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Abstract

Reverse genetics allows the generation of recombinant viruses entirely from cDNA. One
application of this technology is the creation of reporter-expressing viruses, which greatly increase
the detail and ease with which these viruses can be studied. However, there are a number of
challenges when working with reporter-expressing viruses. Both the reporter protein itself as well
as the genetic manipulations within the viral genome required for expression of this reporter can
result in altered biological properties of the recombinant virus, and lead to attenuation in vitro and/
or invivo. Further, instability of reporter expression and purging of the genetic information
encoding for the reporter from the viral genome can be an issue. Finally, a practical challenge for
in vivo studies lies in the attenuation of light signals when traversing tissues. Novel expression
strategies and the continued development of brighter, red and farred shifted reporters and the
increased use of bioluminescent reporters for in vivo applications promise to overcome some of
these limitations in future. However, a “one size fits all” approach to the design of reporter-
expressing viruses has thus far not been possible. Rather, a reporter suited to the intended
application must be selected and an appropriate expression strategy and location for the reporter in
the viral genome chosen. Still, attenuating effects of the reporter on viral fitness are difficult to
predict and have to be carefully assessed with respect to the intended application. Despite these
limitations the generation of suitable reporter-expressing viruses will become more common as
technology and our understanding of the intricacies of viral gene expression and regulation
improves, allowing deeper insight into virus biology both in living cells and in animals.
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1. Introduction

Reverse genetics systems are based on the generation and subsequent replication and
transcription of full-length virus RNA genomes or truncated genome analogues from cDNA.
They encompass both life cycle modelling systems, which allow the modelling and
dissection of discrete parts of the virus life cycle, and full-length clone systems, which allow
the generation of recombinant viruses from cDNA (Hoenen et al., 2011). Among negative-
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sense RNA viruses, the first virus to be rescued entirely from cDNA was a recombinant
Rabies virus in 1994 (Schnell et al., 1994). Since then, full-length clone systems have
become available for almost all negative-sense RNA viruses. An obvious application for
these systems is the generation of mutated viruses in order to study the impact of those
mutations on virus biology. For example, the first recombinant Rabies viruses generated
were used to investigate the role of the Rabies v pseudogene region (Schnell et al., 1994).
Also a common application of full-length clone systems is to create chimeric viruses in
order to identify pathogenic determinants. For example, the role of the ebolavirus
glycoprotein GP as a pathogenic determinant has recently been investigated by exchanging
the GP gene between different ebolavirus species of varying pathogenicity (Groseth et al.,
2012). Another application, which will be discussed in this review, is the generation of
viruses that express foreign reporter proteins. These viruses can be used to investigate virus
biology; however, they also have tremendous potential in the screening of antivirals, the
visualization of infection in animal models in order to increase our understanding of
pathogenesis and transmission, and for the rational attenuation of viruses for vaccine
purposes, as well as for use as oncolytic agents. This review will discuss the current state of
the art for reporter-expressing negative-sense RNA viruses, as well as challenges in their
development and perspectives to overcome these challenges, with a special focus on the
order Mononegavirales.

2. Genome structures of mononegaviruses

There are four families within the order Mononegavirales: Rhabdoviridae,
Paramyxoviridae, Filoviridae and Bornaviridae (in addition, Nyaminiviridae has been
proposed as a fifth family within this order). Despite the fact that these families encompass a
vast number of viruses, rhabdoviruses, paramyxoviruses and filoviruses share many features
in terms of their genome structure and basic virus biology (Lamb and Griffith, 2007; Lyles
and Rupprecht, 2007; Sanchez et al., 2007). As the name implies, the genomes of all
mononegaviruses (members of the order Mononegavirales) are hon-segmented, single-
stranded RNA genomes in negative orientation. The general gene order is 1) a nucleoprotein
(called N or NP), 2) a phosphoprotein (P or VP35), 3) a matrix protein (M or VP40), 4) one
or several glycoproteins (G, sGP, GPy », F, H or HN) and 5) a viral polymerase (L) (Fig. 1).
Some of the viruses also carry additional genes (VP30, VP24, NV, SH, M2, NS1, NS2), as
shown in Figure 1. As a strategy to increase their coding capacity some mononegavirus
genes encode for additional proteins that are expressed from alternative open reading frames
(ORFs). These additional ORFs are either accessed from alternative start codons, or through
editing of the mRNA by insertion of non-templated nucleotides, leading to a frameshift that
results in access to the alternative ORF. The first mechanism gives rise to the C proteins for
paramyxoviruses and some rhabdoviruses, whereas the second mechanism produces the
paramyxovirus V, W, | and D gene products, as well as the ebolavirus GP1 , and ssGP
proteins.

Genes are transcribed from the 3’ end of the genome in a linear fashion, with the polymerase
stopping at gene end signals, and then reinitiating at nearby gene start signals. Reinitiation
has been shown to be imperfect for rhabdoviruses (Iverson and Rose, 1981), leading to a
transcriptional gradient with 3’ proximal genes being transcribed at higher rates than 3’ distal
genes. This mechanism is presumed to be a general feature of mononegavirus transcription.

