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Abstract
Reverse-genetics systems are powerful tools enabling researchers to study the replication cycle of
RNA viruses, including filoviruses and other hemorrhagic fever viruses, as well as to discover
new antivirals. They include full-length clone systems as well as a number of life cycle modeling
systems. Full-length clone systems allow for the generation of infectious, recombinant viruses, and
thus are an important tool for studying the virus replication cycle in its entirety. In contrast, life
cycle modeling systems such as minigenome and transcription and replication competent virus-
like particle systems can be used to simulate and dissect parts of the virus life cycle outside of
containment facilities. Minigenome systems are used to model viral genome replication and
transcription, whereas transcription and replication competent virus-like particle systems also
model morphogenesis and budding as well as infection of target cells. As such, these modeling
systems have tremendous potential to further the discovery and screening of new antivirals
targeting hemorrhagic fever viruses. This review provides an overview of currently established
reverse genetics systems for hemorrhagic fever-causing negative-sense RNA viruses, with a
particular emphasis on filoviruses, and the potential application of these systems for antiviral
research.
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INTRODUCTION
Viral hemorrhagic fever (VHF) is a clinical syndrome that can be caused by multiple
unrelated viruses (Marty et al., 2006). Infection with a VHF agent can cause hemorrhage,
multi-organ failure and high case-fatality rates. To date, all known human VHFs are caused
by a range of single stranded, enveloped RNA viruses including filoviruses, arenaviruses,
bunyaviruses, and flaviviruses. The requirement for biosafety level (BSL) 3 or 4 when
working with these pathogens is slowing down research; however, a better understanding of
the molecular pathogenesis of these agents is a prerequisite for the advancement of specific
countermeasures. Reverse genetics systems are experimental tools allowing for the
production and subsequent replication and transcription of virus RNA genomes, or genome
analogues, from complementary DNA (cDNA). In contrast to classical genetics, in which a
specific phenotype is analyzed for its underlying genotype, reverse genetics is based on
manipulation of a virus genotype and analysis of the resulting changes to its phenotype. The
advent of reverse genetics systems for several VHF agents has pushed the field forward by
allowing for the generation of recombinant viruses, and thus providing the means to address
questions about virtually every aspect of the virus replication cycle. However, reverse
genetics systems also provide opportunities to study these viruses outside of BSL-3/4
laboratories by use of reverse genetics based life cycle modeling systems. Such systems are
particularly useful in understanding basics of the viral life cycle, and to study and dissect
viral genome replication and transcription, morphogenesis and budding, infection of target
cells and primary transcription in target cells. While there has been considerable work on
elucidating these steps in the viral replication cycle, many details are still not fully
understood. Examples are the regulation of replication and transcription, the morphogenesis
of ribonucleoprotein (RNP) complexes, and the early steps immediately after virus entry, i.e.
uncoating of the RNP complexes and primary transcription. This review will discuss recent
advances in the field of reverse genetics and focus on negative stranded VHF agents in
general and filoviruses in particular, because the filovirus field has been on the forefront of
many advances in the field of negative stranded reverse genetics for VHF agents.

CLASSIFICATION, GENOME ORGANIZATION AND REPLICATION CYCLE
Negative stranded RNA viruses with the capacity to cause VHF in humans belong to three
families: Arenaviridae, Bunyaviridae and Filoviridae (Marty et al., 2006). An overview of
VHF-causing viruses and closely related but non-pathogenic viruses, for which reverse
genetics systems have been developed, is shown in Table 1.

While the specific organization of their genomes differs, the filoviruses, arenaviruses and
bunyaviruses share basic features common to all negative-sense RNA viruses. Viruses of all
three families have genomes that consist of linear, single-stranded, negative-sense RNA
(ssRNA) whose replication takes place in the host cell cytoplasm. By their nature, purified
genomes are non-infectious because the genomic RNA alone cannot serve as a template for
protein synthesis. Specific viral proteins must associate with the genomic RNA to initiate
transcription of positive-sense messenger RNA (mRNA). The specific life cycles for all
three families are described in detail elsewhere (Buchmeier et al., 2007; Sanchez et al.,
2007; Schmaljohn and Nichol, 2007), and a schematic representation of the filovirus
replication cycle is depicted in Figure 1A. Filovirus genomes are linear nonsegmented
single-stranded negative-sense RNA molecules approximately 19 kb in length. They contain
seven genes in the order 3′-NP-VP35-VP40-GP-VP30-VP24-L-5′. The genes, respectively,
encode seven structural proteins, the nucleoprotein (NP), RNA-dependent RNA polymerase
cofactor (VP35), matrix protein (VP40), spike glycoprotein (GP1,2), transcriptional activator
(VP30), secondary matrix protein (VP24), and the RNA-dependent RNA polymerase (L)
(Sanchez et al., 2007). NP in complex with the genome associates with VP30, VP35, and L
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to form the tubule-like RNP complex (Mühlberger et al., 1998; Mühlberger et al., 1999).
VP40 and VP24 surround the RNP complex and are wrapped in a lipid envelope derived
from the host cell during virion egress (Han et al., 2003; Noda et al., 2002). GP1,2 is inserted
into the virion membrane, protruding from the surface (Volchkov et al., 1998). The genomic
3′ leader and 5′ trailer regions regulate virus RNA replication and transcription. Open
reading frames are flanked by intergenic regions that possess transcription initiation and
termination signals (Mühlberger, 2007).

The filovirus life cycle begins with cell entry. The ectodomain of GP1,2 (GP1) mediates
virion binding to an unidentified cell-surface receptor (Kuhn et al., 2006), upon which the
transmembrane domain (GP2) mediates fusion of the virion envelope with a cellular
membrane and the release of the virion RNP into the cytosol (Gallaher, 1996; Ruiz-Arguello
et al., 1998). Once released into the cytoplasm, the negative-sense genome must be
transcribed. Encapsidated vRNA (i.e. negative-sense viral RNA) acts as template for the
generation of polyadenylated, monocistronic mRNAs that are transcribed sequentially from
a single promoter in the 3′ end of the genome. This process called primary transcription is
facilitated by the polymerase complex brought into the cell within virus particles. The host
cellular machinery then translates the mRNAs leading to the accumulation of viral proteins
within cells. After the translation of virus proteins there is a switch from transcription to
replication that leads to the synthesis and encapsidation of full-length cRNA (i.e. positive-
sense complementary RNA) also known as antigenome. Antigenome copies serve as
templates for the synthesis of full-length genomic vRNA, which is rapidly encapsidated by
RNP complex proteins. Further, newly translated RNP proteins can also participate in the
transcription of additional mRNAs from available vRNA templates (called secondary
transcription). Finally, virus egress occurs when RNP complexes in the cytoplasm traffic to
the cell membrane where, together with the membrane-bound proteins (VP24, VP40, and
GP1,2), they accumulate and organize themselves into new virus particles, which then bud
from the plasma membrane (Hartlieb and Weissenhorn, 2006).

