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Plate 1 Examples of monosynaptic tracing of neuronal connections with RABV. Interneurones
of the spinal cord which are directly connected to motor neurones of the left (green) and right (red)
quadriceps muscle. The yellow interneurone is connected to both right and left motoneurones. G
gene-deficient RABV expressing GFP (SAD� G-eGFP) or RFP (SAD� G-RFP) were injected
into the right or left muscle, respectively, and there infect motor neurones expressing RABV
G from an AAV vector. The G protein mediates a single transsynaptic spread of RABV to the
postsynaptic interneurones.
Source: Kindly provided by Anna Stepien and Silvia Arber, University of Basel.

Plate 2 Direct connections of right and left hippocampal neurones in the mouse brain. The CA3
region in the right hippocampus (yellow) was injected with an AAV vector expressing TVA, td-
tomato, and RABV G protein. Subsequent selective infection of TVA-expressing neurones with
the RABV SAD� G-eGFP pseudotyped with EnvA is indicated by yellow. Green staining indi-
cates neurones infected by transsynaptic spread of SAD� G-eGFP and reveals direct connections
between left and right hemispheres.
Source: Kindly provided by Martin Schwarz, MPIMF Heidelberg.

Reverse Genetics of RNA Viruses: Applications and Perspectives, First Edition. Edited by Anne Bridgen.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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Plate 3 Schematic representations of the mini-genome (left) and recombinant measles virus (right) rescue sys-
tems used to study transcription and replication and to generate rMVs respectively. T7 bacteriophage DNA-dependent
RNA polymerase (DdRp) is supplied by a recombinant host-range adapted vaccinia virus (MVA-T7). The transcrip-
tase recognises the T7 promoter engineered into the plasmid backbone to generate either a negative sensed mini-
genome RNA or a full-length genome positive sensed transcript. Presence of T7 terminators (T7�) leads to the
detachment of the transcriptase from the DNA template. Nascent RNA transcripts contain a hepatitis � ribozyme
at the 3′ end (dashed red line). Formation of the secondary structure leads to the autocatalytic cleavage of the T7
transcript in cis. This generates minigenome or genome length transcripts which conform to the ‘rule of six’. The
minigenome is flanked by leader (Le) and trailer (Tr) sequences and the antigenome is flanked by leader comple-
ment (LeC) and trailer complement (TrC) sequences. Co-transfection of three helper plasmids which also contain
T7 promoters and the open reading frames encoding the virus N (green rhombus), P (blue circle) and L (yellow
ring) proteins allows the formation of either a negative sensed minigenomic (−)RNP or a positive sensed antige-
nomic (+)RNP. The L and P proteins function as a transcriptase on the minigenomic (−)RNP producing a single
capped (red circle) and polyadenylated (AA) mRNA containing the open reading frame (ORF) of a reporter protein
such as enhanced green fluorescent protein (green barrel), enhanced cyan fluorescent protein (cyan barrel), enhanced
yellow fluorescent protein (yellow barrel) or HcRed (red barrel). The L and P proteins also function as a replicase
generating (+)RNP minigenomes from the (−)RNP template. These (+)RNP minigenomes are in turn replicated to
produce additional (−)RNP minigenomes. Expression of the fluorescent proteins is detected by UV microscopy in
single cells (inset) when the system is driven exclusively by cotransfected plasmids or in multinucleated syncytia
when the minigenome replication/transcription assay is driven by a superinfecting MV. In recombinant measles virus
rescue the L and P proteins initially act as a replicase using the positive sensed antigenomic (+)RNP to generate the
negative sensed genomic (−)RNP. This is the basic unit of infectivity of MV and the L and P proteins function as a
transcriptase on this full-length (−)RNP producing six capped and polyadenylated mRNAs containing the N, P, M
(cyan crescent), F (blue arrow), H (green bullet) and L gene ORFs. Translation of these proteins allows assembly of
virions at the plasma membrane. When virions are examined by electron cryotomography the M protein can be seen
coating the RNP (0.8 nm thick slice from a tomogram, scale bar 100 nm). The herringbone structure of the (−)RNP
is clearly visible within the virion, a schematic (−)RNP is overlaid for comparison (left panel). A fringe of spikes of
the F and H fusion complex decorates the membrane of the virion; these are represented schematically at a higher
magnification on the same tomograph. Recombinant MVs based on clinical isolates expressing fluorescent proteins
from additional transcription units have been invaluable in illuminating viral pathogenesis. These viruses permit the
microscopic imaging of virus infected cells with unprecedented levels of sensitivity, for example in epithelia (center
panel). They also allow macroscopic imaging and targeted pathology to be performed at the time of necropsy, for
example in the gut associated lymphoid tissue of a macaque (right panel).
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Plate 4 Recombinant Bunyamwera virus expressing GFP-Gc fusion protein. (a) Schematics of
the chimeric glycoprotein and recombinant virus (rBUNGc-eGFP) are shown on the left. On the
right is supernatant fluid from infected cells examined under UV light showing autofluoresent
virus particles. (b) BSR-T7/5 cells were infected for 8 h with rBUNGc-eGFP at an MOI of 1
PFU/ cell, fixed and co-stained with anti-tubulin antibody (in red). The virus factory in the Golgi
region of the cell and autofluorescent progeny virus particles are indicated. (c) Detail of virus
budding at the Golgi. BSRT7/5 cells were infected with rBUNGc-eGFP and co-stained with an-
tibodies to the Golgi marker GM130 (in red). Colocalization between Gc proteins and the Golgi
protein are shown in yellow in the merged image, and the enlarged image shows budding virions.
Source: Adapted from Shi et al., (2010). Copyright © American Society for Microbiology. Jour-
nal of Virology, Vol. 84, 2010, p. 8460–8469. doi:10.1128/JVI.00902-10.
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Plate 5 (a) Schematic representation of the mammalian orthoreovirus. The virus contains a non-
enveloped icosahedral capsid, containing 10 dsRNA segments. These encode the structural pro-
teins: five proteins comprise the inner capsid, and the three others form the outer capsid. The
positions of the various capsid components are indicated. (b) Schematic representation of the re-
ovirus’ genome replication. After cell entry the viral particle is partially uncoated, and penetrates
the endosomal membrane. In the cytoplasm the primary transcription process yields capped plus-
strand RNA molecules, which are translated and can associate with the newly assembled cores. In
the cores these transcripts serve as templates for minus-strand synthesis yielding double-stranded
RNA. Subsequently the secondary transcription process yields uncapped transcripts which are
translated and associate with the new core particles. Minus-strand synthesis proceeds to yield
double-stranded RNA genome segments. The particles mature and egress from the cells. In the
figure only one of the genome segments is drawn.
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1
Introduction
Anne Bridgen
Croft Dhu, Newtonmore, Inverness-shire, Scotland

1.1 Background

Viruses with ribonucleic acid (RNA) genomes make up many of our current most
serious human pathogens. For example, influenza A virus, poliovirus, rotaviruses,
dengue virus, hepatitis C virus, West Nile fever virus, yellow fever virus and
measles virus are all RNA viruses, and are between them responsible for mil-
lions of human deaths each year. Rotaviruses alone are responsible for around
350,000–600,000 infant deaths each year from diarrhoea (Parashar et al., 2003).
One of the features of RNA viruses is that the viral polymerase responsible for
their replication is not very accurate as there is no proof-reading capacity. This low
accuracy means that, in the presence of antiviral drugs, viral escape mutants soon
arise which no longer respond to the drug. There are thus very few effective antivi-
rals directed against RNA viruses. In addition, many of the new emerging viruses
which arise through viral mutation, genome segment reassortment or host switch-
ing to suddenly enter the human population are RNA viruses. These include the
coronavirus severe acute respiratory syndrome (SARS) virus, Ebola and Marburg
filoviruses, and avian and swine flu, and are the viruses that tend to cause the highest
mortality rates. There is thus a high requirement to be able to analyse these viruses
and to develop effective vaccines and antivirals.

RNA viruses possess several different types of RNA genomes. Some have a non-
segmented genome, or the genome can be split into a number of different segments,
for example, 2 for arenaviruses, 3 for bunyaviruses, 7–8 for influenza viruses and
10–12 for reoviruses. In addition, they can comprise positive sense, negative sense
or ambisense RNA, and be either single- or double-stranded. Positive sense RNAs
can be translated directly into protein, while a negative sense RNA has first to be
transcribed by the viral proteins to form positive stranded RNA that can be trans-
lated. Ambisense RNAs are those which contain genes running in both orientations
within the same genome or genome segment. There are also retroviruses and hep-
adnaviruses which go through both RNA and deoxyribonucleic acid (DNA) phases
via reverse transcription of their RNA. These last named groups of viruses, which

Reverse Genetics of RNA Viruses: Applications and Perspectives, First Edition. Edited by Anne Bridgen.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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2 CH01 INTRODUCTION

include the human immunodeficiency viruses, will not be discussed in this volume
despite their importance, as the amount of research in this area would easily require
a separate volume.

In classical genetics, the specific genes in an organism were deduced from ob-
servations of the phenotype of the organism. Reverse genetics is a term coined to
describe processes where information flows in the opposite direction, that is, the
gene is determined or altered directly, and the resultant phenotype observed. In the
context of virology, this then refers to changes introduced directly into the comple-
mentary DNA (cDNA) used to generate infectious RNA virus or virus-like particles,
in order to study the function of specific gene sequences and proteins, and the term
has come to be applied to the ability to go from a DNA copy of the viral genome
to a new virus. Neumann and Kawaoka (2004) define reverse genetics as the gener-
ation of a virus entirely from cDNA. It is an incredibly powerful tool both for the
generation of modified viruses, which can act as vaccines or vectors, and for the
analysis of viral genes and non-coding sequences.

1.2 Reverse genetics for different classes of genome

One of the most definitive ways in which to study the roles of specific sequences
in viral genomes is to modify them and to generate infectious virus, that is, to ‘res-
cue’ the virus, from these modified sequences. For DNA viruses this was relatively
straightforward once molecular biological techniques became sufficiently sophisti-
cated to allow this, as the DNA could be introduced directly into cells to generate
infectious virus. Thus, infectious T2 bacteriophage was rescued from DNA as early
as 1957 (Fraser et al., 1957). The first RNA virus to be rescued from its cDNA was
the bacteriophage Qbeta rescued by Taniguchi et al. (1978), while the first mam-
malian plus stranded RNA virus to be rescued was poliovirus by Racaniello and
Baltimore (1981). Researchers subsequently discovered that this process was more
efficient if the RNA was transcribed in vitro and the nascent RNA transfected into
cells (Boyer and Haenni, 1994); this process was then applied to many plus sense
RNA viruses. Some difficulties were encountered with specific families of viruses,
however, such as coronaviruses, as is discussed in Section 1.4.

Negative sense RNA viruses proved less amenable to such studies as the minimal
infectious unit comprises the viral RNA encapsidated by the nucleocapsid and repli-
cation proteins to form a ribonucleoprotein (RNP) complex. It was not until 1994
that Schnell et al. (1994) succeeded in rescuing the first negative sense RNA virus,
the rhabdovirus rabies virus, from cDNA. One of the main reasons for this break-
through was the decision to transfect cells with cDNA plasmids encoding the viral
antigenome rather than the genome. This meant that there was less negative sense
RNA present in the cell which could hybridise to the positive sense viral mRNAs
and thus induce host innate immune responses.

To add to the difficulties of rescuing negative sense RNA viruses from cDNA,
many of them comprise segmented genomes, so, for their rescue, cells must be
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1.2 REVERSE GENETICS FOR DIFFERENT CLASSES OF GENOME 3

transfected with constructs for each of the genome segments as well as for the repli-
cation proteins. Early rescue experiments for the eight-segmented genome virus in-
fluenza A virus involved modification of single RNA segments and use of helper
viruses (Luytjes et al., 1989; Enami et al., 1990). However, this is not an efficient
process as only a small proportion of the helper viruses acquires the novel seg-
ment. The first segmented, negative sense RNA virus to be rescued entirely from
cDNA was the tri-segmented bunyavirus Bunyamwera virus (Bridgen and Elliott,
1996). This used the approach initiated for the non-segmented rabies virus in using
positive sense, antigenomic constructs for rescue. Rescue of influenza A virus en-
tirely from cDNA followed later (Fodor et al., 1999; Neumann et al., 1999), in a
procedure involving transfection of cells with 12 different plasmids. This original
technique has been modified extensively and now rescue can be achieved using far
fewer plasmids.

Of the viruses described in this volume, the last to be rescued were the double-
stranded RNA (dsRNA) genome viruses. Not only do these have genomes of
dsRNA, a structure which does not naturally occur in cells and which therefore
induces host innate immune responses, but also many have multiple genome seg-
ments, making the rescue more complex.

Thus, the practical way in which rescue is achieved is very different depend-
ing on the nature of the genome, as is summarised in Figure 1.1. In this volume
we are showcasing the RNA viruses from each of these genomic groups, so that
there are examples of what has been achieved and what the problems have been
for each of these groups. To date, representatives of most of the human and animal
virus families have been rescued from cDNA (see Table 1.1). There has also been

5′
5′
3′

5′

3′
Infectious when introduced into cells.
Transcribed into mRNA which in turn is translated into protein. 
Rescue from 1957.

DNA

+ RNA

- RNA

- RNA, segmented genome
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3′

5′
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3′3′ 5′ 5′3′
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Translated directly into protein.
Rescue from 1978.
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Transcribed into + mRNA which is translated.
Rescue from 1994.

NOT infectious when introduced into cells.
Needs to be encapsidated in replication proteins.
Replicated via + RNA intermediates.
Transcribed into + mRNA which is translated.
Rescue procedures hindered by multiple (up to 8) segments.
Rescue from 1996.

Infectious when introduced into cells.
Rescue procedures hindered by multiple segments
and difficulties in artificially generating dsRNAs.
Rescue from 2007.

(a)

(b)

(c)

(d)

(e)

3′
5′ 3′

5′

Figure 1.1 How rescue is achieved.
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Table 1.1 Important dates in the history of human and animal virus reverse genetics.

Date Event Nature of virus Reference

1981 Rescue of poliovirus from cDNA +ve sense ss RNA Racaniello and Baltimore,
1981

1981–1994 Summary of viruses rescued in this
period from cDNA or in vitro
transcribed RNA; includes members
of alphavirus, picornavirus and
flavivirus familes

+ve sense ss RNA Boyer and Haenni, 1994

1994 Rescue of rhabdovirus rabies virus -ve sense ss RNA Schnell et al., 1994
1995 Rescue of paramyxovirus measles virus -ve sense ss RNA Radecke et al., 1995
1995 Rescue of rhabdovirus VSV -ve sense ss RNA Whelan et al., 1995
1995 Rescue of paramyxovirus RSV -ve sense ss RNA Collins et al., 1995
1995 Rescue of feline calicivirus from RNA

transcripts
+ve sense ss RNA Sosnovtsev and Green,

1995
1996 Rescue of trisegmented bunyavirus

Bunyamwera virus
-ve sense ss RNA,

3 segments
Bridgen and Elliott, 1996

1996 Rescue of birnavirus infectious bursal
disease virus from transcribed RNA

ds RNA
2 segments

Mundt and Vakharia,
1996

1997 Rescue of paramyxovirus SV5 -ve sense ss RNA He et al., 1997
1997 Rescue of astrovirus from transfected

RNA
+ve sense ss RNA Geigenmuller et al., 1997

1997 Rescue of hepatitis C from RNA in
chimpanzees

+ve sense ss RNA Kolykhalov et al., 1997
Yanagi et al., 1997

1998 Rescue of arterivirus PRRSV +ve sense ss RNA Meulenberg et al., 1998
1999 Rescue of orthomyxovirus influenza A

virus
-ve sense ss RNA,

8 segments
Neumann et al., 1999
Fodor et al., 1999

1999 Rescue of hepatitis C virus from cDNA
in cell culture

+ve sense ss RNA Kolykhalov et al., 1999
Lohmann et al., 1999

2000 Rescue of coronaviruses TGEV and
HCV 229E

+ve sense ss RNA Almazan et al., 2000;
Thiel et al., 2001;
Yount et al., 2000

2001 Rescue of filovirus Ebolavirus -ve sense ss RNA, Volchov et al., 2001
Neumann et al., 2002

2001 Rescue of picornavirus Aichi virus
(genus Kobuvirus)

+ve sense ss RNA Sasaki et al., 2001

2001 Rescue of orthomyxovirus Thogoto virus -ve sense ss RNA,
6 segments

Wagner et al., 2001

2002 Rescue of orthomyxovirus influenza B
virus

-ve sense ss RNA,
8 segments

Hoffmann et al., 2002
Jackson et al., 2002

2005 Rescue of bornavirus Borna disease virus -ve sense ss RNA Schneider et al., 2005
2006 Rescue of arenavirus LCMV -ve sense ss RNA,

2 segments
Flatz et al., 2006;
Sanchez, de la Torre,

2006
2007 Rescue of orthomyxovirus influenza C

virus
-ve sense ss RNA,

7 segments
Crescenzo-Chaigne van

der Werf, 2007
Muraki et al., 2007

2007 Rescue of reovirus +ve sense ss RNA
10 segments

Kobayashi et al., 2007

Notes: Rescue was from transfected cDNA unless otherwise stated.
HCV Human coronavirus; VSV Vesicular stomatitis virus; RSV Respiratory syncytial virus; TGEV
transmissible gastroenteritis virus; PRRSV porcine reproductive and respiratory syndrome virus; LCMV
lymphocytic choriomeningitis virus.
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an explosion of work in plant virology, which has seen a considerable number of
plant pathogens rescued in the past decade. There are, however, many viruses of
invertebrates and plants that have not yet been studied by this approach, and indeed
many species within families in which the prototype virus has been well studied by
reverse genetic technology but other members have not.

The book also discusses viral quasispecies and the implication of this theory on
approaches to reverse genetics (see Chapter 11). The theory implies that viruses
are not unique, but instead comprise a swarm of inseparable and related molecules,
which therefore instantly creates a problem for researchers trying to produce a sin-
gle synthetic virus molecule. The practical procedures used during rescue, such as
the cell type or level of plaque purification, will impact on the level of heterogeneity
of the virus (Section 11.2.3) so this theory has practical application to the way in
which rescue experiments are conducted.

1.3 Methodology

In this chapter we are going to consider several facets of the methodology behind
current reverse genetics techniques, specifically:

1. Stages in virus reverse genetics.

2. Use of different promoters.

3. Obtaining precise genome ends.

4. Increasing rescue efficiencies.

5. Combining material from different genetic segments.

6. Confirmation of the rescue phenotypes.

1.3.1 Stages in virus reverse genetics: minigenome
replication; replication of virus-like particles
(VLPs) and whole virus rescue

Many researchers start their rescue experiments by using a minigenome system
comprising a reporter gene bounded by viral sequences which provide the signals
for viral transcription and replication. These can be replicated and transcribed in
vitro by the viral replicative genes supplied from appropriate plasmids. This is a
useful first stage to ensure that the cloned polymerase is functional and the replica-
tion signals are correct before attempting full virus rescue. One commonly used re-
porter gene used is that encoding the jellyfish Aequorea victoria Green Fluorescent
Protein (GFP), which can fluoresce in the presence of ultraviolet light, as well as
its spectral variants including blue, red and yellow fluorescent proteins. Luciferase
genes from the firefly Photinus pyralis or the sea pansy Renilla reniformis are
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capable of bioluminescence in the presence of suitable substrates. Another re-
porter gene is that for chloramphenicol acetyl transferase (CAT). Choice of reporter
depends on the cloning capacity (CAT and GFP are both quite small proteins),
the application, and the predicted stability/toxicity (GFP features less well here).
The reporter genes are cloned in the same sense as the viral genes. They there-
fore have to be transcribed into mRNA before they can be translated for negative-
sense RNA viruses.

Use of the minigenome systems ensures everything is working well before full
rescue is attempted. If a quantitative reporter gene such as luciferase or CAT is
used, the ratios and amounts of plasmids encoding the replication proteins can be
optimised. Variant constructs can be made with slightly different promoters to see
if there is a higher level of replication with additional nucleotides in the promoter to
enhance activity, or whether these are deleterious to replication. If a GFP reporter
is used, this can be used to visualise the proportion of cells infected in different
cell types.

In addition, minigenome experiments can also provide a substantial amount of
information in their own right, for example, in determining the role of particular
sequence elements and whether additional viral genes are required for replication
(see, for instance, Fearns and Collins, 1999; Gauliard et al., 2006; Bergeron et al.,
2010, for different examples of the use of minigenome systems).

A second step along the way is to also include viral glycoprotein constructs such
that the minigenome can also be packaged into virus-like particles (VLPs) and used
to infect further cells. This can then be used to investigate packaging requirements
of the virus. Since the VLPs do not contain the genes for the replication proteins,
they cannot be passaged further unless a helper virus is added or the infected cells
are also transfected with genes for the replication proteins. This is therefore a useful
approach for working with serious pathogens. Two examples of the use of VLP
systems are given in Overby et al. (2006); Wenigenrath et al. (2010).

The final stage is to rescue the entire viral genome. These different stages are
described excellently with examples given in Chapter 7 by Richard Elliott on bun-
yavirus rescue, so we refer you to Section 7.3 of this book rather than duplicating
material here.

1.3.2 Use of different promoters

To generate viral RNAs and proteins from cDNA in cell culture the viral sequences
need to be flanked by a suitable promoter, either one which is present within the
cell or one which is added with the cDNA. The most widely used transcription sys-
tem is that of phage T7 RNA polymerase, which allows cytoplasmic transcription
of viral RNAs, thus mimicking what would happen in cells infected with viruses
which replicate in the cytoplasm. The T7 RNA polymerase can be expressed from
transfected DNA or from helper viruses that express the protein. These can in-
clude vaccinia virus (vTF7-3), the less pathogenic modified vaccinia virus Ankara
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(MVA-T7), or fowlpox (FPT7) (Fuerst et al., 1986; Sutter et al., 1995; Britton et al.,
1996). The vaccinia virus vTF7-3 system is very efficient, with T7 transcripts mak-
ing up 30% of cytoplasmic mRNA within 24 hours of infection (Elroy-Stein et al.,
1989), but is quite toxic to cells. This limits the time during which viruses can be
rescued, though this may be minimised by the use of vaccinia virus inhibitors (Kato
et al., 1996). The attenuated MVA virus replicates well in BHK cells and has a
much reduced host range compared to vTF7-3 (Drexler et al., 1998). Recently use
of MVA-T7 was enhanced by the generation of compatible destination vectors for
the widely used Gateway cloning system to express the gene of interest under con-
trol of the T7 RNA polymerase following recombination with the MVA-T7 virus
genome (Pradeau-Aubreton et al., 2010). The FP-T7 system was developed for re-
verse genetics experiments with avian viruses, but is used more widely for mam-
malian virus rescue as no infectious virus is produced on infection of mammalian
cells with fowlpox (Britton et al., 1996).

