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Abstract

Molecular biology is a broad discipline that seeks to understand biological phenomena at a molecular level,
and achieves this through the study of DNA, RNA, proteins, and/or other macromolecules (e.g., those
involved in the modification of these substrates). Consequently, it relies on the availability of a wide variety
of methods that deal with the collection, preservation, inactivation, separation, manipulation, imaging,
and analysis of these molecules. As such the state of the art in the field of ebolavirus molecular biology
research (and that of all other viruses) is largely intertwined with, if not driven by, advancements in the
technical methodologies available for these kinds of studies. Here we review of the current state of our
knowledge regarding ebolavirus biology and emphasize the associated methods that made these discover-
ies possible.
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1 Introduction

Molecular biology seeks to understand biological phenomena at a
molecular level, and achieves this through the study of DNA, RNA,
proteins, and /or other macromolecules (e.g., those involved in the
modification of these substrates). Indeed, viruses themselves can
be viewed as molecular tools, as they themselves represent little
more than (relatively) simple assemblages of the above. As such
they provide an opportunity to study interactions between these
kinds of molecules in a system with a dramatically reduced level of
complexity compared to other models. Similarly, as obligate para-
sites, their intimate interaction with the host cell also provides an
opportunity to investigate these host cell processes themselves, in
addition to the virus’ interactions with them.

With ebolaviruses only having been discovered in 1976, this
field has benefitted almost throughout its history from the
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availability of molecular methods, and as such can really have been
said to have grown up in the era of molecular biology. The result is
a continuously shifting focus toward new research areas that is
intertwined with, and one could even suggest driven by, advance-
ments in the available technical methodologies.

In this chapter we seek to provide a review of the current state
of our knowledge regarding ebolavirus biology, while highlighting
some of the hallmark advancements that have been made over the
years, and the associated methods that made these discoveries pos-
sible, so as to provide a frame of reference within which the indi-
vidual methods that are presented later in this volume can be more
fully appreciated.

2 Phase I: Identifying a New Enemy (1978-1985)

As a novel emerging infectious disease, many of the earliest studies
of ebolaviruses unsurprisingly focused on the pathogenic potential
of these agents, and on establishing the epidemiological informa-
tion needed for disease control. These early studies already
included the application of the newly developed enzyme-linked
immunosorbent assay (ELISA) assay technology to determine
antibody prevalence in the affect region prior to the first outbreaks
[1], and also outside the outbreak region [2]. However, within a
few years research began to focus on the most basic of questions:
that of identifying what these viruses were and what they were
made of. Fortunately, many of the basic tools for just such investi-
gations had been recently developed. The earliest basic science
report on ebolavirus biology was based on transmission electron
microscopy imaging, developed already in the 1930s, which
allowed the authors to show that ebolaviruses have a physical
structure that consists of filamentous particles nearly identical to
those of marburgviruses [ 3] (Fig. 1a). Further, polyacrylamide gel
electrophoresis could be used to identify several major virion
structural proteins, and also to define the sizes for these proteins
based on comparison to Vesicular Stomatitis Virus (VSV) [4].
These first studies also determined that the ebolavirus glycopro-
tein GP), is heavily glycosylated and unusually large [4]. It was
not until 5 years later that the same group, again relying on the
fundamental method of gel electrophoresis, ultimately succeeded
in identifying all seven of the structural proteins known today,
namely the RNA-dependent RNA polymerase (L), glycoprotein
(GP,,), nucleoprotein (NP), virion protein (VP) 40, VP35, VP30,
and VP24, and assigning them their current naming based on
their sizes and/or their presumed functions [5]. Further, this
study produced the first estimates of protein abundance in parti-
cles, values that remain reasonably consistent (i.e., all estimates
within fourfold) with the most recent estimates based on electron
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Fig. 1 Ebola virus structure. (a) Virion structure. Ebola virus particles contain a central nucleocapsid, which is
made up of the viral RNA genome and the ribonucleoprotein complex (RNP) proteins, i.e., the nucleoprotein NP,
the polymerase L, the polymerase cofactor VP35, and the transcriptional activator VP30. Also associated with
the nucleocapsid is the protein VP24. Nucleocapsids are surrounded by the so-called matrix space, in which
VP40 is located, which drives budding. Embedded in the host-cell-derived envelope is the glycoprotein GP; ,,
which facilitates particle entry. (b) Genome structure. The genome organizations of Ebola virus (EBOV), Sudan
virus (SUDV), Tai Forest Virus (TAFV), Bundibugyo Virus (BDBV), and Reston Virus (RESTV) are shown. Genes are
indicated with their respective names (with VP35, VP40, VP30, and VP24 abbreviated as 35, 40, 30, and 24,
respectively). Untranslated regions are shown as grey boxes. Gene overlaps are indicated by triangles, and the
editing site in the GP gene is highlighted by a star

tomography [6] (if one allows for the poor staining and thus pre-
dictable underestimation of GP;, levels by Coomassie staining
due to its extensive glycosylation).