The life cycle of arena- and bunyaviruses is similar to that of filoviruses, although there are
important differences. One major difference is that both arena- and bunyaviruses have more
than one genome segment, which all have to be replicated and packaged into progeny
virions. Also, arenaviruses employ an ambisense coding strategy, which results in their
glycoprotein GPC and their matrix protein Z mRNAs being transcribed not from genomic
vRNAs, but rather from antigenomic cRNAs, which first have to be produced during
replication. This allows the virus to temporally regulate gene expression, which might be
particularly important since Z is a strong negative regulator of genome replication and
transcription (Cornu and de la Torre, 2001; Hass et al., 2004; Lee et al., 2000; Lopez et al.,
2001). Also some bunyaviruses employ an ambisense coding strategy. Further differences
for bunyaviruses include the absence of a classical matrix protein, where budding is believed
to be driven by the glycoproteins (Overby et al., 2007b), and the intracellular location of the
budding site. For a detailed description of the life cycle of arena- and bunyaviruses the
interested reader is referred to (Buchmeier et al., 2007; Schmaljohn and Nichol, 2007).

REVERSE GENETICS SYSTEMS
While the term reverse genetics is sometimes used exclusively to describe the generation of
recombinant viruses from cDNA, often a broader definition is used. According to this
broader definition, which is applied in this review, reverse genetics is the generation and
subsequent replication and transcription of full-length virus RNA genomes or truncated
genome analogues from cDNA (Table 2). If a full-length copy of the viral genome is
contained within the cDNA, reverse genetics systems allow for the generation of
recombinant viruses entirely from cDNA (full-length clone systems). These systems are
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sometimes also called infectious clone systems, although it is important to note that the
cDNA plasmid itself is not infectious, and can be safely handled in a BSL-1/2 laboratory.
Alternatively, if the cDNA encodes a truncated genome analogue, reverse genetics systems
facilitate the modeling of various parts of the virus replication cycle (life cycle modeling
systems). These modeling systems, which include both minigenome and transcription and
replication competent virus-like particle (trVLP) systems, which are also known as
infectious virus-like particle (iVLP) systems, are powerful tools for understanding the
biology of viruses and have significantly contributed to our understanding of the molecular
biology and pathogenesis of VHF-causing viruses (Ebihara et al., 2005; Hoenen et al.,
2007).

Of particular interest are reverse genetics systems for VHF-causing viruses and closely
related nonpathogenic relatives (e.g. Ebola virus (EBOV) and Reston virus (RESTV); Junin
virus (JUNV) and Tacaribe virus (TCRV); Rift Valley Fever Virus (RVFV) and Uukuniemi
virus (UUKV)). When available, such complementary pairs of full-length clone systems
allow for the mapping of pathogenic determinants through the generation of chimeric
viruses, whereas pairs of life cycle modeling systems (i.e. minigenomes and trVLP systems)
facilitate the comparison of individual aspects of the virus life cycle and correlation of the
observed differences with the pathogenic potential of the respective viruses.

Generation of recombinant viruses from cDNA
Full-length clone systems allow for the generation of recombinant viruses from cDNA
plasmids. These cDNA plasmids are by themselves non-infectious and can be safely handled
and manipulated in a BSL-1/2 laboratory, depending on local regulations, although they
contain a cDNA copy of the complete viral genome under the control of a promoter for a
DNA dependent RNA polymerase such as T7 RNA polymerase (T7) or RNA polymerase II.
However, it is only upon cotransfection of such a cDNA plasmid, together with expression
plasmids for all the viral RNP proteins and the DNA dependent RNA polymerase, that
infectious viruses are produced. Therefore, only these transfections and all subsequent work
have to be performed under BSL-3/4 conditions.

Upon transfection of a cDNA plasmid into cells (p0 or producer cells) an unencapsidated
(naked) genomic RNA is transcribed by the coexpressed DNA dependent RNA polymerase
(Figure 1B). However, since only an encapsidated genome in the form of a RNP complex is
a suitable template for the viral polymerase complex, this naked RNA has to be artificially
encapsidated by the nucleoprotein provided in trans, a process called artificial or illegitimate
encapsidation (Conzelmann, 2004). This process is generally believed to be highly
inefficient and mechanistically different from the encapsidation of nascent vRNA or cRNA
molecules simultaneously with replication (Hoenen et al., 2010b; Pattnaik et al., 1992;
Peeples and Collins, 2000), and does not have a natural equivalent in the viral life cycle.
Once encapsidated, this genomic RNA is then recognized by the other RNP components,
which have to be provided in trans either by helper virus infection or from expression
plasmids, before being replicated and transcribed into mRNAs. This leads to the production
of all virus proteins and starts the virus replication cycle, and ultimately results in the
production of a clonal population of infectious viruses.

The first rescue of any recombinant negative-sense RNA virus (rabies virus) completely
from cDNA was achieved in 1994 (Schnell et al., 1994). Virus RNA was transcribed from a
plasmid using T7 RNA polymerase provided by infection with a recombinant vaccinia virus.
Since the use of T7 RNA polymerase leads to additional nucleotides at the 3′ ends of
transcripts when compared to authentic viral RNA, a hepatitis delta virus ribozyme
(HDVrib) was used to provide an authentic 3′ end to the RNA. Critical for the success of
this system was the initial synthesis of a cRNA antigenome, rather than a vRNA genome.
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This most likely avoided the problem of hybridization between naked negative-sense
genomic vRNAs and the positive-sense mRNAs encoding for the virus proteins (Ebihara et
al., 2005; Neumann et al., 2002b; Schnell et al., 1994). Although rescue of negative-sense
RNA viruses from cDNA encoding a negative-sense genomic vRNA has since been
reported, the efficiency of this approach is generally lower than when a positive-sense
antigenomic cRNA is encoded (Durbin et al., 1997; Kato et al., 1996; Neumann et al.,
2002b).

In full-length clone systems that use T7 RNA polymerase for the initial transcription of
cRNA antigenomes, this polymerase has to be supplied in trans. This can be achieved either
by expressing it from an expression plasmid, by using a cell line that stably expresses T7
RNA polymerase (Buchholz et al., 1999), or through superinfection with a recombinant
vaccinia virus encoding T7 RNA polymerase. However, full-length clone systems have also
been developed in which the virus cRNA is initially transcribed by the endogenous host-cell
RNA polymerases I or II. RNA polymerase I-driven systems were first used for viruses
replicating in the cell nucleus, particularly orthomyxoviruses (Fodor et al., 1999; Neumann
et al., 1994), but have since been successfully used for viruses replicating in the cytoplasm
(Billecocq et al., 2008; Flatz et al., 2006; Habjan et al., 2008; Ogawa et al., 2007). Similarly,
viruses replicating in the cell nucleus can be successfully rescued with full-length clone
systems based on T7 RNA polymerase (de Wit et al., 2007; Martin et al., 2006), which is
usually located in the cytoplasm. The basis for this phenomenon remains unclear. A recent
technical advance in the field of full-length clone systems has been the additional
development of RNA polymerase II-driven systems, which were shown to enhance rescue
efficacy both for viruses replicating in the cytoplasm and in the nucleus (Martin et al.,
2006). Since transcripts are capped and poly-adenylated in these systems, both the 3′ and
the 5′ end have to be processed to generate authentic genome ends. This is achieved by the
use of two ribozymes, i.e. hepatitis delta virus ribozyme and a hammerhead ribozyme.