In order to avoid the toxicity associated with helper viruses, several groups
have generated cell lines permanently transfected with the T7 gene. Radecke et al.
(1995) generated 293 cells that expressed T7 RNA polymerase as well as measles
virus proteins. Permanently transfected BHK cell lines that express T7 RNA poly-
merase were generated by Buchholz et al., (1999). Both BHK cells and the de-
rived BSR -T7/5 cells are also deficient in RIG-I signalling so there is less inter-
feron induction within these cells, which fortuitously benefits rescue procedures
(Habjan et al., 2008). The BSR-T7/5 cell line has been used to rescue a wide range
of viruses including the paramyxoviruses bovine respiratory syncytial virus and hu-
man respiratory syncytial virus (BRSV and HRSV; Buchholz et al., 1999; Kaur
et al., 2008), the bunyaviruses Bunyamwera virus, La Crosse virus and Rift Valley
fever virus (Lowen et al., 2004; Blakqori and Weber, 2005; Habjan et al., 2008)
and the rhabdoviruses vesicular stomatitis virus and rabies virus (Harty et al., 2001;
Wu and Rupprecht, 2008). Another set of permanently transfected T7 cell lines
produced includes the swine kidney cell line SK6.T7 used to rescue the pestivirus
classical swine fever virus (van Gennip et al., 1999). More recently, BHK cells have
been transduced by retroviral gene transfer to express the T7 RNA polymerase and
these cells were used to rescue foot and mouth disease virus (Zheng et al., 2009).
Another possibility for producing the T7 RNA polymerase within cells is to clone
the gene into a plasmid vector using an endogenously expressed promoter such
as the CMV immediate early promoter or the chicken beta actin promoter of the
pCAGGS vector, which is highly transcribed in both avian and mammalian cells
(Jiang et al., 2009).

Use of endogenously expressed T7 RNA polymerase has been particularly per-
tinent for the rescue of viruses that are to be used as potential vaccines. Vaccine
production has very specific requirements in that the procedure has to be consistent
and reproducible, use only helper viruses that have had their origin and passage his-
tory checked extensively, and must not contain any contamination from infectious
agents including prion proteins (Witko et al., 2006). These authors have therefore
developed a technique that has been used for rescue of recombinant paramyxo- and
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rhabdo- viruses from Vero and other cell lines based on efficient electroporation. In
these experiments the T7 gene was cloned into the plasmid pCI-neo (Promega) 3
of the hCMV immediate-early promoter/enhancer region. In addition, use of a heat
shock process and plasmids expressing glycoproteins increased efficiency, thus al-
lowing more attenuated viruses to be rescued (Witko et al., 2006). The technique
has since been further modified such that the entire procedure can be completed in
only 15 minutes (Surman et al., 2007).

Alternatively, endogenous cellular promoters such as RNA polymerase I or II
(pol I or pol II) may be used rather than T7 RNA polymerase. These are highly
transcriptionally active in the nucleus, which works well for those viruses such as
influenza A virus that normally replicate in the nucleus. For viruses that replicate
in the cytoplasm (the majority), there may be problems due to splicing of the RNAs
using pol II. The pol I system was developed for influenza A virus reverse genet-
ics experiments (Zobel et al., 1993; Neumann et al., 1994) and uses endogenous
RNA polymerase I, a cellular nucleolar protein that produces transcripts lacking 5′

caps and 3′ polyadenylated tails. Likewise the pol II system was also used in in-
fluenza A rescue to reduce the complexity of the virus rescue protocol (Hoffmann
et al., 2000). RNA polymerase II is the main eukaryotic cellular transcriptase re-
sponsible for transcription of mRNAs and small nuclear RNAs. In an innovative
approach Hoffmann et al. (2000) cloned the influenza A segments such that the
vRNAs were expressed from pol I promoters and the mRNAs from pol II promoters
in bidirectional transcription units. This reduced the number of plasmids necessary
to be transfected from 12 to 8. Transcription by pol II has also been used to rescue
other viruses such as the birnavirus infectious bursal disease virus (Qi et al., 2007).

1.3.3 Generating precise genome ends

A major issue for the generation of synthetic RNAs from cDNA is the ability to gen-
erate exact transcripts, since many viruses cannot replicate with additional residues
on their genome or antigenome RNAs. This is generally more of a problem for neg-
ative sense RNA viruses. Most rescue constructs for negative sense RNA viruses
involve inserting the cDNA immediately downstream of the promoter to generate
appropriate 5′ ends, although efficient transcription from the T7 promoter requires
up to 3 additional G residues, which then remain present on the nascent RNA.
These additional residues do not appear to hinder viral replication for many viruses
(Collins et al., 1991; Conzelmann, 2004). A self-cleaving ribozyme sequence is
then positioned between the viral cDNA and the T7 termination signal to generate
an exact 3′ end; this is essential as additional residues at this point prevent repli-
cation (Ghanem et al., 2012). The hepatitis delta virus antigenomic ribozyme was
first described by Perrotta and Been (1991) and applied to virus rescue shortly there-
after by two groups to rescue VSV and nodavirus constructs, respectively (Pattnaik
et al., 1992; Ball, 1992). Since then, some groups have used additional hammer-
head ribozymes to generate an exact 5′ end (le Mercier et al., 2002; Martin et al.,
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2006); these ribozymes are probably not essential, as the virus itself removes addi-
tional 5′ nucleotides, but do make rescue more efficient. The initial hepatitis delta
virus ribozyme sequence has also been modified to increase its efficiency (Perrotta
and Been, 1998; Perrotta et al., 1999). Use of both these modifications (that is, the
modified hepatitis delta virus ribozyme at the 3′ end and hammerhead ribozymes
at the 5′ end to remove non-templated G residues) has increased the speed of ra-
bies virus rescue as well as the rescue efficiency by a factor of a hundred (Ghanem
et al., 2012).

Another issue in addition to the requirement to generate exact genomic ends is
the requirement for some viruses, notably the paramyxoviruses, to comprise a pre-
cise number of nucleotides. Difficulties in rescuing paramyxoviruses eventually led
to the discovery, published by Calain and Roux (1993), that the genomes needed
to consist of a multiple of 6 nucleotides, as each nucleocapsid protein encapsidates
exactly 6 nucleotides. This became known as the ‘Rule of six’ and many paramyx-
oviruses including the respiroviruses (for example, Sendai virus) and the morbil-
liviruses (for example, measles virus) can only be deleted or extended by a multiple
of 6 nucleotides, although the restriction seems less tight for the rubulaviruses (for
example, mumps virus), and members of the pneumovirus genus do not seem to
have this requirement at all (Kolakofsky et al., 1998). Current understanding of
how this affects the phase of the RNA is discussed for the measles virus in Chap-
ter 6. Similar findings have been obtained for Ebola virus, for which deletions or
insertions have to be a multiple of 6, although for this virus the total number of
nucleotides is not divisible by 6 (Weik et al., 2005).

1.3.4 Increasing rescue efficiencies

In order to generate infectious virus from cDNA, particularly if the aim is to cre-
ate a mutant virus that replicates inefficiently, it is important to maximise rescue
efficiencies. This is particularly important for segmented genome viruses for which
multiple clones need to be transfected into the same cell. This can be achieved by
use of better transfection reagents, use of more transfectable cells or both. The for-
mer has become easier with the commercial production of many highly efficient
and non-toxic transfection agents that produce consistent levels of transfection and
can be used to transfect a wide range of cell types. Several of them are compared
in the context of virus rescue by Gonzales et al. (2007). Other researchers use high
efficiency electroporation to obtain high yields of recombinant virus (Surman et al.,
2007). A novel reagent NucleofectorTM allows DNA or RNA to be electroporated
directly into the nucleus of cells including embryonic stem cells and primary cell
cultures (www.lonza.com). As well as being efficient, this procedure can be con-
ducted without the presence of possibly contaminated bovine material, a require-
ment for clinical vaccine production.

Some cell types such as the human embryonic kidney 293 cells can be transfected
to very high efficiencies but clearly cell choice has to depend first and foremost on
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the efficiency of the virus to replicate in these cell lines. If one is attempting to gen-
erate a mutant virus deficient in host antagonism genes, it is worth bearing in mind
the immunocompetence of the host cell: many cell lines including Veros and BHKs
are deficient in interferon production, while the modified BHK cell line BSR-T7 is
even more disrupted. It seems they have a complete defect in the activation of IRF-3,
the transcription factor required for IFN-� expression (see Chapter 5 in this vol-
ume). Cell lines can be modified before transfection by incorporating a viral gene
that antagonises host innate immune responses, for example, the pestivirus NPro
gene. NPro blocks IRF-3 binding to DNA as well as targeting IRF-3 for polyubiq-
uitination and subsequent destruction by cellular proteasomes (Hilton et al., 2006).
Alternatively, the V protein of parainfluenza virus 5 blocks IFN signalling by tar-
geting STAT1 for proteasome-mediated degradation. A range of human cell lines
were generated that express the V protein and can no longer respond to IFN. When
these cells were used to rescue viruses, many of them formed bigger plaques and
grew to titres 10- to 4,000-fold higher than in the IFN-responsive cells. This is par-
ticularly pertinent for the generation of disabled vaccine candidates as well as for
other slow-growing viruses (Young et al., 2003).

Many other factors can contribute to the efficiency of virus rescue. One group
found that the use of capped RNA transcripts increased rescue efficiency for cali-
civiruses, as this more accurately mimics the natural RNA (Yunus et al., 2010).

1.3.5 Combining material from different genetic segments

A very specialised way of improving rescue efficiency is to reduce the plasmid num-
ber to be transfected, since one of the challenges of virus rescue is the transfection
of all of the cDNA plasmids or RNAs into the same cell. This is particularly the
case for viruses with multiple genetic segments, but applies to all rescues where
more than one cDNA plasmid is required. Any reduction in plasmid number thus
improves the chance of all the genetic material being present in the same cell and
hence the rescue efficiency. Some approaches to this are described in Chapter 8 on
influenza A virus. Figure 8.2 on p. 230 shows the reduction in plasmid number from
12 (a plasmid for each of the 8 genome segments and 4 protein encoding plasmids)
to 8 by the generation of bi-directional constructs. Elderfield, Hartgroves and Bar-
clay in Chapter 8 do comment that the plasmid numbers have been reduced further
but many labs are continuing with the 8 plasmid rescue.

Similarly, the number of plasmids used for reovirus rescue has been reduced from
10 to 4, considerably enhancing efficiency (Kobayashi et al., 2010). Interestingly
these authors postulate a variety of reasons why this is more efficient:

1. Greater probability that all genomic cDNAs will enter a single cell.

2. On the basis that much DNA entering a cell is degraded, this increases the prob-
ability that all genomic cDNAs will remain in a single cell.
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3. Increased likelihood of more essential protein-protein or protein-RNA interac-
tions required for virus recovery resulting from closer proximity of cDNAs.

1.3.6 Confirmation of the rescue genotypes/phenotypes

In order to be confident that the wild type virus produced after rescue is in fact a
rescued virus and not a stray contaminant, it is advisable to introduce silent mu-
tations into the viral genome at the development stage as we did with the first
bunyavirus rescue (Bridgen and Elliott, 1996). Clearly modified viruses contain-
ing non-silent mutations can be identified by sequence, protein profiles or other
phenotypic characteristic.

1.4 Difficulties in establishing a reverse
genetics system

Reverse genetics systems are not always the easiest to set up. Difficulties which
may be encountered fall into several categories:

(a) viral sequence;

(b) clone generation and stability;

(c) transfection and rescue;

(d) complex virus genome;

(e) inability of the virus to replicate in cell culture.

There are often problems with the sequence of the virus: is the published sequence
correct? Have the viral termini been sequenced fully? Does the sequence represent
the viral genome or have mutations been introduced as a result of viral attenuation
in cell culture or the development of viral quasispecies? Or even through errors
introduced during reverse transcription? Many rescues have been made harder by
incorrect published sequences. Section 3.3 describes the incorrect initial sequencing
of hepatitis C virus by omission of one non-coding region. It also goes on to describe
how the incredibly high sequence variation in this virus required cDNA clones to
be made using consensus sequences. Another example of a rescue made harder
by sequence issues is that for the arenavirus lymphocytic choriomeningitis virus
(LCMV). There often seem to be problems associated with an 8 nucleotide-long
sequence in the long (L) segment intergenic region, a region of stem loop structure
located between the two open reading frames in this segment. This region shows
sequence variability and also deletions in the stem loop region which could have
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come in either at the cloning stage or be inherent to the virus (Sanchez and de la
Torre, 2006).

These difficulties are now less common since the advent of effective long-range
and high fidelity PCR enzymes, which can be used to amplify the complete genome
of several viruses. These amplified genomes can then be sequenced to check for
any sequence variation, or several full length clones can made from different PCR
products and then tested to see which will yield rescued virus on transfection. Care
has to be taken at this stage, as errors here will make the final results meaningless. It
is essential to sequence the initial cDNA clone as well as the rescued virus in order
to ascertain that the rescued product has the same sequence.

Then there are difficulties in cloning the cDNA into bacteria. Many cDNAs can
be cloned successfully but there are others such as the genomic cDNAs of yellow
fever virus, coronaviruses and nairoviruses that seem to be toxic when expressed in
E. coli. For example, in 1989, Rice et al. rescued yellow fever virus from cDNA
but, due to the instability of the full-length cDNA clone and its toxicity in E. coli,
needed to do this by in vitro ligation and transcription followed by RNA trans-
fection (Rice et al., 1989). Another alphavirus cDNA, that of Japanese encephali-
tis virus, was stabilised by intron insertion (Yamshchikov et al., 2001). These au-
thors also summarise many different approaches used to circumvent cloning diffi-
culties in E. coli. The same group also reduced the enhancer of CMV to reduce
spurious transcription in E. coli to improve viral stability even further (Mishin
et al., 2001). For coronaviruses, three different approaches were used to circum-
vent the toxicity of the polymerase gene for the initial rescues: one group used
an in vitro ligation transcription strategy, no mean feat for a 29 kb virus, one
group made a vaccinia virus recombinant while a third used a bacterial artifi-
cial chromosome for expression (Almazan et al., 2000; Yount et al., 2000; Thiel
et al., 2001).

Among negative sense RNA viruses, nairovirus polymerase (L) genes cloned
into E. coli acquire spontaneous deletions or point mutations, or contain regions
that cannot be cloned (unpublished results). Only one nairovirus L gene has been
cloned, that of Crimean Congo haemorrhagic fever virus (CCHFV), and this was
not straightforward (Frias-Staheli et al., 2007; Bergeron 2010).

Difficulties in transfection and rescue can arise from a number of different
sources. Cells should be in good condition, ideally low passage, free from contam-
ination and sub-confluent for most cell lines. The quality of the DNA is generally
less of an issue; we obtained good results with pooled miniprep DNA! The ratio
of plasmids is crucial; for the first measles rescue 5 �g of the plasmid harbouring
the measles virus antigenomic DNA was mixed with only 1-100 ng of the plasmid
encoding the measles virus L polymerase mRNA (Radecke et al., 1995). These ra-
tios are usually determined at the minigenome stage. Non-templated nucleotides
derived from the promoter may or may not be crucial as some viruses can tolerate
additional 5′ nucleotides while others cannot. Use of helper viruses may interfere
with virus rescue through competition for cellular resources, through damage to
Golgi apparatus or other means.
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The double-stranded RNA viruses have been one of the last categories of virus
to be rescued largely because of their complex genome, with up to 12 segments
of RNA. The first group to rescue reovirus entirely from cDNA (Kobayashi et al.,
2007), estimated that viable virus was only made in 1:105–1:106 cells, though this
has now been improved upon (Kobayashi et al., 2010).

A final difficulty arises for those viruses which do not grow well in cell cul-
ture, for example C virus, since it is not too practical or ethical to conduct res-
cue experiments on chimpanzees! See Sections 3.4 and 3.7 for further details of
how this difficulty was overcome. Another group of viruses which does not repli-
cate well in cell culture is the Norovirus genus of the Caliciviridae family (Yunus
et al., 2010). For this reason most of the reverse genetics experiments have been
performed with murine norovirus, which does replicate well in cell culture, rather
than human norovirus (see Chapter 4.1).

1.5 Recent developments

Most of the virus rescue systems have been optimised and improved since the first
rescues. Some of these improvements are shown in Table 1.2. This is by no means
a comprehensive listing, but is meant to illustrate with examples many of the de-
velopments which have helped to improved the efficiencies of virus rescues over
the past decade or so. Further details of these systems can be found in the indicated
chapters of this volume.

1.6 Are there any boundaries for conducting
reverse genetics?

Now we have the potential to conduct reverse genetics experiments on nearly every
group of human and animal viruses, are there any constraints which can or should
limit what experiments are done? There are clearly scientific limitations to virus
rescue. One constraint is that lethal mutations or mutations that are so detrimental
that they are genetically unstable cannot easily be examined. For example, it is very
hard to rescue full-length clones with modified promoter sequences or mutations
in the active sites of the viral replicase/transcriptase. Another major constraint is
how viruses are packaged: many viruses with rigid capsids cannot contain genomes
above a certain size. Yet others, such as rhabdoviruses, which have elongated cap-
sids that can just be extended, can incorporate a substantial additional amount of
genetic material. This topic is touched on in several chapters in this volume, for
example, Section 10.2.5 for orthoreoviruses. In contrast, altering viral gene order
has become common, and plays a vital role in altering the level of expression of
viral and additional genes. The more we understand about the packaging signals
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Table 1.2 Examples of improvements to reverse genetic procedures.

Original rescue
Modified
procedure(s) Major improvements

Coronavirus
(Chapter 2)
Almazan et al.,
2000

Gonzalez et al.,
2002

1. Insertion of an intron into the toxic region of the
polymerase gene increased rescue efficiency via
the BAC system

Hepatitis C virus
(Chapter 3)
Multiple, see
Chapter 3.

Lohmann et al.,
2001

Kato et al., 2003
Blight et al., 2002

1. Re-engineering of viral cDNA to remove
hindering mutations

2. Use of cDNA from a fulminant virus
3. Modification of Huh cell lines to reduce

interferon signalling

Norovirus
(Chapter 4)
Chaudhry et al.,
2007

Yunus et al., 2010 1. Change from use of fowl pox T7 to in vitro
transcription and RNA capping using ScriptCap
post-transcriptional enzymatic capping system
followed by electroporation increased yield 10
fold

Rabies virus
(Chapter 5)
Schnell et al.,
1994

Ghanem et al.,
2012

1. Substitution of the “core” 3′ HDV ribozyme by
one with enhanced cleavage activity resulted in c.
10-fold more rescue events and faster initiation of
an infectious cycle

2. Use of hammerhead ribozyme to generate an
exact 5′-end

3. Replacing both 5′ and 3′ ribozymes increased
rescue efficency c. 100 fold

Measles virus
(Chapter 6)
Radecke et al.,
1995

Schneider et al.,
1997

1. Switched from plasmid derived T7 to vaccinia
virus MVA-T7

Bunyamwera
virus (Chapter
7)
Bridgen and
Elliott, 1996

Lowen et al., 2004 1. Switched from vaccinia T7 to BSR-T7 cell line as
source of T7: much less toxicity and no need to
passage through mosquito cells

2. Reduction of plasmids from 6 to 3 ie removal of
protein expression plasmids

Influenza A virus
(Chapter 8)
Neumann et al.,
1999

Hoffmann et al.,
2000

Neumann et al.,
2005

1. Reduction in plasmid number from 12-17 to 8
2. Further reduction in plasmid number from 8 then

1 (though 3-4 work better)

Reovirus
(Chapters 9, 10)
Kobayashi et al.,
2007

Kobayashi et al.,
2010

1. Constructs combined on plasmids so reduction in
plasmid number from 10 to 4

2. Switched from vaccinia T7 (rDIs-T7pol) to
BSR-T7 cell lines as source of T7
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for specific segments in segmented viruses, the more we can know what the op-
tions are for adding or removing specific segments, which is discussed further in
Section 12.12.

A more contentious issue is which viruses should be rescued. A few years ago
there was much debate on the advisability of regenerating the 1918 H1N1 influenza
A virus from patient samples (see Section 12.3). Currently, the main issue under dis-
cussion is the generation of avian H5N1 influenza A virus with enhanced transmis-
sibility between mammalian species: two groups have made mutant viruses which
pass easily between ferrets. Staggeringly, the U.S. National Science Advisory Board
for Biosecurity (NSABB) has recommended that this research be redacted in order
to avoid misuse of the information (Faden and Karron, 2012). In addition, the sci-
entists themselves have agreed to a 60-day moratorium on using these pathogenic
viruses until international agreement is reached about the wisdom and extent of this
research (Fouchier et al., 2012).

The above provides two specific examples of ways in which viruses could pos-
sess altered tropism or pathogenicity. In general, alteration of the viral glycoprotein
gene is likely to alter the viral tropism; care should therefore be taken particularly
if any replacement glycoprotein has a likely wider tropism than the original. These
experiments should always be subject to local genetic manipulation rules and appro-
priate levels of containment used. This is particularly the case for any virus which
is a potential bioterrorism weapon. Several viruses which can now be generated by
reverse genetic means, or are likely to be shortly, are on the CDC list of bioterror-
ism agents. In fact their very pathogenicity drives research into them. For example,
haemorrhagic fever viruses such as Rift Valley fever virus (RVFV), Ebola, Mar-
burg and the arenaviruses Lassa fever virus and Machupo viruses are category A
bioterrorism weapons. Viral encephalitis-causing viruses such as the alphaviruses
Venezuelan equine encephalitis, Eastern and Western equine encephalitis viruses
are class B weapons, while the paramyxovirus Nipah virus and hantaviruses are
class C weapons (http://www.bt.cdc.gov/agent/agentlist-category.asp#a, accessed
13 Dec. 2011). For the majority of viruses, they are already present in lab-
oratories and in the wild, so experimentation just makes them more available
to a wider range of people. However, the examples cited in the previous para-
graph are viruses which were generated in the laboratory, leading to the potential
for misuse.