While bornaviruses show similarities to the other mononegaviruses in terms of general gene
order, there are significant differences in their expression strategy (Lipkin and Briese, 2007).
The bornavirus genome is transcribed into three transcripts, the first of which contains the
coding sequence for the nucleoprotein, the second the coding sequences for the P protein
and the X protein, whose ORF overlaps with that of the P protein, and the third the coding
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sequences for the remainder of the viral proteins (M, G and L). The mRNAs encoding for
these three proteins are produced through splicing from this third transcript. This approach is
unigue among the mononegaviruses and is made possible due to the feature that bornavirus
replication occurs in the cell nucleus, which is unusual for mononegaviruses.

3. Applications of reporter-expressing viruses

Reporter-expressing viruses are recombinant viruses that express a foreign reporter protein
(Fig. 2), resulting in numerous in vitro and in vivo applications. In vitro, the relative ease
with which infections with these viruses can be detected, and also quantified, makes them
very well suited for high throughput applications where large numbers of samples have to be
evaluated for the extent of infection in an automated fashion, e.g. during large scale antiviral
drug screening. Indeed, reporter-expressing viruses have been developed and applied for the
purpose of antiviral drug screening (Hoenen et al., 2013; Johansen et al., 2013; Panchal et
al., 2010; Panchal et al., 2012), as well as for rapid neutralization tests measuring antibody
titers (Hu et al., 2012; Zhou et al., 2013). Reporter-expressing viruses have also been used in
vitro to address a number of basic research questions. Viruses expressing reporters fused to
viral proteins are obviously well suited to studying the spatiotemporal distribution of these
proteins in infected cells, and have been successfully used for this purpose (Chambers and
Takimoto, 2010; Das et al., 2006; Hoenen et al., 2012; Klingen et al., 2008). However, also
those viruses that encode reporters not fused to viral proteins, but rather expressed on their
own, have been successfully used for basic research. For example, these viruses were used
to demonstrate the preferential translation of viral RNAs over host RNAs during vesicular
stomatitis virus (VSV) infection (Whitlow et al., 2006), to investigate the modulation of
dendritic cell function by Ebola virus proteins (Lubaki et al., 2013), and to study the
susceptibility of different cell lines to measles virus infection (Hashimoto et al., 2002).

In vivo, much of the work with reporter-expressing mononegaviruses has focused on
pathogenesis — primarily determining host cell tropism and extending this information to
describe how viruses disseminate through the host. Multiple paramyxoviruses expressing
various fluorescent reporters have been used to gain insight into viral pathogenesis (Banyard
et al., 2010; de Swart et al., 2007; de Vries et al., 2010; Ludlow et al., 2012; Rudd et al.,
2006; von Messling et al., 2004), and a human metapneumovirus expressing green
fluorescent protein (GFP) was used to evaluate the attenuating effect of altering N-
glycosylation sites on various virus proteins both in vitro and in vivo for the development of
live attenuated vaccines (Zhang et al., 2011). For Bornaviruses, dissemination throughout
the nervous system was studied using a Borna disease virus expressing GFP (Ackermann et
al., 2010). A Sendai virus expressing firefly luciferase was used to localize virus replication
in both resistant and susceptible mice, and to demonstrate that replication in the upper
respiratory tract and trachea supports efficient transmission, even in the absence of disease
(Burke et al., 2011).

Some novel in vivo uses of reporter viruses have also been established. Confirmation of
exclusive tumor targeting following localized or systemic delivery of oncolytic virotherapies
has been demonstrated with a luciferase-expressing recombinant Newcastle disease virus
(Wei et al., 2012) and a measles virus expressing the human thyroidal sodium ion symporter
(which concentrates radioisotopes inside cells) allowing for PET or SPECT/CT imaging in
mice (Msaouel et al., 2009). GFP has been used to demonstrate that a modified Borna
disease virus vector may have utility for stable gene expression in the central nervous
system (Daito et al., 2011), and GFP-expressing Rabies viruses have been instrumental in
studies on neuroarchitecture (Wickersham et al., 2007a; Wickersham et al., 2007b). Based
on experiences with other viruses, reporter-expressing mononegaviruses also have the
potential for additional uses in vivo such as monitoring the effectiveness of anti-viral
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therapies and vaccine studies in real time or more detailed pathogenesis studies (both real
time and post-mortem) - including determining the effects of viral factors, host genetics,
host age, immune status, environmental and inoculation conditions on infection dynamics
and transmission (Burke et al., 2011). Finally, reporters can be used as a marker for
vaccination to distinguish vaccinated from infected animals (Walsh et al., 2000).

4. Challenges in the development and application of reporter-expressing

viruses

There are three major challenges in developing reporter expressing mononegaviruses. First,
introduction of a foreign gene or modification of existing viral genes can alter the biological
properties of these viruses, which can for example become apparent in reduced virulence of
these viruses and can be a significant problem particularly for animal studies. Second, such
alterations can create an evolutionary pressure on the virus to purge the genetic information
encoding for the reporter protein, leading to loss of reporter gene expression. Third, a
technical problem that applies to in vivo work is the attenuation of light signals when
traversing tissues, making detection of reporter activity in vivo challenging.