Full-length clone systems have been developed for a number of VHF viruses (Table 1).
While most of these systems are based on the classical T7-driven approach, an RNA
polymerase I-driven full-length clone system was also reported for RVFV (Billecocq et al.,
2008; Habjan et al., 2008). These systems have been quite widely used to study virus life
cycles. For example, for EBOV, recombinant viruses were used to show that while the
editing of the glycoprotein mRNA plays a crucial role in down-regulating cytotoxicity
during infection (Volchkov et al., 2001), the cleavage of the glycoprotein into the mature
GP1 and GP2 subunits is almost completely dispensable, both for in vitro growth (Neumann
et al., 2002a) and infection in a non-human primate model (Neumann et al., 2007). In
contrast, work with the full-length clone system for JUNV has shown that while it is
possible to substitute the normal SKI-1/S1P cleavage site in its glycoprotein with a furin
cleavage site, deletion of the cleavage site at this position does not allow rescue of a viable
virus (Albarino et al., 2009) indicating that, unlike EBOV, maturation cleavage of the
arenavirus glycoprotein is essential. Similar studies using arenaviruses expressing chimeric
glycoproteins between JUNV and Lassa virus (LASV) have further shown that is it
necessary that the stable signal peptide and the transmembrane domain of GP2 are derived
from the same virus, while the GP1 ectodomain can be freely substituted (Albarino et al.,
2010). Full-length clone system studies with RVFV, on the other hand, have focused almost
exclusively on the role of the non-structural proteins NSs and NSm in regulating the host-
cell response to infection. In particular, RVFV lacking NSs or NSm have been shown to be
viable (Billecocq et al., 2008; Gerrard et al., 2007; Ikegami et al., 2006; Won et al., 2006).
However, the mutant lacking NSs is impaired in its ability to inhibit accumulation of
interferon (IFN) mRNAs during infection and shut-off host cell protein synthesis (Billecocq
et al., 2008; Ikegami et al., 2006), and has recently been used to establish a role for NSs in
protein kinase R (PKR) degradation (Habjan et al., 2008; Ikegami et al., 2009a, b), while the
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NSm deficient virus showed an increase in apoptosis in infected cells, due to the loss of the
anti-apoptotic function of NSm (Won et al., 2006, 2007).

Interestingly, findings with recombinant viruses produced using these full-length clone
systems sometimes necessitate re-evaluation of findings using other more directed
approaches. This has clearly been the case in studies examining the role of late domains in
filovirus budding where, despite compelling evidence that late-domain motif knock-outs in
the matrix protein VP40 drastically impair its budding activity (Jasenosky et al., 2001;
Licata et al., 2003), viruses containing these mutations are viable and have only slight
defects in growth (Neumann et al., 2005) – clearly advocating the existence of additional
budding mechanisms independent of these motifs.

In addition to their utility in addressing basic research questions, full-length clone systems
have led to a number of developments of applied significance. For both EBOV and JUNV
attempts have been made to exploit reverse genetics for the production of vaccine
candidates. In the case of EBOV this was accomplished by deleting the VP30 open reading
frame, thus rendering the virus replication-deficient (Halfmann et al., 2008), while for
JUNV the GPC open reading frame was deleted and replaced with either a green fluorescent
protein (GFP) or luciferase (Albarino et al., 2010) resulting in a virus that produces progeny
that is incapable of infecting new target cells. In a different approach, a recombinant virus
based on a JUNV vaccine strain, Candid-1, was generated that expressed LASV GPC
(Albarino et al., 2010), indicating the feasibility of using such existing vaccine strains to
produce a vaccine against multiple pathogens via reverse genetics. Given the ability to
substitute RVFV non-structural genes with foreign genes, and the existence of a full-length
clone system for the MP-12 vaccine strain (Billecocq et al., 2008; Ikegami et al., 2006), a
similar approach based on RVFV might also be successful, but has not yet been
investigated.

Due to the fact that full-length clone systems generate infectious viruses, there are very few
limitations to the scientific questions that can be addressed with them, as long as mutations
introduced into the virus genome do not render the virus non-viable. Further, in some cases
viruses which contain lethal mutation can also be rescued by providing the wild-type protein
in trans, e.g. by means of transfection. As an example it was possible to rescue an EBOV
lacking the gene for VP30 in cells that stably express VP30, which restricted growth of this
virus to this cell line (Halfmann et al., 2008). However, this approach is not feasible for all
viral proteins, particularly in cases were a regulated expression of the protein is required for
the viral life cycle. In the case of VP40 stable expression of this protein renders cells
resistant to infection with EBOV (T. Hoenen, unpublished data), most likely due to the
negative regulatory effect of VP40 on viral genome replication and transcription (Hoenen et
al., 2010b), making it impossible to rescue viruses containing lethal mutations in VP40 by
providing this protein in trans. Similar problems will most likely also arise with other
proteins that negatively regulate viral genome replication and transcription, a function that
seems to be common to matrix proteins of negative stranded RNA viruses (Carroll and
Wagner, 1979; Clinton et al., 1978; Finke and Conzelmann, 2003; Hoenen et al., 2010b;
Iwasaki et al., 2009; Lopez et al., 2001). Another limitation of full-length clone systems is
that they initially generate clonal populations of viruses, so that any effects of quasispecies
which might play a role in pathogenesis or interaction with the host organism are not
reflected. Nevertheless, full-length clone systems are the most authentic reverse genetics
system available because they model all facets of the virus life cycle. At the same time,
newly generated recombinant viruses must perform all the basic steps of the viral replication
cycle, and if an introduced mutation abolishes one of these steps, no recombinant virus can
be generated, and no information can be deduced at which step the viral replication cycle
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was interrupted. In such cases life cycle modeling systems, which allow dissection of
individual steps in the viral life cycle, might be a better alternative.

Modeling viral genome replication and transcription
Minigenome or minireplicon systems are used as model systems for virus genome
replication and transcription, and are frequently, although not always, generated as
precursors to the development of full-length clone systems. While these systems resemble
full-length clone systems, instead of a full-length genomic vRNA or antigenomic cRNA
they use a genomic vRNA analogue, called a minigenome or minireplicon, in which some or
all of the virus open reading frames have been removed and replaced with a reporter gene
such as chloramphenicol acetyl transferase, GFP or luciferase. However, the non-coding
regions, which contain the minimal signals important for replication and transcription, are
retained in these vRNA analogues, thus allowing them to serve as templates for the virus
polymerase. In the case of filoviruses, these signals are located within the genome termini,
called leader and trailer (Mühlberger et al., 1998; Mühlberger et al., 1999), whereas in the
case of arenaviruses and some bunyaviruses the intergenic region, located between virus
genes, contains additional important signals and is of central importance for proper
termination of transcription (Flick and Bouloy, 2005; Lopez et al., 1995; Pinschewer et al.,
2005).