Reverse genetics is thus an area which impinges on ethics and requires wis-
dom in its usage. Bhutkar (2005) comments that synthetic biology in general raises
issues of ethics, regulation and patentability and this is clearly relevant to virus
reverse genetics.
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Coronavirus reverse genetics
Maria Armesto, Kirsten Bentley, Erica Bickerton,
Sarah Keep and Paul Britton
Avian Viral Diseases, Institute for Animal Health, Compton Laboratory,
Newbury, Berkshire

2.1 The Coronavirinae

The Coronaviridae form part of the order Nidovirales, which comprises two sub-
families, the Coronavirinae and Torovirinae. There are three genera of coron-
aviruses, alpha-, beta- and gammacoronaviruses (Carstens, 2010), which were so
named for their visual resemblance to the corona of the sun in negatively stained
preparations (Figure 2.1) (Tyrrell et al., 1968). Representative members of each
of the coronavirus genera are shown in Table 2.1. Possibly the most publicised
coronavirus of recent years has been the human coronavirus SARS-CoV, which
emerged in China in 2002 causing the severe acute respiratory syndrome epidemic
(Drosten et al., 2003; Ksiazek et al., 2003; Marra et al., 2003; Rota et al., 2003).
Coronaviruses have, however, been isolated from many vertebrates and cause sev-
eral economically important diseases in livestock species, including pigs, cows and
chickens, and domestic species, such as dogs and cats.

Coronaviruses are enveloped viruses with a single-stranded positive-sense RNA
genome of 26–32kb, the largest genomes of all RNA viruses currently known, that
replicate in the cytoplasm of infected cells. The genome associates with the nucle-
oprotein (N), forming a helical nucleocapsid within the virus particles. Although
common among negative-sense RNA viruses, coronaviruses are the only positive-
sense RNA viruses to possess helical nucleocapsids, which are enclosed within lipid
envelopes containing the spike (S) glycoprotein, membrane (M) protein and en-
velope (E) protein (Figure 2.1). For general reviews, see (Siddell, 1995; Lai and
Cavanagh, 1997; Enjuanes, 2005; Siddell et al., 2005; Enjuanes et al., 2006; Gor-
balenya et al., 2006; Masters, 2006; Thiel, 2007; Britton and Cavanagh, 2008; Perl-
man et al., 2008; Norkin, 2010).

Reverse Genetics of RNA Viruses: Applications and Perspectives, First Edition. Edited by Anne Bridgen.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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Figure 2.1 Coronavirus structure and electron micrograph of Coronavirus particles. All coron-
avirus particles contain three membrane proteins, the S glycoprotein, the M and the E proteins,
which are embedded in the lipid membrane. The virus particle also contains the N protein, which
interacts with the RNA genome to form a helical nucleocapsid. The large size of the S glycopro-
tein gives the coronavirus particle the distinctive corona.
Source: Micrograph obtained from the CDC Public Health Image Library, ID number 4814.

2.2 Infectious bronchitis

The avian coronavirus infectious bronchitis virus (IBV) is the aetiological agent of
the disease infectious bronchitis (IB) that affects poultry. IBV replicates primarily in
the respiratory tract, causing the highly contagious respiratory disease IB in chick-
ens characterised by nasal discharge, snicking, tracheal ciliostasis and rales (Britton
and Cavanagh, 2007). Replication also occurs in other epithelial surfaces including
enteric surfaces, oviducts and kidneys (Ambali and Jones, 1990; Cavanagh, 2005;
Cavanagh and Gelb, 2008; Jones, 2010). Following an IBV infection, egg produc-
tion and quality are impaired in layers, and weight gain in broilers is reduced (Cook
and Mockett, 1995). Infected birds are predisposed to secondary bacterial infections
such as colibacillosis and mortality in young chicks is not uncommon. Faecal ex-
cretion of the virus is a consequence of replication in the intestinal tract; however,
this does not normally result in clinical disease.

Infectious bronchitis was first described in the US in the 1930s (Schalk and
Hawn, 1931; Beach and Schalm, 1936; Beaudette and Hudson, 1937) and is preva-
lent in poultry farming across the world due to the intensive nature of poultry pro-
duction, estimated to involve the global production of 55 billion chickens (50 billion
broilers and 5 billion layers) on an annual basis. In a report, commissioned by De-
fra in 2005 (Defra, 2005), IBV was indicated as a major cause of ill health among
chickens and was implicated as being responsible for more economic loss in the UK
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Table 2.1 Coronavirus genera and species.

Genus Species

alphacoronavirus Canine coronavirus (CCoV)
Feline coronavirus (FCoV)
Feline infectious peritonitis virus (FIPV)
Human coronavirus 229E (HCoV-229E)
Porcine epidemic diarrhoea virus (PEDV)
Porcine transmissible gastroenteritis virus (TGEV)

betacoronavirus Bovine coronavirus (BCoV)
Human coronavirus HKU1 (HCoV-HKU1)
Human coronavirus OC43 (HCoV-OC43)
Human enteric coronavirus (HECoV)
Murine hepatitis virus (MHV)
Porcine haemagglutinating encephalomyelitis virus (HEV)
Rat coronavirus (RtCoV)
Severe acute respiratory syndrome coronavirus (SARS-CoV)

gammacoronavirus IBV-like avian Infectious bronchitis virus (IBV)
Turkey coronavirus (TCoV)
Pheasant coronavirus (PhCoV)

Non-IBV-like avian Munia coronavirus (MunCoV)
Bulbul coronavirus (BuCoV)
Thrush coronavirus (ThCoV)

Mammalian Beluga whale coronavirus SW1 (BeCoV)
Asian leopard cat coronavirus

Others∗ Goose coronavirus
Pigeon coronavirus
Duck coronavirus

Note: ∗The derivation of these species of gammacoronavirus has yet to be determined, according to the
International Committee on Taxonomy of Viruses, Index of Viruses (Coronaviridae, 2008).

poultry industry than any other disease (Bennett, 2003; Bennett and Jpelaar, 2005);
IBV was estimated to cost the UK economy nearly £19 million per year, mainly due
to loss of egg production, with serious implications for animal welfare. The cost of
control through vaccination is approximately £5 million per year in the UK.

2.3 Coronavirus genome organisation

The genomic RNA has a 5′ m7GpppN-cap and a 3′ poly(A) tail with untranslated
regions (UTRs) at the 5′ and the 3′ ends that have been shown to be involved in
replication and translation (Senanayake and Brian, 1999), reviewed in (Brian and
Baric, 2005; Van den Born and Snijder, 2008). The same general genome organ-
isation is shared within the genus: 5′ UTR – replicase gene – structural protein
genes – UTR 3′ (Figure 2.2). The 3′-end of the genome (∼8kb) encodes the struc-
tural protein genes in the order S – E – M – N, with some betacoronaviruses also
producing an haemagglutinin esterase (HE) protein, the gene of which is situated
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Figure 2.2 Comparison of the coronavirus genomic organisations of viruses belonging to the
three genera. The replicase gene is comprised of ORFs 1a and 1b, which are located distal to the
5′ UTR and the leader sequence found at the 5′ end of the genome. ORFs 1a and 1b encode the
proteins associated with RNA replication and are translated as two polyproteins, pp1a and pp1ab
via a -1 ribosome frameshift site (RFS) between the two ORFs. The structural protein genes S,
E, M and N, are located proximal to the 3′ UTR. Some betacoronaviruses, such as MHV, also
encode an extra membrane associated structural protein, the HE protein, found 5′ of the S gene.
Interspersed between the structural protein genes are the accessory genes encoding non-structural
proteins, which are not essential for replication in vitro. TGEV encodes three accessory proteins,
3a, 3b and 7. MHV also encodes three accessory proteins, 2, 4 and 5a. SARS-CoV encodes seven
accessory proteins, 3a, 3b, 6, 7a, 7b, 8a and 8b. IBV encodes four accessory proteins, 3a, 3b, 5a
and 5b. Although genes encoding accessory proteins have the same location within the genome of
a coronavirus, for example, 3a and 3b in TGEV, SARS-CoV and IBV, they are not homologous.

upstream of the S gene. The replicase gene (gene 1) encompasses the 5′ most two-
thirds of the entire genome and consists of two large open reading frames, ORF1a
and 1b (Boursnell et al., 1987), reviewed in (Britton and Cavanagh, 2008; Ziebuhr,
2008). ORFs 1a and 1b overlap and the 1b sequence is translated as a result of a
-1 frameshift mechanism (Brierley et al., 1987), the signal for which, consisting of
a pseudoknot structure and a slippery sequence, lies in the overlapping region be-
tween ORF1a and 1b. In addition to the replicase gene and structural protein genes,
coronavirus genomes also have several polycistronic genes encoding non-structural
or accessory proteins, often referred to as group-specific genes. For example, IBV
encodes four accessory proteins, 3a, 3b, 5a and 5b encoded by two polycistronic
genes, 3 and 5 (Figure 2.2), the functions of which are as yet unknown.

2.4 The coronavirus replication cycle

The coronavirus replication cycle occurs in the cell cytoplasm as outlined in
Figure 2.3, in which the S glycoprotein mediates attachment to host cell receptors
and fusion of the virion membrane to the host cell membrane (Koch et al., 1990;
Luo and Weiss, 1998). Binding of the S glycoprotein, via the receptor binding do-
main on the S1 subunit, to the host cell receptor induces conformational changes in
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Figure 2.3 The replication cycle of a coronavirus following infection of a susceptible cell. The
virus particle attaches to the host cell receptor and fuses with the cell membrane via the S gly-
coprotein. Genomic RNA is released and acts as a mRNA for the translation of the replicase
proteins. Virus-encoded proteinases proteolytically cleave the replicase polyproteins generating
15–16 products, which assemble into replication-transcription complexes (RTCs) associated with
virus-induced double membrane vesicles (DMVs). Sub-genomic mRNAs are produced from the
genomic RNA for the expression of the structural and accessory proteins at the rough ER. The
membrane associated structural proteins assemble into virus particles at the ERGIC. The N pro-
tein associates with the genomic RNA to form the nucleocapsid and is incorporated into virions
at the ERGIC. Virus particles bud off from the Golgi apparatus and exit the cell by exocytosis.

the S glycoprotein (Zelus et al., 2003; Tripet et al., 2004; Guo et al., 2009; Shulla
and Gallagher, 2009), leading to virus–cell fusion and release of the nucleocapsid
into the cytoplasm. Some coronaviruses such as SARS-CoV (Inoue et al., 2007)
and MHV (Eifart et al., 2007) have been shown to utilise the clathrin-dependent
endocytosis pathway for entry before being transported to early endosomes. Con-
formational changes in the S glycoprotein leading to virus–cell fusion may be pH-
dependent, as in the cases of IBV (Chu et al., 2006) and SARS-CoV (Yang et al.,
2004), or may be activated by proteases, as in the cases of HCoV-229E (Kawase
et al., 2009) and SARS-CoV (Simmons et al., 2005; Matsuyama et al., 2010).
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Following virus entry and uncoating, gene 1 of genomic RNA is directly trans-
lated into the two large replicase polyproteins, pp1a and pp1ab. Both polyproteins
are proteolytically cleaved by two or three virus-encoded proteinases (Ziebuhr et al.,
2000; Ziebuhr, 2008) and form replication-transcription complexes (RTC) on virus-
induced double membrane vesicles (DMVs); autoproteolytic processing of pp1a
and pp1ab polyproteins produces the 15 (IBV) or 16 (other coronaviruses) replicase
non-structural proteins (nsp). The RTCs are then responsible for the replication and
transcription of genomic and subgenomic mRNAs.

A model for coronavirus transcription and subsequent translation (Figure 2.4) has
been described by Sawicki and Sawicki (Sawicki and Sawicki, 1995, 1998, 2005;
Sawicki et al., 2007), reviewed in (Pasternak et al., 2006; Van den Born and Sni-
jder, 2008). Minus strand RNA templates are synthesised from the genomic RNA;
genome-length RNA copies are then produced by continuous transcription whereas
subgenome-length RNAs are produced by a discontinuous transcription mecha-
nism. A transcription regulation sequence (TRS), CTTAACAA for IBV, found up-
stream of each gene on the genomic RNA and at the leader junction site at the
5′ end of the genome is responsible for the generation of coronavirus subgenomic
mRNAs. The generation of coronavirus subgenomic mRNAs starts with the syn-
thesis of a negative-strand copy that initiates from the 3′ end of the genomic RNA
and continues until a TRS is reached on the genomic RNA. The RTC either pauses
and then continues on to the next TRS or translocates to the TRS comprising the
leader junction sequence at the 5′ end of the genome and results in the discontin-
uous addition of a negative-sense copy of the leader RNA sequence at the 3′ end.
The overall process results in a series of negative-sense copies of the sub-genomic
RNAs with an anti-leader sequence at the 3′ end. The negative sense genome-length
and sub-genomic RNAs are used as templates for synthesis of genomic RNA and
a nested set of sub-genomic mRNAs, in which each mRNA has the same 3′ termi-
nus and short 5′ leader sequence, identical to the 5′ end of the genome (Lai et al.,
1983). Most sub-genomic mRNAs are structurally polycistronic but functionally
monocistronic in which only the ORF at the 5′ end is translated by a cap-dependent
mechanism. However, some subgenomic mRNAs are functionally bi- or tricistronic
and are subsequently translated via a leaky-scanning mechanism or by internal ri-
bosome entry (Liu and Inglis, 1991, 1992; Le et al., 1994). Newly synthesised viral
RNA is found associated with convoluted membranes and DMVs (Gosert et al.,
2002), reviewed in (Baker and Denison, 2008), that are thought to originate from
the endoplasmic reticulum (ER) (Knoops et al., 2008), although autophagy may
also be involved (Prentice et al., 2004). These membranes may serve to protect viral
RNA from degradation or provide an optimal environment for viral RNA synthesis
(van Hemert et al., 2008).

The nucleocapsid associates with the M protein (Sturman et al., 1980) and
structural proteins assemble at the ER-Golgi intermediate compartment (ERGIC)
(Klumperman et al., 1994). Complete virus particles bud off from the Golgi appa-
ratus and exit the cell by exocytosis (Tooze et al., 1987).
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Figure 2.4 Coronavirus replication and transcription. Coronavirus-derived replicase proteins
within the RTCs recognise cis-acting elements at the 5′ and 3′ ends of the genomic RNA and
copy the genome into either a genome-length negative-strand template or generate sub-genomic
negative-strand templates by a discontinuous process. Negative strands are shown in light grey and
are used as templates for genomic and sub-genomic mRNA synthesis, generating a 3′-coterminal
nested set of sub-genomic mRNAs. Anti-leader sequences are also shown in light grey. The RTCs
age, releasing the minus strand templates for degradation.
Source: Adapted from (Sawicki et al., 2007).

2.5 Development of reverse genetics system
for coronaviruses including IBV

Coronaviruses have a single-stranded, non-segmented positive sense RNA genome,
requiring the generation of a cDNA that can function as a template for the gener-
ation of infectious RNA. The initial stage for a coronavirus-based reverse genetics
system involves conversion of the RNA genome into an authentic cDNA that can be
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manipulated using standard DNA technologies or utilising homologous recombina-
tion. The final stage of the process requires the generation of an infectious RNA
from the modified cDNA utilising a DNA-dependent RNA polymerase. Viruses, in-
cluding coronaviruses, with a positive-sense single-stranded RNA genome have the
advantage that the infectious RNA derived from a cDNA copy, like the genomic
RNA, can be recognised by a host cell’s transcriptional machinery as an mRNA, re-
sulting in the synthesis of the protein(s) required for replication of the RNA genome,
in the case of coronaviruses, this involves 15–16 distinct proteins. Historically, the
development of the first reverse genetics system for a single-stranded RNA virus
recovered from a cDNA was for the bacteriophage Q� (4.5kb) (Taniguchi et al.,
1978). This early success was followed by the recovery of viruses from cDNAs
generated from RNA viruses with increasing size as outlined by (Racaniello and
Baltimore, 1981; Rice et al., 1987; Liljestrom et al., 1991).

The first reverse genetics system for coronaviruses was developed during the
1990s using targeted RNA recombination rather than recovery of a virus from a full-
length cDNA of the virus genome, reviewed in (Masters, 1999; Masters and Rottier,
2005). This technology allowed the modification of a coronavirus genome utilising
a recombination event between either a non-replicating or replicating RNA, gener-
ated from a modifiable cDNA, introduced into the same cell as the replicating coron-
avirus genome and a selective marker to differentiate recombinant viruses. Targeted
RNA recombination was devised as a method of modifying a coronavirus genome
as it was unclear at that time whether the construction of a full-length cDNA and
subsequent generation of an infectious RNA were possible for an RNA virus with
such a large genome size. The method was originally based on a temperature sen-
sitive (ts) lesion within the N protein gene of MHV (Koetzner et al., 1992) and
later utilised selection via retargeting a recombinant coronavirus, by the use of het-
erologous S glycoprotein, to different cell types (Kuo et al., 2000). For example,
modifications were made to MHV by producing a virus, fMHV, which expressed
the ectodomain of the S glycoprotein from FIPV allowing for selection on feline
cells, modifications were made to the MHV genome with concomitant replacement
of the FIPV S glycoprotein with the MHV S glycoprotein allowing selection of
the recombinant MHV (rMHV) on murine cells (Kuo et al., 2000). The technology
is still a useful tool for specifically modifying some coronavirus genomes; how-
ever, the main disadvantage is that it is difficult to modify the replicase region of
the genome.

Following the use of targeted recombination to modify a coronavirus genome,
cDNAs capable of generating infectious RNAs were being produced for increas-
ingly larger RNA genomes ranging from 15 kb (arteriviruses) (van Dinten et al.,
1997) to 20 kb (citrus tristeza virus of the genus Closterovirus) (Satyanarayana
et al., 2001). However, despite these successes, it was found that the size of the
RNA virus genome was not the main constraint on generating a successful reverse
genetics system. The instability of some virus-derived cDNAs in bacteria was iden-
tified as a problem that required ingenious strategies for the assembly of full-length
cDNAs for generating infectious RNAs. For example, in vitro ligation, without
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assembly of the full-length cDNA in bacteria, was used to develop an infectious
clone system for yellow fever virus (Rice et al., 1989); construction of full-length
cDNAs in yeast (Polo et al., 1997), or the introduction of short introns to allow
propagation of cDNAs in Escherichia coli (E. coli) (Yamshchikov et al., 2001)
have proven successful strategies for the generation of full-length, stable genomic
cDNAs of dengue and Japanese encephalitis viruses.

Several groups, including our own, discovered that certain regions of the coron-
avirus replicase gene proved to be highly unstable in E. coli, therefore preventing
the assembly of a full-length coronavirus-derived cDNA. The breakthrough in the
development of the first coronavirus reverse genetics system based on a full-length
cDNA for generating infectious RNA was reported in 2000 for the porcine coron-
avirus TGEV (Almazán et al., 2000), reviewed in (Enjuanes et al., 2005; Deming
and Baric, 2008). The TGEV full-length cDNA was assembled in a bacterial arti-
ficial chromosome (BAC), immediately downstream of a cytomegalovirus (CMV)
RNA polymerase II promoter for subsequent generation of infectious RNA. The
BAC system was chosen due to the presence of only a single copy per bacterial cell
and because it allowed the introduction of the unstable region as a final step. Con-
struction of the TGEV cDNA was initiated from a cDNA representing a defective
RNA (D-RNA) that could be rescued by helper TGEV, thus indicating that all the
RNA sequences required for replication were present on the D-RNA (Izeta et al.,
1999). The authors then sequentially introduced the TGEV sequence absent from
the D-RNA to create a full-length cDNA. During this process a sequence, corre-
sponding to part of the replicase sequence, was found to be unstable in E. coli to
such an extent that an intact cDNA could not be maintained in the bacteria. The
Enjuanes group successfully produced the TGEV cDNA by initially generating a
cDNA lacking the sequence that gave rise to instability in E. coli, under the control
of the CMV promoter in a BAC. The unstable sequence was introduced into the
cDNA as a final cloning step, resulting in a relatively stable full-length cDNA that
could be amplified in E. coli. Transfection of the TGEV-BAC construct into suscep-
tible cells resulted in the synthesis of infectious RNA in the nucleus by cellular RNA
polymerase II and subsequent amplification in the cytoplasm by virus-encoded
enzymes for the recovery of infectious recombinant virus, reviewed in (Enjuanes
et al., 2005).

A second reverse genetics system was reported for TGEV involving the in vitro
assembly of a full-length cDNA using a series of contiguous cDNAs containing en-
gineered unique restriction sites, dispensing with the requirement for E. coli (Yount
et al., 2000). Infectious RNA was produced in vitro using bacteriophage T7-RNA
polymerase, utilising a T7-RNA polymerase promoter immediately upstream of the
5′ end of the TGEV cDNA, and electroporated into susceptible cells for the rescue
of infectious virus. The authors found that this system required TGEV N protein for
the recovery of infectious virus.

A third coronavirus reverse genetics system utilising vaccinia virus (VV) as the
vector for the full-length cDNA was reported for the recovery of HCoV 229E (Thiel
et al., 2001) and the avian coronavirus IBV (Casais et al., 2001). In both systems,
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Figure 2.5 Schematic diagram of the IBV Beau-R full-length cDNA inserted into the vaccinia
virus TK gene. The IBV cDNA, representing a full-length copy of the IBV Beau-R genomic RNA
(Casais et al., 2001), is shown inserted within a NotI restriction site within the TK gene of VV
vNotI/tk (Merchlinsky and Moss, 1992). The IBV cDNA is shown in a 3′–5′ direction as the
VV DNA is in the 5′–3′ orientation. The IBV genes are indicated as are the positions of the T7
promoter, the H�R and T7 termination sequences in relation to the IBV cDNA.

sequential cDNA fragments corresponding to the two genomes were generated and
systematically ligated together in vitro before direct cloning into the genome of VV
vNotI/tk, via a NotI site introduced into the thymidine kinase (TK) gene of vNotI/tk
(Merchlinsky and Moss, 1992). This resulted in a full-length cDNA under the con-
trol of a T7 RNA polymerase promoter with a hepatitis � ribozyme (H�R) placed
downstream of the coronavirus poly(A) tail followed by a T7 termination sequence
(Figure 2.5), reviewed in (Thiel and Siddell, 2005). Infectious RNA can be gen-
erated in vitro from VV templates using T7 RNA polymerase and transfected into
permissive cells for the recovery of infectious virus (Thiel et al., 2001). Alterna-
tively, infectious RNA can be generated in situ in which VV DNA is transfected
into cells infected with a recombinant fowlpox virus, rFPV-T7 expressing T7 RNA
polymerase (Britton et al., 1996), for the recovery of infectious virus (Casais et al.,
2001). We found that the IBV N protein is an absolute requirement for the recovery
of IBV using primary chick kidney (CK) cells. The requirement of an N protein for
the recovery of other coronaviruses is not an absolute requirement, however, recov-
ery is significantly enhanced by the presence of the appropriate N protein (Yount
et al., 2000; Yount et al., 2002; Yount et al., 2003; Almazan et al., 2004; Schelle
et al., 2005; Schelle et al., 2006; Coley et al., 2005). A possible explanation for
this observed enhancement comes from some recent studies in which an interaction
between the MHV nsp3 replicase protein and the N protein was found to be critical
for replication (Hurst et al., 2010).