At the same time analyses of the nucleic acid of Ebola virus
were being conducted and showed that it existed as a nonseg-
mented unit (as observed in gel electrophoresis), was composed of
single-stranded RNA (based on a combination of NaOH and
RNase susceptibility) and was in a negative-sense orientation (based
on the lack of infectiousness of the purified RNA) [7]. The RNA
was also shown to be longer than VSV, although the calculated
molecular weight of ~4.0 x 10° to 4.2 x 10% Da would suggest a
somewhat shorter (~12 kb) genome than the 19 kb that we now
know to be the case. Still, taken together these two studies, along-
side evidence that these viruses were serologically distinct from
rhabdoviruses [ 8], which they structurally most closely resembled,
strongly suggested that marburgviruses and ebolaviruses are a sep-
arate taxon distinct from any other viruses known at that time [9].
Finally, agarose gel electrophoresis, combined with in vitro transla-
tion experiments, allowed six of the seven ebolavirus mRNAs (the
exception being L, which is in low abundance) to be identified, and
was used to determine that ebolavirus transcripts are in fact mono-
cistronic, and that NP is the first gene in the gene order, as with
other nonsegmented negative sense RNA viruses [10].
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While much of this work now appears rather trivial, in an era
reliant on classical biochemical approaches, and before the wide-
spread implementation of (reverse transcription (RT)-) PCR, clon-
ing/expression techniques, and sequencing, these represented
major findings. Indeed, these fundamental studies relying on little
more than electron microscopy, immunofluorescence analysis, and
basic biochemical analysis and gel electrophoresis can be said to
have been largely responsible for the classification of ebolaviruses
as a sister genus to marburgviruses, which together form the
Filoviridae family, as well as for our understanding that these
unique pathogens are negative-sense single-stranded RNA viruses
with unusually long genome lengths of approximately 19 kb that
encode seven structural proteins (NP, VP35, VP40, GP, VP30,
VP24, and L).

3 Phase lI: Focusing on Sequences (1986—-1995)

With a workable view of the genetic and protein makeup of the
virus particles already in place by the mid/late-80s, the next phase
of research into ebolavirus molecular biology shifted its focus to
the functions of individual proteins and genetic elements in driving
various essential steps of the virus lifecycle. This area remained a
subject of intense interest for the next 10-15 years, and saw the
development of Sanger sequencing making a huge contribution to
developing a more refined view of the virus genome. Similarly,
advancements in tools related to antibody detection, expression
systems, and reporter systems became available to fuel these kinds
of studies.

The first genetic elements identified in the virus were con-
served 3’ terminal sequences, which based on their conservation
between ebolaviruses and marburgviruses and the function of simi-
larly positioned elements in other virus families were proposed to
be responsible for polymerase binding and packaging [11]. Indeed,
we now know that these elements represent highly conserved ter-
minal hairpin-forming bipartite promoter regions [12].

Subsequent work involving cloning and sequencing of NP
mRNAs or terminal fragments of the viral RNA using polyadenyl-
ation and RT-PCR-based approaches, similar to those sometimes
now used for rapid amplification of cDNA ends (RACE) sequenc-
ing of genome ends, then allowed further identification of the
transcriptional “start” and “stop” signals responsible for regulating
the initiation and termination of transcription [13]. Again, while
these sequences have been slightly refined over the years to give a
consensus representative of all gene products and ebolavirus spe-
cies, they have remained essentially unchanged since these early
days of filovirus molecular biology research. Further, the authors
could determine the sequence and amino acid composition of the
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entire NP protein, giving us our first look up close at an ebolavirus
protein [13].

