JOURNAL OF VIROLOGY, Nov. 2001, p. 11025-11033
0022-538X/01/$04.00+0 DOI: 10.1128/JV1.75.22.11025-11033.2001

Vol. 75, No. 22

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Infection and Activation of Monocytes by Marburg
and Ebola Viruses

UTE STROHER,' ELMAR WEST,' HARALD BUGANY,' HANS-DIETER KLENK,'
HANS-JOACHIM SCHNITTLER, ? aNp HEINZ FELDMANN!-*

Institut fiir Virologie, Philipps-Universitit, D-35037 Marburg," and Institut fiir Physiologie und Pathophysiologie,
Carl-Gustav-Carus-Universitit, D-01307 Dresden,” Germany, and Canadian Science Centre
for Human and Animal Health, Winnipeg, Manitoba R3E 3R2, Canada®

Received 18 July 2001/Accepted 26 July 2001

In this study we investigated the effects of Marburg virus and Ebola virus (species Zaire and Reston)
infections on freshly isolated suspended monocytes in comparison to adherent macrophages under culture
conditions. Our data showed that monocytes are permissive for both filoviruses. As is the case in macrophages,
infection resulted in the activation of monocytes which was largely independent of virus replication. The
activation was triggered similarly by Marburg and Ebola viruses, species Zaire and Reston, as indicated by the
release of the proinflammatory cytokines interleukin-13 (IL-1f3), tumor necrosis factor o, and IL-6 as well as
the chemokines IL-8 and gro-a. Our data suggest that infected monocytes may play an important role in the

spread of filoviruses and in the pathogenesis of filoviral hemorrhagic disease.

Marburg virus (MBGYV) and Ebola virus (EBOV), family
Filoviridae, cause severe hemorrhagic fevers in humans and
nonhuman primates. Outbreaks such as the latest ones in the
Democratic Republic of the Congo (MBGV) and Uganda
(EBOV) are unpredictable and a matter of considerable public
health concern to the affected as well as neighboring countries.

The Zaire species of EBOV shows the highest mortality in
humans, whereas the Reston species may be apathogenic,
based on very limited data. The clinical syndrome of MBGV
and EBOV hemorrhagic fever is characterized by generalized
fluid distribution problems, hypotension, coagulation disor-
ders, variable degrees of hemorrhage, and widespread focal
tissue destruction (6, 18, 23, 26, 28, 29). Morphological studies
on postmortem material indicate that mononuclear phagocytic
cells are the primary targets for filovirus replication (10, 11, 30,
39, 40). Cultured human macrophages are highly susceptible to
infection with MBGYV, the prototype filovirus, resulting in ac-
tivation, massive virus production, and finally cell lysis (5).
Endothelial cells are considered as secondary targets.

Filoviruses replicate in human umbilical cord vein endothe-
lial cells, causing endothelial cell lysis (32). This effect may in
part be associated with the cytotoxicity of the viral transmem-
brane glycoprotein (3, 38), which mediates virus attachment to
target cells (33, 37). Postmortem observations on humans have
demonstrated viral antigen in endothelial cells of several or-
gans (39, 40), but widespread destruction of endothelial cells is
not always obvious in the final stages of the disease in exper-
imentally infected nonhuman primates (10, 11, 30).

The mechanisms of disease development during filovirus
infections are still poorly understood. Following infection via
small lesions, virus particles enter lymph vessels or the vascular
system directly. The primary organ tropism (lymph nodes,
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spleen, and liver) may be explained by the direct access of viral
particles to sessile macrophages without penetration of the cell
or the tissue barrier (31). The pantropism of filovirus infec-
tions, typically occurring during late disease stages, is mecha-
nistically unexplained. Extravasation of infected circulating
cells, such as monocytes, might be a mechanism for the spread
of the virus and the occurrence of focal tissue destruction. This
requires the activation of the extravasating cells and the endo-
thelium that is normally mediated through cytokines and che-
mokines (15, 21). However, neither infection nor activation of
monocytes by filoviruses has been experimentally demon-
strated yet.