Reverse genetics systems for several coronaviruses, belonging to all three genera,
have been developed and successfully used to recover infectious viruses (Table 2.2).
We will, therefore, describe in more detail how we have used our IBV reverse ge-
netics system, as an example, to modify a coronavirus genome. The use of VV as
a vector for a full-length coronavirus cDNA offers a highly stable system for pro-
ducing and maintaining an authentic cDNA, dispensing with the need for repeated
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Table 2.2 Reverse genetics systems for the recovery of infectious coronaviruses.

Virus Genus System Reference

TGEV alphacoronavirus BAC Almazán et al., 2000
TGEV alphacoronavirus In vitro ligation Yount et al., 2000
HCoV 229E alphacoronavirus Vaccinia virus Thiel et al., 2001
mFIPV alphacoronavirus Targeted recombination Haijema et al., 2003
FCoV alphacoronavirus Vaccinia virus Tekes et al., 2008
HCoV NL63 alphacoronavirus In vitro ligation Donaldson et al., 2008
MHV betacoronavirus Targeted recombination Koetzner et al., 1992
fMHV betacoronavirus Targeted recombination Kuo et al., 2000
MHV betacoronavirus In vitro ligation Yount et al., 2002
MHV betacoronavirus Vaccinia virus Coley et al., 2005
HCoV OC43 betacoronavirus BAC St-Jean et al., 2006
SARS-CoV betacoronavirus BAC Almazan et al., 2006
SARS-CoV betacoronavirus In vitro ligation Yount et al., 2003
Bat-SCoV

∗
betacoronavirus In vitro ligation Becker et al., 2008

IBV gammacoronavirus Vaccinia virus Casais et al., 2001
IBV gammacoronavirus In vitro ligation Youn et al., 2005,

Fang et al., 2007

Note: ∗Bat-SCoV = bat SARS-like coronavirus in which the sequence was synthesised from a consensus
Bat-SCoV genome where the Bat-SCoV S glycoprotein receptor binding domain (RBD) was replaced with
the SARS-CoV RBD for rescue of infectious recombinant virus in Vero cells (Becker et al., 2008).

cloning of cDNA fragments. A major advantage of the VV-based system is that the
coronavirus cDNA can be modified or replaced using homologous recombination;
the transient dominant selection (TDS) system that we use (Britton et al., 2005) is
described below. The resultant rIBVs, apart from the introduced modification, are
isogenic as they are derived from the same cDNA sequence.

2.6 Reverse genetics system for IBV

A complete cDNA copy of the IBV Beaudette genome was assembled and inserted
into the TK gene of VV (Casais et al., 2001). The IBV cDNA is under the control
of a T7 promoter and has a H�R sequence placed downstream of the coronavirus
poly(A) tail followed by a T7 termination sequence (Figure 2.5). IBV infectious
RNA is generated from the T7 promoter immediately adjacent to the 5′ end of
the IBV cDNA using T7 RNA polymerase and terminates at the T7 termination
sequence downstream of the H�R sequence, which autocleaves itself and the T7-
termination sequence at the end of the poly(A) sequence, resulting in an authentic
IBV genomic RNA copy.
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2.6.1 Transient dominant selection for modification
of the IBV genome

The VV-based TDS recombination method (Falkner and Moss, 1990) we use to
modify our IBV cDNA sequence (Britton et al., 2005; Armesto et al., 2008) is out-
lined in Figure 2.6. The TDS method for modifying sequences in VV and related
poxviruses involves the use of a plasmid containing a selective marker gene, E.
coli guanine phosphoribosyltransferase (GPT); (Mulligan and Berg, 1981; Falkner
and Moss, 1988), as well as the IBV sequence to be modified, the donor sequence.
A recombinant VV (rVV), containing either an IBV full-length cDNA or an IBV
cDNA, in which part of the IBV genome has been deleted, is used as a receiver
sequence for modification. As a result of a single-step homologous recombina-
tion event, between the donor IBV cDNA sequence in the GPT plasmid and the
IBV receiver sequence in the VV genome, the complete plasmid sequence is in-
serted into the genome of the receiver VV. Resultant rVVs express the selective
GPT protein and can be identified by plaque purification in the presence of se-
lection medium containing mycophenolic acid (MPA), xanthine and hypoxanthine.
MPA is an inhibitor of purine biosynthesis, therefore only those viruses carrying the
GPT gene (Figure 2.7), which provides an alternative pathway for purine biosyn-
thesis, are able to replicate in the presence of MPA and the alternative purine pre-
cursors xanthine and hypoxanthine (Falkner and Moss, 1988). Recombinant VVs
that are phenotypically GPT+ are then plaque purified in the absence of selection
medium. The removal of the selection agent results in a second recombination event
between repeat sequences in the VV genome causing the loss of the GPT gene
(Figure 2.6). This second recombination step results in two possible outcomes;
one event will result in the original (unmodified) IBV sequence and the other in
the generation of an IBV cDNA containing the desired modification (Figure 2.6).
Once the desired IBV cDNA sequence within the VV genome has been identi-
fied and confirmed, stocks of this virus are grown in BHK-21 cells for isolation of
VV DNA.

2.6.2 Rescue of recombinant IBVs

The rescue of infectious rIBVs is carried out in primary CK cells using the VV DNA
containing the modified IBV sequence and a helper rFPV-T7 (Britton et al., 1996)
to generate the infectious IBV RNA. The rFPV-T7 infected CK cells are transfected
with the VV DNA and a plasmid expressing the IBV N protein (Hiscox et al.,
2001), under the control of both the CMV promoter and the T7 RNA promoter. As
indicated in Section 2.6.1, we found that the presence of the IBV N protein with
the IBV infectious RNA is essential for recovery of infectious virus (Casais et al.,
2001). Cell supernatants are filtered to remove any rFPV-T7 (Evans et al., 2000)
and potential rIBVs are passaged three times in CK cells to produce stocks of virus
for sequence analysis to confirm the presence of the modified IBV sequence.
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Figure 2.6 Schematic diagram of the transient dominant selection process for modifying Beau-
R cDNA within a vaccinia virus genome. The figure shows the general TDS process for modifying
IBV cDNA using a GPT selection plasmid with the modified IBV donor sequence; in this case
the addition of IBV structural and accessory genes. The receiver IBV cDNA is within the VV
genome and in this example shows an IBV cDNA lacking sequence from the start of the S gene
to the end of the N gene. An intermediate rVV is generated, in which the complete donor plasmid
DNA sequence is integrated into the truncated IBV cDNA, by a single-step homologous recombi-
nation event via a replicase sequence common to both sequences. The rVV has a GPT+ phenotype
allowing selection in the presence of MPA. Removal of MPA can result in two types of sponta-
neous intramolecular recombination events due to the presence of tandem repeat sequences of the
IBV cDNA, resulting in either generation of rVVs with a truncated IBV cDNA (no modification)
similar to the receiver sequence or a complete full-length IBV cDNA, the desired end product.
Both recombination events result in the loss of the GPT gene. The IBV genes representing the
structural and accessory genes are shown; a potential recombination event is indicated between
the IBV replicase gene sequence common to both constructs.
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Figure 2.7 Schematic diagram showing the effect of MPA on purine metabolism. MPA in-
hibits the enzyme inosine monophosphate dehydrogenase, preventing the formation of xanthine
monophosphate required for the generation of guanosine monophosphate, a precursor for nucleic
acid biosynthesis, resulting in the intracellular depletion of purine nucleotides and inhibition of
cell growth. The inhibition of the de novo synthesis of the purines by MPA can be overcome by
alternative enzymes such as GPT, which is able to convert the substrates xanthine and hypoxan-
thine into guanosine monophosphate. Therefore, rVVs expressing GPT can grow in the presence
of MPA.

Primary CK cells are refractory for growth of most IBV isolates; therefore, rIBVs
expressing S glycoproteins from such isolates cannot be recovered using CK cells.
In order to recover such rIBVs, the supernatants from the transfected CK cells are
used to infect 10-day-old embryonated hen’s eggs. Allantoic fluid is collected and
any potential virus passed a further three times in 10-day-old embryos. RNA is ex-
tracted from the allantoic fluid of infected eggs and RT-PCR followed by sequencing
is used to confirm the identity of the rIBV.

2.7 Reverse genetics systems for the modification
of coronavirus genomes

This section describes how reverse genetics systems have been used to study the
molecular biology of coronaviruses with respect to interactions and functions of the
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replicase, structural and accessory proteins and to determine whether they play an
essential role in the coronavirus replication cycle.

2.7.1 Modifications to coronavirus structural genes

The coronavirus M glycoprotein

The most abundant coronavirus structural protein is the 25 kDa M glycopro-
tein, which spans the viral envelope three times (Godeke et al., 2000; Hogue and
Machamer, 2008). The first membrane-spanning domain targets the M protein to the
cis Golgi (Machamer et al., 1990) and has been shown to be sufficient for membrane
binding, retention in the Golgi and formation of multimers (Tseng et al., 2010). The
M protein has a short amino-terminal ectodomain and a large carboxy-terminal cy-
toplasmic domain that interacts with the E protein (Corse and Machamer, 2003) and
the nucleocapsid and is involved in assembly of virus particles (Narayanan et al.,
2003; Hogue and Machamer, 2008). Modification of the MHV M protein gene was
achieved using fMHV targeted RNA recombination to map the interactions of the
M and N proteins of MHV (Kuo and Masters, 2002). Interaction of the M protein
with the S glycoprotein retains the S glycoprotein in the ERGIC (McBride et al.,
2007) and a single amino acid residue in the SARS-CoV M protein has been iden-
tified as being necessary for interaction of the S and M proteins and assembly of
virions (McBride and Machamer, 2010). The alpha- and gammacoronaviruses have
M proteins glycosylated with N-linked sugars whereas betacoronaviruses such as
MHV have M proteins that are O-glycosylated. Targeted RNA recombination was
used to modify the MHV M protein so that it was either N-glycosylated or not gly-
cosylated (de Haan et al., 2003a). Glycosylation of the M protein is not required
for virus assembly, indicating that glycosylation of the M protein is involved in a
virus–host interaction. Infection of cells in culture showed that the glycosylation
status of the MHV M protein did not influence the growth kinetics of the viruses.
However, rMHVs with an N-glycosylated M protein induced type I interferon (IFN)
to a higher level when compared to viruses expressing M proteins either lacking gly-
cosylation or with O-linked sugars. In vivo studies showed that the rMHVs differed
in their ability to replicate in the livers but not in the brains of infected mice (de
Haan et al., 2003a).

The coronavirus N protein

The N protein is a 50 kDa phosphorylated, highly basic structural protein that forms
a helical nucleocapsid when bound to the coronavirus RNA genome within virus
particles (Hogue and Machamer, 2008). The carboxy-terminal domain interacts
with the M protein (Hurst et al., 2005) and is packaged into viral particles by the M
protein (Narayanan et al., 2003; Hogue and Machamer, 2008). Targeted RNA re-
combination using fMHV identified that the carboxy termini of the MHV N protein
was involved in the interaction of the M and N proteins (Kuo and Masters, 2002).
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The coronavirus E protein

The 10 kDa E protein is an integral membrane protein and a minor component of the
virus envelope containing a single hydrophobic domain flanked by two hydrophilic
domains. Two different topologies for the orientation of the E protein in the virus
membrane have been proposed with either one or two transmembrane (TM) do-
mains (Hogue and Machamer, 2008). Recent studies have shown that the SARS-
CoV E protein has a topological conformation indicative of a single TM domain
with the amino-terminus orientated towards the lumen of intracellular membranes
and the carboxy-terminus facing the cell cytoplasm (Nieto-Torres et al., 2011).
The cytoplasmic tail of the E protein contains Golgi targeting motifs (Corse and
Machamer, 2003). It is thought that interaction of the E and M proteins may cause
membrane curvature (Fischer et al., 1998), promoting budding of virus particles
indicating that the E protein plays a fundamental role in the generation of virus
particles (Lim and Liu, 2001). The E protein forms cation-selective ion channels
in the lipid envelope, enhancing membrane permeability (Wilson et al., 2004). A
rTGEV lacking the E gene has been shown to require helper E protein for recovery
of infectious TGEV, indicating that the E protein is essential for TGEV replication
(Ortego et al., 2002). In contrast, recovery of a rMHV with a deleted E gene showed
that the E protein is not essential for MHV replication (Kuo and Masters, 2003);
however, the rMHV grew less efficiently. The rMHV acquired variant M genes en-
coding M proteins with truncated endodomains, which enhanced virus growth and
were incorporated into virions, indicating a role for E in mediating interactions be-
tween TM domains of M monomers (Kuo and Masters, 2010). The MHV E gene
was replaced by heterologous E genes from other coronaviruses (Kuo et al., 2007).
Despite extensive sequence variability of the coronavirus E proteins and possible
structural differences, rMHVs expressing the BCoV, SARS-CoV or IBV E proteins
functioned as wild-type viruses, suggesting that the role of the E protein is not de-
pendent on sequence-specific interactions with an M protein. Substitution of the
MHV E protein with that of TGEV, however, required compensatory mutations.

The coronavirus S glycoprotein

The 180 kDa S glycoprotein is a type I membrane protein projecting 20 nm from the
virus surface (Figure 2.8) (Delmas and Laude, 1990; Cavanagh, 1995; Hogue and
Machamer, 2008) and is composed of two subunits; the amino-terminal S1 subunit
responsible for binding to host cell receptors (Koch et al., 1990) and the carboxyl-
terminal S2 subunit responsible for cell–cell and virus–cell fusion (Luo and Weiss,
1998). The cell tropism of coronaviruses has been shown to be determined by the S
glycoprotein (Kuo et al., 2000; Casais et al., 2003; Haijema et al., 2003).

Replacement of the MHV S glycoprotein ectodomain with that of FIPV resulted
in a recombinant virus, fMHV, with the tropism of FIPV rather than MHV (Kuo
et al., 2000). This virus has subsequently been used to select additional recombi-
nant viruses that have regained the ability to grow in murine cells, confirming that
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Figure 2.8 IBV S glycoprotein structure. The IBV S glycoprotein is a class I fusion membrane
protein comprising the amino-terminal S1 subunit and the carboxy-terminal S2 subunit. A signal
sequence (SS) located at the amino-terminal end of S1 is cleaved during synthesis; the IBV RBD
is located within the S1 sequence. The S2 subunit contains two heptad repeats (HR1 and HR2),
a TM domain and a cytoplasmic tail (Cyto). The IBV S glycoprotein is cleaved by host cell
proteases at a highly basic region between the S1 and S2 subunits.

cell tropism is determined by the S glycoprotein. This approach was also utilised
to create the reverse virus, mFIPV, with the S glycoprotein ectodomain of MHV
expressed by FIPV, which gained the ability to grow on murine cells and lost the
ability to grow on feline cells (Haijema et al., 2003). The FIPV reverse genetics sys-
tem based on mFIPV gave rise to potential live attenuated vaccines against FIPV
(Haijema et al., 2004).

We used our IBV reverse genetics system to investigate the role of the S glyco-
protein, the tropism and growth characteristics of different IBV strains and to de-
velop potential vaccines that can be propagated in cell lines rather than embryonated
chicken eggs. Casais et al. (Casais et al., 2003) showed that the cellular tropism of
IBV Beaudette is conferred by the S glycoprotein by replacing the ectodomain of
the Beaudette S glycoprotein with that of M41 within the background of Beau-R,
creating BeauR-M41(S). IBV Beaudette is not only able to replicate in primary CK
cells but is also able to replicate in Vero and BHK-21 cell lines, an African green
monkey kidney and baby hamster kidney cell line respectively; in contrast, the IBV
M41 strain is only able to replicate in primary CK cells. BeauR-M41(S) exhibited
the in vitro cellular tropism of M41, demonstrating that the S glycoprotein is a de-
terminant of host range in IBV. The rIBV did not replicate as well as M41 in the
trachea and nose of infected birds and was apathogenic like Beau-R (Hodgson et al.,
2004). However, chickens vaccinated with BeauR-M41(S) were protected against
M41 whereas vaccination with Beaudette did not induce protection (Hodgson
et al., 2004).



P1: OTA/XYZ P2: ABC
JWST211-c02 JWST211-Bridgen August 23, 2012 14:57 Printer Name: Yet to Come Trim: 244mm × 168mm

44 CH02 CORONAVIRUS REVERSE GENETICS

Further rIBVs were created in the background of Beaudette with different S
genes. Two recombinants, BeauR-4/91(S) and BeauR-B1648(S), express the S gly-
coprotein ectodomain from either the UK/4/91 strain or the BE/B1648/87 strain
respectively, which are pathogenic strains belonging to different IBV serogroups
to Beaudette and M41. As with BeauR-M41(S), the S gene of 4/91 did not confer
pathogenicity to BeauR-4/91(S) although the resultant virus had the tropism and
in vitro growth characteristics of the donor strain 4/91. Chickens vaccinated with
BeauR-4/91(S) were protected from challenge with 4/91 (Armesto et al., 2011).

The potential for random recombination events within the IBV S glycoprotein
was explored using the TDS system in which the S gene from the BE/B1648/87
nephropathogenic strain of IBV was recombined with the Beaudette S gene in
the full-length IBV cDNA (Izadkhasti, 2006). Random recombination events oc-
curred at different cross-over points between the two S genes. An rIBV possessing
an S gene with the HR1 domain from BE/B1648/87 and the HR2 domain from
Beaudette was recovered, whereas viruses containing chimaeric HR1 sequences
were not viable, indicating the importance of the HR1 domain in the functional-
ity of the spike. None of the resulting viruses were able to grow on CK or Vero
cells, as with BE/B1648/87, although all possessed similar growth characteristics
to the parental BE/B1648/87 in embryonated eggs. Viruses resulting from recom-
bination within the S gene were shown to be viable, supporting the theory that IBV
evolution is linked with recombination events (Cavanagh et al., 2007).

To investigate which subunit of the IBV S glycoprotein is involved in conferring
the ability of Beaudette to grow on Vero cells, two rIBVs with the genomic back-
ground of Beaudette with either the S1 or S2 subunit from M41 were generated;
BeauR-M41(S1) has the background of Beau-R with the S1 subunit from M41,
BeauR-M41(S2) has the S2 subunit from M41. Both rIBVs replicated to similar
titres as the parent viruses on CK cells. Growth of BeauR-M41(S2) on Vero cells
was poor like M41, in contrast, BeauR-M41(S1) was found to replicate on Vero
cells with similar growth kinetics as Beau-R albeit at a lower titre (Figure 2.9)
(Bickerton, 2010). However, after seven passages on Vero cells, BeauR-M41(S1)
replicated to a similar titre as observed for Beau-R (Figure 2.9). As the S1 subunit
is responsible for receptor binding, it was anticipated that this subunit would be
responsible for the ability of Beau-R to replicate in Vero and BHK-21 cells rather
than the S2 subunit, which is involved in virus-to-cell and cell-to-cell fusion.
The extended host range of a variant of MHV has previously been mapped to the
S1 subunit (Schickli et al., 2004). Surprisingly, we found that the ability of IBV
Beaudette to infect and replicate in Vero and BHK-21 cells was conferred by the
S2 subunit, not the S1 subunit (Bickerton, 2010) that contains the receptor binding
domain (RBD).

2.7.2 Modification of coronavirus accessory protein genes

All coronaviruses contain group-specific genes located in the 3′ end of the genome
interspersed among the structural protein genes. These group-specific genes vary in
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(a) (b)

Figure 2.9 Growth kinetics of rIBVs on Vero cells. Vero cells were infected with (a) Beau-R,
M41-CK, BeauR-M41(S), BeauR-M41(S1) and BeauR-M41(S2); and (b) Beau-R and BeauR-
M41(S1) P7-Vero. Supernatants were harvested at 1, 12, 24, 48, 72 and 96 hours post-infection
and titrated on CK cells. Three replicates of each growth curve were performed and the averages
taken. Error bars indicate standard error of the mean.

number and location between different coronaviruses and express proteins with po-
tentially diverse functions. Reverse genetics systems have enabled manipulation of
these genes to elucidate their role(s) in replication. IBV contains two group-specific
genes, 3 and 5, encoding accessory proteins 3a and 3b, and 5a and 5b, respectively
(Figure 2.2). By generating a series of rIBVs, Hodgson et al. (Hodgson et al., 2006)
were able to show that the 3a and 3b proteins were dispensable for replication of
IBV. Through mutation of the translation initiation codons of one or both proteins, it
was demonstrated that, despite the loss of expression of these proteins, the growth
kinetics of the viruses remained similar to that of wild-type parental virus when
grown in primary CK cells or 11-day-old embryonated eggs (Hodgson et al., 2006).
A similar approach was taken by Casais et al. (Casais et al., 2005) to investigate the
requirement of IBV gene 5. Recombinant IBVs were generated in which either the
5a or 5b, or both 5a and 5b, translation initiation codons were modified to prevent
expression of the proteins. Further recombinants were generated in which either the
first, or both, of the IBV Beaudette gene 5 TRSs were scrambled to prevent tran-
scription of the gene 5 subgenomic mRNA. As with gene 3, each of the recombinant
viruses showed growth kinetics similar to that of wild-type parental both in vitro in
CK cells, in ovo in 11-day-old embryonated eggs, and also ex vivo in tracheal organ
cultures (Casais et al., 2005). In an alternative approach Youn et al. (Youn et al.,
2005) also demonstrated that the IBV 5a protein was not essential for replication by
replacing the 5a sequence with that of enhanced green fluorescent protein (EGFP).
A rIBV that expressed EGFP instead of the 5a protein was successfully rescued
and grew on Vero cells, albeit to a 10-fold lower titre compared with the wild-type
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virus. These results indicate that the proteins from IBV genes 3 and 5 are not essen-
tial for replication in vitro but may have a role in vivo and are therefore classified as
accessory proteins.