4.1 Altered biological properties of reporter-expressing viruses

Both the reporter protein itself and the changes to the viral genome necessary for expression
of the reporter can alter the biological properties of reporter-expressing viruses. One striking
example of a direct effect of the reporter protein is a recombinant bunyavirus expressing
GFP fused to the N-terminus of Gc, which was highly attenuated (i.e. showed reduced end-
point titers and delayed growth kinetics), whereas a similar virus, in which GFP was
exchanged for mCherry, showed only slight attenuation (Shi et al., 2010). It has been
proposed that in this case GFP was inhibiting the function of Gc by forming inappropriate
disulfide bonds with Gc, whereas mCherry does not contain any cysteine residues, which
would be required for the formation of such disulfide bonds (Shi et al., 2010). As another
example, a respiratory syncytial virus (RSV) expressing Renilla luciferase was attenuated in
vivo; however the same virus expressing Katushka?2 did not show attenuation, suggesting
that the observed attenuation was caused by the reporter protein itself rather than the
changes to the virus genome (Hotard et al., 2012). Unfortunately, very few studies have
systematically compared different reporters in otherwise identical recombinant viruses,
making it difficult to predict in advance which reporters will be tolerated in a given system.

There are several expression strategies (Fig. 3) for altering the virus genome to achieve
expression of a foreign reporter protein, each of which can impact biological properties of
the reporter expressing virus. The most frequently used approaches rely either on the
insertion of an additional transcriptional unit (ATU) into the viral genome, from which the
reporter is expressed as a separate protein, or the expression of the reporter as a fusion with
a viral protein, with or without expression of the wild-type viral protein. However, a number
of other strategies have been recently employed, including direct replacement of non-
essential gene products, as well as the use of an internal ribosome entry sequence (IRES) to
direct translation of a separate reporter protein from an mRNA also encoding a viral protein.

4.1.1 Expression of reporters from additional transcriptional units—The most
commonly used strategy to introduce reporters employs ATUs. To this end, the coding
region of the reporter gene (or a casette consisting of coding regions of two reporter genes
joined by an IRES sequence (Marschalek et al., 2009)) is flanked by gene start and stop
signals, which are in general highly conserved within a given viral genome. For
paramyxoviruses it is essential that this reporter casette does not cause phase-shifts in the
viral genome, so that the modified genome of the reporter-expressing virus follows the “rule
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of six” (Kolakofsky et al., 1998). This casette is then inserted either at one of the viral
genome ends, or between existing viral genes (Mebatsion et al., 1996). Due to the
transcriptional gradient (i.e. the higher expression of 3’ proximal genes than 3’ distal genes),
this potentially has an impact on the viral life cycle through attenuation of the expression of
downstream viral gene products. Indeed, for many viruses there seems to be a correlation
between the 3’ proximity of the inserted ATU and attenuation of the recombinant virus in
vitro and/or in vivo. Tokusumi et al. have shown in a study where they inserted the sequence
encoding for secreted alkaline phosphatase into all possible genome positions that this seems
to be the case for Sendai virus (Tokusumi et al., 2002). Also, this idea is further supported
by other studies in paramyxoviruses comparing different insertion positions (Falchieri et al.,
2013; von Messling et al., 2004; Zhao and Peeters, 2003). However, in a study with
recombinant VSV, where the authors inserted a 661 nucleotide long non-coding ATU at
each of the gene-junctions, the authors only observed a strong attenuation when the ATU
was inserted between the N and P gene (first gene junction), and no attenuation in vitro
when any of the other gene junctions were used (Wertz et al., 2002). In contrast to this, a
recombinant novirhabdovirus expressing GFP from the N-P junction was not attenuated in
comparison to viruses expressing GFP from the P-M or the M-G junction (Kim et al., 2013).
Maybe even more surprising, for filoviruses the first gene-junction (between the NP and
VP35 genes) is actually the most commonly used insertion position, and viruses with ATUs
in this site seem to be quite genetically stable, and show very little attenuation in tissue
culture, even though they are strongly attenuated in vivo (Ebihara et al., 2007; Hoenen et al.,
2013; Martinez et al., 2008; Towner et al., 2005). A possible explanation for this
discrepancy between rhabdoviruses and filoviruses is that for filoviruses, in addition to
VP35, VP30 is also involved in viral gene expression, and thus might be performing parts of
the function of P for other mononegaviruses. Therefore, modulation of the VP35 expression
level, due to insertion of an upstream ATU, might have a less pronounced negative effect on
viral genome replication and transcription than does modulation of the rhabdovirus P
expression level. Unfortunately, apart from the papers already mentioned above there are
relatively few studies that directly compare different positions for ATU insertions, and while
many studies that feature recombinant viruses with ATUs provide growth kinetics, these are
very difficult to compare, since experimental details such as the infectious dose differ
between the studies. Maybe even more problematic for the purpose of comparison is the fact
that the cell lines used for growth kinetics often differ between studies, and that the
attenuation due to insertion of ATUs that is observed in vitro seems to vary between cell
lines (Ebihara et al., 2007). Also, in terms of assessing and comparing attenuation of
reporter-expressing viruses in vivo, it has to be kept in mind that particularly in disease
models that show only mild symptoms it can be quite challenging to make absolute
statements regarding the extent of, or the absence of, attenuation. Nevertheless, what is
striking is that there seem to be exceptions from the general rule that attenuation correlates
with 3’ proximity of the ATU. For example, Measles viruses that express GFP from an ATU
upstream of N, which is usually one of the most attenuating positions, show very little
attenuation in vitro as well as in vivo (de Swart et al., 2007; Hashimoto et al., 2002).
Similarly, recombinant RSVs expressing reporter proteins from an ATU before NS1 (the
first gene in the RSV genome) show very little attenuation in tissue culture (Hotard et al.,
2012), whereas an RSV expressing chloramphenicol acetyltransferase from an ATU inserted
between F and G was attenuated by 2 to 3 logyg in tissue culture (Bukreyev et al., 1996).
While the reason for this lack of attenuation is unknown, it is tempting to speculate that this
is due to the fact that insertion before the first gene preserves the expression gradient of all
viral genes and, therefore, the molar ratios of all viral proteins; however, it remains unclear
why for other viruses ATUs in this position are not well tolerated.