Soon to follow was first a partial [14] and then a complete
sequence of GP [15]. Here we also saw the first hints of the influ-
ence that data repositories such as EMBL, SwissPROT, and
GenBank, and the bioinformatics tools that they host, would even-
tually have in the field, and indeed on molecular biology in gen-
eral. The availability of these tools allowed the first in silico studies
of ebolaviruses to be conducted, and lead to the suggestion that
the ebolavirus GP; , possesses a retrovirus-like immunosuppressive
motif [14, 16], a finding that when followed up years later yielded
evidence that this motif may be functional and influence CD4 and
CD8 T cell biology [17]. The availability of these new bioinfor-
matics tools also allowed for the first time genetic and protein level
comparisons between ebolaviruses and marburgviruses [18, 19].
The interest in applying bioinformatics also extended to studies of
evolutionary rate and pressures, and to assessments looking to
understand the origin and evolution of filoviruses [20].

However, in the era of sequencing and genomics there was still
room for classical biochemistry-based techniques, including pro-
tein sequencing, which was used to establish the protein sequences
of NP, VP35, and VP40, and established their order as the first
three transcripts encoded by the genome, something that was at
that time problematic given that theoretical predictions suggested
that VP35 should actually encode the larger of the two proteins,
although this is not experimentally observed. Further it was estab-
lished that VP30 was in fact a distinct protein unique to filoviruses,
and not a cleavage product of NP, as had sometimes been sug-
gested [21]. Then, at long last, came the first full-length sequence
of'an Ebola virus genome, which definitively confirmed the genome
organization, although it was already suspected based on an earlier
complete sequence for the closely related marburgvirus [22], and
established the sequences of the previously missing intergenic
regions [23] (Fig. 1b). It also clearly paved the way for the sequenc-
ing of complete genomes for other ebolavirus species in the years
to follow [24-27], and thus much of our appreciation of the
genetic/phylogenetic structure of the family as we know it today—
with a clear separation of the family of Filoviridae not only into
two distinct genera, Ebolavirus and Marburgvirus, but further sub-
division of the ebolaviruses into five species: Zaire ebolavirus,
Sudan ebolavirus, Reston ebolavirus, Tai Forest ebolavirus, and the
recently discovered Bundibugyo ebolavirus.

This time span saw also several notable public health events in
the timeline of ebolavirus history, including the importation of a
new ebolavirus species, Reston ebolavirus, into the USA and Italy,
as well as the discovery of the another new pathogenic ebolavirus
species, Tai Forest ebolavirus, in Ivory Coast, and what was until
recently the largest and most deadly recorded outbreak of
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ebolavirus, in Kikwit in 1995. Thus, while ebolavirus research dur-
ing this time period had clearly been heavily focused on sequenc-
ing, these events encouraged renewed efforts to adapt molecular
methods, including those based on electron microscopy and vari-
ous antibody reactivity-based methods, to develop new and broader
specificity diagnostic methods for these viruses (e.g., [28-36]).

4 Phase llI: It’s All About Function (1995-Present)

4.1 The Many
Forms of GP

The next years were marked by a clear transition away from
sequencing and toward the first experiments looking into more
functional aspects of ebolavirus biology, and the molecular and cell
biological basis for these functions. In retrospect one can see that
this transition was clearly triggered by the accumulation of a critical
mass of genetic information, and the forthcoming development of
a variety of molecular tools/approaches needed to conduct these
kinds of experiments. However, it was also clearly fueled by some
fascinating discoveries that resulted, at least in part, from examina-
tions of the newly available genetic information itself.

Possibly one of the most fascinating of such discoveries was also
the first, and concerned the ability of the GP gene to undergo tran-
scriptional editing at a stretch of 7 U residues to produce the full
length GP;, mRNA transcript, while in the majority of cases a
soluble version of the glycoprotein was produced (sGP) [37, 38]
(Fig. 2). Indeed, recently it has been confirmed that other editing
products already suggested by this study can in fact also be gener-
ated, and lead to the production of an additional small soluble GP
(ssGP) [39]. Further studies showed the additional production of
a stable C-terminal cleavage product of sGP, known as delta-
peptide [40], as well as shed forms of both GP; (produced as a
result of disulfide bond instability) [41] and the full length GP;,
(produced by tumor necrosis factor a-converting enzyme (TACE)
cleavage to yield GP; arm) [42]. Interest in the molecular basis for
the development of this unusual diversity of GP products, and also
the potential relevance of these different forms of GP, helped moti-
vate a transition in ebolavirus research as a whole away from
genomics and into studies of protein function in subsequent years.
However, even now these questions remain at best partially
answered, and thus the biology of these soluble glycoproteins, and
their relevance for virus infection, is still being studied today.