MHV contains four group-specific genes, 2a and HE located between ORF 1b
and the S gene, 4 and 5a located between the S and E genes (Figure 2.2). Not all of
these genes are expressed in all strains of MHV. Targeted RNA recombination was
used to generate a series rMHVs with group-specific gene deletions to investigate
their requirements (de Haan et al., 2002). The rMHVs had either genes 2a and HE
or genes 4 and 5a deleted or all four genes deleted. In vitro characterisation of
the rMHVs showed they had similar growth kinetics to wild-type parental virus,
although deletion of genes 4 and 5a alone, or in combination with the deletion
of gene 2a and HE, resulted in approximately 10-fold lower titres than wild-type
virus or the gene 2a/HE deletion rMHV. However, inoculation of mice with each
of rMHVs identified that they were highly attenuated, concluding that the MHV
group-specific genes, although not essential in vitro, have a role to play in virulence
in vivo.

TGEV contains two group-specific genes, 3a/b and gene 7. Ortego et al. (Ortego
et al., 2003) investigated whether gene 7 is dispensable for TGEV replication. The
growth kinetics of the rTGEV, in which gene 7 had been deleted, were similar to
those shown by the parental virus, viral titres were also similar at 24 hours post-
infection indicating that TGEV gene 7 is not essential for replication in cell culture.
When used in vivo to infect piglets, the rTGEV showed approximately 100-fold
reduction in virus titres compared to parental virus with an increase in the survival
of piglets. This again highlights the potential role for the group-specific genes in
virus virulence within the natural host.

SARS-CoV encodes a large number of group-specific genes. As with other coro-
naviruses, these genes, 3a/b, 6, 7a/b, 8a/b, and 9b, are located among the structural
genes and the functions of most are still unknown. Yount et al. (Yount et al., 2005)
systematically deleted five of the eight group-specific genes and assessed the repli-
cation and gene expression of the resulting recombinants in vitro and in vivo in
mice. Deletion of the SARS-CoV group-specific genes individually, or in combina-
tion, resulted in little effect on the replication of the virus in vitro, supporting the
previous results that coronavirus group-specific genes are not essential for growth
in cell culture. Freundt et al. (Freundt et al., 2010) showed that the deletion of gene
3a resulted in a reduction of cell death at 48 hours post-infection when compared
to the wild-type virus. Gene 3a was also found to be necessary for the formation
of intracellular vesicles, a prominent feature of cells from SARS-CoV-infected pa-
tients, and fragmentation of the Golgi apparatus. Again this implies that the group-
specific proteins have a role to play in vivo that may be difficult to determine in cell
culture alone.

Although the group-specific genes are not conserved across the different coron-
aviruses, it seems clear that they are dispensable for replication in cell culture but
are often implicated in roles specific to the host, particularly with regards to viru-
lence and pathogenesis. This non-essential nature of these genes has led to research
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to investigate whether the deletion, or replacement, of these genes can result in
attenuated vaccines or in the use of coronaviruses as gene delivery systems.

2.7.3 Modification of the coronavirus replicase gene

The replicase gene is over 20kb in size and the availability of coronavirus reverse
genetics systems has allowed the modification of several replicase nsps to investi-
gate their role in the virus life cycle, in pathogenicity, host–virus interactions and to
identify sequence changes involved in attenuation.

Nsp1 of MHV and SARS-CoV has been implicated in reducing cellular gene ex-
pression as a result of mRNA degradation (Kamitani et al., 2006; Zust et al., 2007).
Deletion of the carboxy-terminal part of MHV nsp1, K124-L241, was found to be
dispensable for replication in cell culture but was required for efficient proteolytic
cleavage of nsp1 and for optimal replication (Brockway and Denison, 2005). Fur-
ther work showed that deletions proximal to residue K124 did not result in recovery
of infectious virus, although, point mutagenesis in the amino-terminal region did
result in infectious virus albeit with altered replication and RNA synthesis; indicat-
ing a potential role for nsp1 in RNA synthesis and virus replication. Zust et al. (Zust
et al., 2007) deleted nucleotides 829–927 from the carboxy-terminal region of the
MHV nsp1 and rescued a virus that had growth kinetics in cell culture that were
indistinguishable to those showed by parental wild-type virus. The resulting recom-
binant, MHV-nsp1� 99, was attenuated in vivo, however, replication and spread of
the rMHV were restored in type I IFN receptor-deficient (IFNAR) mice when com-
pared to wild-type mice; leading the authors to hypothesise that MHV nsp1 inter-
feres with the type I IFN system.

Deletion of nsp2 in both MHV and SARS-CoV resulted in the recovery of in-
fectious virus (Graham et al., 2005). The authors reported that RTCs in cells in-
fected with the MHV� nsp2 virus were morphologically identical to those infected
with wild-type parental virus, even though they lacked nsp2 protein; nsp2 co-
expressed using a retroviral system was recruited to the replication complexes in
the MHV� nsp2 infected cells. Overall the results showed that nsp2 is not required
for replication in cell culture.

The nsp3 replicase protein is the largest replicase component and a multi-
functional protein that encodes several enzymatically active domains, including
two papain-like proteases and ADP-ribose-1”-monophosphatase (ADRP; previ-
ously known as the coronavirus X domain). Generation of an ADRP-deficient
HCoV-229E virus showed that this conserved coronavirus enzyme is not required
for replication in cell culture with no detectable differences in RNA synthesis or
virus growth when compared to parental virus (Putics et al., 2005). A rMHV en-
coding an inactivated ADRP replicated, although with reduced titres, in the livers
of infected mice but did not induce liver disease (Eriksson et al., 2008). The authors
observed reduced IL-6 production in the spleens and livers of mice infected with the
ADRP-deficient MHV and postulated that ADRP exacerbates MHV-induced liver
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pathology through the induction of inflammatory cytokines. Recombinant HCoV-
229E and SARS-CoV viruses expressing inactivated ADRPs have been shown to
have an increased sensitivity to IFN-� when compared to the parental viruses in-
dicating that ADRP may play a role in virus escape from host innate immune re-
sponses induced by a coronavirus infection (Kuri et al., 2011).

The nsp4 replicase protein is a membrane protein, with four predicted TM-
spanning domains, involved in the assembly of RTCs on DMVs by anchoring the
RTC to the membranes (Gorbalenya et al., 1989). Various deletions of the TM do-
mains 1-3 from MHV nsp4 either did not result in recovery of infectious virus,
resulted in viruses that were impaired for growth or those that demonstrated wild-
type replication (Sparks et al., 2007). Indicating that nsp4 is required for MHV
replication and that TM domains 1–3 are essential but TM4 and the carboxy-
terminal amino acids K398-T492 are dispensable for replication. Amino acid substi-
tution N258T of MHV nsp4 resulted in a rMHV with a ts phenotype that caused a
reduction in DMV formation and partial localisation of nsp3 and nsp4 to mitochon-
dria at the non-permissive temperature, indicating a role of nsp4 in DMV assembly
(Clementz et al., 2008).

The nsp12-16 replicase proteins, encoded by the ORF1b region of gene 1, have
a variety of enzymatic activities associated with RNA synthesis and processing
(Ziebuhr, 2008); in which nsp12 has the RNA-dependent-RNA polymerase activ-
ity, nsp13 helicase activity, nsp14 3′-to-5′ exoribonuclease (ExoN) activity, nsp15
nidoviral endoribonuclease (NendoU) (this enzyme is unique to and conserved in
all nidoviruses) activity and nsp16 2′-O-ribose methyltransferase (MT) activity. A
SARS-CoV-based replicon system was used to show that the RNA-processing en-
zymes ExoN, NendoU and 2′-O-MT are essential for RNA synthesis (Almazan
et al., 2006). Inactivation of the 2′-O-MT domain in the MHV and HCoV-229E
nsp16 replicase proteins resulted in recovery of infectious recombinant viruses that
induced an increased expression of type I IFN in virus-infected cells and were
highly sensitive to type I IFN (Zust et al., 2011). The authors reported that induction
of type I IFN by the 2′-O-MT-deficient viruses was dependent on the cytoplasmic
RNA sensor Mda5. They proposed, due to the link between Mda5-mediated sens-
ing of viral RNA and 2′-O-methylation of viral mRNAs, that RNA modification by
2′-O-methylation provides a molecular signature allowing discrimination between
self and non-self mRNA in the context of innate immune responses by the cell.
Interestingly, the 2′-O-MT-deficient MHV was apathogenic in wild-type mice but
both replication and virus spread were restored in IFNAR mice or in mice lacking
Toll-like receptor 7 and Mda5 (Zust et al., 2011).

In order to study the pathogenicity determinants in IBV, the VV-based IBV re-
verse genetics system was used to replace the genes downstream of the replicase
gene in the apathogenic IBV strain Beaudette with those from the pathogenic strain
M41. A GPT plasmid containing the distal part of the Beau-R replicase gene fused
to the M41 sequence from the S gene to the poly(A) tail was used as a donor se-
quence. A Beau-R-based cDNA consisting of the complete replicase gene, followed
by part of the S gene fused to the N gene and 3′-UTR, was used as a receiver
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sequence (Armesto et al., 2009). The resultant chimaeric virus, rBeauR-Rep-M41-
Struct, was tested for pathogenicity in chickens. Observations of clinical signs, cil-
iary activity and analyses for viral RNA in the trachea of the infected chickens,
showed that rBeauR-Rep-M41-Struct was not pathogenic, suggesting that determi-
nants of pathogenicity reside in the replicase gene (Armesto et al., 2009). Therefore,
to determine which region or regions of the Beaudette replicase gene are involved
in loss of pathogenicity, the replicase gene of rBeauR-Rep-M41-Struct was sequen-
tially replaced with the replicase gene sequence from M41 using the TDS system.
Several rVVs, containing chimaeric Beau-R/M41 replicase sequences, were gener-
ated and viable rIBVs with the chimaeric replicase sequences are being used for
virus pathogenicity studies.

2.8 Using coronavirus reverse genetics systems
for gene delivery

The advent of reverse genetics systems for coronaviruses has also allowed the study
of their potential to act as vectors for the expression and delivery of foreign genes.
The large size of the genome means in principle the virus could accommodate large
inserts while the specific tropism afforded by the S glycoproteins means that vec-
tors could be targeted to the desired tissues. Due to the nature of coronavirus tran-
scription, provided a TRS signal is also included, foreign genes can in principle be
inserted into the coronavirus genome and expressed as a new sub-genomic mRNA.
The non-essential phenotype of the group-specific genes means that targeted re-
placement of these genes may offer an alternative to insertion in order to express a
foreign gene from TRS signals already available.

Although any of the coronavirus accessory genes could be replaced with a for-
eign gene, or new genes inserted at any point in the genome distal to gene 1, studies
carried out have shown that the stability of such recombinant viruses may depend on
a number of factors including the spatial position of the foreign gene and the virus
backbone, as well as the intrinsic properties of the genes themselves. These aspects
of stability were studied, using a combination of FIPV or MHV expressing the fire-
fly or Renilla luciferase genes (de Haan et al., 2003b; de Haan et al., 2005). Expres-
sion of a foreign gene in MHV was found to be greater the closer to the 3′ end of the
genome it was inserted (de Haan et al., 2003b) and that Renilla luciferase was main-
tained more stably than the firefly luciferase (de Haan et al., 2005). The stability of
the firefly gene was also dependent on genome position with higher instability seen
at more 3′ positions, indicating that not only the gene but the position in which it is
inserted can affect the stability of the resulting viruses. The virus background can
also make a difference; firefly luciferase expression was found to be more stable fol-
lowing replacement of gene 3abc in FIPV than when inserted between the E and M
genes of MHV (de Haan et al., 2005), indicating that replacement of non-essential
genes, rather than insertion between viral genes, may result in recombinants with
greater stability.
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IBV has been proposed as a vaccine vector to protect against IB and other vi-
ral infections of chickens based on the insertion of a foreign gene. We have in-
vestigated the possibility of such vectors through the generation of a number of
rIBVs expressing the reporter genes EGFP or Renilla luciferase using the Beau-R
molecular clone. Recombinants in which gene 5 has been replaced show stability
of expression to at least passage 8 in primary CK cells, and this is increased to at
least passage 10 if the foreign gene has been codon optimised to that of IBV (un-
published data). Shen et al. (Shen et al., 2009) also generated a number of rIBVs
expressing EGFP or firefly luciferase from their P65 Vero cell-adapted Beaudette
strain. The greatest genetic stability was identified following replacement of gene
3ab with firefly luciferase, which maintained high levels of expression up to pas-
sage 15. This supports previous work (de Haan et al., 2005) proposing that greater
stability was found with the replacement of non-essential genes. Shen et al. (Shen
et al., 2009) also demonstrated the ability of IBV to express a number of other viral
and host proteins including the SARS-CoV gene 6, the dengue virus 1 core protein
and the eukaryotic translation initiation factor eIF3f. All the genes were found to be
expressed although the dengue virus core protein was found to be the least stable,
only reaching passage 3 in Vero cells, reiterating the fact that the inserted gene itself
can have an effect on the stability of the virus.

An rTGEV in which EGFP replaced the non-essential gene 3a was found to be
highly stable; the virus continued to express similar levels of EGFP after 20 pas-
sages (Sola et al., 2003). When studied in vivo, in swine, the insertion of EGFP was
found to have an effect on the behaviour of the virus; growth in enteric tissues was
found to decrease 10 to 100-fold and the mean day of death observed in piglets was
delayed by 1 or 1.5 days. The study of such recombinants on their ability to induce
immunity is required in order to assess their usefulness as vaccine vectors. This
study addressed the issue by immunising pregnant sows with the recombinant virus
expressing EGFP and assessing TGEV- and EGFP-specific antibody levels in both
sows and progeny. Significant levels of both TGEV- and EGFP-specific antibodies
were found in the serum of piglets, demonstrating that this vector had elicited lac-
togenic immunity, thus establishing that vaccine vectors based on coronaviruses are
viable options as they are able to illicit immune responses in vivo.

In addition to utilising viruses as vectors for delivering foreign antigens for po-
tential vaccines, reverse genetics has also allowed the modification of viruses for
virotherapy, that is, a process in which viruses can be modified to target and destroy
cancer cells. The potential of coronaviruses to be utilised as virotherapy vectors
has been investigated. MHV has been retargeted to a non-native receptor through
the use of a soluble adapter protein to initiate an infection of cells normally non-
permissive for MHV (Verheije et al., 2006). The adapter protein consisted of the
N-terminal D1 domain of the MHV cellular receptor mCEACAM1a, which binds
the S glycoprotein of MHV. The mCEACAM1a D1 domain was linked to a six-
amino acid histidine (His) tag via three alanine residues and a myc tag. The His
tag binds to a sFvHis receptor expressed on target cells resulting in infection of
the target cell with MHV. Additional adapter proteins were designed with a hinge
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region that would facilitate dimerisation of the adapter protein mimicking the natu-
ral mCEACAM1a receptor. The mechanism of cell entry by MHV when mediated
by the adapter protein was shown to be via S-mediated membrane fusion as used by
MHV when naturally infecting murine cells.

Utilising knowledge previously gained from the deletion of the MHV group-
specific genes (de Haan et al., 2002), the adapter proteins were inserted into the
MHV genome replacing genes 2a and HE, resulting in the generation of an rMHV
that could express its own adapter protein for targeting, and therefore could be in-
dependently propagated on target cells. However, only viruses expressing adapter
proteins containing the hinge region were able to infect target cells expressing the
sFvHis receptor and establish a multi-cycle infection resulting in the killing of cells.
By generating a new adapter protein, coupling the mCEACAM1a receptor to the
epidermal growth factor (EGF) protein and inserting this into the MHV genome,
it was possible to target MHV to EGF receptor-expressing human cells (Verheije
et al., 2009). The EGF receptor is abundantly expressed on a majority of tumours
and it was shown that targeting MHV to glioblastoma cells expressing this receptor
resulted in efficient killing of the cancer cells. While further work is required in
this area, these studies demonstrate the potential for exploiting coronaviruses in the
treatment of cancers.
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Reverse genetic tools to study
hepatitis C virus
Alexander Ploss
Center for the Study of Hepatitis C, Laboratory of Virology and Infectious Diseases,
The Rockefeller University, New York

3.1 Introduction: hepatitis C

Infectious hepatitis was already recognised as a major emerging medical problem
in the 1950s (Ward et al., 1958). With the advent of reliable serological tests in the
mid-1970s, many clinical cases could be attributed to hepatitis A and B viruses,
however, a substantial fraction of cases remained of unknown cause, and were
termed Non-A, Non-B hepatitis (NANBH). It was demonstrated that the NANBH
agent is sensitive to organic solvents and could pass through 80 �m filters, suggest-
ing that it to be a small-enveloped virus. Despite substantial efforts it was not until
1989 that Michael Houghton and his team discovered hepatitis C virus (HCV) as
the major etiologic agent of NANBH (Choo et al., 1989). Development of diagnos-
tic assays and testing of patients and blood supplies highlighted the prevalence and
severity of HCV disease. Screening test of blood products drastically reduced the
frequency of new infections due to exposure to contaminated materials.

Nonetheless, HCV remains a major medical problem with at least 130 million
chronic carriers – approximately 2% of the world’s population. Today, HCV is pri-
marily transmitted by intravenous drug use and, in developing countries, unclean
medical practices remain a risk factor. Acute infection with HCV is usually clini-
cally asymptomatic. About 20–30% of exposed individuals will spontaneously clear
the infection, while the majority go on to develop persistent disease. Chronic hep-
atitis C results in progressive liver disease leading within 10–30 years to fibrosis,
cirrhosis and liver cancer. In fact, HCV is associated with more than half of the
newly diagnosed hepatocellular carcinomas in the United States (Alter et al., 1999;
Montalto et al., 2002) and is currently a leading cause of liver transplants world-
wide (Brown Jr., 2005). Disease progression is accelerated in those individuals who
are co-infected with human immuno-deficiency virus (HIV) or alcoholics.
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Development of an HCV vaccine has been complicated by the genetic and anti-
genic diversity of the virus: seven genotypes, differing by 30–35% at the nucleotide
level, as well as multiple subtypes are recognised. Treatment options for HCV pa-
tients are also limited. The current standard of care, consisting of pegylated inter-
feron (IFN) alpha, ribavirin and one of two protease inhibitors (telaprevir or bo-
ceprevir), has significant side effects and is not effective in all individuals (Jacob-
son et al., 2011; Poordad et al., 2011). IFN/ribavirin therapy is even less effective in
several patient groups, including those bearing certain IFN-� gene polymorphisms
(Suppiah et al., 2009, Tanaka et al., 2009; Rauch et al. 2010), patients with HIV-
coinfection or advanced liver disease, and those who have undergone liver trans-
plantation (Fried et al., 2002; Manns et al., 2001). Liver transplantation is merely
a palliative procedure due to universal re-infection of the graft, often resulting in
rapid fibrosis progression and subsequent graft failure (Brown Jr, 2005). A broader
spectrum of more effective directly acting antivirals (DAAs) is likely to ameliorate
the problem of chronic infections in the future. Due to the remarkable replicative
capacity of the virus and its error-prone polymerase, however, resistance may be a
major problem and early clinical data highlight the dangers of mono-therapy (De
Francesco and Migliaccio, 2005). Thus, the current goal for HCV therapy is to
achieve sustained virologic response in most patients with an efficient combination
of DAAs not leading to the emergence of escape mutations.

3.2 Hepatitis C virus

HCV is a small, enveloped virus that belongs to the family of Flaviviridae, genus
Hepacivirus. HCV uptake into its primary target cell – the human hepatocyte – re-
quires numerous host proteins including glycosaminoglycans (GAGs) (Barth et al.,
2003; Koutsoudakis et al., 2006), the low density lipoprotein receptor (LDL-R)
(Agnello et al., 1999; Monazahian et al., 1999; Molina et al., 2007; Owen et al.,
2009), the high density lipoprotein receptor scavenger receptor class B type 1
(SCARB1) (Scarselli et al., 2002), tetraspanin CD81 (Pileri et al., 1998), and two
tight junction (TJ) proteins, claudin-1 (CLDN1) (Evans et al., 2007) and occludin
(OCLN) (Liu et al., 2009; Ploss et al., 2009). In addition, two receptor tyrosine
kinases (RTKs), epidermal growth factor receptor (EGFR) and ephrin receptor A2
(EphRA2) appear to modulate the interaction between CD81 and CLDN1 (Lup-
berger et al., 2011). The exact mechanism of HCV entry remains incompletely
defined (reviewed in Zeisel et al., 2011). HCV enters the hepatocyte via clathrin-
dependent receptor mediated endocytosis. The virion is primed for membrane fu-
sion in the acidified endosome eventually leading to uncoating and release of the
viral genome in the cytoplasm (Figure 3.1).