Importantly, not only the position of the ATU, but also the flanking non-coding regions can
be used to modulate attenuation, as well as greatly influence reporter gene expression. This
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was systematically studied for Newcastle disease virus, where GFP was flanked by the non-
coding regions of different viral genes and inserted either between the P and M genes or the
HN and F genes (Kim and Samal, 2010). Similarly, Burke et al. introduced an optimized
gene start sequence before the F gene, and thus counteracted the attenuation observed in a
Sendai virus expressing firefly luciferase from an ATU between the M and F gene (Burke et
al., 2011).

4.1.2 Fusion protein-based approaches—An alternate expression strategy is to fuse
the reporter protein to one of the viral proteins. This approach has been used very
extensively for a number of paramyxoviruses, where GFP has been inserted into a flexible
hinge region in the viral polymerase. In minigenome assays it was shown that such a fusion
protein exhibits reduced activity for genome replication and transcription (Duprex et al.,
2002; Silin et al., 2007). Further, in most cases recombinant viruses expressing these L
fusions were attenuated in vitro as well as in vivo (Brown et al., 2005; Duprex et al., 2002;
Silin et al., 2007), even though, at least in tissue culture, similar end titers were usually
reached. The same strategy has been used for both rhabdoviruses and filoviruses, but with
different outcomes. For rhabdoviruses a recombinant virus expressing L-GFP was highly
attenuated in vitro at 37°C, although it showed little attenuation at 33°C, and the fusion
proteins exhibited highly impaired transcriptional activity (Ruedas and Perrault, 2009). In
contrast, while introducing mCherry into the hinge region of the filovirus polymerase had
some impact on genome replication and transcription in minigenome assays, this effect
could be completely reversed by increasing the expression level of L-mCherry, and a
recombinant virus expressing this protein showed very little attenuation in vitro (Hoenen et
al., 2012). Unfortunately, this virus has not yet been assessed in vivo. Also, it is currently
unclear whether these differences in attenuation between paramyxo- and rhabdoviruses
expressing L-GFP and filoviruses expressing L-mCherry are due to differences in the
reporter protein, differences in the precise location of the insertion, differences in the
insertion strategy (i.e. the use of amino acid linkers), or due to inherent biological
differences in replication and transcription between filoviruses and other mononegaviruses.
Another fusion involving the L protein was reported by Chambers et al., who fused GFP to
the C-terminus of Sendai virus L, with the resulting virus showing relatively little
attenuation in tissue culture (Chambers and Takimoto, 2010).

Other proteins have also been used as fusion partners for reporters, albeit with mixed results.
Both recombinant rabies and measles viruses expressing GFP fused to the N-terminus of P
could be rescued (Devaux and Cattaneo, 2004; Finke et al., 2004), whereas similar attempts
to rescue a recombinant measles virus with GFP fused to the C-terminus failed (Devaux and
Cattaneo, 2004). However, these viruses grew to about 100 fold lower titers in tissue culture,
and in the case of measles no C protein was expressed by this virus. Interestingly, expressing
C from an ATU, in addition to expressing the GFP-P fusion protein, restored end-point titers
of this recombinant virus to wild-type levels; however, growth of the virus was still delayed
(Devaux and Cattaneo, 2004). In VSV P a flexible hinge region has also been identified, and
used as an insertion site for GFP, with the resulting virus expressing this fusion protein
being somewhat attenuated, and showing reduced P as well as L incorporation into particles
(Das et al., 2006).