The first proposed function of sGP synthesis was simply to
serve as a means of regulating GP;, expression, and thus control-
ling excessive GP;,-mediated cytotoxicity [43], as a result of the
overlapping open reading frame organization between these two
proteins, which strongly favors sGP synthesis. This is supported by
some studies that suggest that GP;,-mediated cytotoxicity is not a
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Fig. 2 Glycoprotein processing. The Ebola virus glycoprotein gene contains three open reading frames (ORFs),
which can be accessed through transcriptional editing. In cases where no transcriptional editing occurs, only
ORF 1 is transcribed, which leads to the expression of pre-sGP, which is processed by signal-peptidase and
furin to yield the secreted glycoprotein sGP and A peptide. If the second ORF is accessed by insertion of a
single nucleotide during transcription of the editing site (highlighted by a star), pre-GP; , is produced, which is
processed by the same proteases into the mature GP; ,, the only Ebola virus glycoprotein that is membrane-
associated. However, upon cleavage by TACE a secreted version of this protein (GP; ,,mv) can also be produced.
Further, soluble GP, can also be released from GP, ,. Finally, if two nucleotides are inserted in the editing site
during transcription, resulting in the third ORF being transcribed after the editing site, pre-ssGP is produced.
This protein is processed by signal peptidase only, resulting in the small secreted glycoprotein ssGP
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4.2 Uncovering
an Unusual
Mechanism of Entry

major factor when expression is moderate [44]. More recently,
immunological effects such as the inhibition of neutrophil function
[45, 46] and antigenic subversion of antibody responses toward
nonneutralizing epitopes [47] have also been described. Further,
sGP has been suggested to possess an anti-inflammatory function
that may help mitigate negative effects of GP,, on vascular integ-
rity [48]. Similarly, delta-peptide has been proposed to have a
modulatory role, in this case by inhibiting the entry of virus into
target cells [49]. In the case of GP; a1, evidence for a function has
only recently been obtained and suggest when properly presented
as a trimer, it can bind to and activate uninfected DCs and macro-
phages [50], and that its shedding directly modulates the levels of
EBOV GP;, expressed at the surface of virus-infected cells, and
thus its availability for incorporation into virus particles [51].

There was also tremendous interest starting at this time in the
biology of the surface glycoprotein itself. Various aspects including
its fusion activity [52], structure [53-55], and processing [56]
were studied by a number of different groups, which all contrib-
uted to our current view of GP, , as a heterotrimeric, class I fusion
protein which is processed from a single polypeptide by tfurin cleav-
age. Intriguingly, already at this time there were the first hints that
GP; , cleavage by furin is not necessary for function and infectivity,
in contrast to the situation with many other viruses [57]. However,
these findings would not be directly confirmed for many more
years until the development of full-length clone systems allowed
the production of recombinant viruses with the furin cleavage site
knocked out [58, 59]. The role of GP;, in pathogenesis is more
controversial, with early studies indicating that its expression alone
causes vascular leakage from vessel explants, and thus that it is the
main viral determinant of Ebola pathogenicity [60]. However,
more recently studies using recombinant viruses in which the GP; ,
from Ebola virus (EBOV, species Zaire ebolavirus) and the apatho-
genic Reston virus (RESTV, species Reston ebolavirus) were
exchanged have shown that while EBOV GP; , enhances virulence
and contributes to pathological changes, alone it does not confer
increased virulence [61]. The role of GP editing in pathogenesis
also remains controversial [43, 62].

The mechanism by which Ebola virus enters target cells was for
many years a source of tremendous confusion within the field, with
numerous binding proteins, including Folate Receptor Alpha [63],
a wide variety of C-type lectins (including dendritic cell-specific
intercellular ~ adhesion  molecule-3-grabbing  non-integrin
(DC-SIGN) [64, 65], liver/lymph node-specific ICAM-3 grabbing
non-integrin (L-SIGN) [64], other human macrophage calcium-
dependent lectins [66]), DC-SIGN receptor [65], and most
recently, Tim-1 [67], being identified. However, in many cases
binding to these surface receptors, while beneficial, is nonessential
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and/or their relevance is restricted to certain cell types. How such
a situation is possible may have been clarified by recent evidence
identifying Niemann-Pick C1 (NPC-1), which acts at the levels of
the endosome, at a stage after both surface attachment and uptake,
as an apparently critical receptor for ebolavirus entry [68, 69].