The positive-sense single-stranded RNA genome is approximately 9600 nucleo-
tides in length and encodes a single large open reading frame (ORF) (Figure 3.2).
The HCV ORF is flanked by 5′ and 3′ non-translated regions (NTR) containing
RNA elements that are important for viral replication and translation (reviewed
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Figure 3.1 The HCV life-cycle: HCV engages numerous cellular entry factors during the entry
process. After fusion and coating the + sense single stranded RNA genome is translated and the
nascent polyprotein processed. The RNA replication complex, which forms within HCV-induced
modified cytoplasmic membrane structures, replicates the positive sense RNA genome through
a negative strand intermediate. Interactions between viral proteins and cellular lipid components
are essential for a number of viral life-cycle events, including replication, virion assembly, and
host cell entry.
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Figure 3.2 HCV genome and polyprotein organisation. The RNA structures in the 5′ and 3′

non-translated regions (NTR) of the genome are depicted. Those include an internal ribosome
entry site in the 5′ NTR and a variable region, poly-uridine tract, and 3′-X tail in the 3′ NTR.
RNA structures in the NS5B coding region form a kissing-loop interaction with the 3′-X tail. The
HCV proteins, which are encoded by the open reading frame and their functions are indicated.
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in Tellinghuisen et al., 2007). Recently, interactions between the liver-specific mi-
croRNA, miR-122, with two sites in the HCV 5′NTR have been shown to be es-
sential for efficient HCV RNA replication in cultured cells (Jopling et al., 2005;
Jopling et al., 2008) and in HCV-infected chimpanzees(Lanford et al., 2010). The 5′

NTR encompasses an internal ribosomal entry site (IRES), which drives translation
of the viral proteins in a single continuous polyprotein, NH2-C-E1-E2-p7-NS2-
NS3-NS4A-NS4B-NS5A-NS5B-COOH. Polyprotein processing occurs by multi-
ple mechanisms. Endogenous peptidases, signal peptidase (Santolini et al., 1994)
and signal peptide peptidase (McLauchlan et al., 2002; Pene et al., 2009) medi-
ate the cleavage of the structural proteins, core, E1, E2 and the p7/NS2 junction.
Processing of nonstructural proteins (NS) is affected by cis- and trans-cleaving au-
toproteases. The present model suggests that dimerised NS2, together with the N-
terminal domain of NS3, mediates autoproteolytic cleavage of NS2 cleavage from
NS3. NS3 in cis cleaves NS4A from itself and NS4B, after which NS4A associates
with the N-terminus of NS3 to form the NS3/4A protease complex. NS3-4A is
responsible for cleavage at the NS4B/NS5A and NS5A/NS5B junctions in trans.
HCV also produces an additional protein, known as ARFP, F, or core+1. This pro-
tein is encoded by an ORF that overlaps the core gene in the +1 frame. In vitro, this
protein is produced by a ribosomal frameshift mechanism (Walewski et al., 2001).
ARFP is dispensable for the HCV life-cycle (McMullan et al., 2007; Vassilaki et al.,
2008) and it is unclear whether it contributes to some aspect of viral pathogenesis.

The structural proteins build the viral particle: C forms the nucleocapsid, and the
glycoproteins E1 and E2 decorate the host cell-derived virion envelope. E1 and E2
in conjunction with virion-associated lipoproteins mediate the viral entry process,
including interactions with cellular receptor molecules and catalysis of fusion be-
tween the virion and cellular membranes. After translation, the HCV proteins are as-
sociated with membranes derived from the endoplasmic reticulum (ER). Here, they
exert their respective functions, including also the inactivation of host molecules by
the NS3-4A protease which are critical for anti-viral signaling (reviewed in Horner
and Gale, 2009). NS4B, possibly in combination with NS5A, induces the forma-
tion of the so-called membranous web, an accumulation of membranous replication
vesicles, which contains ER-derived membranes and lipid droplets (LDs). Here,
the RNA-dependent RNA polymerase (RdRp) NS5B in combination with presum-
ably most, if not all, other non-structural proteins and critical host factors such as
cyclophilin A amplify viral RNA (reviewed in Bartenschlager et al., 2010). The
RNA replication complex replicates the positive sense RNA genome through a neg-
ative strand intermediate. Nascent RNA genomes are translated to produce new viral
proteins, serve as new/additional RNA templates for further RNA replication and
are assembled to infectious virions. Interactions between viral proteins and cellu-
lar lipid components are essential for a number of viral life-cycle events, including
replication, virion assembly, and host cell entry. Infectious particles are formed in
close association with LD, a subcellular organelle where the HCV core protein was
shown to accumulate (reviewed in Bartenschlager et al., 2011). The exact mecha-
nism of HCV assembly is still incompletely understood but the process is tightly
linked to the very low-density lipoprotein (VLDL) pathway. HCV hijacks several
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enzymes, such as microsomal triglyceride transfer protein (MTP), but also several
apolipoproteins (apo), in particular, apoE and possibly apoB for its assembly. This
close association of virions with apolipoproteins results in so-called lipoviroparti-
cles, which have a VLDL-like but variable composition (Merz et al., 2011).

HCV has a narrow species tropism, which is limited to humans and chimpanzees.
The basis for this species barrier is incompletely understood. Expression of the hu-
man orthologs of CD81 and OCLN can render mouse and hamster cells permissive
to viral uptake (Ploss et al., 2009). HCV can replicate in murine cells, albeit at
very low levels (Zhu et al., 2003; Uprichard et al., 2006). Later stages in the HCV
life-cycle are likely to be supported in mice, as it was recently reported that infec-
tious particles can assemble and be released from murine hepatoma cell lines (Long
et al., 2011b).

3.3 Construction of infectious clones
for hepatitis C virus

In order to study HCV genetically it was necessary to construct an infectious clone.
An infectious clone is a complementary cDNA that can produce infectious virus
when its corresponding in vitro transcript is introduced in suitable cell lines or sus-
ceptible animal models. The first published sequence of HCV lacked of the genomic
3′NTR, which are critical for viral replication. Subsequent studies revealed that this
region of the genome contains a variable region, a poly-pyrimidine tract and a con-
served 3′ terminal stem-loop structure (Tanaka et al., 1995; Kolykhalov et al., 1996;
Blight and Rice, 1997). However, intrahepatic injection of the first full-length clones
into chimpanzees did not result in productive infection. Given the remarkable se-
quence diversity of HCV within patients as well as possible PCR and sequencing
errors, it was speculated that incompatible mutations rendered these first genomes
non-infectious. Consensus genomes were therefore created. These incorporated the
most prominent nucleotide in each position, reasoning that deleterious mutations
would be less common. Intrahepatic inoculation of in vitro transcribed consensus
RNA into chimpanzees resulted in sustained HCV infection that clinically and vi-
rologically resembled infection by the clinical material from which the infectious
clone was derived (Kolykhalov et al., 1997; Yanagi et al., 1997). Currently chim-
panzee infectious clones for genotypes 1a (Hong et al., 1999; Lanford et al., 2001;
Sakai et al., 2007), 1b (Yanagi et al., 1998; Beard et al., 1999; Thomson et al., 2001;
Bukh et al., 2002), 2a (Yanagi et al., 1999; Wakita et al., 2005), 3a (Gottwein et al.,
2010) and 4a (Gottwein et al., 2010) have been constructed but are still lacking for
the other genotypes.

3.4 Study of HCV RNA replication in cell culture systems

Although chimpanzee-infectious clones were available, detailed analysis of the
HCV life-cycle in vitro was still precluded by the lack of a tractable cell culture
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system. Initial attempts to infect primary hepatocytes (Carloni et al., 1993; Iacov-
acci et al., 1993; Iacovacci et al., 1997; Ito et al., 1996) or human hepatoma cells
(Ikeda et al., 1997) with sera from HCV-infected individuals or experimentally in-
fected chimpanzees resulted in low-level replication or inconclusive results. Identi-
fication of clinical HCV isolates that robustly replicate in cell culture and conditions
conducive to infection remain a priority to this day.

The generation of a recombinant cDNA clone of HCV proven to be infectious in
vivo was a major step forward and suggested that it might be feasible to initiate a
HCV tissue culture system. However, HCV RNA failed to amplify when RNA was
transfected directly into cultured cells (Lohmann et al., 1999; Blight et al., 2000).
These early setbacks suggested that the specific HCV RNA genomes were not com-
patible with the cellular environment of human liver cancer cell lines, which are ar-
guably quite different from human hepatocytes in vivo. In 1999, Lohmann et al.
generated genotype 1b (strain Con1) bicistronic genomes that expressed the
antibiotic-selectable marker neomycin phosphotransferase (neo) (Lohmann et al.,
1999). The 5′ NTR drives expression of the first 12 codons of C fused to the
neo coding sequence, while a heterologous encephalomyocarditis virus (EMCV)
IRES drives expression of the HCV non-structural proteins NS3 through NS5B;
the genome ends with the native HCV 3′ NTR. Upon transfection of this selectable
genome, termed a replicon, into human hepatoma cells, drug-resistant colonies con-
taining HCV RNA and non-structural proteins emerged (Figure 3.3).These results
became the basis of the first cell culture platform to study HCV RNA replication
(Lohmann et al., 1999; Pietschmann et al., 2001).

NS3 5B5A4A 4BC neo

C neo C E1 E2 NS2 NS3 5B5A4A 4B

subgenomic replicon

full length replicon

5′
HCV 
IRES

3′
EMCV 
IRES

5′ 3′

HCV 
IRES

EMCV 
IRES

electroporation

human hepatoma 
cell line (e.g. Huh-7.5)

G418
selection

drug resistant colonies
harboring HCV replicons

Figure 3.3 HCV replicons. Schematic representation of subgenomic and full-length HCV repli-
cons. After transfection of in vitro transcribed RNA, drug selectable genomes replicate in permis-
sive human hepatoma cell lines.
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While the development of HCV replicons clearly marked a milestone in HCV
research, the efficiency of establishing productive RNA replication remained very
low, leading to drug resistance in only a small fraction of transfected cells. Sequence
analysis of HCV replicon clones revealed mutations in NS3, NS5A and NS5B
which, when re-engineered in the parental genome, resulted in considerably higher
levels of RNA replication (Blight et al., 2000; Blight et al., 2002; Lohmann et al.,
2001; Lohmann et al., 2003). It was demonstrated that these replication-enhancing
mutations also increased the replicative fitness of other genotype 1b replicons, such
as AH1 (Mori et al., 2008), HCV-O (Kato et al., 2003a; Ikeda et al., 2005; Abe
et al., 2007), HCV-BK (Grobler et al., 2003) and J4 (Maekawa et al., 2004) but not
other genotypes (Blight et al., 2000; Gu et al., 2003; Lanford et al., 2003; Liang
et al., 2005; Yi and Lemon, 2004). Subsequently, different sets of adaptive muta-
tions, which also primarily mapped to NS3, NS4B, NS5A and NS5B were shown
to enhance replication of genotype 1a replicons (Blight et al., 2003; Grobler et al.,
2003; Yi and Lemon, 2004). Replicons for all other genotypes, except one derived
from a genotype 2a isolate (Kato et al., 2003b), are not yet available.

3.5 Use of HCV replicons to study viral replication

The development of the HCV replicon system opened unprecedented opportuni-
ties to dissect the viral and cellular components influencing HCV RNA replica-
tion. It became possible to map the functional determinants of HCV proteins in-
volved in viral replication. Furthermore, genetic interactions between HCV gene
products could now be analysed by introducing mutations or deleting parts of the
viral genome, which alter replication, and subsequently selecting for compensatory
mutations. Identification of flexible regions within non-structural proteins, muta-
tion of which did not impair or only minimally impacted HCV RNA replication,
allowed the insertion of reporter genes. This provided tools for studying multiple
aspects of viral replication, for example, the formation and turnover of HCV repli-
cation complexes in living cells (Moradpour et al., 2004; McCormick et al., 2006;
Jones et al., 2007). Inclusion of luciferase with a dominant selectable marker in bi-
cistronic HCV replicons was also shown to be functional (Vrolijk et al., 2003; Ikeda
et al., 2005). This configuration yielded a useful tool for the study of HCV repli-
cation in high throughput. Indeed, targeted and genome-wide siRNA screens using
luciferase expressing replicons helped to identify several candidate host molecules
which affect HCV replication (Wang et al., 2005; Watashi et al., 2005; Ng et al.,
2007; Randall et al., 2007; Supekova et al., 2008; Tai et al., 2009; Vaillancourt
et al., 2009; Reiss et al., 2011).

The development of the replicon system also enabled studies to explore the abil-
ity of HCV to replicate in cell lines of non-hepatic or even non-human origin. It
was indeed possible to select for HCV replicon containing human non-hepatic ep-
ithelial cells (Zhu et al., 2003), mouse hepatoma cells (Zhu et al., 2003; Uprichard
et al., 2006) and even murine embryonic fibroblasts (Chang et al., 2006; Lin et al.,
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2010). These data suggest that all the essential host factors required for HCV RNA
replication may be present in non-hepatic cells, even those derived from rodents.

3.6 Utility of replicons for drug screening

HCV replicons provided the first cell-based platform to functionally assess the
efficacy of lead anti-viral compounds in drug development. The replicon became
essential for assaying the activity of enzymatic targets, such as NS3-4A protease or
NS5B polymerase, in the context of authentic viral replication.

HCV replicons also enabled the discovery of new classes of inhibitors that target
viral proteins without apparent enzymatic activity. For example, initial leads for the
non-nucleoside NS5B inhibitor GS-9190 (Vliegen et al., 2009), the NS4A antago-
nist ACH-806 (Yang et al., 2008), and the NS5A inhibitor BMS-790052 (Gao et al.,
2010) were discovered using replicon-based screens. Similarly, the synthetic non-
immunosuppressive cyclosporine analog, DEBIO-025 (also known as Alisporovir),
which interferes with the essential HCV replication host factor, cyclophilin A, was
shown to effectively inhibit viral replication in HCV replion assays (Paeshuyse
et al., 2006).

HCV replicons also allowed for a reverse genetic analysis of mutations that ac-
cumulated, for example, in patient cohorts treated with DAA compounds. Analyses
of the sequence variants allowed correlation between resistant variants emerging
in vivo and those observed in the in vitro replicon system; resistance profile and
replicative ability (i.e., fitness) of the variants could also be studied (Sarrazin and
Zeuzem, 2010; Fridell et al., 2011).

The lack of a full panel of replicons representing all HCV genotypes has hin-
dered the rational selection of compounds with pan-genotype activity. While the
first approved DAAs are active against HCV genotypes 1a and 1b, and to some ex-
tent genotype 2, there is a considerable need for effective drugs for all genotypes.
One example is genotype 4, which is dominant in Egypt – a country with one of
the highest HCV prevalence worldwide. To overcome this gap, chimeras express-
ing HCV enzymes of heterologous genotypes, for example, the protease (genotypes
1-4) (Binder et al., 2011) or polymerase (genotype 1-6) (Herlihy et al., 2008) do-
mains, have been created and exhibit varying susceptibilities to inhibitors. NS3/4A
or NS5B genes, respectively were cloned from the plasma of HCV-infected indi-
viduals and inserted into HCV genotype 2a (protease chimeras) or 1b (polymerase
chimeras) replicons, replacing the native sequences.

3.7 Development of the infectious cell
culture systems for HCV

In 2001, an HCV sequence from a Japanese patient who developed fulminant hep-
atitis, an extremely rare clinical complication during the acute phase of the infection
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was reported (Kato et al., 2001). It became quickly clear that Japanese fulminant
hepatitis (JFH1), a genotype 2a strain, had unique properties. Unlike all previously
constructed HCV replicons, transfection of JFH1 RNA into human hepatoma cells
resulted in efficient RNA replication without the need for adaptive mutations (Kato
et al., 2003b). Furthermore, transfection of Huh7 hepatoma cells or derivatives
thereof with full-length in vitro transcribed JFH1 RNA resulted in detectable levels
of infectious virions in the cell culture supernatant (Wakita et al., 2005; Zhong et al.,
2005). Cell culture-derived HCV (HCVcc) uptake was glycoprotein dependent and
could be blocked by antibodies directed against E2 or the HCV entry factor CD81.
Infection with JFH1 HCVcc was also sensitive to type I IFN and prototype HCV
polymerase and protease inhibitors (Lindenbach et al., 2005).

3.8 Construction of intergenotypic viral chimeras

Maximal titers of full-length JFH1 transfections reached approximately 50,000 in-
fectious units per milliliter within 3 weeks of culture (Zhong et al., 2005). Chimeric
genomes consisting of the C through NS2 protein of HCV genotype 2a isolate J6
and the non-structural proteins NS3 through NS5B of JFH1(Figure 3.4), however,
reached the same titers within two days following transfection (Lindenbach et al.,
2005). This first intergenotypic chimera provided a more robust system to study the
entire HCV life-cycle in vitro. The original breakpoint between J6 and JFH1 was
originally not empirically determined. It was later demonstrated that shifting the
original breakpoint between J6 and JFH1 from the end of NS2 to a site located right
after the first putative transmembrane domain of NS2, designated Jc1, yielded in-
fectious titers 100- to 1,000-fold higher than the parental JFH1 isolate (Pietschmann
et al., 2006). These observations suggested that determinants within the structural
proteins govern the kinetics and efficiency of virus assembly and release. Subse-
quently, iterative passage of J6/JFH1 derived genomes was found to yield adaptive
mutations that further improved the yield of infectious virus and allowed for more
efficient viral spread in a cell culture (Walters et al., 2009; Pokrovskii et al., 2011).

Following these seminal reports, intergenotypic chimeras consisting of the C-
NS2 regions of representative genomes of all seven HCV genotypes were con-
structed (Pietschmann et al., 2006; Gottwein et al., 2007; Yi et al., 2007; Jensen
et al., 2008; Scheel et al., 2008; Gottwein et al., 2009; Pietschmann et al.,
2009). These tools have become indispensable for in vitro and in vivo assays
of HCV entry and neutralisation. The utility of such chimeras has recently been
extended to test 5′ NTR-based treatment approaches, such as antagonists of the
liver-specific microRNA miR-122 122 (Jopling et al., 2005) using JFH1-based re-
combinants. 5′ NTR-NS2 recombinants of HCV genotypes 1a, 1b, 2a, 2b, 3a, 4a,
5a, and 6a paired with NS3-NS5B from JFH1 were generated, and replicate and
produce infectious virus in cell culture (Imhof and Simmonds, 2010; Li et al.,
2011). In order to facilitate genotype-specific studies of HCV RNA replication
inhibitors and viral resistance, J6/JFH1-based recombinants with genotypes 1-7
NS3 serine protease domain (NS3P) and NS4A (Gottwein et al., 2011b) or NS5A
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Figure 3.4 HCV cell culture systems. Schematic representation of HCV full length genomes
which can replicate and produce infectious virions in human hepatoma cells. Japanese fulminant
hepatitis (JFH1) genotype 2a genome (a.), and the cell culture adapted Hutchinson strain (H77C)
(b.). c. J6/JFH1 is an intergenotypic chimera composed of the C-NS2 of isolate J6 paired with the
non-structural proteins NS3-NS5B of JFH1. Examples of J6/JFH1 chimeras harboring the NS3
protease domain and NS4A or NS5A of diverse HCV genotypes.

(Scheel et al., 2011) were constructed. Interestingly, recombinant HCV variants
harboring non-structural proteins of genotypes 1–7 exhibited genotype-specific
susceptibility to certain classes of compounds, highlighting the utility of these
platforms for pan-genotype drug development. Almost all intergenotypic chimeras
required adaptive mutations, which increase replicative fitness and/or production
of infectious particles.

The advent of a cell culture system that supports the entire HCV life-cycle opened
unparalleled opportunities for genetic analysis of the role of specific host and viral
proteins, not only those involved in HCV RNA replication but also virion assembly.
Introduction of specific mutations that impair replication and/or virus production,
and subsequent selection for compensatory mutations, allowed genetic interactions
between HCV gene products to be identified (Pietschmann et al., 2006; Yi et al.,
2007; Murray et al., 2007). Reporter virus genomes have been engineered to facil-
itate rapid quantification of HCV replication. Reporters have been expressed using
bicistronic genomes or inserted, in-frame, in the HCV polyprotein often as fusions
with the HCV NS5A protein (Koutsoudakis et al., 2006; Schaller et al., 2007; Got-
twein et al., 2011a).
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3.9 Non-JFH1 derived genomes

Despite considerable effort, it has proven difficult to identify additional genomes
that, like JFH1, robustly replicate in cell culture. Based on the cDNA clones of
the Hutchinson strain, which generated RNA transcripts shown to be infectious in
vivo, a genotype 1a infection system (H77S) has been generated. The H77S genome
contains five cell culture-adaptive mutations that are distributed throughout the
nonstructural protein-coding region, resulting in robust RNA replication in human
hepatoma cells and moderate titers of cell culture-infectious virus (although sig-
nificantly less efficient than even parental JFH1) (Yi et al., 2006). Identification of
additional HCV genomes covering all genotypes that can complete the entire viral
life-cycle in cell culture remains a high priority.

3.10 Cell lines that support HCV replication

Hepatic and hepatoma cell lines that have been used for many years to study HCV
replication and production of cell culture-derived virus. Most cell lines efficiently
supporting HCV replication have been derived from the human hepatoma cell line
Huh-7. The Huh-7 cell line was originally derived from a 57-year-old Japanese male
patient with a well-differentiated hepatocellular carcinoma (Nakabayashi et al.,
1982). It was observed that elimination of self-replicating HCV RNA from Huh-7
clones, for example. by prolonged treatment with alpha interferon would sometimes
result in cured cells that could more efficiently support subgenomic and full-length
HCV replication. Examples of such a cured cell lines are Huh-7.5 (Blight et al.,
2002), Huh-7-lunet (Friebe et al., 2005) and Huh-7.5.1 (Zhong et al., 2005) cells.
All these cell lines were later shown to also support efficient replication and par-
ticle production of JFH1-based genomes. It has been suggested that the marked
increase in HCV permissiveness of Huh-7.5 cells correlates with their reduced abil-
ity to mount type I interferon mediated antiviral responses. This failure has been at-
tributed to a mutation in the helicase domain of the RIG-I protein in Huh-7.5, which
severely impairs binding to viral RNA (Sumpter et al., 2005). However, other stud-
ies demonstrated that reconstitution of RIG-I signaling in Huh-7.5 did not have any
impact on HCV replication (Binder et al., 2007). Thus, the reason for the higher
permissiveness of Huh-7 derivatives remains a mystery.

A few other cell lines support HCV RNA replication to some extent, including
LH86 cells. LH86 cells were derived from resected well-differentiated hepatocellu-
lar carcinoma tissue (Zhu et al., 2007). JFH1 infection of LH86 cells triggers innate
antiviral defense mechanisms that culminate in apoptotic cell death. HCV is gen-
erally thought to be a non-cytopathic virus and thus these exacerbated responses
probably do not reflect the cellular response to infection in vivo. Expression of mir-
122 renders two human hepatoma cell lines, Hep3B and HepG2 supplemented with
CD81, permissive to HCV infection (Kambara et al., 2011; Narbus et al., 2011).
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Hepatoma lines have certainly been instrumental for studies of the HCV lifecycle,
but abnormal proliferation and deregulated gene expression of continuously grow-
ing cancer cell lines may not reflect in vivo hepatocytes. Thus, it would desirable to
dissect HCV infection in better hepatocyte-like cell culture models.