In this study we compared the effects of filovirus infections
on freshly isolated suspended monocytes and adherent macro-
phages under culture conditions. Monocytes could be estab-
lished as permissive cells for MBGV and EBOV. Both cell
subsets, the suspended monocytes and the adherent macro-
phages, became activated upon infection, as evidenced by the
release of cytokines and chemokines. The activation seemed to
be largely independent of viral replication. Based on our data,
the infected monocytes may play a key role in the spread of the
virus and therefore sufficiently explain the pantropism and the
associated focal tissue destruction. Furthermore, the virus-in-
duced cytokine and chemokine release from activated mono-
cytes may trigger an instability of the endothelium in the in-
fected host.

MATERIALS AND METHODS

Viruses and cell lines. In this study we used the Musoke strain of MBGYV, the
Mayinga strain of the Zaire species of EBOV (EBOV-Zaire), and the Reston
strain of the Reston species of EBOV (EBOV-Reston). All virus stocks were
kindly provided by the Special Pathogens Branch, Centers for Disease Control
and Prevention, Atlanta, Ga. Virus stocks were freshly prepared in Vero E6 cells
(ATCC 1568). Harvesting was performed when no obvious cytopathic effect was
seen. Mock-infected Vero E6 cells were treated the same way in order to prepare
a control (mock stock). Vero E6 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco-BRL, Karlsruhe, Germany) supplemented
with 10% fetal calf serum (Biochrom, Berlin, Germany), penicillin (100 U/ml),
streptomycin (100 pg/ml), and L-glutamine (2 mM). For virus propagation,
DMEM with 2% fetal calf serum was used.

11025



11026 STROHER ET AL.

Endotoxin test. Prior to use, all virus stocks and media were analyzed for
endotoxin presence using the Limulus amebocyte lysate test (QCL-1000; Bio-
Whittaker, Walkersville, Md.). All compounds and media used in this study
contained less than 0.3 EU/ml, which was less or equivalent to the amounts found
in the mock stock used as controls for the experiments.

Inactivation of virus stocks. Virus stocks were inactivated by exposure to UV
light for 1 h. Proper inactivation was controlled by the incubation of Vero E6
cells with the inactivated virus particles and subsequent screening for the pres-
ence of viral proteins (immunofluorescence) and viral RNA (reverse transcrip-
tion [RT]-PCR targeting virus-specific transcripts). The UV-inactivated stocks
were used at the same dilutions as the noninactivated stocks.

Isolation of PBMC. Peripheral blood mononuclear cells (PBMC) consisting of
monocytes and lymphocytes were separated from the buffy coats of healthy blood
donors using Ficoll-Hypaque density gradient centrifugation (nonpooled).

(i) Monocytes. Blood monocytes were isolated by countercurrent centrifugal
elutriation of PBMC-rich fractions using a JE-6B rotor (Beckman).

(ii) Macrophages. Freshly prepared PBMC were seeded into 24-well culture
plates (Primaria; Falcon), and the monocytes were allowed to adhere. After an
adsorption period of 1 h, the monolayers were washed extensively to remove any
nonadherent cells. The cells were incubated at 37°C in a humidified (95%) 5%
CO,—air atmosphere for 7 days prior to infection. The monocytes and macro-
phages were cultured in RPMI 1640 (Linaris, Wertheim-Bettingen, Germany)
containing 5% human AB serum, penicillin (100 U/ml), streptomycin (100 pg/
ml), L-glutamine (2 mM), nonessential amino acids (2 mM), and pyruvate (2
mM).

Infection of mononuclear phagocytic cells. (i) Monocytes. A total of 10° fresh
mononuclear cells were infected in suspension (test tube) using a multiplicity of
infection (MOI) of 10. Subsequently, the cells were washed with phosphate-
buffered saline (PBS), seeded into 24-well culture plates, and incubated at 37°C
in a CO, incubator (humidity 95%) for the appropriate time (up to 7 days
postinfection).

(ii) Macrophages. The infection was performed on day 7 postseeding at an
MOI of 10. After an adsorption period of 1 h, the inoculum was replaced by new
medium (RPMI containing 5% human AB serum), and the cultures were incu-
bated for various times at 37°C in a CO, incubator (humidity 95%).