The mechanism of uptake of ebolavirus into host cells also was
a controversial topic, with various studies suggesting the involve-
ment of clathrin-mediated endocytosis [ 70, 71, caveolin-mediated
endocytosis [72], or macropinocytosis [73]. However, a major
limitation of these studies was that they were performed using
virus pseudotypes (VSV, HIV, etc. carrying the ebolavirus GP;,
glycoprotein), which differ significantly in their morphology com-
pared to ebolavirus particles, a factor that could potentially affect
uptake by some or all of these pathways. More recently, researchers
have begun performing experiments with infectious ebolavirus, or
structurally similar ebolavirus-like particles, and these appear to
largely demonstrate virus uptake via macropinocytosis [74-76].
However, some studies continue to demonstrate that other path-
ways could also still be playing a role, and that in fact multiple dif-
ferent mechanisms may actually be used in concert [77-79].

Equally controversial has been the role of protease cleavage of
the viral glycoprotein. It appears clear that endosomal cleavage of
GP, into a low molecular weight form is necessary to obtain a
fusion competent conformation. So far, the only proteases identi-
fied as participating in this process are the endosomal cysteine
proteases Cathepsin L (CatL) and Cathepsin B (CatB) [80, 81].
Interestingly, there appear to be differences in processing in dif-
ferent cells types [82], as well as differences in Cathepsin sensitiv-
ity among filovirus species [ 83-85]. Further, a recent in vivo study
has also demonstrated that despite the demonstrated importance
of Cathepsin cleavage in a number of cell culture systems, during
ebolavirus infection in the mouse model neither CatB nor CatL
appear to be necessary, and CatB/L double knockout mouse
embryonic fibroblast cells remain equally susceptible to virus
infection [85], suggesting a role for other proteases under at least
some circumstances. Indeed, recent studies with a thermolysin-
trimmed GP; [86], which structurally resembles that produced by
Cathepsin cleavage, appear to support that, at least in principle, a
similar effect could be achieved by digestion with other cellular
proteases.

Overall, while several issues remain to be fully clarified, what
these findings have led to is a current model of virus entry (Fig. 3)
in which no specific critical cell surface receptor is required, but
rather a number of attachment factors serve to concentrate virus
particles at the cell surface to enhance their uptake, which then
occurs primarily via macropinocytosis. Following endosome acidi-
fication, trimming of GP; by Cathepsins, or possibly also other
proteases, exposes the receptor binding domain, and following
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Fig. 3 Model of Ebola virus entry. At the cell surface Ebola viruses attach to C-type lectins through GP; ,, or to
phosphatidylserine receptors (e.g., Tim-1) through interactions with the viral envelope (a). Uptake into endo-
somes occurs through macropinocytosis (b). After endosomal acidification (¢) host proteases cleave GP; , to
yield a 19 kDa form (d), which can then interact with the cellular receptor NPC-1 (e), ultimately resulting in
membrane fusion (f) and release of nucleocapsids into the cytoplasm

binding to the NPC-1 receptor, fusion occurs to release the viral
nucleocapsid into the cytoplasm.

4.3 The Mechanics The late 90s also saw the first studies of transcription and replica-
of Genome Replication ~ tion mechanics for filoviruses being conducted (Fig. 4). These
and Transcription studies relied on the development of minigenome systems, which

use reporter-expressing viral genome analogues to model viral
transcription and replication, and produced findings that define
our understanding of the basic viral components necessary for
these processes (i.e., NP, VP35, VP30, and L) [87]. While the
roles of NP (nucleoprotein), VP35 (polymerase cofactor), and L
(polymerase) were easy to rationalize based on better studied anal-
ogous virus systems, the need for VP30, which lacks clear homo-
logues in other systems, remained a mystery for several years.
Eventually, however, VP30 was shown to serve as a cofactor for
EBOV transcription, which is needed to overcome a hairpin struc-
ture in the 3’ viral noncoding region [88]. The unusual existence
of this additional RNP component has led to much interest in the
role of VP30 over recent years, with several further studies focus-
ing on the role of its phosphorylation state in the regulation of
RNA synthesis. In particular it has been demonstrated that phos-
phorylation of VP30 regulates its interactions with both VP35 and
NP, and must be dynamic in order to allow it to regulate both
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Fig. 4 Model of Ebola virus genome replication and transcription. After entry (a) into the cell, nucleocapsids
relax (b) due to dissociation of VP24. This allows the viral polymerase complex that entered the cell within the
virus particle to perform primary transcription (c), which produces the viral proteins necessary for genome
replication (d) and further, secondary transcription (e) and protein production. Produced VP24 then leads to a
condensation of newly formed ribonucleoprotein complexes into packaging-competent nucleocapsids (f),
which are transported to the surface, where budding takes place in a process driven by VP40

