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The Ebola virus matrix protein VP40 plays an essential role in virus assembly and budding. In this study we
reveal that transient VP40 expression results in the release into the culture medium of substantial amounts of
soluble monomeric VP40 in addition to the release of virus-like particles containing an oligomeric form of this
protein as previously described. We show that VP40 secretion is endoplasmic reticulum/Golgi-independent
and is not associated with cell death. Soluble VP40 was observed during Ebola virus infection of cells and was
also found in the serum of virus-infected animals albeit in lower amounts. Unconventional secretion of VP40
may therefore play a role in Ebola virus pathogenicity.

Ebola virus (EBOV) belongs to the Filoviridae family,
which consists of 2 genera: Ebolavirus and Marburgvirus.
Filoviruses, part of the order Mononegavirales, are
a group of negative-strand RNA viruses responsible for
severe hemorrhagic fevers in human and nonhuman
primates. The matrix protein VP40 of EBOV is an im-
portant element of the virion structure and is essential
for the assembly and budding of virus particles [1].
When synthesized in the absence of other viral proteins,
VP40 promotes the formation of virus-like particles
(VLPs) resembling filamentous virions [2]. Coexpression
of VP40 and the surface glycoprotein GP further facili-
tates formation of VLPs, which have been used recently
in vaccine development [3]. Structurally, VP40 consists
of 2 functionally interrelated domains: an N-terminal
oligomerization domain and a C-terminal membrane-
binding domain [4]. Binding of VP40 with membranes is
believed to induce a conformational change required for
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the protein’s oligomerization. Membrane-associated
VP40 forms hexamers [5]. However, VP40 has also been
demonstrated to bind RNA in a sequence-specific
manner, inducing the formation of octameric ringlike
structures [6]. Mutations in the region shown to be in-
volved in VP40’s interaction with RNA severely affected
the recovery of recombinant EBOV.

Two overlapping, so-called late-budding domains—
PTAP and PPEY arranged as the sequence PTAP-
PEY—are present in the aminoterminal part of EBOV
VP40 [7]. Similar to many other viral proteins that are
involved in the budding process, late-budding domains
of EBOV VP40 recruit the endosomal sorting complex
required for transport machinery from its normal site
of function (endosomes and multivesicular bodies) to
sites of viral budding at the plasma membrane through
interactions with TSG101 or Nedd4 [1, 8]. A recent
study also revealed that VP40 interacts with Sec24C,
a component of the COPII vesicular transport system
[9]. This interaction was proposed to serve as an initial
step in intracellular VP40 trafficking.

Taken together, it seems that there is a general ac-
ceptance of the concept that VP40 is primarily involved
and responsible for virus budding through its ability to
interact with membranes and membrane-associated
cellular proteins. In this study, we report that EBOV
VP40 is also secreted from cells in a soluble monomeric
form, by an unconventional secretory pathway.
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MATERIALS AND METHODS

Cells, Plasmids, Mutagenesis, Transfections, and Virus

HEK 293T and Vero E6 cells were cultured at 37°C in Dulbecco’s
modified Eagle’s medium (Invitrogen) supplemented with 10%
fetal calf serum. The cells were grown for 24 hours to a conflu-
ence of ~60%. Transfection of cells was performed using Fugene
HD (Roche) according to the manufacturer’s instructions. The
sequence encoding full-length wild-type VP40 of Zaire EBOV
strain Mayinga was subcloned from plasmid pcDNA3.1(+) [10]
into the vector phCMV using restriction endonuclease EcoRI.
VP40 mutants were created using the QuikChange site-directed
mutagenesis kit (Stratagene) according to the supplier’s in-
structions with phCMV-EBOV/VP40 serving as a template.
Quantitative Western blotting was performed using secondary
goat anti-mouse IgG conjugated with Cy3 (GE Healthcare) as
a secondary antibody, and fluorescence measurement was per-
formed using the Typhoon imaging system (GE Healthcare).

