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Abstract
Marburg and Ebola virus, members of the family Filoviridae,
cause a severe hemorrhagic disease in humans and primates.
The disease is characterized as a pantropic virus infection often
resulting in a fulminating shock associated with hemorrhage,
and death. All known histological and pathophysiological pa-
rameters of the disease are not sufficient to explain the devas-
tating symptoms. Previous studies suggested a nonspecific de-
struction of the endothelium as a possible mechanism. Con-
cerning the important regulatory functions of the endothelium
(blood pressure, antithrombogenicity, homeostasis), we exam-
ined Marburg virus replication in primary cultures of human
endothelial cells and organ cultures of human umbilical cord
veins. Weshow here that Marburg virus replicates in endothe-
lial cells almost as well as in monkey kidney cells commonly
used for virus propagation. Our data support the concept that
the destruction of endothelial cells resulting from Marburg
virus replication is a possible mechanism responsible for the
hemorrhagic disease and the shock syndrome typical of this
infection. (J. Clin. Invest. 1993. 91:1301-1309.) Key words:
filoviridae * hemorrhagic fever - shock syndrome- human umbil-
ical cord vein * endothelium

Introduction

Infections with filoviruses often cause a fulminating hemor-
rhagic disease with a severe shock syndrome and high mortality
in humans and in rhesus monkeys ( 1, 2). The family Filoviri-
dae (3) consists of Marburg virus (MBG),' the two related
subtypes of Ebola virus (EBO), and a recently isolated Ebola-
like virus, called Reston virus (RES) (4, 5). MBG, the proto-
type filovirus, was first isolated in 1967 following human out-
breaks of acute hemorrhagic fever in Germany and Yugoslavia
(6). Since that time, sporadic, virologically confirmed MBG
diseases occurred in various parts of Africa (7-9).

Filoviruses constitute the third family of nonsegmented,
negative-strand RNAviruses, beside the Paramyxoviridae and
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Rhabdoviridae, within the new proposed order Mononegavi-
rales (10). Virions are composed of a helical nucleocapsid
surrounded by a lipid envelope. The genome is nonsegmented,
of negative sense, and 19 kb in length (3, 11, 12). Virion parti-
cles contain at least seven structural proteins (8, 13-16).

Filovirus infections have several pathological features in
common with other severe viral hemorrhagic fevers such as
Lassa fever, hemorrhagic fever with renal syndrome, and
Dengue hemorrhagic fever (5). Among these viruses, filovi-
ruses cause the highest case-fatality rates ( - 35% for MBG[61
and up to 90% for EBO, subtype Zaire [17]) and the most
severe hemorrhagic manifestations. The pathophysiologic
events that make filovirus infections of humans so devastating
are still obscure. The viruses are pantropic, but no single organ
shows sufficient damage to account for either the onset of the
severe shock syndrome or the bleeding tendency ( 18 ).

Endothelial cells form the inner surface of blood vessels and
play a key role in regulation of blood pressure, homeostasis,
and antithrombogenicity. These cells form a selective barrier
controlling the exchange of small solutes and macromolecules
between the blood and the interstitial fluid of tissues. Increased
vascular permeability observed during acute inflammation and
shock symptomatic of response to various endogenous and ex-
ogenous mediators follows a paracellular pathway ( 19-22). En-
dothelial cell lysis is observed in the development of shock lung
often associated with a disseminated intravascular coagulation
(DIC) (23, 24). A comparable shock syndrome is also ob-
served in MBGdisease, and it has been speculated that this is
caused either by destruction of endothelial cells following viral
replication or by unspecific immune response and oxidant in-
jury (25). However, no direct experimental evidence has been
obtained for either mechanism.

To determine whether dysfunction and damage of endothe-
lial cells can be caused by filovirus infection, we examined the
replication of MBGin primary cultures of human umbilical
vein endothelial cells (HUVEC) and organ culture of human
umbilical veins. Data presented in this report demonstrate that
the virus replicates in both systems and suggest that damage of
the endothelial cell during filovirus infection can be caused
primarily by virus replication.

Methods

Virus and cell line. The Musoke strain of MBGisolated in Kenya in
1980 (9) was used for the studies. Virus was grown in E6 cells, a cloned
line of Vero cells (CRL 1586; American Type Culture Collection,
Rockville, MD).