transcription and replication [89, 90]. Recently, it has also been
demonstrated that VP30 is capable of directly binding to the
3'-end of the ebolavirus genome RNA, and that this binding also
stabilizes VP35 /L RNA binding [90]. As a result, it has been sug-
gested that phosphorylation allows VP30 to modulate the compo-
sition of the RNP complex, in order to form either a transcriptase
or replicase complex [89], and thereby regulates these two activities
of the viral polymerase. Of practical significance, this peculiar
dependence of the ebolavirus transcriptional mechanism on VP30
has in recent years also facilitated the development of “biologically
contained” Ebola viruses that lack this viral protein in their genome,
and whose replication is thus restricted to VP30-expressing cells,
allowing them to be studied at lower levels of containment [91].
Most recently, VP30 has also been shown to have a novel function
as a trans-acting factor for RNA editing of the GP gene [92]. This
process seems to be both sequence and RNA structure dependent
and provides some of the first mechanistic information about how
this important process in the EBOV lifecycle is being regulated.
Recent discoveries in the field have also clarified the role of the
other viral protein unique to filoviruses, VP24, and shown that it
too plays an important role in the regulation of viral RNA synthe-
sis. Early biochemical studies suggested that VP24 might function
as a minor matrix protein, due to its apparent localization in the
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4.4 Understanding
Particle
Morphogenesis

and Budding

matrix space in salt dissociation experiments [93], as well as a num-
ber of properties considered potentially consistent with function as
a matrix protein [94]. More recent electron microscopy analyses
have, however, demonstrated that VP24 is in fact associated with
the outside of the viral RNPs [6], and that its association with the
RNP results in rigid RN forms similar to those found in ebolavi-
rus particles [95]. This observation is further supported by recent
work using various minigenome-based tools, and particularly those
that have been expanded to include multiple ebolavirus genes, and
thus more closely resemble the viral genomes [96]. The findings
using these systems suggest that VP24 may serve to condense
RNPs from a flexible, accessible form that can undergo
transcription/replication to a rigid packaging-competent form,
and that this condensation also serves to lock the polymerase at the
genome terminus so that it remains competent to perform primary
transcription upon virus infection [96]. Thus this also appears to
explain previous observations that VP24 serves as an inhibitor of
viral RNA synthesis when overexpressed from plasmids [97, 98],
and that it is necessary for production of nucleocapsids capable of
undergoing primary transcription [99].

Finally, studies have also started to address the question of
where exactly in the host cell ebolavirus genome replication and
transcription take place. Both IFA-based and reporter virus studies
have recently been used to demonstrate inclusion bodies as the
sites of virus RNA synthesis, thereby clarifying a long-standing
question about whether these structures are biologically relevant,
or simply represent functionally dead masses of accumulated pro-
tein [100, 101].

The biosafety requirements for work on live EBOV have resulted
in the development of a large collection of reverse genetics-based
tools to study and model aspects of the viral lifecycle (e.g., various
monocistronic and multicistronic minigenome and transcription
and replication-competent virus-like particle (trVLP) assays) [87,
96, 99, 102, 103]. While these systems were first developed as
simple genome analogues to look at viral RNA synthesis, the more
complex of these systems are now finding applications for studying
other steps in the virus lifecycle, including morphogenesis and
budding. Further, as the number of biosafety level 4 facilities
worldwide and the availability of high-tech imaging platforms
(including live cell imaging) increases, detailed immunofluores-
cence labeling and reporter viruses studies are now also being used
to study the movement of virus proteins and RNAs during the
virus lifecycle and are providing important insights. For example, a
recent study used VP30-GFP labeled viruses to look at the trans-
port of nucleocapsids within the cytoplasm from sites of replication
to the sites of budding at the cell surface and the dependence of
this process on the actin cytoskeleton [104]. Interestingly, recent
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single-particle tracking studies have shown that actin also directs
the movement of the matrix protein (VP40) to the plasma mem-
brane as well [105], where it must eventually meet up with these
packaging-ready nucleocapsids. Clearly these kinds of studies dem-
onstrate how powerful these advanced imaging techniques are
likely to become in the coming years for looking at these poorly
defined interfaces between the different stages in the virus lifecycle,
in particular the process of morphogenesis. However, at present
our understanding of this process for ebolaviruses still remains
limited.