VLP Release and Ultracentrifugation

HEK 293T cells were transfected with phCMV-EBOV/VP40, and
culture supernatants were collected 16 h after transfection. Cul-
ture supernatants were clarified by centrifugation at 1000 X g for
5 minutes at 4°C. The clarified supernatants were loaded on
a 20% sucrose cushion and centrifuged at 250 000 X g for 3 hours
at 4°C in a Beckman Coulter LX100 ultracentrifuge. After ultra-
centrifugation, the upper phase containing soluble proteins and
the pellet containing VLPs were harvested separately. The pellet
was resuspended in phosphate-buffered saline (PBS) (1/15 of the
original supernatant volume).

Cross-linking of VP40/Sedimentation Assay

HEK 293T cells were transfected with phCMV-EBOV/VP40, and
culture supernatants were harvested 16 hours after transfection.
Supernatants were clarified by means of low-speed centrifugation
and cross-linked using 2 mM DSP (Pierce) during 30 minutes
with a subsequent quenching of the reaction by the addition of
100 mM Tris-HCL, pH 7.0. Cross-linked supernatants were
loaded on a 20% sucrose cushion and ultracentrifuged as de-
scribed above for VLP purification. Ultracentrifuged supernatants
and the pellet containing VLPs were collected separately. The cell
monolayer was cross-linked using a similar procedure. The cells
were then lysed in coimmunoprecipitation (CO-IP) buffer
(20 mM Tris-HCI, pH 7.0, 100 mM NaCl, 5 mM EDTA, 0.4%
sodium deoxycholate, 1% Nonidet P40). Nuclei and cell debris
were removed by means of low-speed centrifugation, and the
resulting postnuclear supernatant was treated with 1% Triton
X-100. The VLPs were resuspended in CO-IP buffer and then
treated with Triton X-100 (1%). Ultracentrifugation supernatants,
VLPs, and cell lysates were loaded onto 5%-25% sucrose linear
gradients and ultracentrifuged during a period of 24 hours at
180000 X g in a Beckman LX100. Fractions were collected from

the bottom of the gradient using a fraction collector. Samples were
analyzed by Western blot using anti-VP40 antibody.

Flotation Assay

HEK 293T cells were transfected with phCMV-EBOV/VP40.
Culture supernatants and cells were collected separately 16 hours
after transfection. Culture medium was clarified from cell debris
by centrifugation at 1000 X g for 5 minutes and then adjusted to
40% sucrose wt/wt, loaded at the bottom of a tube, and layered
with 30% sucrose and 10% sucrose solutions. The samples were
centrifuged at 130000 X g for 20 hours in a Beckman LX100.
Fractions were collected from the bottom to the top and ana-
lyzed by Western blot using anti-VP40 antibody.

Cytotoxicity Assay

Cytotoxicity was assayed using the LDH cytotoxicity detection
kit (Clontech) following the manufacturer’s recommendations.
Triton X-100 (1%) was used to determine 100% cell lysis.

The efficiency of transfection was approximately 70% and was
verified by fluorescence-activated cell sorting (FACS) analysis
using anti-VP40 antibodies. Propidium iodide/DiOC6 staining
was performed following the manufacturer’s instructions.
Briefly, HEK 293T cells were transfected with 1 pg of phCMV-
EBOV/VP40 or phCMV-empty, and then cells were detached
and incubated with DiOC6 (Invitrogen) at 40 nM for 20 minutes
at 37°C, washed, and propidium iodide (Sigma-Aldrich) added
just prior to analysis on a FACS Calibur (BD).

Stability of VP40 in the VLP Fraction

Culture supernatants were collected 14 hours after transfection
with a plasmid expressing EBOV VP40 and low-speed clarified
by centrifugation for 5 minutes at 1000 X g and then incubated
for different intervals at 37°C. After incubation, the samples
were loaded onto a 20% sucrose cushion and centrifuged
at 250000 X g for 2 hours. The presence of VP40 in ultra-
supernatants and pellet was analyzed by means of Western blot
using anti-VP40 antibodies.