In contrast to P, the matrix protein seems to be a poor choice as a fusion partner for reporter
proteins. A recombinant Chandipura virus in which M was replaced by a GFP-M fusion
protein grew to about 2 logq lower titers, and resulted in a small-plaque phenotype
(Marriott and Hornsey, 2011). Similarly, a fusion protein of red fluorescent protein and M
was not incorporated into virus particles (Das et al., 2009). Glycoproteins have also been
used as fusion partners for reporters with some mononegaviruses, again with mixed success.
For example, GFP was fused to the C-terminus of VSV G (Dalton and Rose, 2001). While a
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virus expressing this fusion protein from an ATU did not appear attenuated, even though G-
GFP was incorporated into virions in the form of hetero-trimers together with wild-type G, a
virus in which G-GFP replaced G was not genetically stable, and quickly abolished GFP
expression (Dalton and Rose, 2001). Similarly, for Sendai virus GFP was fused to the C-
terminus of F; however, the resulting fusion protein was not expressed from the original F
transcription unit, but rather from an ATU at the beginning of the genome, from which the
wild-type F was deleted (Miyazaki et al., 2010). Not surprisingly, this virus was attenuated
invitro; however, it remains unclear to what extent the ATU at the 3’ genome end or the
fusion of GFP to F each contributed to this attenuation.

4.1.3 Other expression strategies—While for most mononegaviruses all viral genes
are essential both in vitro and in vivo, for novirhabdoviruses it has been possible to replace
the non-essential NV gene with GFP in both viral hemorrhagic septicemia virus and
infectious hematopoietic necrosis virus (Ammayappan et al., 2011; Novoa et al., 2006;
Romero et al., 2008). These viruses are highly attenuated in vivo, and considered promising
vaccine candidates for these economically important fish diseases. A somewhat similar
approach was chosen for GFP-expressing Rabies viruses that were used for synaptic tracing.
In these viruses the (essential) G gene was replaced with GFP and the G protein was
provided in trans through pseudotyping (Wickersham et al., 2007a). While these viruses
were restricted to a single round of infection, this was actually a desired feature in these
studies, since it allowed transsynaptic tracing of a single synaptic step (Wickersham et al.,
2007b).

A final expression strategy is to express the reporter from an existing transcriptional unit
encoding a viral protein, but separated from the coding region of that viral protein by an
IRES. This strategy was successfully used for Sendai virus, where a Renilla luciferase ORF
was inserted into the 5" non-coding region of the N gene with several repeats of a 9
nucleotide long IRES-like sequence between the N coding-region and the luciferase coding
region (Touzelet et al., 2009). Interestingly, this strategy did not significantly disturb the
transcriptional gradient, and the recombinant viruses rescued using this approach did not
show any attenuation in tissue culture. Unfortunately, until now recombinant viruses
generated using this strategy (i.e. expression of a reporter protein from an existing viral
transcriptional unit by joining the reporter coding sequence to the viral coding sequence
through an IRES sequence) have, to the best of our knowledge, not been evaluated in
animals. As a result it is currently unclear whether these viruses will be attenuated in vivo;
nevertheless, this is an extremely promising approach for overcoming the problems that
exist with currently used expression strategies with respect to the altered biological
properties of reporter-expressing viruses.

4.2 Loss of reporter gene expression

A potential consequence of the attenuation of viruses due to expression of reporters is
purging of the genetic information encoding the reporter, although it has to be noted that
many reporter-expressing viruses actually show a very high degree of stability of reporter
gene expression. Depending on the expression strategy, several purging mechanisms have
been observed. In the case of the above-mentioned VSV containing a 661 nucleotide long
non-coding ATU between N and P the ATU was rapidly silenced by the acquisition of
mutations that disrupted the upstream gene end signal, thus abolishing transcription of the
ATU (Wertz et al., 2002). This seems to be a common mechanism used by viruses to purge
attenuating ATUs (Quinones-Kochs et al., 2001). Another mechanism that has been
observed for a recombinant bunyavirus expressing GFP fused to Gc was deletion of the GFP
coding region as well as part of the Gc coding region from the virus genome (Shi et al.,
2010). Similarly, a Chandipura virus expressing an M-GFP fusion protein quickly obtained
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large deletions in the M gene deleting either most of or in some cases the entire GFP coding
region (Marriott and Hornsey, 2011).

Interestingly, in the case of fusion protein-based reporter expression there are instances
where the genetic information for the reporter was not deleted, but rather point mutations
were acquired. For C-terminal fusions of the reporter to the viral protein, mutations have
been observed giving rise to stop codons, which allow expression of the viral portion of the
fusion protein, but which abolish expression of the reporter (Dalton and Rose, 2001).
Alternatively, in some cases mutations have been observed that seem to specifically negate
the biological impact of the reporter. For example, a recombinant VSV expressing a P-GFP
fusion protein in the place of P quickly attained a single point mutation in the GFP coding
region that destroyed fluorescence of the protein (Dinh et al., 2012). Interestingly both wild-
type and mutated P-GFP fusion proteins were produced to same levels, but the mutated P-
GFP protein was more active in supporting viral genome replication and transcription (Dinh
et al., 2012), although it is currently not known how the point mutation in GFP aided the
function of P-GFP in these processes.