Antibody treatment. Macrophages were infected as described above. Follow-
ing inoculation, fresh medium containing anti-human tumor necrosis factor al-
pha (TNF-«) antibody (5 wg/ml) (R&D Systems, Weisbaden, Germany) was
added.

Immuno-Plaque assay. Confluent Vero E6 cells grown on cover slips were
infected using a 10-fold dilution series. Following virus adsorption for 45 min at
37°C, the cells were washed three times with PBS. The infected cells were
overlaid with DMEM containing 0.4% low-melting-point agarose and 2% fetal
calf serum. At 48 h postinfection, the cells were fixed with 2% formaldehyde in
PBS overnight, washed with PBS, and permeabilized with 0.1% Triton X-100 in
PBS for 15 min. Subsequently, the cells were incubated for 1 h at room temper-
ature with the desired antibody (anti-MBGV NP, 1:1,000; anti-EBOV, 1:200)
diluted in PBS. The samples were washed three times with PBS and incubated for
another hour with the appropriate indocarbocyanine (Cy3)- or fluorescein iso-
thiocyanate (FITC)-conjugated secondary antibody. Following washing (three
times), cover slips were mounted with Supermount (BioGenex, Hamburg, Ger-
many), and the immunostained plaques were counted.

Detection of cytokines. The supernatants from the infected or mock-infected
cell cultures were removed, clarified from cell debris by centrifugation (8,000 X
g, 4°C, 10 min), and stored at —80°C. All samples were tested in duplicate for the
presence of cytokines after being thawed only once using commercial enzyme-
linked immunosorbent assay (ELISA) systems (human interleukin-6 [IL-6],
TNF-a ELISA kit, and human IL-8 enzyme immunoassay [EIA] from Promocell,
Heidelberg, Germany; human gro-a ELISA from R&D Systems). Since the
samples were not inactivated, the analyses were conducted in a biosafety level 4
containment laboratory.

RT-PCR for cytokine-specific transcripts. The supernatants from the infected
or mock-infected cells were removed, and the cells were lysed using a guani-
dinium isothiocyanate-based buffer system (RNeasy kit; Qiagen, Hilden, Ger-
many). At this point the samples were taken out of the containment laboratory,
and RNA isolation was performed using the Qiagen kit. The RNA concentra-
tions were adjusted to 100 ng/pl prior to use in RT-PCR. Reverse transcription
and PCR were carried out in the same tube using the OneStep RT-PCR kit
(Qiagen) according to the manufacturer’s guidelines. RT-PCR was performed
with a Perkin Elmer cycler (model 2400) using the following protocol: 1 cycle at
50°C for 30 min and 95°C for 15 min, followed by 19 to 32 cycles at 94°C for 30s,
65°C for 30 s, and 72°C for 1 min. The cycle numbers were adjusted to allow
semiquantitative analysis of the amplification products after ethidium bromide
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TABLE 1. Oligonucleotide sequences
Gene Primer sequence (5’ to 3")” nge
B-Actin GTG GGG CGC CCC AGG CAC CA S 19
CTC CTT AAT GTC ACG CAC GAT TTC AS
TNF-a AGC ATG ATC CGG GAC GTG GAG N 25
CCC AGA CTC GGC AAA GTC GAG AS
IL-1B TGG CAG AAG TAC CTG AGC TCG N 25
TTA GGA AGA CAC AAA TTG CAT GGT G AS
IL-6 CTC CTT CTC CAC AAG CGC CIT CG N 28
GAG CCC TCA GGC TGG ACT GCA GG AS
IL-8 TTC TGC AGC TCT GTG TGA AGG TAA G N 32
GGA TCC TGG CTA GCA GAC TAG AS
gro-o CAG TGC TTG CAG ACC CTG N 26
CAT GTT GCA GGC TCC TCA G AS

“ S, sense; AS, antisense.

staining. Table 1 shows the sequences of the oligonucleotides and the cycle
numbers used for the different target mRNAs.