Ebola Virus Infections

Vero E6 or monocyte-derived dendritic cells were infected with
EBOV at multiplicity of infection (MOI) 2 for 1 hour. After
2 days, supernatants were centrifuged at low speed (800 X g)
and then loaded on 20% sucrose cushions and ultracentrifuged
for 2 hours at 135000 X g and 4°C.

Guinea pigs were infected with 500 median tissue culture
infective doses of recombinant guinea pig—adapted EBOV. This
virus contains mutations in the gene encoding VP24 that pro-
vide a dramatic increase in EBOV pathogenicity for guinea pigs
[11-13]. Animals were bled 6 days after infection and the serum
samples subjected to ultracentrifugation as above. The pellet
containing EBOV virions was resuspended in PBS (1/7 of
original volume of the serum samples). Proteins from the pellet
(virions) and ultra-supernatant were analyzed by Western
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blotting using anti-VP40, anti-sGP, and anti-NP antibodies.
Research was conducted in compliance with European regu-
lations, and protocols were approved by the Regional Com-
mittee on FEthics and Animal Experimentation (CREEA).
Experiments using EBOV were performed in the Jean Merieux
INSERM BSL-4 laboratory (Lyon, France).

RESULTS AND DISCUSSION

Release of EBOV VP40 Into the Culture Medium

While analyzing transient expression of EBOV VP40 in HEK
293T cells, in particular, the subsequent release of VLPs con-
taining VP40, we were puzzled by the observation that ultra-
centrifugation of culture medium yielded far less VP40 in the
VLP form than the total amounts of this protein detected in the
medium. It was of interest to clarify the nature of this phe-
nomenon, because most publications related to VP40 VLP release
experiments had been performed using a transient expression in
HEK 293T cells but such an event had never been described.
Surprisingly, we found that the “missing” VP40 was in the
ultra-supernatant fraction, which presumably contains soluble
proteins (Figure 1A, upper panel). Similar results were ob-
tained when VP40 was transiently expressed in HuH7 cells
(data not shown), suggesting that unconventional release of
this protein may represent a particular VP40 property. To
further investigate the characteristics of the protein present in
the ultra-supernatant fraction, we performed a flotation assay
(Figure 1A). Surprisingly, most of the VP40 was retained in the
bottom fractions whereas relatively low amounts of the protein
floated at the top of the gradient (fractions 24-26). Quantifi-
cation of the VP40-containing fractions showed that only about
10% of the VP40 in the culture medium constituted
the membrane-containing VLPs, whereas >90% represented
non—membrane-associated, soluble VP40 (Figure 1A, bottom
panel). Remarkably, both centrifugation assays showed
approximately the same distribution between soluble and VLP-
associated VP40 present in the culture medium. In our
opinion, ascertainment of soluble VP40 presence in the culture
medium of HEK 293T cells was underappreciated in the past,
most likely because this form was always removed when har-
vesting VLPs in the sucrose cushion pelleting assay. To our
knowledge, the article by Timmins et al [2] is the only publi-
cation that contains evidence of soluble VP40 in the culture
medium of HEK 293T cells expressing VP40. However, quan-
tification of soluble versus vesicular VP40 in the medium was
not provided in this report, and the authors’ attention was
mainly devoted to release of VP40 in vesicular form.

To clarify whether the release of soluble VP40 could be due to
damage to cells caused by the protein’s expression, HEK 293T
cells were transfected with either empty phCMV vector or
increasing amounts of phCMV-EBOV/VP40. Fourteen hours
after transfection, the cytotoxicity was assayed using the