To establish minigenome systems, cDNA copies of these vRNA minigenomes are cloned
into expression vectors under control of either T7 RNA polymerase or mammalian RNA
polymerase I or II promoters, and naked vRNA is initially transcribed by the respective
RNA polymerase (Figure 2). The other RNP components (nucleoprotein and RNA-
dependent RNA polymerase, and in the case of filoviruses also VP35 and VP30) are
provided either from expression plasmids or by superinfection with helper virus. The naked
genomic RNA is artificially encapsidated by the nucleoprotein, and the resulting
encapsidated genomic RNA is recognized by the RNA-dependent RNA polymerase as a
template for replication via a cRNA intermediate. Further, the encapsidated vRNA serves as
a template for transcription, leading to the production of mRNAs and, eventually, reporter
activity.

The amount of vRNA template available for transcription is dependent on genome
replication and, therefore, reporter activity (as well as the amount of mRNA) reflects both
genome replication and transcription. Thus, it is not possible to distinguish between these
two processes with classical minigenome systems. To alleviate this problem, replication-
deficient minigenomes have been developed, in which the antigenomic replication promoter
has been destroyed (Hoenen et al., 2010b; Peeples and Collins, 2000). Whereas these
minigenomes still allow for the production of cRNA from vRNA templates, these cRNA
antigenomes cannot be copied back into vRNA genomes. Therefore, the number of vRNA
genome copies available for transcription is independent of genome replication (Figure 2).
Reporter activity in such replication-deficient minigenome systems is several orders of
magnitude lower than in classical, replication-competent minigenome systems, highlighting
the influence of genome replication on overall reporter activity (Hoenen et al., 2010b). It has
to be noted that for a replication-deficient minigenome system to work it is necessary that
the genomic and antigenomic replication promoters are fully separated from each other. In
the case of filoviruses this has been experimentally verified (Weik et al., 2005). However,
arenavirus and bunyavirus genomes form panhandle structures via interaction of the 3′ and
5′-termini of the genome segments. These panhandles are important for promoter function;
therefore, replication-deficient minigenomes can most likely not be generated using the
approach taken for filoviruses. Classical minigenome systems have been established for a
large number of VHF-causing viruses (Table 1), and since infectious virus is not present in
these systems (unless virus is used as source for the required RNP proteins), they can be
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used safely outside of a BSL-3/4 laboratory. Consequently, minigenome systems have been
extensively used to study the life cycle of VHF viruses, particularly as it relates to the
processes of transcription and replication.

Filovirus minigenome systems have been used extensively to characterize the transacting
factors involved in genome replication and transcription. It was determined that for EBOV
the nucleoprotein NP, the RNA-dependent RNA polymerase L and the polymerase cofactor
VP35 are necessary and sufficient for genome replication (Mühlberger et al., 1999). For
transcription VP30 is also required and serves to overcome a secondary structure in the viral
RNA at the beginning of the first gene, that otherwise leads to premature termination of
transcription (Weik et al., 2002). Interestingly, for MARV only NP, VP35, and L are
necessary and sufficient for genome replication and transcription in MARV minigenome
systems (Mühlberger et al., 1998). Other aspects of genome replication and transcription
studied using minigenome systems include the role of VP35 oligomerization for genome
replication and transcription (Möller et al., 2005), as well as the regulatory function of the
matrix proteins VP40 and VP24 in filovirus genome replication and transcription (Hoenen et
al., 2010a; Hoenen et al., 2010b; Watanabe et al., 2007). Further, minigenome systems were
used to map the filovirus promoters (Enterlein et al., 2009; Weik et al., 2005), and to
investigate the influence of the phylogenetic origin of RNP components on transcription and
replication and a possible relationship to differences in virulence observed among members
of different filovirus species (Boehmann et al., 2005; Groseth et al., 2005).

In the case of arenaviruses, minigenome systems were used to show that the nucleoprotein
and the RNA-dependent RNA polymerase L are necessary and sufficient for genome
replication and transcription, and that the matrix protein Z regulates these processes (Cornu
and de la Torre, 2001; Hass et al., 2004; Lee et al., 2000; Lopez et al., 2001). This regulation
of genome replication and transcription by the matrix protein, which seems to be a common
feature of negative-stranded RNA viruses, was then further shown to be dependent on the
interaction of Z with L (Jacamo et al., 2003; Wilda et al., 2008). Further, arenavirus
minigenome systems were used for promoter mapping (Hass et al., 2006; Perez and de la
Torre, 2003), and to analyze the role of the intergenic stem-loop region between the two
genes on the ambisense arenavirus genome segments in transcription termination (Lopez and
Franze-Fernandez, 2007; Pinschewer et al., 2005). Also, the question of whether free
nucleoprotein might act as a switch between transcription and genome replication has been
addressed using arenavirus minigenome systems, but no evidence supporting such a role was
found (Pinschewer et al., 2003). Finally, these systems have been applied to identify a
putative cap-snatching domain in L (Lelke et al., 2010).

A number of minigenome systems have also been established for VHF-causing bunyaviruses
and their apathogenic relatives (Table 1). Similar to arenaviruses, the nucleoprotein and the
polymerase L are necessary and sufficient for genome replication and transcription in these
systems. Bunyavirus minigenomes have been extensively used to characterize cis-acting
elements involved in genome replication and transcription. Exhaustive studies were
undertaken using Bunyamwera virus, whose transcription promoter (Barr et al., 2005; Barr
and Wertz, 2005), replication promoter (Kohl et al., 2004a), transcription terminator (Barr et
al., 2006) and packaging signals (Kohl et al., 2006) were analyzed in detail. Also, the role of
the small non-structural protein NSs was studied using minigenome systems, and it was
shown that Bunyamwera NSs inhibits virus RNA synthesis in a minigenome system in
mammalian (Weber et al., 2001), but not in mosquito cells (Kohl et al., 2004b). For the
phleboviruses RVFV and UUKV, promoter (Flick et al., 2004; Flick et al., 2002; Gauliard et
al., 2006) and terminator (Ikegami et al., 2007) mapping studies have been performed, and
the influence of NSs on virus genome replication and transcription has been studied. In
contrast to Bunyamwera NSs, the RVFV NSs seems to increase rather than inhibit virus
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RNA synthesis in a plasmid-driven minigenome system (Ikegami et al., 2005); however, this
effect was not seen when all components of the minigenome system were expressed by
means of recombinant vaccinia viruses (Lopez et al., 1995). Also, this effect was not
observed in a plasmid-based UUKV minigenome system (Flick and Pettersson, 2001).
Bunyavirus minigenome systems have also been used to study trans-acting factors involved
in genome replication and transcription. In particular, the roles of L-oligomerization
(Zamoto-Niikura et al., 2009) as well as that of nucleoprotein-nucleoprotein interactions for
genome replication and transcription have been investigated (Katz et al., 2010; Leonard et
al., 2005).