Preparation ofprimary endothelial cell cultures. HUVECwere col-
lected according to the previously described method (22). Washed um-

bilical cord veins were filled with collagenase (0.05%) from Clostrid-
ium histolyticum (Sigma Immunochemicals, St. Louis, MO) for 5 min
at 37°C. The collected cells were washed twice in Medium 199 (Gibco,
Eggenstein, Germany) supplemented with 20% pooled human serum
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from healthy donors (tested negative for antibodies to Marburg virus),
25 U/ml penicillin G(Sigma Immunochemicals), and 25 ,4g/ml strep-
tomycin sulfate (Sigma Immunochemicals) and subsequently cultured
until confluency. Cells were seeded on glass coverslips for immunofluo-
rescence and on polycarbonate filters (Falcon Labware, Oxnard, CA)
for electron microscopy. Both tissue culture carriers were coated with
cross-linked gelatin from porcine skin as follows: Coverslips were incu-
bated with 0.5% gelatin for 2 h. Subsequently 2% glutaraldehyde di-
luted in PBS (pH 7.4) were used to cross-link gelatine for 30 min.
Coverslips were sterilized with 70% ethanol for 1 h and extensively
washed in PBSbefore use.

Organ culture ofhuman umbilical veins. Postpartum human umbili-
cal cord veins were washed immediately in Medium 199, and veins
were prepared carefully to preserve the integrity of the endothelial cell
surface. 1-cm pieces of the opened vein were incubated in Medium 199
supplemented with 20% human serum, 25 U/ml penicillin Gand 25
Mg/ml streptomycin sulfate at 370C. Prior to infection cryostat sections
were stained with 1% toluidine blue to evaluate histological features of
the tissue and to examine the integrity of the endothelial cells.

Antisera. Immunofluorescence was performed using either a recon-
valescence serum from a person recovered from MBGhemorrhagic
disease (26) or an experimental guinea pig serum directed against SDS-
inactivated MBG.

Modeof virus infection. Almost confluent monolayers and pieces of
umbilical cord veins (prepared as described above) were infected with
MBGat a multiplicity of infection (m.o.i.) of 10-2 plaque-forming
units per cell (p.f.u./cell). Adsorption of the virus was performed at
370C for 30 min. Subsequently, the inoculum was removed, cells were
washed twice with PBS, and the appropriate media were added (E6
cells: Dulbecco medium containing 2% fetal calf serum (FCS); HU-
VEC: Medium 199 containing 20%human serum). Infected cells were
incubated for the appropriate time at 370C ( 14, 15).

Plaque assay. Confluent monolayers of E6 cells (cultured in six
well tissue culture plates, Greiner, Frickenhausen, Germany) were in-
fected with MBGpropagated in E6 cells and HUVECat dilutions rang-
ing from 10-I to 10-8. Dilutions were prepared in Dulbecco medium
without FCS. Following an adsorption period of 30 min at 37°C, cells
were washed three times with PBS. The infected cells were overlayed
with Dulbecco medium containing 0.6% low-gelling temperature aga-
rose derived from agar (FMC Corp., Rockland, ME) and 2% FCS.
Plates were kept for 20 min at 4°C for solidification of the overlay and
then incubated at 37°C for 8 d. For cell fixation, agar was overlayed
with a solution containing 0.2% crystal violet, 2% ethanol, and 4%
formalin, and kept overnight at room temperature. Agar was removed,
and fixed monolayers were washed several times with H20 and air-
dried.

Immunofluorescence. Endothelial cells and E6 cells cultured on
glass coverslips were infected with virus at a m.o.i. of 10-2 p.f.u./cell.
Following appropriate incubation times, cells were fixed with 2%form-
aldehyde in PBS for 10 min, washed in PBS, permeabilized in 100%
acetone (-20°C) for 1 min, and washed twice in PBS. The monolayers
were incubated with the appropriate antiserum (described above) fol-
lowed by the corresponding secondary antibody labeled with tetra-
methyl rhodamine isothiocyanate (TRITC); (Sigma Immunochemi-
cals) each for 1 h at room temperature. Antibodies directed to von
Willebrand factor were purchased from Sigma Immunochemicals.

Transmission electron microscopy. Monolayers of cells grown on
polycarbonate filters were fixed in 2% glutaraldehyde. After a wash
with PBS, monolayers were postfixed with 1% 0S04 in distilled water
for 1 h. Dehydration was performed in a graded series of ethanol. A
mixture of propylene oxide and epoxy resin ( 1:1 ) (Epon-8 12; Serva,
Heidelberg, Germany) was used for immersion. Final embedding in
Epon-812 was done by standard procedure at 65°C for 12 h. Ultrathin
sections were stained with uranyl acetate and lead citrate. Sections were
observed and photographed in a Zeiss E 109 electron microscope.