3.11 Study of HCV in physiologically more
relevant cell culture systems

Primary hepatocyte cultures have proven to be valuable tools in the study of liver
physiology, viral hepatitis, and liver regeneration. Although one of the first studies
describing HCV infection in primary human hepatocytes was reported almost 20
years ago (Iacovacci et al., 1993), the use of primary hepatocytes in HCV research
has not found widespread use, likely due to the difficulties associated with culturing
these cells, maintaining their differentiated phenotype and achieving reliable HCV
infection. Despite such challenges, study of HCV in primary human hepatocytes
has provided valuable insights in the development of HCV quasispecies (Rumin
et al., 1999), the role of HCV entry factors (in particular, LDLR and CD81) in
HCV infection (Molina et al., 2007, Molina et al., 2008), IFN inhibition of HCV
replication (Castet et al., 2002) and the biophysical properties of infectious virions
(Podevin et al., 2010). However, analysis of other phenomena, such as the response
of the virus to drug regimens, which are metabolised by sets of enzymes expressed
in hepatocytes or growth of patient-derived HCV genomes, which may only ramp
up slowly, requires long-term stability of the hepatic phenotype.

It has been observed that a number of liver-specific functions are progressively
lost when hepatocytes are isolated and cultivated (Bhatia et al., 1999). These
phenotypic changes are mainly the result of diminished transcription of relevant
liver-specific genes, and can be interpreted as a dedifferentiation of the isolated hep-
atocytes. Ischemia-reperfusion induced stress during the isolation process, disrup-
tion of the normal tissue architecture, and adaptation to the in vitro environment are
underlying factors. Different approaches, mainly mimicking the in vivo hepatocyte
environment, have been successfully used to prevent or slow the dedifferentiation
process. Co-culture of primary hepatocytes with non-parenchymal cells has long
been known to stabilise their cellular functions (Khetani et al., 2008). Advances in
microfabrication techniques allowed for plating both cell populations in experimen-
tally defined patterns, resulting in so-called micropatterned co-cultures (MPCCs),
and yields hepatocytes that can maintain differentiated functions over several weeks
(Khetani and Bhatia, 2008). Human hepatocytes in MPCCs support the entire HCV
life-cycle although sensitive reporter strategies are typically employed to assess
HCV replication (Ploss et al., 2010). Similar observations have also been made us-
ing fetal liver-derived hepatocyte cultures (Lazaro et al., 2003; Lazaro et al., 2007)
and blunting of type I interferon signaling substantially increases HCV permis-
siveness and viral spread (Andrus et al., 2011; Marukian et al., 2011). Recently,
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induced pluripotent stem cells (iPSCs) have been shown to differentiate into
cells that share many features of mature hepatocytes, termed hepatocyte-like cells
(HLCs) (reviewed in Behbahan et al., 2011). Using HLCs it may become possi-
ble to analyse patient specific phenotypes in cell culture. At this point, however,
convincing evidence that HLCs can support HCV infection is still missing.

Use of advanced primary hepatocyte cell culture systems provides a new plat-
form with which to study cellular responses to HCV infection in a physiologically
more relevant context. It is conceivable that other patient-derived HCV genomes
and recombinant derivatives thereof will be able to replicate more efficiently in this
more native cellular environment as opposed to cell culture adapted liver cancer
cell lines.

3.12 Animal models for HCV infection

The chimpanzee model played a pivotal role in the discovery of HCV and the vali-
dation of the first infectious clones (Kolykhalov et al., 1997). However, experiments
in great apes are expensive, logistically challenging and have been under scrutiny
because of ethical concerns. The reasons for limited species tropism of HCV remain
poorly understood. At the level of viral entry, the virus requires CD81, SCARB1,
CLDN1 and OCLN to infect rodent cells but only CD81 and OCLN have to be
of human origin (Ploss et al., 2009; Dorner et al., 2011). On the basis of these
observations, human CD81 and OCLN were adenovirally expressed in a reporter
mouse strain. Such genetically humanised mice support uptake of HCV particles
and viral RNA translation (Dorner et al., 2011); other parts of the viral life-cycle
were not recapitulated in this model. HCV entry of multiple genotypes was ob-
served using bi-cistronic intergenotypic HCV chimeras expressing CRE recombi-
nase. Following entry into cells expressing suitable combinations of HCV entry
factors, CRE activates a cellular reporter in cells, which could be quantified by
bioluminescent imaging.

In principal, HCV genomes can replicate in murine hepatic cell lines, albeit at
very low frequency (Zhu et al., 2003). Thus, the cellular factors essential for HCV
replication are present in mouse cells, but the virally encoded replication machinery
might not mesh efficiently with the murine factors. Species-specific differences in
innate antiviral responses and the inability of HCV proteins to overcome them may
also impair replication in mouse cells. In fact, targeted disruption of the PKR, a
cytosolic sensor for viral RNA, or interferon response factor 3 (IRF3) in mouse
embryonic fibroblasts yields higher levels of HCV replication (Chang et al., 2006;
Lin et al., 2010). Remarkably, HCV virion assembly and release do take place in
mouse hepatoma cells provided that essential host factors like apoE are provided
(Long et al., 2011a). However, it yet remains to be demonstrated that the entire
HCV life-cycle can be recapitulated in an inbred mouse model.

Alternatively, mice can be humanised by transplantation of human hepatocytes
into suitable xenorecipients. A high degree of chimerism (up to 99%) can be
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achieved by transplanting human hepatocytes into immunodeficient mice where
liver injury has been induced to ablate the endogenous murine hepatocytes. The
best-characterised model to date is the immunodeficient urokinase-type plasmino-
gen activator (uPA) mouse, in which an albumin (Alb) promoter directs high-
level toxic expression of uPA (Heckel et al., 1990). The hepatotoxicity creates
a permissive environment for the expansion of functional, transgene-free human
hepatocytes. Human hepatocytes can also be successfully engrafted into fumaryl
acetoacetate hydrolase (FAH)–deficient mice on a Rag2−/− IL2� c

null immunode-
ficient background (FRG mice) (Azuma et al., 2007; Bissig et al., 2007). FAH
is the last enzyme in the tyrosine breakdown pathway and its deficiency leads to
lethal type 1 hypertyrosinemia in man and liver failure in mice. Treatment with
2-(2-nitro-4-trifluoromethylbenzyol)-cyclohexan-1,3-dione (NTBC) prevents the
accumulation of toxic metabolites and hepatotoxicity allowing liver injury to be
induced by withdrawal of the drug. A recently generated transgenic mouse express-
ing caspase 8 fused to the FK506 binding protein on an immunodecient background
(AFC8) was shown not only to support engraftment of human fetal hepatocytes but
also components of a human immune system (Washburn et al., 2011).

These liver chimeric mouse models are susceptible to hepatotropic human
pathogens, including HBV (Dandri et al., 2001; Bissig et al., 2010), HCV (Mercer
et al., 2001; Bissig et al., 2010; Washburn et al., 2011), and human malaria para-
sites (Sacci et al., 2006) and have been used in studies ranging from viral evolution
to preclinical testing of antiviral compounds. In contrast to almost every human cell
culture system, highly engrafted human liver chimeric mice are susceptible not only
to cell culture-derived viruses (Lindenbach et al., 2006; Bissig et al., 2010) but also
patient-derived isolates (Mercer et al., 2001; Bissig et al., 2010). Importantly, in
contrast to cell culture-produced virus, animal passaged virus has a buoyant density
profile that resembles more the low density profiles which have been ascribed to
patient-derived viruses.

3.13 Reverse genetics of clinically relevant
HCV genotypes in vivo

Human liver chimeric mice have the potential to enable reverse genetic studies on
JFH1-based and non-JFH1-derived viruses in vivo. It has been demonstrated that in-
jection of in vitro transcribed HCV RNA, including sequences cloned from patients
with severe acute hepatitis has resulted in productive infection, yielding measur-
able and transmissible viremia in mice highly engrafted with human hepatocytes
(Hiraga et al., 2007; Kimura et al., 2008). The impact of host genetics and viral
amino acid substitutions associated with altered responses to IFN-based therapy
were analysed in human liver chimeric mice (Hiraga et al., 2011). These studies
establish precedence for the utility of human liver chimeric mice to study the mech-
anisms underlying the variable resistance of HCV genotypes and patient-specific
variants to therapy.
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3.14 Conclusion

Hepatitis C remains a major medical problem. Analysis of HCV infection and
development of more effective therapeutics have been hampered by the lack of
adequate cell culture systems and animal models. The development of the HCV
replicon and infectious cell culture system has provided platforms to apply reverse
genetic approaches to gain insights into HCV biology and to screen drug candi-
dates. Despite these advances, more tools are needed, including a broader spec-
trum of HCV isolates which replicate efficiently in cell culture, more physiological
cellular environments that reflect the hepatic environment, and more tractable ani-
mal models to dissect viral pathogenesis. More effective therapeutics have begun to
emerge but, given the high global burden of HCV, it will remain a major challenge
to conquer the infection world-wide.
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Calicivirus reverse genetics
Ian Goodfellow
Section of Virology, Department of Medicine, Imperial College, London

4.1 Introduction

The use of reverse genetics has greatly facilitated the understanding of many as-
pects of RNA virus biology. Despite many advances in other fields, knowledge of
calicivirus biology has lagged significantly behind that of many other RNA viruses,
primarily due to the inability to grow human noroviruses in cell culture. As a result,
animal caliciviruses have often been used as model systems with which to dissect
aspects of the calicivirus life-cycle (Vashist et al., 2009).

Members of the Caliciviridae family of small positive stranded RNA viruses
cause a wide range of diseases in both man and animals (Vashist et al., 2009). In
man, human noroviruses are now recognised as the major cause of food-borne gas-
troenteritis in the developed world (Scallan et al., 2011). There are currently five
recognised genera: Norovirus, Sapovirus, Vesivirus, Lagovirus and the recently ap-
proved Nebovirus (Figure 4.1). Calicivirus genomes are typically ∼7.5kb in length,
with a 3′ poly-A tail and a 13–15kDa virus-encoded protein (VPg) linked to the 5′

end of the viral RNA. Caliciviruses share a very common genome structure (Fig-
ure 4.1) (Clarke and Lambden, 2000) which varies largely only by whether or not
the open reading frame (ORF) encoding the major capsid protein (VP1) is in the
same frame and therefore contiguous with ORF1. In all cases, however, expres-
sion of the VP1 protein is also thought to occur from a subgenomic RNA (sgRNA)
produced during virus replication.

Open reading frame one is a large polyprotein that is post-translationally cleaved
by the virus encoded protease (3C, NS6) into six or seven non-structural proteins
(depending on the virus, Figure 4.1). The individual functions of each of the non-
structural proteins have yet to be fully elucidated, however, three main enzymatic
activities are present: NS3 encodes a protein with NTPase and helicase motifs; NS6
encodes a chymotrypsin-like protease which is responsible for the production of
the mature non-structural proteins from the ORF1 polyprotein; and NS7 encodes
the RNA-dependent RNA polymerase responsible for viral RNA synthesis.

Reverse Genetics of RNA Viruses: Applications and Perspectives, First Edition. Edited by Anne Bridgen.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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Figure 4.1 Schematic representation of calicivirus genomes. The genome layout of represen-
tative members of the five currently recognised Caliciviridae genera is highlighted. The NS1-
7 nomenclature is used to distinguish the various non-structural proteins, with other synonyms
widely used in the literature are also provided below each protein product in italics. Members of
the Norovirus and Vesivirus genera typically contain three open reading frames (ORFs), although
a fourth ORF is present in murine norovirus (ORF4). The Lagovirus, Sapovirus and Nebovirus
genera members typically possess two open reading frames, although it is worth noting that the
major capsid protein VP1 can also be translated as a separate ORF from the viral subgenomic
RNA (sgRNA) produced during virus replication. Some members of the Sapovirus genus also
possess a third ORF (highlighted with an asterisk, ORF3), thought to be expressed from the
sgRNA. The positions of the major and minor capsid proteins VP1 and VP2 are also shown, along
with the Vesivirus specific leader of the capsid protein (LC). Note that the figure is not to scale.

The unique mechanism that caliciviruses use for protein synthesis is likely to
be one of the largest hurdles for the development of efficient calicivirus reverse
genetics systems. Unlike other RNA viruses that rely on cap-dependent or inter-
nal ribosome entry site (IRES)-dependent mechanisms (Belsham and Sonenberg,
2000;Yanguez and Nieto, 2011), caliciviruses rely on the use of a virus-encoded,
13–15kDa protein known as VPg or NS5 covalently linked to the 5′ end of the viral
genome (Figure 4.1). We and others have previously demonstrated that the cali-
civirus VPg protein functions as a proteinaceous cap substitute, recruiting cellular
translation initiation factors to the 5′ end of the viral RNA to allow subsequent ribo-
somal recruitment and viral protein synthesis (Daughenbaugh et al., 2003; Good-
fellow et al., 2005; Chaudhry et al., 2006). In addition, the 5′ untranslated regions
of the calicivirus genomic and subgenomic RNAs are typically short (4 and 5 nu-
cleotides for MNV respectively) (Karst et al., 2003). Therefore it is highly likely
that efficient calicivirus translation initiation, as required for optimal virus recovery,
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can really only occur when VPg is covalently linked to the viral RNA. To date, how-
ever, no method is readily available to allow the site-specific linkage of recombinant
forms of calicivirus VPg proteins to in vitro transcribed RNA. Despite this, and as
described in more detail below, it is now clear that recent advances in the field
have resulted in the generation of reverse genetics systems for many members of
the Caliciviridae. In some cases, the reverse genetics systems have been applied to
study significant aspects of the virus life-cycle and pathogenesis. This has allowed a
substantial increase in our understanding of this important group of pathogens and
has provided the tools for future study. In a few cases, however, reverse genetics
has only recently been developed, therefore the full potential of the systems has
yet to be explored. For completeness, all the calicivirus reverse genetics systems
developed to date are discussed, along with their applications where appropriate.

4.2 Feline calicivirus

4.2.1 Development of feline calicivirus reverse genetics

Early studies on feline calicivirus (FCV) clearly indicated that viral RNA either
purified from infected cells or from virions was infectious when transfected into
permissive cells (Love, 1973). However, it was not until 1995 that the first FCV
reverse genetics system was developed by Dr Stanislav Sosnovtsev and Dr Kim
Green at the National Institutes for Health, Bethesda, USA (Sosnovtsev and Green,
1995). This represented not only a major step forward for the study of FCV, but
as this was the first reverse genetics system for any member of the Caliciviridae,
it was a major breakthrough in the field. The FCV system as originally described
(Sosnovtsev and Green, 1995) relied on the transfection of in vitro transcribed viral
RNA derived from a full-length cDNA clone of FCV strain Urbana into permissive
feline kidney cells (Figure 4.2). Cloning individual regions of the viral genome was
initially achieved by generating a cDNA library from RNA isolated from infected
cells. The genome was then assembled from a number of clones using unique en-
zymes naturally present in the viral genome. The full-length cDNA clone was first
linearised and then in vitro transcribed using bacteriophage T7 RNA polymerase in
the presence of high concentrations of the cap analogue m7G(5′)ppp(5′)G. As the
cDNA construct was generated with a truncated T7 RNA polymerase promoter at
the 5′ end, the resulting capped transcripts did not contain any non-viral sequences
at the 5′ end of transcripts. RNA produced in this manner is infectious when trans-
fected into almost any mammalian cell type, however, only feline cells express the
feline Jam-1 receptor molecule required for efficient infection, allowing multiple
rounds of virus replication and amplification (Makino et al., 2006). Crandell-Rees
feline cells are typically the cell line of choice for virus recovery (Sosnovtsev and
Green, 1995).

This system was further embellished by the use of a helper virus expressing
T7 RNA polymerase which facilitates the recovery of virus from DNA bypassing
the additional step of in vitro transcription (Figure 4.2) (Mitra et al., 2004). The
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Figure 4.2 Feline calicivirus reverse genetics systems. Diagrammatic representations of the two
available reverse genetics systems for the recovery of recombinant feline calicivirus (FCV) in
cell culture. Black filled arrows illustrate the RNA mediated recovery system whereas the grey
filled arrows illustrate the more recently described Vaccinia virus helper virus-based system.
The RNA recovery system relies on the transfection of in vitro transcribed RNA derived from
a full-length cDNA clone of the FCV genome. The more rapid DNA-based recovery system
relies on use of a helper virus expressing T7 RNA polymerase (MVA-T7) to drive RNA synthe-
sis in cells transfected with the cDNA clone of FCV. Both systems result in the production of
recombinant FCV.

modified system relies on the transfection of the full-length cDNA clone of FCV
into cells previously infected with a modified Vaccinia virus expressing T7 RNA
polymerase (MVA-T7) as the helper virus. The T7 RNA polymerase produced by
the helper virus results in high levels of transcription of the FCV RNA within the
cell, and due to the capping activity of the helper virus-encoded enzymes (Fuerst
and Moss, 1989), this is subsequently translated into the viral proteins and replica-
tion takes place. This minor modification effectively bypasses the need to produce
in vitro transcribed capped RNA and can provide a more rapid approach to screen-
ing of viral mutants.

4.2.2 Applications of feline calicivirus reverse genetics

The FCV reverse genetics system has been used to address a number of fundamen-
tal questions relating to FCV biology, primarily viral polyprotein processing, capsid
antigenicity and the function of viral RNA structures. The first such application was
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the confirmation that the FCV capsid protein, which is synthesised as a precursor
linked to the so-called Leader of the Capsid protein (LC) (Figure 4.1), is cleaved
by the virus-encoded protease-polymerase fusion protein NS6-7, also known as p76
(Sosnovtsev et al., 1998). The FCV reverse genetics system has also been employed
for the generation of chimeric viruses bearing the antigenic regions from various
isolates (Neill et al., 2000), confirming that the hypervariable region E of the capsid
protein plays an important role in the formation of the antigenic structure of the
virion. This study provides a potential application for calicivirus reverse genetics in
the generation of vaccine strains derived from cloned cDNA. In another study, the
polyprotein cleavage sites, which lie between each of the non-structural proteins,
were also shown to be essential for virus viability, whereas the potential protease
cleavage site between the protease and polymerase domains of the NS6-7 protein
(p76) was not required for virus viability (Sosnovtsev et al., 2002). This latter ob-
servation is in stark contrast to that described below where cleavage between the
MNV NS6-7 proteins was essential for virus viability (Ward et al., 2007). These
data highlight that for some members of the Caliciviridae the active form of the vi-
ral polymerase required during virus replication is in fact the protease–polymerase
precursor and in the case of FCV, this is the only form of the viral polymerase
detected during virus replication.

The generation of FCV variants bearing the fluorescent marker proteins GFP
or dsRED2 has also been facilitated by the FCV reverse genetics system (Abente
et al., 2010). Transposon-based mutagenesis followed by subsequent removal of the
inserted transposon was initially used to identify positions within the FCV genome
that could tolerate small (5 amino acid) insertions. Screening of a number of re-
covered viruses resulted in the identification of insertions in the LC (ntd 5577) and
VP2 (ntd 7322) coding regions of the viral genome. These positions were then used
to introduce a variety of epitope tags (HA, FLAG or tetra-cysteine) into the FCV
genome and their effect on virus recovery was examined using the MVA-T7-based
reverse genetics system. Only the HA tag was tolerated within VP2, however, the
insertion of any of the three epitope tags was tolerated within the LC. The sub-
sequent insertion of either GFP or dsRED2 into LC resulted in the generation of
the first fluorescently labelled calicivirus (Abente et al., 2010), again representing
a major breakthrough in the field. These viruses not only provide useful tools for
the visualisation of the FCV replication complex in real time (an example is dis-
cussed below), but also provide proof of the principle that FCV may be engineered
to express foreign proteins, facilitating the use of FCV for gene delivery.

The FCV reverse genetics system has also been used to examine the role of host
cell factors in the viral life-cycle (Karakasiliotis et al., 2006; Karakasiliotis et al.,
2010). Polypyrimidine tract binding protein (PTB) is a host cell nucleic acid bind-
ing protein initially identified as being involved in RNA splicing but is now known
to play a role in polyadenylation (Castelo-Branco et al., 2004), RNA stability and
translation initiation (Sawicka et al., 2008). PTB is a well-characterised trans-acting
factor involved in RNA virus translation and replication and is primarily thought
to act as an RNA chaperone to promote or alter the conformation of viral RNA
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structures (Zuniga et al., 2009). PTB was initially described as binding to the 5′ end
of the FCV genome functioning in a temperature-dependent manner in Crandell-
Rees feline kidney cells (Karakasiliotis et al., 2006). Subsequent analysis identi-
fied two PTB binding sites in the first 250 nucleotide of the FCV genome, both of
which lay within the coding region of the viral polyprotein (ORF1) (Karakasiliotis
et al., 2010). Mutational analyses indicated that only by mutating both binding sites
was PTB binding reduced in vitro, although it was not ablated entirely due to the
need to maintain the coding capacity of that region of the viral RNA. Recombi-
nant viruses that had a reduced capacity to bind PTB at the 5′ end showed altered
growth kinetics in cells and this growth defect was particularly evident in AK-D
feline lung cells, which displayed a very heterogeneous expression profile of PTB.
To determine the potential role of PTB in the virus life-cycle, confocal microscopy
was initially used to demonstrate that as the viral infection progresses, the levels of
cytoplasmic PTB increase, and that cytoplasmic PTB can be found associated with
viral replication complexes. In this particular case, the recombinant FCV expressing
dsRED2 (Abente et al., 2010) provided an invaluable tool with which to visualise
this process in real time. PTB is a nuclear-cytoplasmic shuttling protein, and pre-
vious reports indicated that phosphorylation of PTB might play a role in regulating
localisation (Xie et al., 2003). Studies using dsRED2 fused to a nuclear localisation
sequence demonstrated that the redistribution of PTB occurred prior to any global
effect of infection on nuclear-cytoplasmic shuttling and is likely therefore to repre-
sent a specific effect on PTB. The role of cytoplasmic PTB in the FCV life-cycle
appears to be to regulate the translation of viral RNA as recombinant forms of PTB
inhibited FCV translation in vitro (Karakasiliotis et al., 2010). In addition, repli-
cation incompetent viral sgRNA, generated by inactivating the viral genomic RNA
using oligonucleotide directed RNAse-H mediated digestion, was translated to a
higher degree when PTB levels were reduced by siRNAs. These data suggest that
PTB may contribute to the mechanism FCV uses to control viral genome translation
and replication as, due to the polarity of the two processes, they are incompatible,
that is, translation occurs by the translocation of the ribosome in a 5′–3′ direction,
whereas replication occurs via movement of the polymerase in a 3′–5 direction on
the template RNA. Together these data allowed the generation of a model of PTB
function in the calicivirus life-cycle: (1) after virus binding and uncoating, the in-
coming viral RNA is delivered to the cytoplasm where the initial stage of viral
translation, and possibly several primary rounds of viral RNA replication occur; (2)
as the production of viral proteins increases, nuclear-cytoplasmic shuttling of PTB
is altered by an as yet uncharacterised mechanism; (3) cytoplasmic levels of PTB
increase and PTB binds to the 5′ end of the FCV genome, clearing viral RNA of
ribosomes, stimulating viral RNA replication; and (4) newly synthesised viral RNA
is then packaged into new infectious particles. It is worth noting that this model
does not propose that all viral RNA within an individual cell is either translating
or replicating at any particular stage in the viral life-cycle; instead it is expected
that within any individual replication complex in an infected cell, the viral template
RNA is either undergoing translation or replication/packaging. The switch between
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translation and replication is a problem faced by all positive-stranded RNA viruses
and has been the focus of a number of detailed studies. In poliovirus it is proposed
that poly-C-binding protein 2 (PCBP2) interacts with the 5′ cloverleaf structure in
combination with the viral protease-polymerase precursor (3CD) (Gamarnik and
Andino, 1998). This interaction effectively sequesters PCBP2 from a binding site
found within the viral internal ribosome entry site, effectively reducing viral trans-
lation and clearing the viral RNA of ribosomes. The effect is to stimulate RNA
synthesis, promoting the production of new infectious particles.