Despite the extensive use of minigenome systems in order to study replication and
transcription, there are still many open questions about these processes. One example is the
regulation of replication and transcription, where there still is a significant lack of
knowledge; however, the ability to dissect replication and transcription using replication-
deficient minigenome systems will help to further our knowledge in this respect.
Nevertheless, when using minigenome systems it has to be kept in mind that they do not
model other aspects of the viral life cycle, and also cannot be used to study primary
transcription, since they necessitate the presence of viral proteins provided in trans.

Dissecting the viral life cycle
To overcome the limitation that minigenome systems cannot be used to model steps of the
viral life cycle other than replication and transcription, infectious virus-like particle (iVLP)
systems have been developed. The particles in these systems mediate single-cycle infection
of target cells; however, they cannot establish a multi-cycle infection and are, therefore,
non-infectious in a clinical sense, making it possible to work with these systems outside of a
BSL-3/4 environment. In contrast to regular VLPs they contain a RNP complex that is able
to undergo transcription and replication. Therefore, it has been proposed that these particles
could be better termed transcription and replication competent VLPs (trVLPs), a
terminology that is used for the rest of this review. trVLP systems are based on the fact that
expression of the virus matrix protein of most negative-stranded RNA viruses in mammalian
cells leads to the formation of virus-like particles (VLPs). If VLPs are formed in the
presence of minigenome-containing RNP complexes, these RNP complexes are
incorporated, and if in addition the virus glycoproteins responsible for entry are present, the
RNP complex-containing VLPs are able to infect target cells and to deliver their RNP
complexes into these target cells (Figure 3). Once inside target cells, the RNP complexes
can then serve as templates for replication and transcription, which in most trVLP systems is
driven by RNP proteins already expressed in the target cells prior to infection, either by
means of helper virus infection or by transfection of expression plasmids (trVLP systems
with pretransfected target cells). While reporter activity in the VLP-producing cells
(producer or p0 cells) reflects replication and transcription, reporter activity in the target
cells (also called p1 cells) is dependent on replication and transcription in target cells and on
the production of trVLPs in producer cells and their subsequent entry into target cells. Thus,
these systems mirror most of the steps in the virus life cycle, with one exception: since RNP
proteins are already expressed in target cells prior to infection, primary transcription, which
by definition is performed only by RNP components brought into target cells within virus
particles, is not reflected in this system. However, in a few instances it has been possible to
optimize trVLP systems in a way that naïve target cells can also be infected. These systems
have proven useful in studying primary transcription (Habjan et al., 2009a; Hoenen et al.,
2006; Krähling et al., 2010). The choice of target cells, as well as the use of a highly
sensitive reporter, has been critical for establishing trVLP systems with naïve target cells, as
reporter signals in trVLP assays with naïve target cells are about 20–100-fold lower than in
trVLP assays with pretransfected target cells.
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trVLP systems for VHF viruses are less commonly used than minigenome systems, but
systems are available for filoviruses, arenaviruses, and bunyaviruses. The first plasmid-
based trVLP system established for a VHF-causing virus was a trVLP system with
pretransfected target cells for EBOV, which was used to study the role of VP24 in
morphogenesis and budding (Watanabe et al., 2004). This system has since been advanced
into an trVLP system with naïve target cells, which was used to show that VP24 is essential
for primary transcription and/or the formation of RNP complexes capable of supporting
primary transcription (Hoenen et al., 2006). Since then, similar systems have also been
developed for MARV (Krähling et al., 2010; Wenigenrath et al., 2010). Currently, only a
chimeric trVLP system exists for arenaviruses, which uses TCRV RNPs together with
JUNV Z and GPC. This system was used to study the requirements for recruitment of the
nucleoprotein and GPC into virions (Casabona et al., 2009). In contrast, a number of trVLP
systems exist for bunyaviruses. The first of these systems was an trVLP system with
pretransfected target cells for Bunyamwera virus and was used to investigate the role of the
non-structural protein NSm in virus assembly and morphogenesis (Shi et al., 2006).
However, the majority of the work with trVLP systems has been done for phleboviruses. For
the human apathogenic UUKV, an trVLP system with pretransfected target cells exists
(Overby et al., 2006) that has been used for detailed studies of the contributions of the
glycoproteins to RNP packaging and budding (Overby et al., 2007a; Overby et al., 2007b).
For RVFV a trVLP system with naïve target cells has been developed and revealed that the
cellular MxA protein can impair both primary and secondary transcription of RVFV (Habjan
et al., 2009a).

trVLP systems model a complete single infectious cycle, and thus have a tremendous
potential to further our understanding of fundamental aspects of the virus life cycle.
However, since they do not model multiple infectious cycles, and can only be used in tissue
culture, it is very difficult to use these systems for studies addressing pathogenesis and
interactions with host organisms.

Differences between reverse-genetics-based modeling systems and the viral life cycle
Reverse genetics systems have been extremely valuable in elucidating the life cycles of VHF
viruses, but they do not reflect the replication cycles perfectly in every detail. A key
difference, for example, is that minigenome and rcVLP systems require plasmid-derived
expression of virus proteins and/or minigenomes. Other differences include the need for
artificial encapsidation of naked vRNA and the constant expression of virus proteins rather
than the temporally organized expression that occurs in the virus life cycle. Finally,
particularly in the case of filoviruses, minigenomes are considerably shorter than full-length
genomes. Whereas in most instances these differences appear to be of little consequence,
they have to be kept in mind when interpreting data obtained in minigenome and trVLP
systems. They can also help to explain the differences that are sometimes observed when
comparing findings from minigenome and trVLP systems to results from experiments
conducted with infectious virus. A salient example for this is the phenomenon that MARV
VP30 is not required for replication and transcription in a minigenome system (Mühlberger
et al., 1998), but has to be provided in trans for rescue of recombinant MARV virus
(Enterlein et al., 2006). During rescue of infectious virus VP30 is expressed from the viral
genome as soon as secondary transcription occurs, thus suggesting that in the context of a
full length genome VP30 is required for genome replication, secondary transcription, or the
processes of initial transcription and artificial encapsidation, all of which are also present in
a minigenome system. Thus, the only difference between a full-length clone system at these
early stages and the minigenome system are the respective lengths of the full-length genome
and the minigenome, leading to the conclusion that VP30 might act as an elongation factor
during replication or transcription. Alternatively, it might also act as a structural component
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that is required for the formation of RNP complexes containing a full-length genome, but
not a minigenome (Enterlein et al., 2006).