RNApolymerase chain reaction (PCR). Tissue culture superna-
tants were clarified by centrifugation at 6.000 g for 15 min at 4°C
(Heraeus, Minifuge T). For viral genomic RNA(vRNA) isolation 1

ml of clarified supernatant was digested with proteinase K at a concen-
tration of 50 ug/ ml in 0.5% SDSfor 1 h at 370C, extracted once with an
equal volume of phenol, once with phenol/chloroform (vol/vol)
(1: 1), and twice with chloroform. RNAwas precipitated by adding 0.1
volume of sodium acetate (pH 5.2) and 2.5 volume of ethanol
(-20'C) at -70'C overnight, washed twice with 70% ethanol, dried
and resuspended in 20 Ml H20 containing 1 U/MAl of ribonuclease inhibi-
tor (RNasin; Boehringer, Mannheim, Germany). RNAPCRwas per-
formed with two synthesized oligonucleotides containing BamHI recog-
nition sites (underlined) at their 5' ends: 5'-GACGGATCCACTTTT-
ATAGCCCACCACATTGTGTGA-3'(downstream located primer,
complementary to the viral genomic RNA; L gene, position 2232-
2258,[15J)and 5'-GACGGATCCTCATAGAGTTGTTATACATTG-
ATTATC-3' [upstream located primer, identical to the viral genomic
RNA; L gene, position 2449-2423, (15)]. 1 MI vRNA and 1.5 uM
"downstream" primer were mixed and incubated at 80'C for 3 min
and at room temperature for 30 min. The reverse transcriptase reaction
(1. cDNA strand synthesis) and the following amplification were per-
formed as described previously (11, 15).

Southern blotting. cDNAproducts were analyzed on 1.5% (wt/vol)
agarose gels. Southern blotting was performed as described (27) using
nylon membranes (Amersham, Braunschweig, Germany). For hybrid-
ization a cDNA clone, containing a part of the L gene ORF(4407
nucleotides; position 186-4593 [15]), ligated into the in vitro tran-
scription vector (pGEM3Zf; Promega Biotec, Madison, WI) down-
stream of the bacteriophage T7 RNApolymerase promotor, was used
to produce 355-aATP-labeled run-off transcripts. These transcripts
were hybridized under stringent conditions (50% formamide, 42°C) to
the blotted cDNA products, and signals were visualized by fluorog-
raphy.

Results

Replication in primary cultures of human endothelial cells. In a
first series of experiments we investigated MBGreplication in
cultured human endothelial cells by phase contrast microscopy
and immunofluorescence technique. Primary cultures of hu-
man endothelial cells seeded on glass coverslips were infected
with MBGat a m.o.i. of 10-2 p.f.u./cell. Following various
incubation times ( 1-6 d), infected monolayers showed an in-
creased cytopathogenic effect (c.p.e.) beginning 4 d after infec-
tion (data not shown). 3 d after infection staining of the mono-
layer with an antibody directed to MBGrevealed an immuno-
fluorescence pattern showing dots of various size in infected
endothelial cells (Fig. 1 a). The endothelial location of MBG-
caused immunostaining was further confirmed by double im-
munofluorescence using an antibody directed to von Wille-
brand factor, which is known to be a marker for endothelial
cells of various locations and species in vitro and in situ (28)
(Fig. 1 b). Immunofluorescence of MBG-infected E6 cells at
various times postinfection showed a different pattern with the
main fluorescence located at the cell margins (Fig. 1 c). This
observation is in accordance with the extended intracellular
spaces of infected E6 cells caused by extensive virus budding
from the lateral membrane (Fig. 2 c).