LDH-cytotoxicity-detection kit (Clontech) by measuring the
release of the cytosolic enzyme LDH. Because the majority of the
transfected cells expressed VP40 (>68%; data not shown) and
because LDH release from the mock- and phCMV-EBOV/
VP40-transfected cells was at comparable levels (Figure 1B, left
panel), we conclude that VP40 expression does not lead to a loss
of cell integrity during at least 14-20 hours after transfection. In
addition, analysis of cell integrity by DiOC6/propidium iodide
flow cytometry (Figure 1B, right panel) did not reveal any dif-
ference in apoptosis or the necrosis state between VP40- and
mock-transfected cells. Previously, it had been shown that co-
expression of EBOV NP and VP40 resulted in incorporation of
both proteins into the VLPs [14], suggesting that the 2 proteins
may interact during intracellular trafficking and/or VLP as-
sembly. It was therefore of interest to investigate whether NP in
a soluble form could be released when coexpressed with VP40.
The 2 proteins were coexpressed or expressed separately in HEK
293T cells, and the culture medium and cells were analyzed as
described above. As expected, NP appeared in the medium in
the form of the VLPs after coexpression with VP40. However, we
did not observe the release of NP in soluble form, confirming
our conclusion on the absence of damage to cell integrity by
VP40 expression (Figure 1C). Interestingly, under the same
experimental conditions, GFP expressed with or without VP40
was also released in a soluble form, confirming earlier ob-
servations by Tanudji et al [15] that GFP can be released from
cells by unconventional secretion.

Next, we investigated the possibility that soluble VP40 may
originate from destabilization of VLPs after their release into
the medium. The data obtained indicated that both VLPs and
soluble VP40 are relatively stable during incubation at 37°C
(Figure 1). In an attempt to clarify the mechanism of VP40
release in soluble form, we monitored protein expression over
time. Samples of the culture medium were collected at 7, 10, 14,
26, and 30 hours after transfection, and soluble and membrane-
associated VP40 were separated as described above. In order to
quantify VP40 in different fractions, the VLPs were resuspended
in the same volume as the initial amount of culture medium.
Western blot analysis showed that soluble VP40 was detected as
early as 10 hours after transfection whereas VLPs were detected
later, most likely reflecting the difference in the amounts of
VP40 released in the 2 different forms (Figure 1). Quantitation
of VP40 showed that the proportions of soluble and vesicular
protein remained approximately the same during the whole
experiment (~92% for soluble vs ~8% for vesicular), suggesting
the existence of a specific mechanism for the protein’s secretion.

Vesicular release of VP40 (VLPs) is known to be associated
with VP40’s interaction with membranes and its further oligo-
merization [4]. In order to identify the oligomeric state of soluble
VP40, we used a sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE)/Western blot approach. As pre-
viously reported [5], oligomeric VP40 is partly resistant to SDS
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Figure 1. Release of EBOV VP40 into the culture medium. A, Ultracentrifugation analysis (upper panel): 293T cells were transfected with phCMV-EBOV/
VP40, and the culture medium was collected 14 h after transfection. After removal of cell debris by low-speed centrifugation, the culture medium was
separated into ultra-supernatant and pellet. Samples of lysed cells (Cells), clarified culture medium (Sup), supernatant after ultracentrifugation (U-Sup),
and pelleted materials (virus-like particles [VLPs]) were separated on 10% sodium dodecy! sulfate polyacrylamide gel electrophoresis (SDS PAGE) and
analyzed by Western blot using anti-VP40 antibodies. The sample containing pelleted VLPs was resuspended in 1/15 of the original culture medium
volume. Flotation analysis (bottom panel): gradient fractions were collected from the bottom to the top and analyzed by Western blotting using anti-VP40
antibodies. Fractions 1-10 represent soluble VP40 in 40% sucrose, fractions 11-25 represent 30% sucrose, and fractions 26—35 represent 10% sucrose.
Membrane-associated VP40 was found at the interface of the 30% and 10% sucrose fractions. B, Cytotoxicity analysis. HEK 293T cells were transfected
with increasing amounts of phCMV-EBOV/VP40 (VP40) or empty phCMV (Mock) and all with an equal amount of peGFP N1. Fourteen hours after
transfection, cell-free culture supernatants were collected and analyzed using a LDH cytotoxicity detection kit (Clontech). For PI/DiOC6 analysis, cells
were transfected in a similar manner but without adding peGFP N1. C, Corelease analysis. HEK 293T cells were transfected with phCMV-EBOV/VP40 and
either empty plasmid, peGFP N1, or phCMV-EBOV/NP. VLPs, supernatant, ultra-supernatant, and cell lysates were prepared as described and loaded onto
SDS-PAGE and analyzed by Western blot using anti-GFP, anti-NP, and anti-VP40 antibodies. D, Stability of VP40 in the VLP fraction. Culture supernatants
from HEK 293T cells transfected with phCMV-EBOV/VP40 were clarified by low-speed centrifugation and then incubated for 24, 48, or 72 hours at 37°C.
After incubation, all samples were separated for soluble (ultra-supernatant) and VLP fractions by ultracentrifugation. The presence of VP40 was analyzed
by Western blot using anti-VP40 antibodies. £, Kinetics of VP40 release into the medium. HEK 293T cells were transfected with phCMV-EBOV/VP40 and
samples of the cells and culture medium were harvested at different intervals after transfection. The samples of culture medium were subjected to
ultracentrifugation and ultra-supernatant and pelleted fractions were analyzed by Western blotting using anti-VP40 antibodies (left panel). VLPs in the
pellet were resuspended in phosphate-buffered saline (1/1 to original volume of culture medium). Quantitation of the VP40 bands on Western blot (right
panel). VP40 in the VLP fraction and in the ultrasupernatant fraction (soluble VP40) are presented in comparison.