In most current minigenome and trVLP systems virus proteins are expressed from plasmids,
requiring transcription by the cellular RNA polymerase II. The minigenome is either
transcribed by endogenous RNA polymerases, or by T7 RNA polymerase, which in most
cases is itself either transcribed from an expression plasmid or the cell genome (in the case
of stable expression cell lines) by RNA polymerase II. Thus effects of transfected virus
proteins on cellular RNA polymerases, which would not directly affect virus genome
replication and transcription during an infection with infectious virus, will affect the
expression of the minigenome system components and, therefore, reporter activity. This
could lead to the misinterpretation that these virus proteins directly affect virus genome
replication and/or transcription, which is not necessarily the case. Somewhat alleviating this
problem is the common practice of using a control plasmid that encodes a second reporter
under the control of a eukaryotic promoter. If no changes are observed in expression of this
control reporter in the presence of the virus protein in question, any differences observed in
minigenome reporter activity are then most likely due to a direct effect on genome
replication and/or transcription. However, if an influence of the virus protein in question on
control reporter activity is observed, the interpretation of any differences observed in
minigenome reporter activity becomes problematic, particularly since the correlation
between levels of plasmid-derived protein expression (i.e. expression of minigenome
components as well as the control reporter) and the resulting effects on minigenome reporter
activity has been shown to be non-linear (Figure 4) (Hoenen et al., 2010b). In a study using
a filovirus minigenome system it was observed, for example, that reduction of plasmid-
derived protein expression by 50% through the use of RNA polymerase II-specific inhibitors
(actinomycin D or α-amanitin) reduced minigenome reporter activity by only about 20%
(Figure 4) (Hoenen et al., 2010b).

Indeed, an effect of virus proteins on plasmid-derived protein expression has been shown for
a number of viruses, emphasizing the importance of such considerations. For example,
EBOV VP40 impairs plasmid-derived protein expression by an as of yet unknown
mechanism (Hoenen et al., 2010b), whereas EBOV VP35 increases it by inhibition of PKR
(Schümann et al., 2009). In the case of RVFV, the small non-structural protein NSs leads to
a specific degradation of PKR (Habjan et al., 2009b), which in its activated form is
responsible for translational arrest of cellular and virus mRNAs (Garcia et al., 2006). NSs
also inhibits cellular transcription by targeting the cellular TFIIH transcription factor (Le
May et al., 2004). Interestingly, Bunyamwera virus NSs has no effect on PKR (Streitenfeld
et al., 2003), but still inhibits host cell transcription (Leonard et al., 2006). It is currently
unclear whether this difference in PKR antagonism is responsible for the observation that
RVFV NSs increases minigenome reporter activity (Ikegami et al., 2005), whereas
Bunyamwera NSs does not do so (Weber et al., 2001), or whether RVFV NSs really has a
direct influence on genome replication and/or transcription.

Following the expression of virus proteins and naked minigenomes, artificial encapsidation
has to occur to reconstitute a viable RNP complex that can serve as a template for further
transcription and replication. This step is particular to reverse genetics systems and has no
equivalent in the virus life cycle. Further, it is generally thought to be a very inefficient
process (Conzelmann, 2004), which has been experimentally demonstrated for respiratory
syncytial virus, vesicular stomatitis Indiana virus and EBOV minigenomes (Hoenen et al.,
2010b; Pattnaik et al., 1992; Peeples and Collins, 2000). Based on comparisons of vRNA
levels and reporter activity in replication-deficient and replication-competent EBOV
minigenome systems it can be estimated that only about 3% of the initially transcribed
EBOV-minigenomes are able to form a suitable encapsidated template for mRNA
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production (T. Hoenen, unpublished data). The need for artificial encapsidation can cause
two problems. First, naked vRNA can form double-stranded RNA structures usually
obscured during virus infection due to encapsidation by the nucleoprotein. These double-
stranded RNA structures may then activate PKR (Garcia et al., 2006), thus leading to
unwanted downstream effects not necessarily seen in virus infection. Second, expression
levels of NP not only influence replication and transcription, but most likely also artificial
encapsidation, making it very problematic to titrate the amounts of nucleoprotein in a
minigenome system to study its influence on replication and transcription. This is of
particular importance since the amount of nucleoprotein has long been suggested to be a
deciding factor in regulating the switch from transcription to genome replication
(Pinschewer et al., 2003). However, until now there is no experimental proof for this
concept. The availability of trVLP systems for several viruses now provides an opportunity
to avoid this problem, since it is possible to study replication and transcription in target cells,
and thus to provide minigenomes in the form of fully encapsidated RNP-complexes within
trVLPs and eliminating the need for artificial encapsidation.

trVLP systems also made it possible to study parts of the virus life cycle other than
replication and transcription. Particularly, they have been used to study morphogenesis and
budding. However, one fundamental problem with trVLPs is the ratio of infectious trVLPs
to non-infectious VLPs, which are always produced as well. In the case of EBOV, infectious
trVLP titers only reach 5×102 infectious particles per ml, despite the fact that very high
amounts of VLPs are produced (Watanabe et al., 2004). In contrast, an infection with EBOV
usually yields titers of 1×106 pfu/ml or more (Calain et al., 1999). Morphologically it can be
observed for the related MARV that, in addition to short filamentous trVLPs, which are
highly infectious, long filamentous as well as spherical VLPs are also produced and that
these particles have minimal infectivity (Wenigenrath et al., 2010). Also, when examined by
electron microscopy, the vast majority of particles in filovirus trVLP preparations do not
contain RNP-complexes (L. Kolesnikova, personal communication)(Wenigenrath et al.,
2010). Therefore, morphological and biochemical studies of trVLPs face the inherent
problem that only a small percentage of the analyzed material is actually infectious. The
reason for this low efficiency of filovirus trVLP systems is currently unknown. Interestingly,
RVFV trVLP systems produce up to 1×106 infectious particles per ml, which is close to the
titer reached during infection with wild-type virus (Habjan et al., 2009a). One obvious
difference to filoviruses is that bunyaviruses do not encode a classical matrix protein, as
budding is driven by their glycoproteins (Overby et al., 2006; Overby et al., 2007b). In
contrast, filoviruses encode two matrix proteins, both of which are strong inhibitors of
replication and transcription (Hoenen et al., 2010b). Thus it is plausible that their constant
expression in a trVLP system, while required for morphogenesis and budding, might be
detrimental to the production of infectious particles due to these effects on minigenome
replication. Timed expression of filovirus matrix proteins in trVLP systems is an obvious
approach to address this issue, and may help in future to improve the ratio of infectious to
non-infectious particles that can be achieved in trVLP preparations.

APPLICATIONS FOR DRUG SCREENING/DEVELOPMENT OF ANTIVIRAL
APPROACHES

Reverse genetics systems have a great potential for the development of antivirals targeting
VHF-causing viruses. Full-length clone systems allow the generation of recombinant viruses
expressing reporter proteins such as GFP, which makes their detection very easy and should
allow the use of these viruses in high-throughput screenings of drug libraries. Such GFP-
expressing viruses have been developed for a number of VHF-causing viruses. The first of
these viruses were recombinant EBOVs expressing a GFP from additional open reading
frames either located between the genes encoding NP and VP35 or VP24 and L (Ebihara et
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al., 2007; Towner et al., 2005). Infection with these viruses led to an easily detectable GFP-
signal in infected cells. The viruses were not attenuated in VeroE6 cells, although
attenuation in vivo was observed.