RESULTS

Replication of filoviruses in monocytes . Human peripheral
blood monocytes were infected with MBGV and EBOV-Zaire
at an MOI of 10. Within several hours, the infection of the
monocytes resulted in the formation of cell clumps indicative
of activation (Fig. 1A). Immunostaining done at day 2 postin-
fection with a virus-specific antiserum demonstrated the infec-
tion of the monocytes (Fig. 1B). The supernatants were col-
lected at different days postinfection, and the virus titers were
determined by plaque assay in Vero E6 cells (Fig. 1C). No
obvious difference in infection of suspended monocytes and
adherent macrophages between the viruses was noted. The
data clearly demonstrated that the circulating monocyte was a
permissive target cell for filoviruses and that the infection did
not require cell adhesion to the substrates.

Activation of mononuclear phagocytic cells. Suspended
monocytes and adherent macrophages were either infected
with MBGV and EBOV-Zaire at an MOI of 10 or incubated
with the same dilution of UV-inactivated virus stocks. The
activation was measured on two levels, transcription and pro-
tein expression. Treated cells were harvested at 24 h postin-
fection, and RNA was isolated for RT-PCR analysis. RT-PCR
was performed using the OneStep RT-PCR kit (Qiagen) with
primers specifically designed to target TNF-a, IL-1B, IL-6,
IL-8, gro-a, and B-actin (housekeeping gene) mRNAs (see
Materials and Methods and Table 1). Transcriptional activa-
tion of the monocytes and the macrophages could be demon-
strated for all the above-mentioned proinflammatory cytokines
and chemokines (Fig. 2A; an example shown here for macro-
phages).

The secretion of the corresponding proteins was investigated
using specific ELISAs. Secretion was significantly increased for
all assayed expression products that had been analyzed on a
transcriptional level (Fig. 2B). Interestingly, similar levels of
transcriptional activation and increased product secretion were
achieved by incubation of the cells with UV-treated viral par-
ticles. In order to exclude the infectivity of the UV-treated
virus stocks, incubations of Vero E6 cells (MOI of 5) were
performed using UV-treated and nontreated viruses. No virus
replication was detected after 14 days following incubation
with UV-treated MBGV and EBOV-Zaire particles, whereas
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FIG. 1. Filovirus replication in mononuclear phagocytic cells. (A
and B) Infection of monocytes. Monocytes were infected with MBGV
(MBG) and EBOV-Zaire (EBO Z) and -Reston (EBO R) at an MOI
of 10. A mock infection served as a control. Cultures were checked by
light microscopy (A) and immunostaining (B). On day 1 postinfection
(1d pi), activation could be demonstrated by clumping of monocytes
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monolayers infected with nontreated virus were uniformly an-
tigen positive 2 days postinfection (Fig. 2C). In addition, RT-
PCR targeting virus-specific transcripts confirmed complete
inactivation of UV-treated virus stocks (data not shown). The
data suggest that activation is largely independent of virus
replication.

TNF-a by itself can induce expression of mediators in mono-
nuclear phagocytic cells (24, 34). To exclude the possible in-
fluence of TNF-a on the production of IL-6, IL-1B, IL-8, and
gro-a, we infected macrophages in the absence or presence of
a neutralizing anti-human TNF-« antibody. The supernatants
were collected 24 h postinfection and assayed for the different
mediators. Under these conditions, virus-mediated induction
of IL-6, IL-8, and gro-a (Fig. 3) was only slightly affected,
indicating that cytokine and chemokine expression is indeed
largely induced by virus infection and not triggered by the
production of TNF-a.