treatment under nonreducing conditions. Dimeric and hexame-
ric forms of VP40 along with the monomeric protein were de-
tected in samples from the cells, VLPs, and culture supernatants
(Figure 2A). It seemed that ultracentrifugation of culture super-
natants pelleted the oligomeric VP40, whereas in the ultra-
supernatants, the predominantly monomeric VP40 was retained.
Indeed, this observation correlates well with the non—-membrane-
associated nature of soluble VP40. To further confirm the
monomeric structure of soluble VP40, we used the membrane-
permeable reversible cross-linker DSP that preserved the
oligomers from possible dissociation. HEK 293T cells were
transfected with phCMV-EBOV/VP40, and the culture medium
and cells were harvested 16 hours after transfection. Culture

medium clarified by low-speed centrifugation and cells were
treated with 2 mM of DSP following the manufacturer’s in-
structions. To separate VLPs from soluble VP40, the medium was
subjected to ultracentrifugation as described earlier. Soluble VP40,
VLPs, and cells were then solubilized in CO-IP buffer containing
1% Triton X-100 and subjected to sedimentation analysis using
a linear 5%-25% sucrose gradient. Gradient fractions were col-
lected from the bottom to the top and treated with 5%
B-mercaptoethanol (MET) and 2% SDS to remove cross-
linking. The Western blot analysis in Figure 2B confirms that
VP40 in the VLP fraction is mostly present in the oligomeric
form, whereas small amounts of monomeric VP40 in this
fraction can be explained by contamination or partial
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Figure 2. Characterization of soluble VP40. A, VP40 oligomeric forms.
Culture supernatants (Sup) were collected 14 hours after transfection of
cells with phCMV-EBOV/VP40. The supernatants were subjected to
ultracentrifugation as previously described (Figure 14), and then the
samples containing either soluble proteins or pelleted virus-like particles
(VLPs) were analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS PAGE) (8% polyacrylamide gel) under nonreducing
conditions followed by Western blotting using anti-VP40 antibodies.
Oligomeric forms of VP40 were identified according to molecular
weight markers. B, Soluble VP40 is a monomer. Culture supernatants of
293T cells expressing EBOV VP40 were treated with DSP. Fractions
representing soluble and membrane-associated VP40 (VLPs) were
obtained by ultracentrifugation through a 20% sucrose cushion as
above. VP40 fractions from the supernatant and cells pretreated with
cross-linker were lysed in lysis buffer and then loaded onto a 5%—25%
sucrose gradient. After ultracentrifugation, gradient fractions collected
from the bottom to the top were analyzed by Western blotting using anti-
VP40 antibodies. To remove cross-linking, the samples were treated with
SDS-PAGE loading buffer (2% SDS, 5% B-MET). Fractions containing
monomeric and oligomeric VP40 are indicated. C, VP40 is released by an
unconventional secretion pathway. 293T cells were transfected with
either phCMV-EBOV/VP40 or phCMV-EBOV/sGP. Fourteen hours after
transfection, the cells were either left untreated or treated with protein
transport inhibitors: 3.6 uM Brefeldin A (BFA) (BD, Golgi plug) or 50 uM
H89. Cells and culture supernatants were collected after 7 hours of
treatment. Culture supernatants were separated into soluble (ultra-
supernatant [U-Sup]) and VLP fractions by ultracentrifugation as
described above. Cells and culture supernatant fractions were lysed
and the proteins separated by SDS-PAGE. Viral proteins present in the
culture medium and the cells were analyzed by Western blotting using
anti-VP40 and anti-sGP antibodies.