4.3 Attenuation of reporter signal in tissues

One significant problem for in vivo work with reporter-expressing viruses is the attenuation
of reporter signal in tissues. The majority of currently available reporter-expressing viruses
feature (e)GFP as the reporter gene, and GFP is also the most widely used reporter for in
vivo studies. GFP is relatively small, lacks toxicity, can be continuously synthesized during
virus replication and is straightforward to image and quantify without further manipulation
(Agungpriyono et al., 1999). Unfortunately, the excitation/emission spectrum of GFP
overlaps with hemoglobin, melanin and water (Shcherbakova and Verkhusha, 2013),
resulting in poor signal penetration in in vivo situations (Deliolanis et al., 2008). This
restricts real time non-invasive imaging to small animals, primarily mice. Therefore, GFP is
not optimal for in vivo imaging, unless virus replication occurs at or near the surface of
infected animals, such as the skin or mucosae (Ludlow et al., 2012). Despite this, GFP has
been very successfully used for ex vivo imaging (Daito et al., 2011; de Swart et al., 2007;
von Messling et al., 2004). Recently, red and far red fluorescent reporters are being
increasingly used, including mCherry (Hoenen et al., 2012; Shi et al., 2010), (t)JdTomato
(Ludlow et al., 2012; Wiener et al., 2010), dsRed (Daito et al., 2011; Takeda et al., 2006),
red fluorescent protein (RFP) (Dinh et al., 2012; Kim et al., 2013) and Katushka2 (Hotard et
al., 2012). The availability of these proteins might significantly improve our ability to
perform in vivo imaging studies, as their excitation and emission wavelengths allow greater
tissue penetration, and some of them are also brighter than GFP (Table 1) (Deliolanis et al.,
2008); however, this remains to be demonstrated. Additional modified reporters that are
even more suitable for in vivo imaging also continue to be developed. In particular, the near-
infrared region (from 650 to 900 nm) demonstrates less absorption by hemoglobin, melanin
and water than green and red fluorescent reporters, thus providing better characteristics for
optical imaging. Until recently the availability of reporters in this region that were suitable
for in vivo imaging was limited to iRFP (Filonov et al., 2011), but now the development of
additional fluorescent proteins based on iRFP could allow multiple color imaging in this
region. For example, iRFP670 and iRFP720 will allow two color near-infrared imaging
using spectral unmixing (Shcherbakova and Verkhusha, 2013). Despite improved spectral
properties, these reporters are still less bright than GFP-based reporters (Table 1). Also,
tissue auto-fluorescence is a significant problem for all currently available fluorescent
reporters due to the presence of endogenous fluorophores (e.g. keratin, collagen and
NAD(P)H), thus decreasing the signal-to-noise ratios that can be achieved. Importantly,
GFP can be less problematic in terms of tissue autofluorescence than other reporters. As an
example, in a recent study dTomato showed much more intense fluorescence during

Antiviral Res. Author manuscript; available in PMC 2015 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Falzarano et al.

Page 9

examination conducted at necropsy, while GFP was more suited to microscopic examination
of brain sections due to its lower autofluorescence in this tissue (Ludlow et al., 2012). Thus,
there is so far no one optimal fluorescent label for all applications, rather the properties of
each fluorescent protein make them more or less suitable for some specific applications than
for others.

As an alternative to fluorescence-based imaging, bioluminescent imaging using various
luciferases (Table 2) has been applied to in vivo imaging in small animals, and allows the
determination of sites of virus replication, monitoring of dissemination of virus throughout
the host, and antiviral and/or vaccine efficacy in the context of the entire animal over time
(Luker and Luker, 2008). Luciferases have a number of advantages over fluorescent
reporters and will likely become the primary reporters for real time in vivo imaging in the
future. Fluorescent imaging relies on the excitation of a fluorophore with a light source, in
order to generate a longer wavelength emission, which is then detected. However, at both
the excitation and emission wavelengths the penetration is reduced greatly by increasing
depth of the tissue (which has to be traversed twice, once by the excitation light, and once by
the emitted light). In contrast, bioluminescent imaging uses enzymes, most commonly
luciferases, to catalyze reactions that produce visible light directly within the animal. The
light emitted by these reactions includes wavelengths in the range above 600 nm at body
temperature, which significantly decreases light scattering and absorption, resulting in
improved detection. Further, since there is no intrinsic autoluminescence, signal-to-noise
ratios are improved compared to fluorescence, and facilitate the detection of even very low
level emission signals. Currently, firefly luciferase is well suited to in vivo imaging as its
substrate (D-luciferin) is readily soluble, well distributed (in particular, it can cross the
blood-brain barrier) and has favorable kinetics. Other luciferases (e.g. Gaussia and Renilla)
can be used but require the use of a coelenterazine substrate which is less soluble and does
not distribute as readily (Barry et al., 2012). Unfortunately, the large size of firefly luciferase
is a disadvantage in the context of the relatively small genomes of mononegaviruses. Recent
research has focused on the development of “red-shifted” analogues of luciferase that show
increased tissue penetration (Caysa et al., 2009), variants of luciferase that allow dual-color
imaging (Mezzanotte et al., 2011), and the development of nanoLuc, a novel luciferase,
which features a very small size but is extremely bright (Hall et al., 2012).