For arenaviruses, trisegmented Lymphocytic Choriomeningitis Viruses expressing GFP have
been developed, and these viruses are not attenuated in tissue culture, although again they
were attenuated in vivo (Emonet et al., 2009). To generate these trisegmented viruses, two
recombinant S segments were generated, in each of which one of the virus genes was
replaced by a reporter gene, thus separating the virus genes encoded by the S segment onto
two segments. Since both virus genes on the arenavirus S segment are absolutely essential
for the life cycle, the trisegmented virus was forced to retain both recombinant S segments.
A similar trisegmented virus has not yet been reported for VHF-causing arenaviruses, but
the principal strategy should be applicable to them as well.

GFP-expressing viruses are also available for bunyaviruses; however, in these cases the non-
structural protein NSs was replaced with GFP, and the resulting viruses were highly
attenuated both in tissue culture and in vivo (Billecocq et al., 2008; Bird et al., 2008). One
future challenge will be to generate GFP-expressing bunyaviruses that show little or no
attenuation in tissue culture to be reasonable surrogates for infection with wild-type viruses.
Due to their coding strategy it might be difficult to generate a bunyavirus stably packaging
an additional segment, as was successful in the case of trisegmented arenaviruses. Therefore,
an easier approach might be the expression of GFP fused to a virus protein. While this has
not yet been achieved with VHF-causing viruses, the successful generation of recombinant
paramyxoviruses expressing GFP fused to the virus polymerase shows the general feasibility
of this approach (Chambers and Takimoto, 2010; Duprex et al., 2002). Despite the
availability of GFP-expressing VHF viruses and their potential for high-throughput
screening there are currently no reports of this application being successfully exploited.
However, a as a proof-of-principle it was shown for the trisegmented LCMV that its growth
(and reporter activity) is inhibited by compounds known to interfere with arenavirus
infection (Emonet et al., 2009).

While GFP-expressing viruses show great potential benefit for screening antivirals, they still
have to be handled under BSL-3/4 conditions. In contrast, minigenome systems and trVLP
systems make it possible to model virus genome replication and transcription, particle
production, and entry of these particles into target cells in a BSL-1/2 environment, and allow
screening for compounds interfering with these steps. Since these systems use reporter genes
as a readout, they are very well suited for the development of high throughput assays
provided reporters are chosen that can be easily detected. However, despite their great
potential, studies using minigenome or trVLP systems for screening purposes are rare. In the
case of filoviruses, siRNAs directed against different targets in the coding and noncoding
regions of the genome have been screened for their biological activity using a minigenome
assay (Groseth et al., 2007). The most efficacious siRNA was then chosen for further
characterization, and was validated in an in vitro assay with infectious EBOV, reducing
titers to the same extent as other siRNAs that had been previously shown to be protective in
guinea pigs. Similarly, siRNAs directed against the conserved LASV genome termini were
first evaluated in a minigenome system, before the inhibitory function of the most active
ones was confirmed with infectious LASV and related arenaviruses in tissue culture (Müller
and Günther, 2007). However, neither of these approaches has been further validated for
therapeutic use in animal models or applied in a wider context. Nevertheless, these studies
demonstrate that minigenomes can be used to screen for compounds inhibiting virus genome
replication and transcription, and that findings from such studies may be used to predict the
effectiveness of compounds in an infection with live virus.
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Also, the principal usefulness of several other minigenome systems for VHF-causing viruses
with respect to antiviral screening has been shown by confirming the activity of substances
already known to show antiviral properties during infection in the context of a minigenome
assay. For instance, ribavirin, a known inhibitor of Crimean-Congo hemorrhagic fever virus
(CCHFV) infection in vitro (Watts et al., 1989) that is also used for clinical treatment of
patients, although there is some controversy as to its efficacy (Keshtkar-Jahromi et al., 2011;
Soares-Weiser et al., 2010), was shown to inhibit CCHFV minigenome replication at a
physiologically relevant concentration (Bergeron et al., 2010). Similar experiments were
also performed for LASV, which in addition to ribavirin was also inhibited by interferon
alpha (Hass et al., 2004). Finally, the zinc finger antiviral protein, which is a potent inhibitor
of filovirus infection in tissue culture, reduced reporter activity in a minigenome system,
most likely through the degradation of L mRNAs (Müller et al., 2007).

The only experiments regarding antiviral efficacy performed with trVLPs until now are
proof-of-principle experiments. For instance, in the case of MARV a trVLP system was used
to determine the neutralizing titer of an antiserum, and this titer matched the titer determined
using infectious virus (Wenigenrath et al., 2010). An effect of neutralizing antibodies can
also be seen against UUKV trVLPs (Overby et al., 2006), RVFV trVLPs (Habjan et al.,
2009a), and EBOV trVLPs (Watanabe et al., 2004). Nevertheless, trVLP systems are the
most comprehensive model systems for the virus life cycle and since they allow modeling of
almost all of its aspects outside of a BSL-3/4 laboratory, their exploitation during future
drug discovery efforts is highly promising.

BIOSAFETY CONCERNS AND REVERSE GENETICS SYSTEMS
One sometimes misunderstood aspect of using reverse genetics systems relates to the
biosafety concerns associated with them. This problem is augmented by the fact that these
systems have sometimes misleading names, which can generate unjustified concerns.

Full-length clone systems are sometimes called infectious clone systems; however, in
contrast to positive sense RNA viruses the cDNA clones used in these systems are not
infectious by themselves, and only produce infectious viruses under a very specific set of
circumstances. To achieve this, it is necessary to express the full-length RNA genome
encoded by these plasmids in mammalian cells, which in the case of T7-driven full-length
clone systems requires coexpression of the non-endogenous T7 RNA polymerase in these
cells. Also, the viral polymerase and the nucleoprotein, and for some viruses other viral
proteins, have to be provided in trans, usually from expression plasmids. Only a
combination of all these components can lead to the production of infectious virus, which
then has to be handled under BSL-3/4 conditions. Also, at least for filoviruses it has been
shown that the ratio of the individual RNP components is crucial for efficient minigenome
replication and transcription (Mühlberger et al., 1998; Mühlberger et al., 1999), and most
likely this ratio is also critical for efficient rescue of viruses from cDNA clones. Therefore, it
is safe and justified to handle full-length cDNA clones alone under BLS-1/2 conditions,
depending on local biosafety regulations. However, it is a reasonable precautionary measure
to physically separate work with cDNA clones from work with the other components
required for rescue of virus, such as work with viral protein expression plasmids and/or
mammalian tissue culture, e.g. by utilizing a separate room for all cloning work with full-
length cDNA clones.