For electron microscopic investigations primary cultures of
endothelial cells were grown on polycarbonate filters and in-
fected with MBGat a m.o.i. of 10-2 p.f.u./cell. Filters were
fixed and processed for electronmicroscopy at various times
postinfection. Investigated monolayers contained numerous
Weibel Palade bodies, which represent the intracellular storage
site of von Willebrand factor (29) (Fig. 4 a). Virus budding
occurred preferentially from the apical surface ofcultured endo-
thelial cells within the first 3 d postinfection (Fig. 2 a). How-
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Figure 1. Immunofluorescence of cultured human endothelial (a, b) and E6 cell monolayers (c) infected with Marburg virus. Infected endothelial
monolayers were stained by double labeling with an antibody directed to total MBGproteins (a) and to von-Willebrand factor (b) to identify
infected endothelial cells. As seen in a, infected endothelial cells show a punctuated fluorescence as well as intensely fluorescent patches (arrow-
heads), whereas uninfected cells show only a background staining (data not shown) identical to those indicated by asterisks. Labeling of exactly
the same cells with an antibody directed to von-Willebrand factor revealed a homogeneous distribution of von-Willebrand antigen within all
cells (b). A different pattern of immunofluorescence was seen in E6 cells using a reconvalescence serum from a person recovered from MBG
disease (c). The fluorescence is prominent primarily at the cell borders (arrows). Bars, 20 M~m.

ever rarely, budding of virus could also be observed at the basal
side and even within the cell-cell junctions of the endothelium.
After prolonged incubation, a loss of the preferred vectorial
virus budding was observed, resulting in a randomized bud-
ding from the cell membrane (Fig. 2 b). In E6 cells, on the
other hand, budding of MBGoccurred even early in infection
in a randomized fashion along the entire plasma membrane
without any vectorial release of virion particles (Fig. 2 c).

Budding of the mature filamentous virions seemed to occur
preferentially in a vertical mode from the plasma membrane.
Plasma membranes appeared thickened where virus budding
occurred, which might be caused by an incorporation of viral
proteins (Fig. 3 a). Budding in a horizontal mode could not be
observed. Virion particles appeared in multiple forms (e.g.,
annular, 6-shaped, U-shaped, filamentous) (Fig. 3) as de-
scribed previously for propagation in other cells (30). Spikes
were clearly visible on the surface of virus particles (Fig. 3 a).
In infected endothelial cells two types of cytoplasmic inclu-
sions could be observed (Fig. 4). One type appeared as multila-
mellar inclusions (Fig. 4 b) similar to those found only in in-
fected Vero cells but without showing the heavily stained
strands in the periphery (30). The second type of inclusions
consists of electron-dense filamentous material (Fig. 4 a). Both
types of inclusion bodies probably consist of viral nucleocap-
sids that accumulate in the cytoplasm. These cytoplasmic accu-
mulations of viral proteins cause the intense patchy immuno-
staining seen in several of the infected cells (Fig. 1).

To demonstrate that HUVEC-derived MBGis infectious,
we performed plaque assays on E6 cells from culture superna-
tants of infected endothelial cells harvested 8-144 h postinfec-
tion. For comparison, we also determined infectious virus re-
leased from E6 cells, the standard cell line used for MBG-propa-

gation. Virus was first detectable 48 h after infection (titer: 101
p.f.u./ml). At 6 d postinfection virus titers reached a maxi-
mumof 107 p.f.u./ml, which is nearly identical to virus titers
usually obtained from E6 cells (Fig. 5 a). The plaque morphol-
ogy of both HUVECand E6 cell-propagated virus did not sig-
nificantly differ (data not shown). These findings demonstrate
that human endothelial cells are permissive for MBG.

In a second assay we performed RNAPCRof infected HU-
VECsupernatants to determine the earliest time of virus re-
lease and thus the length of the viral replication cycle. RNA
PCRwas performed using a set of primers located within the L
gene of MBGamplifying a cDNAproduct of 236 nucleotides
containing two DdeI recognition sites ( 15). As shown in Fig-
ures 5 b and c, RNAPCRfirst resulted in positive cDNAprod-
ucts 12 h postinfection. cDNA products were not detectable
within the first 8 h postinfection. The specificity of the ampli-
fied products was considered by two independent approaches:
(a) Southern blot analysis using a "S-aATP-labeled run-off
transcript of 4407 nucleotides of the L gene (Fig. 5 c), and (b)
the pattern of fragments obtained after digestion with the re-
striction endonuclease DdeI (data not shown). Spectrophoto-
metric analysis of precipitated PCRsamples revealed a continu-
ous increase of cDNAproducts from 12 to 144 h postinfection.
These results confirm the infectivity of the budded virus and
further indicate a replication cycle for MBGof approximately
12 h in HUVEC.