instability of the VLPs caused by ultracentrifugation followed
by pellet resuspension. Remarkably, the ultra-supernatant
fraction contained only monomeric VP40, whereas both olig-
omeric forms of VP40 were found in the cell lysates. These
results clearly confirm the existence of 2 distinct forms of VP40
in the medium.

Classical secretion of cellular proteins from mammalian cells
requires a signal peptide sequence and occurs via the endo-
plasmic reticulum (ER)-Golgi network. Although examination
of the EBOV VP40 primary sequence reveals the absence of a
classical signal-peptide sequence, that still does not exclude an
involvement of these compartments in VP40 secretion. To in-
vestigate ER-Golgi dependence of VP40 release, we used 2
inhibitors: Brefeldin A (BFA) and H89. BFA targets ER-to-Golgi
transport [16], whereas H89 is known to inhibit both trans-
Golgi-network—to—cell-surface transport and ER-to-Golgi trans-
port [17, 18]. HEK 293T cells were transfected with either
phCMV-EBOV/VP40 or phCMV-EBOV/sGP, a plasmid encod-
ing the soluble glycoprotein (sGP) of EBOV [19]. Fourteen hours
after transfection, the cells were rinsed with fresh culture medium
and incubated in the presence or absence of 3.6 uM BFA (BD,
Golgi plug) or 50 pM H89 (Sigma-Aldrich) for 7 h. The phe-
nomenon of sGP secretion occurs through the trans-Golgi net-
work [20, 21], and the presence of both BFA and H89 completely
abrogated sGP secretion and led to intracellular accumulation of
the protein (Figure 2C, right panels). However, soluble VP40
release was insensitive to BFA and H89 (Figure 2A, left panels),
reflecting the independence of VP40 secretion from ER-Golgi—
related transport.

Interestingly, in silico analysis using Secretome P software
(Technical University Denmark), a program designed to identify
signal peptide-less secretory proteins [22], revealed that VP40 is
predicted with fairly high probability to enter the unconventional
secretory pathway. The molecular details of the mechanisms in-
volved in unconventional or nonclassical secretion remain elu-
sive, but there are a growing number of secreted proteins found
to be released by this pathway. These include interleukin-1la,
fibroblast growth factor (FGF) 1 and 2, Annexin 1 and 2, GFP,
and a number of viral proteins [23-25]. Translocation across the
plasma membrane of FGF-2 [26], for example, is believed to be
linked to the existence of a plasma membrane transporter or an as
yet unknown capacity to destabilize the plasma membrane [27].
Secretion of GFP in a nonfluorescent, presumably unfolded form
represents another example of nonclassical secretion that has
been explained to represent the capacity of cells to remove excess
levels of certain proteins via an as yet unknown mechanism [15].
The release of VP40 could in some degree resemble the release of
GFP, especially if it is considered that both proteins are of foreign
origin and unlikely to have an importance for cell function. Fu-
ture studies will need to address the mechanism of VP40 release.