Time course of activation. In general, MBGV and EBOV-
Zaire showed a similar activation profile in both subsets of
mononuclear phagocytic cells. Therefore, the kinetics of virus-
induced activation was studied using MBGV. Monocytes and
differentiated macrophages were infected at an MOI of 10.
The supernatants and cells were harvested at different time
points postinfection. RT-PCR was performed as described pre-
viously, but the number of cycles was adjusted to 19 to 32 in
order to be semiquantitative. All target genes (TNF-a, IL-1B,
IL-6, IL-8, and gro-a) were transcriptionally activated begin-
ning at 3 h postinfection. TNF-«a reached its maximum at about
3 to 6 h postinfection, whereas gro-a showed a very weak
increase at 3 h postinfection and increased to peak values
within 24 h. IL-6 and IL-8 remained at an increased level for a
longer period and showed a slight decrease at 24 h postinfec-
tion (Fig. 4A; an example shown here for macrophages). The
slower response in activation of gro-a can also be seen from
the level of protein secretion, which showed an increased re-
lease beginning at 6 h postinfection, in contrast to TNF-a,
which was detected after only 3 h (Fig. 4B). Interestingly, IL-6
and, to a lesser extent, IL-8 secretion was delayed compared to
the transcriptional activation of the corresponding genes. The
IL-8 background was high but significantly lower on the tran-
script and protein levels in the mock-infected compared to the
virus-infected cells (Fig. 4).

The data from the time course studies compared favorably
with the results with the UV-inactivated virus (Fig. 2). Activa-
tion seemed to start earlier than virus replication, indicating
that replication is not needed to trigger this event. In order to
confirm this conclusion, we performed RT-PCR using primers
that specifically target virus-specific RNA transcripts. At 3 h
postinfection, we could not detect transcripts of viral genes,
which supported the conclusion that replication (and most

(A). Immunostaining was performed on day 2 postinfection, as shown
here for MBGYV using an anti-MBGYV antiserum (B). (C) Kinetic of
virus growth. Virus growth was determined by immunoplaque assay.
The supernatants of infected cultures were 10-fold diluted, and con-
fluent monolayers of Vero E6 cells were infected. On day 2 postinfec-
tion, cells were stained with specific antisera, and the titer was deter-
mined. Open circles, infected macrophages; solid squares, infected
monocytes.
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FIG. 2. Mode of activation. Activation of suspended monocytes and adherent macrophages was determined on the level of transcription and
expression. Cells were incubated with the same dilutions of UV-treated or untreated MBGV (MOI of 10), EBOV-Zaire (MOI of 10), or mock
stocks (negative control). (A) Transcriptional activation. Cells were harvested 24 h postinfection, and RNA was isolated using a commercial kit.
RT-PCR was performed with specific oligonucleotides for the indicated proinflammatory cytokines and chemokines. (-Actin was used as a
housekeeping gene in order to verify that equal amounts of RNA were used in the RT-PCR assays (an example shown here for macrophages).
To get semiquantitative results, the number of cycles was adjusted to 19 to 32 cycles. Products were run on a 2% agarose gel and visualized
following ethidium bromide staining. (B) Activation of expression. Supernatants were harvested 24 h postinfection and assayed by ELISA for the
presence of mediators. The amount of mediators released is given in picograms per milliliter. (C) Inactivation of virus stock. In order to prove
proper inactivation of virus stocks by UV treatment, Vero E6 cells were incubated with the same dilutions of UV-treated and untreated MBGV
(MOI of 5) and EBOV-Zaire (MOI of 5). Cells were prepared for antigen detection by fixation and inactivation with 2% paraformaldehyde on
days 2 (upper and middle panel) and 14 (bottom panel) postinfection. For indirect immunofluorescence, cells were subsequently permeabilized
with 0.1% Triton X-100 and incubated with anti-MBGV and anti-EBOV antisera (1:1,000 and 1:200 dilution, respectively) followed by Cy3- or

FITC-labeled secondary antibodies.

likely transcription) was not necessary for target cell activation
(data not shown).

Infection of mononuclear phagocytic cells with EBOV-
Reston. Monocytes and macrophages were infected with
MBGYV, EBOV-Zaire, and EBOV-Reston at an MOI of 10. As
demonstrated for MBGV and EBOV-Zaire previously (Fig. 1
to 4), EBOV-Reston infection also resulted in the activation of
both subsets of mononuclear phagocytic cells (Fig. 5). In gen-
eral, the levels of activation did not differ significantly from
those activated by MBGV and EBOV-Zaire infections.