Maybe even more problematic is the name infectious VLP system. While iVLPs are able to
infect target cells in the sense that they enter these cells and deliver their RNP complex into
them, they do not cause an infection in organisms, since they are non-replicating, so that in
the latter sense they are actually non-infectious. As an alternative and in order to solve this

Hoenen et al. Page 14

Antiviral Res. Author manuscript; available in PMC 2013 March 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dilemma the term transcription and replication competent VLPs (trVLPs) has been
proposed. This term clearly describes the main functional difference of iVLPs as compared
to regular VLPs, i.e. their ability to undergo genome transcription and replication, while
avoiding the ambiguity of the word infectious. Regardless of terminology, from a biosafety
standpoint iVLP/trVLP systems can be handled at the same biosafety level as minigenome
systems and regular VLP systems, which is depending on the regulations of the country
these studies are performed in either BSL-1 or BSL-2.

CONCLUSION AND OUTLOOK
Reverse genetics systems have contributed considerably to our understanding of VHF virus
biology and pathogenesis. Full-length clone systems allow for the generation of recombinant
viruses, whereas life cycle modeling systems such as minigenomes and trVLPs enable one
to study the replication cycle of VHF viruses outside of BSL-3/4 laboratories. This makes
these systems perfectly suited for application as screening tools for novel antivirals;
however, this potential has so far not been realized to any great extent. The development of
GFP-expressing VHF viruses will allow for screening of novel antivirals under BSL-3/4
conditions and/or confirmation of antiviral efficacy. One future challenge in this direction
will be the generation of viruses that show as little attenuation as possible when compared to
wild-type viruses. Whereas this has already been achieved for filoviruses and arenaviruses in
vitro, for bunyaviruses this still remains to be achieved, and for none of these families
recombinant viruses currently exist which express fluorescent proteins but show no
attenuation in vivo.

Additional future challenges will lie in modifying the reverse genetics based life cycle
modeling systems available so that they resemble the viral replication cycle even more
closely, without losing their advantage, which is that they can be used outside of a BSL-3/4
laboratory, and in optimizing them for use in high throughput assays. However, perhaps the
most important challenge for the future is to increase awareness of these systems, and to
bring experts on the development of antivirals and experts on reverse genetics systems
together to fully exploit the potential of these systems.
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Figure 1. Virus life cycle and full-length clone systems for filoviruses
(A) Virus life cycle. After entry and uncoating (A), free RNP-complexes are transcribed
into mRNA using virus proteins that were introduced into the cell within virions (primary
transcription) (B). These mRNAs are then translated into virus proteins (C), which
encapsidate antigenomic cRNAs and genomic vRNAs (D) produced during genome
replication (E) facilitated by these proteins. They also participate in further secondary
transcription of mRNAs (F). Late in infection, RNPs and other virus structural proteins are
transported to budding sites, where morphogenesis and budding of progeny virus occurs (G).
(B) Full-length clone system. Virus cRNA is provided in the form of a cDNA plasmid
encoding the complete virus genome (rgZ), which is by itself not infectious and can be
safely manipulated in a BSL-1/2 laboratory. This cDNA is initially transcribed in cells either
by endogenous RNA polymerases (RNA polymerase I or RNA polymerase II) or T7 RNA
polymerase (A). The resulting “naked” cRNA then has to be complexed with the other RNP
components, particularly the nucleoprotein (NP), in a process called artificial encapsidation
(B). These RNP components are coexpressed from separate expression plasmids. After
assembly of the RNP, virus genome replication (C) and secondary transcription (D), driven
by the virus RNP proteins, occurs and the resulting mRNAs are translated to produce all of
the virus proteins (E). Genomic vRNAs and antigenomic cRNAs are encapsidated by the
other RNP components simultaneously to replication (F). RNPs and other virus proteins can
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then assemble at budding sites, which leads to morphogenesis and budding of recombinant
progeny virions (G), which in the case of VHF-causing viruses have to be handled in a
BSL-3/4 laboratory.
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Figure 2. Minigenome systems
EBOV is shown as an example for VHF-causing negative-sense RNA viruses. A vRNA
minigenome, encoding a reporter gene in the place of some or all of the viral open reading
frames, is provided in the form of a cDNA plasmid (mg) and initially transcribed in cells
either by endogenous RNA polymerases (RNA polymerase I or RNA polymerase II) or T7
RNA polymerase (A). The resulting “naked” vRNA then has to be complexed with the other
RNP components, particularly the nucleoprotein (NP), in a process called artificial
encapsidation (B). In a replication-competent minigenome system, virus genome replication
then occurs via cRNA intermediates (C), which increases the number of vRNA templates
available for use as templates for secondary transcription (D). The resulting reporter mRNAs
are then translated into reporter protein (E), leading to reporter activity, which reflects both
virus genome replication and transcription. In contrast, in a replication-deficient
minigenome system, mutations in the antigenomic replication promoter abolish the
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production of additional vRNA molecules from cRNA replication intermediates so that the
amount of vRNA is independent of genome replication. However, secondary transcription
still occurs, resulting in reporter activity, but it is only dependent on virus transcription.
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Figure 3. trVLP systems
EBOV is shown as an example for VHF-causing negative-sense RNA viruses. Initial
transcription (A), artificial encapsidation (B), genome replication (C), secondary
transcription (D) and translation (E) take place as in a minigenome system (Figure 2) after
expression of all the required components in transfected cells (p0 or producer cells). The
expression of the other virus structural proteins, particularly the matrix proteins (VP40 and
VP24) and glycoprotein (GP1,2) allows the formation of trVLPs (F) containing fully
functional RNP complexes. These trVLPs can enter target cells (p1 or target cells) (G),
which in most trVLP systems additionally express RNP proteins by means of pre-
transfection with expression plasmids or superinfection with helper virus. These additional
RNP proteins allow genome replication and secondary transcription to occur, resulting in
reporter activity that is dependent on genome replication in both producer and target cells,
trVLP production and entry, as well as secondary transcription in target cells. In contrast, in
trVLP systems with naïve target cells after entry (G) only primary transcription occurs (H),
resulting in reporter activity that is dependent on genome replication in producer cells only,
trVLP production and entry, as well as primary transcription in target cells.
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Figure 4. Influence of plasmid-derived expression levels on minigenome-derived reporter activity
Filovirus minigenome assays were performed in presence or absence of RNA polymerase II
inhibitors (α-amanitin and actinomycin D) at varying concentrations. The minigenome was
based on EBOV and encoded renilla luciferase, whereas the control reporter for the level of
plasmid-derived expression encoded firefly luciferase. Plotted are the renilla luciferase
activity (minigenome-derived reporter activity) measurements as a function of firefly
luciferase activity (plasmid derived gene expression), with both renilla and firefly luciferase
activity in absence of inhibitors set to 100%. Shown are results from three independent
experiments. Figure modified from (Hoenen et al., 2010b) with permission.
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