Unlike RNP transport and morphogenesis, the budding pro-
cess of ebolaviruses has actually been quite intensely studied. The
major contributor to budding is the matrix protein VP40, and
studies of its function in virus budding began in earnest in 2000.
Already these early studies demonstrated that recombinantly
expressed VP40 was capable of independently binding to mem-
branes [106], and that it induced the release of lipid enveloped
particles [107, 108]. Further, unlike expression of GP,,, which
leads to the production of pleomorphic particles, VP40 expression
drives the production of particles having an authentic filamentous
structure [109]—all features expected of a bona fide viral matrix
protein.

At the same time overlapping proline-rich late domains of both
the PT/SAP and PPxY types common to many other viral matrix
proteins were identified in VP40, although in ebolaviruses they
display an unusual overlapping arrangement (i.e., 7-PTAPPEY-13).
As with similar domains in other viruses these were then soon
shown to directly support virus budding by mediating interaction
with WW domain containing proteins, including the yeast homo-
log of Nedd4, mammalian Nedd4, TsglO1, and most recently
ITCH [110-114], and thereby to facilitate interaction with the
Vps4 pathway upon which ebolavirus budding is also dependent
[111]. However, while these interactions have been shown to sup-
port budding, production of a recombinant ebolaviruses lacking
these late-domain motifs has demonstrated that such a virus is still
viable, and thus that alternate mechanisms of virus release must
also exist [115]. Potentially consistent with this finding, a third
YPx,L /T type late domain (18-YPARSNSTI-26) was recently iden-
tified in ebolavirus VP40 and appears to mediate an additional
interaction with the ESCRT-III protein Alix [114, 116], which
might also contribute to budding, although further studies are still
needed to confirm these findings.

Crystal structures were also obtained early during the study of
VP40 biology and have revealed a unique duplicated two-domain
structure connected by a flexible hinge that controls the transition
between monomeric and multimeric states [117, 118]. Others
then further demonstrated that hexamerization of VP40 into ring-
like structures might be triggered by membrane binding [106,
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4.5 Interactions
with the Innate
Immune Response

119], an observation that is supported by biochemical evidence
that oligomerization is indeed a prerequisite for the budding activ-
ity of VP40 [120].

Another significant area that until recently had remained
poorly studied concerns how VP40 is actually able to drive mem-
brane deformation during the budding process. However, a num-
ber of recent studies using biochemical and biophysical approaches
have demonstrated an intrinsic ability of VP40 to penetrate into
lipid bilayers and induce membrane curvature consistent with virus
particle formation [105, 121] in a manner that also appears to be
dependent on the lipid composition of the membranes themselves
[122]. As such these studies provide the first insight into the
mechanics of vesiculation as a key step in the budding process.

In addition to being a time of great interest in virus biology, the
late 1990s also saw the first studies begin to investigate the effects
of virus infection on the immune system, and specifically interac-
tions with the interferon (IFN) system [123, 124]. It was only a
few years later that it was determined that VP35 is responsible for
actively inhibiting the IFN production pathway [125], and that
this occurs through interaction with IFEN regulatory factor 3
(IRF3) [126]. This process was then further shown to be depen-
dent both on trimerization of VP35 through a coil-coiled domain
located in the N-terminal portion of the protein [127], and spe-
cific basic residues located in the C-terminus of the protein [128],
which also harbors a dsSRNA-binding domain [129]. Later studies
showed that the ability of VP35 to inhibit IFN production is due
to direct binding of VP35 to IKKe and TANK-binding kinase 1
(TBK1) in a manner that blocks subsequent IRF3 and IRF7 inter-
action, and thus their subsequent activating phosphorylation
[130]. Recent co-crystal structures of the VP35 RNA-binding
domain together with dsRNA have provided interesting insights
into the mechanism of dsRNA binding, which for ebolavirus
appears to occur efficiently both along the backbone of the dsRNA
and at the terminal-free ends, and may block detection of dsRNA
templates by RNA helicases, such as retinoic acid inducible gene 1
(RIG-I) [131].