DISCUSSION

As hypothesized previously, filoviruses may enter through
minor lesions on the skin and/or mucous membranes and sub-
sequently access the blood directly or via the lymphatic system
(31). Studies on experimentally infected animals have demon-
strated that filovirus infections follow a specific order, starting
with the blood or lymph fluid, the interstitium, and the paren-
chyma, with the crucial pathogenic events taking place in the
bloodstream (30). On the basis of in vivo studies, mononuclear
phagocytic cells, especially macrophages, seem to be the pri-
mary target cells for filoviruses (10, 11, 30, 39, 40). The vast
majority of mononuclear phagocytic cells in the bloodstream
are monocytes. Given the fulminant course of a filovirus hem-

orrhagic fever, virus production in this subset of mononuclear
phagocytic cells could be the major source of the high viremia
(up to 10® PFU/ml) in naturally and experimentally infected
hosts during the critical early stages of the infection. High
viremia may subsequently allow the direct infection of impor-
tant secondary target cells, such as endothelial cells (10, 11, 30,
32, 39).

Filovirus infection leads to activation of monocytes, as dem-
onstrated by clump formation (Fig. 1A) and the release of
mediators (Fig. 2 to 4). In addition, cytokines (e.g., TNF-a and
IL-1B) and other proinflammatory mediators are known to
increase the expression of various cell adhesion molecules on
endothelial cells (ICAM-1, VCAM-1, E-selectin, and P-selec-
tin) that are involved in diapedesis of leukocytes (2, 15). The
C-X-C chemokines IL-8 and gro-a are not the only chemoat-
tractants for neutrophils. IL-8 also triggers firm adhesion of
monocytes to activated vascular endothelium, suggesting a po-
tential role in monocyte recruitment (12, 20). Therefore, ex-
travasation of activated, infected monocytes may be a mecha-
nism for MBGV and EBOV to spread from the bloodstream
into organ tissues during the second stage of infection. This
could explain the pantropism associated with severe filovirus
infections, and this would not necessarily depend on damage to
the endothelium, a feature that is not observed in all infected
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FIG. 3. Mode of activation. Macrophages were infected with
MBGV at an MOI of 10 with (+) or without (=) a neutralizing
anti-TNF-a monoclonal antibody (5 pg/ml). A mock infection was
performed as a negative control. Supernatants were harvested 24 h
postinfection and assayed by ELISA for the indicated mediators (pi-
cograms per milliliter).

hosts (10, 11, 29, 30). A similar role for monocytes has been
discussed for the spread of other virus infections, such as hu-
man immunodeficiency virus (25) and visna virus (27).

Clumping of monocytes (Fig. 1A) may be an important ob-
servation for the pathogenesis of filovirus hemorrhagic fever.
Monocyte clumps in vessels in vivo could dramatically influ-
ence the rheology of the bloodstream, especially in small
venules, which could lead to thrombus formation, as has been
observed in infected patients. Intravascular clump formation
could also activate coagulation, a general phenomenon ob-
served in many clinical cases as well as in experimentally in-
fected monkeys (6, 18, 23, 26, 28, 29). Alterations of the co-
agulation pathways, particularly the intrinsic one, were
observed in infected monkeys (8, 9).

The release of cytokines as a result of monocyte and mac-
rophage activation (Fig. 2 to 4) is also involved in the devel-
opment of shock (1). Shock can be caused by many things,
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including bacterial (e.g., endotoxin) and viral infection (4). It
has been shown that supernatants of filovirus-infected macro-
phages increased paraendothelial permeability in endothelial
monolayers, an effect that was mainly driven by TNF-a (5).
Increased paraendothelial permeability is one of the most im-
portant events during shock development (13, 22), and shock is
known to be the major cause of death in filovirus hemorrhagic
fever (6, 18, 23, 26, 28, 29). Elevated levels of mediators,
including TNF-a, were detected in the acute-phase sera of
several EBOV-infected patients (35) and in infected animals
(17). Increased TNF-a values were found to correlate with the
severity of Junin virus infections causing Argentine hemor-
rhagic fever (16). Therefore, it seems reasonable to assume
that massive cytokine release triggered by filovirus-induced
activation of mononuclear phagocytic cells may induce a sys-
temic inflammatory response syndrome, which can be pro-
voked by cytokine treatment and can be observed during en-
dotoxin-induced shock (1, 4).