5. Design considerations for reporter-expressing viruses

The two principal decisions when designing a reporter-expressing virus are the choice of the
reporter, and the choice of the expression strategy. As outlined above, both these choices can
significantly influence the biological properties of the reporter-expressing virus. This can
lead to attenuation of the recombinant virus and, as a consequence, potentially to loss of
reporter gene expression. Also, both choices directly impact the suitability of the
recombinant virus for specific scientific applications and questions, and must be made with
a specific scientific use in mind.

5.1 In vitro applications

Two primary application fields can be distinguished for in vitro uses of reporter-expressing
viruses: They can be used as tools for screening systems, e.g. for antiviral screening or for
the detection of neutralizing antibodies, or they can be used for basic research applications.
When used as screening tools, the technical properties of the viruses used are of the greatest
importance, particularly the strength of the reporter signal (which determines the signal-to-
noise ratio of the assays) and the kinetics of reporter expression (which determines the time
required for the assays). In contrast, considerations such as attenuation of the reporter-
expressing virus are of limited concern for such applications.
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In such a situation, expression of the reporter from an ATU is the most common choice,
since this is a relatively straight forward approach. Importantly, the position of the ATU has
a significant impact not only on attenuation of the recombinant virus (see section 4.1.1), but
also on the expression level of the reporter. Due to the transcriptional gradient (i.e. the
higher expression of 3’ proximal genes than 3’ distal genes due to imperfect reinitiation of
transcription at gene borders), reporter gene expression can be expected to be higher if the
gene is placed closer to the 3’ genome end. Experimentally this was confirmed in studies for
both paramyxoviruses and rhabdoviruses, where identical ATUs were placed at all possible
positions within the viral genome, with a transcriptional gradient clearly observed
(Tokusumi et al., 2002; Wertz et al., 2002). Other studies have since provided further
support for this correlation (Kim et al., 2013; von Messling et al., 2004). In any case, codon
optimization of the reporter gene should be considered to maximize reporter expression, and
this has been a very common strategy in currently employed reporter-expressing viruses.

In terms of reporter, the choice should be made depending on the planned applications.
Luminescent reporters facilitate very sensitive cell-based reporter assays (Thorne et al.,
2010) and, therefore, allow for earlier detection, improving assay times (Hoenen et al.,
2013). Also, they eliminate the problem of compound fluorescence (Simeonov et al., 2008).
However, they require a substrate, which increases assay costs, and unless secreted
luciferases are used, require an additional lysis step, rendering the assay an endpoint assay.
In contrast, fluorescent reporters do not require additional assay reagents, and allow
continuous monitoring of reporter expression. Also, particularly when used in conjunction
with high-content imaging, they allow multiple parameters to be assessed at once (Pegoraro
et al., 2012); however, in this case equipment costs are significantly higher than for the
relatively simple luminescence-based assays.

For basic research applications, for example to study the subcellular localization of viral
proteins, the technical properties, such as reporter expression level and kinetics, remain
important. However, alterations to the biological properties of the recombinant viruses, such
as overall attenuation or impaired function of viral fusion proteins, also have to be taken into
consideration. Due to the multitude of scientific questions and the wide range of
requirements no generalized advice for designing reporter expressing-viruses can be given;
rather, the approach used and the suitability of a given virus must be carefully evaluated
with regard to the specific scientific questions these viruses are intended to study.

5.2 In vivo applications

For in vivo applications, likely the most significant obstacle in the construction of reporter-
expressing viruses is the presence of the reporter itself resulting in attenuation. With
comparatively small genomes, many reporter-expressing mononegaviruses appear to be
somewhat attenuated in vivo. Attenuation has been observed to be variable depending on the
location of the reporter in the viral genome, but also varies between different reporters when
inserted at identical locations. Importantly, multiple studies report a disconnect between
evaluation of attenuation in vitro and in vivo, and demonstrate that a lack of attenuation in
vitro is not predictive of a lack of attenuation in vivo. When using ATUs for reporter
expression, in general there seems to be a correlation between the 3’ proximity of the
inserted ATU and attenuation of the recombinant virus; however, there are also many
exceptions to this rule, so that the generation of multiple viruses using different positions for
the ATU and their evaluation in the relevant animal model might be prudent. Alternatively,
the use of an already existing transcriptional unit, which encodes the reporter in addition to a
viral protein, but with both open reading frames separated by an IRES-like sequence,
constitutes a very promising approach that might help overcome problems associated with
reporter expression from an ATU.
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The specific reporter to be used is often dictated by the scientific application, with
luminescent reporters providing higher sensitivity and no problems with autofluorescence,
but with the necessity to provide a substrate in vivo, which can be cost-prohibitive,
particularly when using larger animals. In contrast, when using fluorescent reporters,
attenuation in tissues as well as autofluorescence have to be considered, both of which differ
between different fluorescent proteins, and both of which might be of varying importance
for the scientific questions to be addressed. Also, as pointed out above, different reporters
can have different influences on virus attenuation; however, at the moment no clear
information are available that would allow reliable predictions to be made, thus further
studies in this direction are a necessity.