Replication in organ culture of human umbilical cord vein.
Wehave also analyzed virus replication in organ cultures de-
rived from human umbilical cord veins using essentially the
same procedures as with endothelial tissue cultures. In this sys-
tem the endothelial cells still rest on a basement membrane and
were not manipulated by proteases like collagenase or trypsin
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Figure 2. Transmission electron microscopy of
cultures of human endothelial cells and of E6 cells
infected with Marburg virus. Virus budding (a
and b, arrows) in endothelial cells 3 d postinfec-
tion occurred preferentially from the apical mem-
brane (a) whereas 5 d postinfection a more ran-
domized budding could be observed (b). The as-
terisk in (b) indicates a viral inclusion body
probably consisting of nucleocapsides. Virus bud-
ding in E6 cells occurred randomly even early in
infection (3 d postinfection) (c). The intercellular
space is extended by extensive virus budding from
the lateral membrane (c, arrows). Junctions are
indicated by an arrowhead. Bars, 0.5 um.
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Figure 3. Virus budding in cultured hu-
man endothelial cells. Virus particles

;¢;-;4t originated in endothelial cells do not
differ morphologically from virus propa-
gated in E6 cells. Particles consist of a

j central channel surrounded by the nu-
cleocapsid (a, inset). The nucleocapsid is
further surrounded by a membrane enve-

'' .Ntty lope in which spikes are inserted (a,
arrows). The plasma membrane of the
endothelial cell is thickened at locations
where virus budding occurs (a, arrow-
heads). Virion particles budding from
the apical (b) as well as the basolateral
plasmamembrane of endothelial cells (c)
show a broad variety of multiple forms
(long filamentous, sometimes branched
forms; U (6)-shaped forms [b, arrow-

W He heads] circular forms). Bars, 0.5 Am; Bar
inset, 50 nm.
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Figure 4. Two forms of viral inclusions in infected cultured human endothelial cells. Viral inclusions are found in the cytoplasm of infected en-

dothelial cells in two forms. Dark extended homogeneous inclusions (a, big asterisks) and lamellae inclusions (b, big arrowheads). Weibel
palade bodies (a, small asterisks) can be seen identifying the cells as endothelium. N, nucleus; rer, rough endoplasmic reticulum. Bars, 0.5 um.
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Figure 5. Release of infectious Mar-
burg virus from infected endothelial
cells. The infectivity of the budded
virus particles has been determined
by plaque assay (a). Infectious virus
particles released from infected en-

dothelial cells can be first detected
48 h postinfection (black column).

114 144 The titers of virus propagated in en-
dothelial cells (black columns) are
nearly identical to those obtained
from infected E6 cells (hatched col-
umns). Using RNA, PCRbudded
virus particles can already be identi-

10.11.12. M fied in tissue culture supernatants
of endothelial cells 12 h after infec-
tion (b and c, lane 3). The amplified
DNAproducts (236 base pairs) were
analyzed on a 1% agarose gel and
visualized by ethidium bromide
staining (b). The virus specificity of
the amplified DNAproducts is
demonstrated by Southern blot hy-
bridization using a radiolabeled
cDNA piece of the L gene of MBG

b * (c). M, molecular weight marker
(lambda DNA/EcoRI and HindIIl;
Boehringer Mannheim); 1, control:
96 h postinfection (p.i.) without
primers; 2, 8 h p.i.; 3, 12 h p.i.; 4,
24 h p.i.; 5, 36 h p.i.; 6, 48 h p.i.;
7, 60 h p.i.; 8, 72 h p.i.; 9, 84 h p.i.;
10, 96 h p.i.; 11, control: primers
without RNAtemplate; 12, control:
purified MBGvRNA.

used in cell culture preparation. Organ cultures were infected
as described for the tissue culture system, incubated for four
and six days, and then prepared for electron microscopy. Prior
to infection, the integrity of the endothelium was checked by
cryostat sections and conventional toluidine blue staining. Ex-
amination of several thin sections at days 4 and 6 postinfection
demonstrated budded virions from multiple infected endothe-
lial cells over the entire endothelium. Budding occurred from
the apical and the basal surface without any marked differences
in quantity (Figs. 6 a and b). Partial endothelial lysis occurred
and was indicated by cell debris associated viruses (c). Virion
particles did not differ in morphology from particles budded
from E6 cells or cultured HUVEC. In addition plaque assay

and RNAPCRof organ culture-derived supernatant showed
that infectious virus was released.