The relevance of IFN antagonism for virus infection and
pathogenesis was quickly recognized, and was highlighted by the
finding that unlike immunocompetent mice, IFN receptor a
knockout mice are highly susceptible to ebolavirus infection [132].
In addition, the production of recombinant viruses in which the
IFN inhibitory activity of VP35 is abolished showed significant
attenuation both in vitro [133, 134 ] and in vivo [ 135]. Microarray
analyses have also suggested that the extent of IFN suppression
may correlate with the virulence of different filovirus species [ 136],
a finding that was recently supported by the implementation of
highly standardized IFN antagonism assays [ 137].
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More recently, a second point of interference with the IFN
system has been described for ebolaviruses, this time with respect
to inhibition of IFN signaling and the resulting production of
interferon stimulated genes (ISGs) [138]. This work further
showed that inhibition was mediated by direct binding of VP24 to
karyopherin-al, and that this blocks signal transducer and activa-
tor of transcription 1 (STAT1) nuclear accumulation, which is
essential for subsequent activation of ISG transcription [138].
Further studies eventually showed that VP24 is in fact capable of
binding to all members of the nucleoprotein interactor 1 (NPI-1)
subfamily (i.c., karyopherins-al, -a5, and -a6) [139]. Since the
VP24-binding site appears to lie within the STAT1-binding site on
karyopherin-a, it has been suggested that VP24 may inhibit STAT1
translocation by competing for the same binding site on
karyopherin-a [ 139, 140]. At the same time, biochemical analysis,
in conjunction with recently obtained X-ray crystallographic struc-
tures and deuterium exchange mass spectrometry analyses, indi-
cate that VP24 can also directly bind to STAT1 itself [141].

Interestingly, an additional point of action for VP24 has also
been recently reported, with data suggesting that VP24 can block
IFN-stimulated phosphorylation of p38-a in some, but not all, cell
lines [142]. While this pathway is known to be involved in the IFN
response to other viruses [143, 144], the relevance and further
details of this mechanism still need to be established. In any event,
this multifaceted approach of targeting both IFN production and
signaling is by no means uncommon and again suggests the critical
importance of controlling this aspect of the innate immune
response for virus survival.

In addition to blocking the production of IEN itself and its
subsequent signaling to produce interferon stimulated genes
(ISGs) there is some evidence that ebolaviruses are able to specifi-
cally counteract the activities of individual ISGs as well. The best
studied of these effects is the inhibition of Tetherin (BST-2) by
ebolavirus GP, , [145], which seems to occur via an unusual mech-
anism that does not involve blocking Tetherin’s cell surface expres-
sion [146, 147]. Recently this mechanism has been shown to be
dependent on the GP;, transmembrane domain [148], as well as
an intact receptor-binding domain and correct N-glycan process-
ing [149], and has been proposed to involve GP ,s ability to block
interaction between VP40 and Tetherin [150].

In addition to interfering with the IFN pathway, ebolavirus
infection has been shown to interfere with a variety of other path-
ways and functions related to innate immune defense. In particu-
lar, VP35 has also been described to interfere with and even actively
suppress activation of the protein kinase R (PKR) pathway in order
to avoid translational shutoft [151, 152]. Further, VP35 has been
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shown to act as a suppressor of RNA silencing, a function that is
dependent upon its dsRNA-binding activity [153]. Finally, ebola-
virus infection has been recently shown to lead to sequestration of
stress granule proteins into inclusion bodies, which might help the
virus avoid yet another antiviral response, as neither canonical
stress granule formation, nor the associated translational arrest, are
observed in ebolavirus-infected cells [ 154]. In addition to all these
mechanisms, which inhibit immunity on the cellular level, there are
also a number of mechanisms by which ebolaviruses interfere with
the immune system on an organismal level. These aspects are dis-
cussed in Chapter 3, which addresses the molecular and clinical
pathogenesis of Ebola virus.

5 Final Remarks

Taking a step back it is clear that ebolavirus research has seen a
number of “trends” over the years with sudden, although some-
times unfortunately short-lived, interest in particular areas. Equally
evident is that these shifts in focus (at least as evidenced by publica-
tion output) can be driven by specific situations, such as outbreaks,
but can also be strongly influenced by the development and acces-
sibility of new technologies. Certainly one of the biggest trends in
the last decade or so has been the entry into the field of a wide
variety of experts with diverse specialties, something which is in no
small part facilitated by advancements in molecular biology
approaches that allow studies on biosafety level 4 pathogens like
ebolavirus to be conducted outside a high containment environ-
ment. As such the number of publications has exploded and the
variety of research being conducted has diversified accordingly. It
can only be hoped that this trend will continue into the future as
new tools and techniques become available to support continued
investigations into the many remaining open questions regarding
filovirus biology. Finally, it should be noted that it is still the case
that the vast majority of ebolavirus studies focus solely on the Zaire
ebolavirus species, and while it is generally believed that most of
the basic biological functions are conserved among all ebolavirus
species, this is also clearly not always the case. Thus, there is still
much work to do in identifying molecular differences that can help
us explain the differences in pathogenicity and geographical distri-
bution observed between different ebolaviruses.
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