6. Future directions

While reporter-expressing mononegaviruses have been developed and studied for more than
a decade, there are numerous questions that remain regarding their characteristics, and thus
the potential for rational design. There are a number of strategies to use reporters to
rationally attenuate viruses, for instance by introducing GFP into the hinge region of L, or
by introducing reporter ATUs in genome regions where they disrupt the transcriptional
gradient in a way that is disadvantageous for the viral life cycle. However, the extent of
attenuation is difficult to predict, and challenges remain in ensuring that recombinant viruses
do not escape attenuation by disrupting the ATUs or mutating the fusion proteins.
Nonetheless, this remains a promising approach for the rational generation of vaccines in
future.

One of the greatest challenges at the moment is the ability to generate reporter-expressing
viruses that show little or no attenuation in vivo, which is critical for pathogenesis studies. In
this regard it will be important to better understand the regulatory elements involved in viral
genome replication and gene expression, in order to be better able to fine tune the expression
of viral genes in the presence of ATUs and achieve protein expression ratios similar to that
of wild type viruses. A better understanding of the effect of different reporters (e.g. GFP vs.
mCherry or luciferase) on virus biology might also be very helpful when designing reporter-
expressing viruses, particularly if the reporters are fused to viral proteins. This will require a
better understanding of the structure-function relationship of viral proteins. Another avenue
that is certainly worth pursuing is the expression of reporters using IRES sequences, since
this strategy circumvents the need for ATUs altogether. However, recombinant viruses using
this strategy will first need to be evaluated in vivo, and this strategy will have to be shown to
be transferable to mononegaviruses other than Sendai virus. In addition, other strategies
such as the use of a foot and mouth disease virus 2A sequence to achieve expression of
several proteins from a single gene might constitute an interesting alternative to the use of
IRES sequences (de Felipe et al., 2006).

Finally, practical advancements will be required in order to enhance our ability to visualize
infection in animals other than mice. Novel reporters such as nanoLuc (which might also be
technically superior to other luciferases due to its small size) or far red-shifted luciferases
are very promising in this respect, but still have to be adapted for in vivo application.
Despite all these challenges, reporter-expressing viruses are an exciting field of research that
bridges basic and applied science, and which holds tremendous promise for the future.
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Abbreviations

ATU additional transcriptional unit

GFP (enhanced) green fluorescent protein

IRES internal ribosomal entry site

RSV respiratory syncytial virus

VSV vesicular stomatitis virus
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Figure 1. Genome structur e of mononegaviruses
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The genes (or in the case of Borna disease virus the coding sequences) of representative

members of virus genera are shown as boxes, with the gene names indicated. Non-

transcribed regions are shown as a black bar. Gene overlaps are indicated as steps. Genes
and genomes are drawn to scale, with the exception of the first part of the Borna disease

virus L coding sequence (before the splice site), which is enlarged for the purposes of

clarity.
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Figure 2. Examples of reporter expressing viruses

(A) Confocal image of Vero E6 cells infected with an Ebola virus expressing an L-mCherry
fusion protein (red). Cells were subjected to nascent RNA staining (green) after treatment
with Actinomycin D for inhibition of cellular RNA synthesis, to identify sites of viral
genome replication / transcription. Nuclei were stained with DAPI (blue). Image reproduced
from (Hoenen et al., 2012) with permission of the copyright holder. Copyright © American
Society for Microbiology, J Virol. 86, 2012, 11779-11788, doi: 10.1128/JV1.01525-12. (B)
B-cell germinal centers in a Peyer’s patch in the ileum of a ferret infected with an eGFP-
expressing canine distemper virus. Image kindly provided by Martin Ludlow and Paul
Duprex (Boston University).
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insertion of additional transcriptional unit replacement of nonessential viral ORF
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Figure 3. Expression strategies for reporter genes

Different expression strategies are depicted. Viral open reading frames (ORF-1, ORF-2) and
a reporter open reading frame (ORF-R) and flanking non-coding regions (NCRs) are shown
in color. Gene start (GS) and gene end (GE) signals are shown in gray. Viral intergenic
regions (IGRs) and an internal ribosomal entry site (IRES) sequence are shown as black

lines.
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Table 1

Selected properties of fluorescent reporters

lrzllegg:tiercmt MW (kDa) Excitation (nm) Emission (nm) Brightn&ssa
GFP 269 475 509 16

eGFP 269 488 507 34
(t)dTomato 542 554 581 95

dsRed 268 554 586 3.5t059
RFP 27 555 584 48

mCherry 28.8 587 610 16
Katushka2 259 588 635 22

iRFP 29.5 690 713 6.2

aBrightness was calculated as (extinction coefficient)x(quantum yield)/1000
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Table 2

Select properties of bioluminescent reporters

Bioluminescent MW (kDa) Substrate Emission (nm) Relativelight
reporter value

Firefly 61 luciferin 565 6.8 x 104
Renilla 36 coelenterazine/ViViRen 480 6.8 x 10°
Gaussia 19.9 coelenterazine 485 1.7t06.2 x 107
nanoL.uc 19.1 furimazine 460 1.7 x 108
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