Discussion

To better understand the pathogenesis of the severe shock syn-
drome and fulminating hemorrhage in MBGdisease we exam-

ined viral replication in human endothelial cells. It is generally
accepted that shock development is associated with a loss of the
integrity of the endothelium by destruction and increased vas-

cular permeability. In MBGdisease this can be caused by sev-

eral mechanisms (a) endothelial cell lysis by direct virus replica-
tion, (b) massive release of inflammatory mediators by unspe-

cific (e.g., phagocytosis) or specific (e.g., virus replication)
activation of inflammatory cells, and (c) oxidant injury or un-

specific immune response as discussed previously (25). We
examined the replication of MBG, strain Musoke, in primary
endothelial cell cultures prepared from human umbilical cord
vein and in organ cultures of human umbilical cord vein.
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Figure 6. Transmission electron microscopy of

X organ-cultured pieces of human umbilical cord
veins infected with Marburg virus. Virion par-

* ticles bud from the apical (a) as well as the
basolateral (b) plasma membrane of infected
endothelial cells. Plasma bridges connecting
viral particles with the plasma membrane of
endothelial cells are obvious (a and b, arrows).
Intercellular junctions are indicated by small
arrows (a). Mature viral particles (c, arrows)
associated with cell debris (c, arrowhead) are

- seen in the surrounding of destructed endothe-
lial cells (c). Bars, 0.5 Aim.

Endothelial Cells Serve as a Suited Target for Marburg Virus Replication 1307

100000

,V.,' A-..* '31W.'t i.k.. .7

I %.-'k +



Wedemonstrate here that MBGreplicates in human endo-
thelial cells and that the course of infection does not differ
significantly from infection of cultured E6 cells (monkey kid-
ney cells), which are commonly used for in vitro virus propaga-
tion. Early in infection numerous areas with localized cell dam-
age were obviously followed by a generalized damage of the
endothelial cells late in infection. The budded virus is in-
fectious, and virus titers obtained from infected human endo-
thelial cells and E6 cells are comparable. Endothelial cells were
also infected in a more physiological surrounding, i.e., in organ
culture of whole veins. In both systems infection and replica-
tion could be shown by electron microscopy, RNAPCR, and
plaque assay. Consequently, these findings clearly demonstrate
that the endothelial cell is a suitable target for Marburg virus
replication.

The endothelial cell, which functions as the barrier between
the blood and the surrounding tissue, is a strategically impor-
tant cell type for virus spread in the infected host. Two reasons
may be important: first, virus replication in endothelial cells
could help to maintain and reinforce the viremic phase. This
assumption is supported by the fact that virus budding oc-
curred to a significant degree from the apical plasma mem-
brane. On the other hand, basolateral budding would allow
viruses to spread into the tissues even early in infection. Sec-
ond, viral replication may lead to destruction of endothelial
cells with a loss of their barrier function and virus spread into
the tissues. This is in line with our observation of a generalized
virus-induced endothelial cell destruction in cell and organ cul-
tures and also supported by observations made in filovirus-in-
fected animals (25).

If one considers the results obtained from the cell and organ
culture experiments, a destruction of endothelial cells as a pri-
mary result of viral replication would be sufficient to explain
the onset of a severe shock syndrome and hemorrhage. Endo-
thelial cell destruction later on in infection would be sufficient
to start a disseminated intravascular coagulation (DIC) with
consumption of coagulation factors as initially discussed for
filovirus infections of several severe cases (25, 31 ).

In addition, the onset of the bleeding tendency in filovirus
disease is supported by the loss of the integrity of the endothe-
lium as could be demonstrated in vitro (organ culture) and
observed in infected animals (25). The hemorrhage occurs
later on in infection due to the fact that first a localized destruc-
tion of the endothelium appears. These defects are covered by
the spread of surrounding intact endothelial cells (small
wound-healing mechanism) as demonstrated in vitro (32). Fol-
lowing an extended damage of the endothelium caused by virus
replication, this repair mechanism fails and red blood cells pen-
etrate into the underlining tissues. The bleeding tendency is
reinforced by a decrease of the bloodstream, which is a com-
mon consequence of shock syndromes.

In conclusion, endothelial cells are fully susceptible to in-
fection and replication of MBGand thus may play a key role in
the development of MBGhemorrhagic disease. Our data indi-
cate that endothelial cells serve as a sufficient target for MBG
replication even in the infected organism. Destruction of the
endothelium caused by viral replication could propagate the
development of the shock syndrome and fulminating hemor-
rhage. Appropriate studies on MBG-infected animals are neces-
sary to show that our in vitro data are in accordance with the in
vivo situation in the infected host. In general, endothelial cell

lysis caused by virus replication should be discussed as a major
event for the development of virus-induced hemorrhagic dis-
eases.
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