Finally, it was of particular interest to investigate whether
soluble VP40 is released during EBOV infection. Vero E6 and
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monocyte-derived dendritic cells were infected with EBOV at
a MOI of 1 and the culture supernatants assayed for release of
soluble VP40 using ultracentrifugation as previously described.
In comparison with transient expression, it seemed that less
VP40 was released in soluble form and substantially more VP40
was found in the pellet (Figure 3A). This result was somewhat
expected, because in the viral context VP40 is heavily involved in
assembly and the subsequent budding of virus particles. How-
ever, as a result of increases in the amounts of viral proteins in
cells during infection, certain VP40 molecules may be surplus to
their main function and thus could be released via the same
mechanism as in the case of transient VP40 expression. We also
investigated whether soluble VP40 is present in the serum of
virus-infected animals. Guinea pigs were infected in-
traperitoneally with 500 plaque-forming units of guinea pig—
adapted recombinant EBOV [28], and 6 days after infection,
serum samples were subjected to ultracentrifugation through
a 20% sucrose cushion. The pellet and ultra-supernatant were

analyzed by Western blot for the presence of VP40, sGP, and
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Figure 3. Release of VP40 during Ebola virus (EBOV) infection. (A)
Release of VP40 from virus-infected cells: 3 X 107 monocyte-derived
dendritic or Vero E6 cells were infected with recombinant EBOV at
a multiplicity of infection of 2, and the culture supernatants were
collected 2 days after infection and subsequently subjected to
ultracentrifugation through a 20% sucrose cushion. Cells, original culture
supernatants (Sup) and ultra-supernatants (U-Sup), and the virus pellet
(Virions) were resuspended in lysis buffer and analyzed by Western
blotting using anti-VP40 and anti-NP antibodies. The samples represent-
ing the virus pellet are 10-fold concentrated in comparison with the
original culture supernatants. (B) Release of VP40 during EBOV infection
of guinea pigs. Guinea pigs were infected with 500 median tissue culture
infective doses of recombinant guinea pig—adapted EBOV. Animals were
bled 6 days after infection and the serum samples subjected to
ultracentrifugation as above. The pellet containing EBOV virions was
resuspended in phosphate-buffered saline (1/7 of original volume of the
serum). Proteins from the pellet (Virions) and ultra-supernatant were
analyzed by Western blotting using anti-VP40, anti-sGP, and anti-NP
antibodies.

NP. Both VP40 and soluble sGP were detected in the ultra-
supernatant fraction of the serum samples, whereas NP was
present only in the pellet containing viral particles (Figure 3).
The work of Steele et al [29] provides support for our ob-
servations: Immunohistochemical analysis of tissues from
EBOV-infected nonhuman primates and guinea pigs performed
by these researchers showed that the epithelial cells of renal
proximal convoluted tubules contained VP40 antigen but no
other viral antigens or virus-specific RNA. The authors sug-
gested that tubular epithelial cells might concentrate VP40
present in the blood. That VP40 is released in a soluble form
from cells spreading throughout the body of infected animals
seems very likely. It should be mentioned that, to this end, we
cannot exclude the possibility that in addition to a secretion
mechanism soluble VP40 could be released as a result of a cy-
topathic effect induced by virus infection [30]. However, the low
presence of other structural proteins in soluble form in culture
supernatants of EBOV-infected cells or in the serum of infected
animals points to a particular property of VP40 and the exis-
tence of a specific mechanism for the release of this protein.

The importance of VP40 release in soluble form is currently
difficult to predict. The early appearance of anti-VP40 anti-
bodies in EBOV patients could be explained by the release of
soluble VP40 [31, 32]. Future studies must provide further
insight into what the consequences of the release on EBOV
replication and pathogenesis are. Active virus replication in
different cells and tissues may not be the only explanation for
the immune and vascular dysregulation shadowing EBOV
infection. There is a growing volume of evidence that severe
EBOV pathogenesis can also be explained by massive and
uncontrolled release of cellular mediators. In this regard, we
hypothesize that release of soluble VP40 may contribute to an
overall dysregulation of the host defense system, resulting in
inadequate host responses causing the severe pathogenesis of
EBOV infection.
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