, Jr. 1991. Filoviruses and
management of viral hemorrhagic fever, p. 699-712. In R. B. Belshe (ed.),
Textbook of human virology. Mosby Year Book, St. Louis.

Peters, C. J., and K. M. Johnson. 1984. Hemorrhagic fever viruses, p. 325—
337. In A. L. Notkins and M. B. A. Oldstone (ed.), Concepts in viral patho-
genesis. Springer-Verlag, New York.

Peters, D., G. Miiller, and W. Slenczka. 1971. Morphology, development,
and classification of Marburg virus, p. 68-83. In G. A. Martini and R. Siegert
(ed.), Marburg virus disease. Springer-Verlag, New York.

Sanchez, A., M. P. Kiley, B. P. Holloway, and D. D. Auperin. 1993. Sequence
analysis of the Ebola virus genome: organization, genetic elements, and
comparison with the genome of Marburg virus. Virus Res. 29:215-240.
Schleef, R. R., M. P. Bevilacqua, M. Sawdey, M. A. Gimbrone, Jr., and D. J.
Loskutoff. 1988. Cytokine activation of vascular endothelium. Effects on
tissue-type plasminogen activator and type 1 plasminogen activator inhibitor.
J. Biol. Chem. 263:5797-5803.

Schleef, R. R., D. J. Loskutoff, and T. J. Podor. 1991. Immunoelectron
microscopic localization of type I plasminogen activator inhibitor on the
surface of activated endothelial cells. J. Cell Biol. 113:1413-1424.
Schnittler, H.-J., F. Mahner, D. Drenckhahn, H.-D. Klenk, and H. Feld-
mann. 1993. Replication of Marburg virus in human endothelial cells. A
possible mechanism for the development of viral hemorrhagic disease. J.
Clin. Invest. 19:1301-1309.

Schnittler, H.-J., A. Wilke, T. Gress, N. Suttorp, and D. Drenckhahn. 1990.
Role of actin and myosin in the control of paracellular permeability in pig,
rat, and human vascular endothelium. J. Physiol. 431:379-401.

Smith, D. H., B. K. Johnson, M. Isaicson, R. Swanepoel, K. M. Johnson,
M. P. Kiley, A. Bagshawe, T. Siongok, and W. K. Keruga. 1982. Marburg
virus disease in Kenya. Lancet i:816-820.

Tracey, K. J. B., B. Beutler, S. F. Lowry, J. Merryweather, S. Wolpe, I. W.
Milsark, R. J. Hariri, T. J. Fahey III, A. Zentella, J. D. Albert, G. T. Shires,
and A. Cerami. 1986. Shock and tissue injury induced by recombinant human
cachectin. Science 234:470-474.

Volchkov, V. E., V. M. Blinov, and S. V. Netesov. 1992. The envelope glyco-
protein of Ebola virus contains an immunosuppressive-like domain similar to
oncogenic retroviruses. FEBS Lett. 305:181-184.

Wertheimer, S. J., C. L. Myers, R. W. Wallace, and T. P. Parks. 1992.
Intercellular adhesion molecule-1 gene expression in human endothelial
cells. Differential regulation by tumor necrosis factor-a and phorbol myris-
tate acetate. J. Biol. Chem. 267:12030-12035.

Will, C., E. Miihlberger, D. Linder, W. Slenczka, H.-D. Klenk, and H.
Feldmann. 1993. Marburg virus gene 4 encodes the virion membrane pro-
tein, a type I transmembrane glycoprotein. J. Virol. 67:1203-1210.