As mentioned above, virus-induced activation of monocytes
will most likely result in the release of other proinflammatory
mediators (e.g., histamine and serotonin), proteases (e.g., elas-
tase), and peroxide (H,O,). These factors might be of increas-
ing significance at the final stages of the disease, when infected
monocytes/macrophages undergo cell lysis (5). Recently it was
postulated that cell detachment and cytotoxicity were caused
by the viral transmembrane glycoprotein and may play a crucial
role in EBOV pathogenesis (3, 38). Although filoviruses do
replicate cytolytically in target cells, it remains open as to what
extent the cytolysis of target cells contributes to disease devel-
opment. However, a cytotoxic effect on mononuclear phago-
cytic cells could further promote a pathological release of
cytokines and other mediators and interfere with effective host
immune responses.

The initial activation of monocytes and macrophages seems
to be largely independent of virus replication (Fig. 2). How-
ever, a sustained release of mediators seems to require ongo-
ing viral replication (14) or, as in our experiments, the contin-
uous presence of inactivated virus. Therefore, replication may
not be contributing directly to the early critical events in patho-
genesis. If this is true, specific viral products may be important
factors in the activation by binding to cell surface receptors,
which subsequently trigger signal cascades. The different forms
of the viral glycoproteins expressed by EBOV and MBGYV are
candidates for such products. The functions of the soluble
glycoproteins have not been finally determined, whereas the
viral transmembrane glycoprotein functions in receptor bind-
ing and fusion (7, 19). These recently described soluble prod-
ucts should be investigated in future work with respect to
target cell activation.

MBGYV and EBOV-Zaire are human pathogenic filoviruses,
whereas EBOV-Reston may be apathogenic for humans, based
on very limited data (6, 29). Therefore, propagation and acti-
vation of human mononuclear phagocytic cells by EBOV-
Reston were not necessarily expected (Fig. 5). Similar mech-
anisms triggered by EBOV-Reston underline the importance
of infection and activation of monocytes by filoviruses in
pathogenesis. Differences in susceptibility of target cells among
species as well as the lower cleavability of the EBOV-Reston
virus transmembrane glycoprotein in human-derived cell lines
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FIG. 4. Kinetics of activation. Suspended monocytes and adherent macrophages were infected with MBGV at an MOI of 10. A mock infection
served as a control. (A) Transcriptional activation. Cells were harvested at the indicated time points postinfection, and RNA was isolated using
a commercial kit. RT-PCR and product analyses were performed as described in the legend to Fig. 2 (an example shown here for macrophages).
(B) Activation of expression. Supernatants were harvested at the indicated times and assayed by ELISA for the presence of the indicated
mediators. The amount of products released is given in picograms per milliliter.

(36) may contribute to lower pathogenicity in humans com-
pared to nonhuman primates (7, 19).

In conclusion, it is reasonable to assume that mononuclear
phagocytic cells, especially monocytes, play a central role in the

pathogenesis of filovirus hemorrhagic fever by mediating virus
spread through extravasation and by triggering a cascade of
interrelated pathological host responses through virus-induced
activation. This may lead to an impairment of the immune
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FIG. 5. Infection of mononuclear phagocytic cells with EBOV-Reston. Suspended monocytes and adherent macrophages were infected with
MBGYV, EBOV-Zaire, and EBOV-Reston at an MOI of 10. A mock infection served as a control. (A) Transcriptional activation. Cells were
harvested 24 h postinfection, and RNA was isolated using a commercial kit. RT-PCR and product analyses were performed as described in the
legend to Fig. 2 (an example shown here for macrophages). (B) Activation of expression. Supernatants were harvested 24 h postinfection and

assayed by ELISA for the indicated mediators (picograms per milliliter).
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system, homeostasis, and the barrier function of the endothe-
lium, finally leading to shock and death. Neutralizing antibod-
ies directed against key inflammatory cytokines and chemo-
kines might be able to help the host to overcome the early
events in infection and thus allow time for the specific immune
response needed to clear the virus.
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