4.3 Murine norovirus

Murine norovirus (MNV) was first reported in 2003 as a virus that caused a lethal
infection in immunocompromised mice (Karst et al., 2003). Since then, MNV has
become the model of choice for many researchers in the calicivirus field, as it re-
mains the only norovirus for which a full infectious tissue culture system exists
(Wobus et al., 2004). This, combined with the ready availability of genetically mod-
ified mouse strains and the ability to genetically manipulate the virus (described
below), has provided an unprecedented ability to identify viral and host factors that
contribute to norovirus pathogenesis and the immune response to infection. MNV
displays a tropism for both macrophage and dendritic cells in vitro and in vivo,
replicating to high titres in the RAW 264.7 and the BV-2 microglial cell lines in
cell culture.

4.3.1 Development of MNV reverse genetics

Since the discovery of MNV in 2003, a number of reverse genetics systems and
refinements have been developed. A system based on the use of a helper virus
expressing T7 RNA polymerase was developed in 2007 (Chaudhry et al., 2007).
Initial attempts to recover MNV from in vitro transcribed RNA prepared by the co-
transcriptional incorporation of the cap analogue m7G(5′)ppp(5′)G, as proved suc-
cessful for FCV (described above), failed to produce an infectious virus (Chaudhry
et al., 2007). Initial conclusions were that the failure to recover a virus was due
to the inefficient translation of the capped MNV RNA in cells. However, as will
be described in more detail below, the presence of uncapped RNA within RNA
preparations due to inefficient capping may have had an inhibitory effect on virus
recovery via the induction of the innate immune response.

The use of Vaccinia virus expressing T7 RNA polymerase (MVA-T7) to drive
RNA synthesis in cells previously transfected with a full-length MNV cDNA clone,
an approach that had proved effective for other members of the Caliciviridae family,
was also ineffective in recovering infectious MNV. Detailed analyses indicated that
this was largely due to the observed inhibitory effect of Vaccinia virus replication on
norovirus translation/replication (Chaudhry et al., 2007). Vaccinia virus replication
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takes place in the cytoplasm of the infected cell and can have dramatic effects on
the cellular architecture. Indeed, recent studies would indicate that many of the host
cell translation initiation factors that are possibly involved in norovirus translation
are actively recruited to the cytoplasmic replication factories produced during Vac-
cinia virus replication (Katsafanas and Moss, 2007) and this may have contributed
to the observed inhibition of norovirus replication. In contrast, however, recovery
of infectious MNV was achieved by transfection of a full-length cDNA clone into
cells previously infected with a modified fowlpox virus expressing T7 RNA poly-
merase (FPV-T7, Figure 4.3a) (Chaudhry et al., 2007). Fowlpox is a member of the
Avipox genus of the Poxviridae family and unlike Vaccinia virus, replicates only in
avian cells. In mammalian cells, replication is abortive although cytopathic effect is
sometimes observed at late stages post infection. The strain of fowlpox virus used
to generate FPV-T7 (Britton et al., 1996), namely the attenuated FP9 strain, was de-
rived from a plaque-purified isolate (HP438) of a virulent fowlpox isolate (HP1) via
passage in chick embryo fibroblast cells (Mockett et al., 1992). FPV-T7 has since
proved useful for the recovery of a number of viruses including infectious bursal
disease virus (Boot et al., 1999), Newcastle disease virus (Peeters et al., 1999),

Figure 4.3a Murine Norovirus reverse genetics systems. Schematic illustration of the fowlpox
helper virus-based (black filled arrows) and RNA-based (grey filled arrows) murine norovirus
(MNV) recovery systems. The positions of the bacteriophage T7 RNA polymerase promoter (T7)
and hepatitis � virus ribozyme (Ribo) are highlighted. The RNA-based recovery system relies on
the use of the ScriptCap post-transcriptional RNA capping system available from Epicentre to
covert the 5′ end of in vitro transcribed RNA into a cap structure.
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Rinderpest virus (Das et al., 2000) and the avian coronavirus infectious bronchitis
virus (Casais et al., 2001). Studies with MNV indicated that typically �50,000 in-
fectious units could be recovered per 35mm dish of cells and that a wide range
of mammalian cell types were suitable (Chaudhry et al., 2007). Attempts to re-
cover MNV using the FPV-T7 system from cells fully permissive for MNV failed,
presumably due to poor transfection rates and inefficient FPV-T7 infection in the
RAW264.7 cell line. Therefore, the system as initially described represents a single
cycle of replication only, which allows the virus yield in this system to be used as
a measure of viral fitness, which is particularly useful when examining the effect
of mutations on viral growth. These initial studies also highlighted the importance
of using the correct viral sequence for efficient recovery as a cDNA clone with a
single incorrect nucleotide immediately upstream of the poly A tail rendered the
clone non-infectious (Chaudhry et al., 2007).

A pol II-based MNV recovery system was also described in 2007 (Ward et al.,
2007), although the reported yields of virus (∼200–5000 pfu/ml) were typically
�10 fold lower than the FPV-T7 system described above (Chaudhry et al., 2007).
The pol II system was first generated as a two-component baculovirus-based system
that relied on the generation of recombinant baculoviruses containing the MNV
cDNA under the control of a tetracycline inducible promoter and a baculovirus
expressing a tetracycline activator. Transduction of cells with both baculoviruses
resulted in the activation of RNA synthesis from the baculovirus genome containing
the MNV cDNA clone (Figure 4.3b). Direct transfection of both the transfer vectors,
containing the MNV cDNA and the tetracycline responsive transcriptional activator
used to generate the recombinant baculoviruses, into a range of mammalian cells
(HEK293T, HepG2, BHK21 and Cos7) resulted in the production of infectious virus
(Figure 4.3b). Transfection of the MNV cDNA containing transfer vector alone
into the HEK293T cell line also allowed recovery of infectious virus allowing the
development of a single plasmid-based recovery system.

Recently a system that relies on the direct transfection of in vitro transcribed
RNA into permissive cells has been developed and represents the most efficient
calicivirus reverse genetics system described to date (Yunus et al., 2010). Previ-
ous attempts to recover infectious MNV from in vitro synthesised capped RNA had
failed, largely due to the inability to efficiently transfect the MNV permissive cell
line RAW264.7 with RNA, as well as the poor translation observed from MNV ge-
nomic RNA produced via co-transcriptional capping (Chaudhry et al., 2007). RNA
is capped in this manner by the incorporation of the cap analogue m7 G(5′)pppG
into RNA during the transcription reaction. This is achieved by modifying the com-
ponents of the transcription reaction so that the cap analogue is typically present
at a 10:1 or 4:1 ratio with GTP. RNA produced in this manner usually contains a
variety of species resulting in 60–80% of RNA being capped, but up to 50% of this
may have incorporated the cap analogues in the reverse orientation (Meis and Meis,
2007). The remaining uncapped RNA possesses a 5′ triphosphate group and as a
result may be a potent stimulator of the innate immune response (Hornung et al.,
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Figure 4.3b Illustration of the Pol-II based MNV recovery systems. Black filled arrows illus-
trate the use of a baculovirus transduction system used to derive recombinant MNV. This system
relies on the prior generation of two recombinant baculoviruses; BACTETMNV to express the
MNV genome with a ribozyme at the 3′ end (Ribo) under the control of a tetracycline regu-
latable a minimal CMV promoter (TetO-minCMV) and BACTETtTA to express a tetracycline
repressor-VP16 transactivator fusion protein (TetR, VP16). Co-transduction of the hepatocellu-
lar carcinoma cell line HepG2 with both recombinant baculoviruses, results in RNA expression
and virus replication. Grey filled arrows are used to illustrate the plasmid based recovery systems
whereby a variety of mammalian cells can be transfected with the baculovirus transfer vectors
pFBTETMNV and pFBTETtTA to drive MNV RNA expression and virus recovery.

2006; Pichlmair et al., 2006; Nallagatla et al., 2007). The consequences of this
induction would be to stimulate many aspects of the antiviral response in cells that
would inevitably reduce virus translation, replication and the subsequent produc-
tion of infectious particles. Given the already described sensitivity of MNV to the
interferon response (Karst et al., 2003; Mumphrey et al., 2007; Changotra et al.,
2009), it is therefore possible that MNV recovery would be particularly sensitive
to any induction of the innate immune response. Recently, however, systems have
been established to allow the post-transcriptional capping of in vitro transcribed
RNA using purified capping enzyme from Vaccinia virus (Meis and Meis, 2007).
This approach is based on the tri-functional guanyltransferase enzyme from Vac-
cinia virus that has the ability to convert the 5′ triphosphorylated end of RNA into
a cap 0 structure. RNA produced in this manner is typically capped to efficiencies
approaching 100%, allowing efficient translation and minimising the chances of in-
ducing the innate immune response. MNV genomic RNA produced in this manner
was shown to yield high titres of infectious MNV upon transfection into a variety
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of mammalian cells (Figure 4.3a) (Yunus et al., 2010). Typical yields from a single
cycle of replication were � 5 × 105 infectious units per 35mm dish.

4.3.2 Applications of MNV reverse genetics

The application of the pol-II-based MNV recovery system has to date been some-
what limited in comparison to the FPV-T7-based approach. The initial report de-
scribing the generation of the pol-II recovery system demonstrated that proteolytic
cleavage between the protease and polymerase proteins of ORF1 (NS6/7) was es-
sential for MNV replication (Ward et al., 2007). This is in stark contrast to the
results described for FCV whereby the cleavage between NS6/7 was not essential
for virus replication (Sosnovtsev et al., 2002). The only other reported use of the
pol-II-based MNV reverse genetics system to date was the generation of the first
human norovirus-murine norovirus chimeric virus, containing seven amino acids
from human norovirus (Taube et al., 2010). The authors replaced a Fab2 binding site
recognised by the neutralising monoclonal antibody A6.2 at position 377 within the
major capsid protein VP1 (SVTAAAS), with the corresponding structurally equiv-
alent sequence from the Norwalk virus (NGIGSGN). The resulting recombinant
virus was viable, did not introduce any compensatory mutations with VP1 and was
no longer neutralised by the A6.2 monoclonal antibody (Taube et al., 2010). This
allowed the confirmation of neutralising monoclonal antibody site visualised by
structural analysis of a protruding or ‘P’ domain of the MNV capsid.

The FPV-T7-based recovery system has been used to undertake a number of sig-
nificant studies on MNV biology. Initial studies focused on trying to understand
the genetic basis of the tissue culture adaptation and attenuation observed upon
repeated passage of MNV1 in the RAW 264.7 cell line (Wobus et al., 2004). Wild-
type MNV1 isolated from the brain of infected STAT1-/- mice displayed 100%
lethality when reintroduced into STAT1-/- mice, even when using a low dose of
around 300 plaque forming units (pfu) per animal. In contrast after three repeated
passes through RAW 264.7 cells, even at a 10,000-fold increased dose, a �90% re-
duction in lethality was observed, indicating attenuation had occurred. Sequence
analysis of the viral population during passage in a cell culture identified two
coding changes: G2151A resulting in a valine to isoleucine change in NS4, and
A5941G resulting in a lysine to glutamic acid change in the major capsid pro-
tein VP1. By building each mutation into a cDNA clone-based on the attenuated
(passage 3) virus, it was then possible to determine that only the VP1 mutation
contributed to virulence in STAT1-/- mice (Bailey et al., 2008). Analysis of viral
replication kinetics in the RAW 264.7 cell line clearly indicated that the introduc-
tion of the ‘virulent’ mutation at position 5941 within VP1 reduced virus replica-
tion. While the NS4 tissue culture adaptive mutation (G2151A) did not contribute
to viral virulence in mice, it did appear to stimulate replication in cell culture. The
function of the NS4 protein has yet to be fully elucidated, however, it is possible
that such adaptive mutations may simply alter the ability of NS4 to interact with
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an as yet unknown important cellular factor required for norovirus replication in
cell culture. The identification of such factors and similar adaptive mutations may
contribute to the establishment of an efficient cell culture system for the study of
human noroviruses.

The identification of RNA structures required for norovirus replication and
pathogenesis has been facilitated using MNV reverse genetics (Simmonds et al.,
2008; Bailey et al., 2010). Initially bioinformatic analysis was applied to the en-
tire Caliciviridae family to identify regions within the viral genome that possess
the ability to fold into defined RNA structures that are evolutionarily conserved
between numerous isolates. The MNV reverse genetics system was then used to in-
troduce mutations into a number of these RNA structures that disrupted the ability
of the RNA to fold into a defined structure, but which left the protein coded by that
region of the genome unaltered. By examining the ability of mutant cDNA clones to
generate infectious virus, RNA structures at the 5′ and 3′ ends of the MNV genome
were demonstrated to contribute to virus replication in cell culture. In some cases,
e.g. the 5′ end, mutations were debilitating rather than lethal and viruses with re-
duced growth characteristics were generated. However, in some cases, for example,
the 3′ untranslated region (UTR), significant disruptions of the RNA structure were
in fact lethal (Simmonds et al., 2008). A small RNA structure was also identified
immediately upstream of the predicted subgenomic RNA start site on the positive
sense of the genomic RNA. This structure appeared to be more stable on the anti-
sense genomic RNA, placing it immediately downstream of the subgenomic RNA
start site, and it was hypothesised that it may at least in part contribute to the syn-
thesis of the subgenomic RNA.

The modification of RNA structures that play a role in norovirus virulence has
also been a benefit of the MNV reverse genetics system (Bailey et al., 2010). Se-
quence analysis of the 3′ UTR from a panel of MNV isolates highlighted that a
polypyrimidine tract (U/C) was present in the single-stranded region of the termi-
nal loop. The sequence varied in length and composition but was always present
in some form. The FPV-T7 reverse genetics system was used to engineer viruses
whereby the U/C rich sequence was replaced with a heterologous sequence. Viruses
recovered in this manner appeared to display identical growth kinetics to that of
the wild-type virus, yet competition analysis where wild-type and mutant viruses
were mixed together indicated that the mutant virus displayed a fitness cost. The
U/C rich sequence was found to be a binding site for polypyrimidine tract bind-
ing protein and poly rC binding protein in vitro. A mutant virus lacking the U/C
rich tract was partially attenuated in the STAT1-/- mouse model, confirming that
this sequence contributes in some manner to viral virulence (Bailey et al., 2010).
As highlighted above (Section 4.2) we previously identified PTB as playing a role
in FCV translational control by binding to the 5′ end of the viral genome. It is
therefore possible that PTB plays a similar role in the norovirus life-cycle and that
the deregulation of this control by reducing PTB binding to the 3′ end, as mutants
lacking the U/C rich sequence retained an ability to bind PTB to reduced levels, re-
sulted in attenuated in vivo. This ability to modify viral virulence via the alteration
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of RNA-protein interactions, while well established for other RNA viruses (for ex-
ample, Haller et al., 1996; Men et al., 1996; Rodriguez Pulido et al., 2009), was
until recently now proven for any member of the Caliciviridae. The use of reverse
genetics has now provided an additional approach to the generation of rationally
attenuated calicivirus vaccines.

4.4 Porcine enteric calicivirus

Porcine enteric calicivirus (PEC), a member of the Sapovirus genus, was the first
enteric calicivirus to be successfully cultured in cell culture (Flynn and Saif, 1988).
PEC was first isolated from piglets with signs of diarrhoeal disease and was sub-
sequently shown to infect pigs of all ages but causes diarrhoea only in piglets. In
contrast, porcine noroviruses are detected in adult pigs without any clinical signs
(Wang et al., 2007).

Replication of PEC in cell culture requires the addition of intestinal contents from
gnotobiotic piglets to the cell culture media (Flynn and Saif, 1988) which was found
to be dependent on cyclic AMP-mediated signalling events occurring as a result of
intestinal contents (Chang et al., 2002). This was further determined to be a direct
result of bile acids on the down regulation of the interferon response in the cultured
porcine kidney cells (Chang et al., 2004). Again, this data, in addition to data on
MNV (Karst et al., 2003; Mumphrey et al., 2007; Changotra et al., 2009) and that
described below for human norovirus (Chang and George, 2007), highlights that
the innate immune response appears to play a critical role in regulating calicivirus
replication in cell culture. Attempts to grow human norovirus in cell culture in the
presence of intestinal contents have, however, failed (Duizer et al., 2004).

A reverse genetics system for PEC was initially described in 2005 (Chang et al.,
2005) and used a similar approach to that previously described for FCV (Sosnovtsev
and Green, 1995) (Figure 4.2) whereby in vitro transcribed and co-transcriptionally
capped RNA is transfected into permissive cells. In the case of PEC, the LLC-PK
immortalised porcine kidney cell line was the cell line of choice and virus recov-
ery was only observed when transfections were performed in the presence of bile
acids. The genetically defined recombinant PEC generated by reverse genetics was
found to retain an ability to infect piglets using the oral route, however, it displayed
an attenuated phenotype similar to that of other tissue culture adapted isolates of
PEC (Guo et al., 2001; Chang et al., 2005). Sequence analysis of the tissue culture
adapted and virulent isolates suggested that attenuating mutations may map to the
major capsid protein VP1 as also demonstrated for MNV (Bailey et al., 2008). The
PEC reverse genetics system has yet to be used extensively, however, PEC holds
great promise as a model for human norovirus infection given the diarrhoeal disease
and the ready availability of a reverse genetics system. The specialised containment
facilities required to generate and maintain gnotobiotic piglets may have contributed
to limited use of PEC as a model, but future studies with this experimental system
would be of great benefit to the field.
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4.5 Rabbit haemorrhagic disease virus

Rabbit haemorrhagic disease virus (RHDV) causes a lethal and highly contagious
disease. It was initially reported in China but has subsequently spread to many parts
of the world including several European countries (Cooke, 2002). The first RHDV
reverse genetics system was described in 2006, in which in vitro transcribed RNA
was shown to be infectious not only when transfected directly into rabbit RK13
cells, but also when directly injected into the liver of rabbits (Liu et al., 2006).
Surprisingly, uncapped RHDV RNA was found to be infectious, which is in stark
contrast to all other calicivirus reverse genetics systems described to date (described
in detail above). This data might suggest that the absolute requirement of VPg for
viral protein synthesis, as reported for other caliciviruses is not as strict in RHDV.
One might therefore predict that the RHDV genome may contain translational en-
hancer sequences that contribute to this observed infectivity of uncapped RNAs,
however, further studies would be required to validate this. This particular system
has subsequently been used to examine the role of the poly A tail in viral infectivity.
Surprisingly, deletion of the entire poly A tail did not affect RHDV infectivity and
in fact virus recovered after transfection of uncapped non-poly adenylated RNA
into cells had restored the poly A tail (Liu et al., 2008b). Therefore, as has been
demonstrated in a number of other viral systems, RHDV has the ability to generate
a poly A tail de novo, either via the viral RNA polymerase or an as yet unchar-
acterised cellular mechanism. Further developments of the reverse genetics system
led to the generation of a DNA-based recovery method whereby the RHDV genome
was placed under the control of a pol-II cellular promoter (Liu et al., 2008a). Trans-
fection of a full-length cDNA clone of RHDV under the control of the CMV im-
mediate early (pol-II) promoter resulted in robust levels of viral protein production
and the generation of infectious particles. This system was used to illustrate that
unlike FCV (Sosnovtsev et al., 2005), the RHDV VP2 protein is not required for
virus replication in cell culture as viruses lacking VP2 were readily generated (Liu
et al., 2008a). Studies with FCV had indicated that while cis-acting RNA structures
present in the VP2 coding region are essential for RNA replication, VP2 is only re-
quired for virion production (Sosnovtsev et al., 2005). Again this contrast between
FCV and RHDV has highlighted that considerable variation in genome replication
strategies exist between these closely related members of the Caliciviridae family
and therefore comparative studies are well justified.

4.6 Human norovirus

As described above, the development of a full infectious culture system for human
norovirus has been the focus of intensive research over many years, yet despite
valiant efforts no robust system currently exists (Duizer et al., 2004). A highly
differentiated cell culture system was reported as supporting human norovirus
replication (Straub et al., 2007), however, this has not been validated in other
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laboratories despite numerous efforts. Despite these setbacks, there has been sub-
stantial progress in the norovirus field over the past few years and while a fully
infectious reverse genetics system remains to be generated, primarily due to the in-
ability to confirm the production of infectious virus particles, a number of systems
do exist. These will be described below along with their applications:

4.6.1 Norovirus replicons and their application

The first system to be developed that allowed some aspects of the norovirus repli-
cation cycle to be studied was replicon-bearing cell lines (Chang et al., 2006). This
system relies on the generation of cell lines that stably maintain the Norwalk virus
genome, selected by virtue of the insertion of an antibiotic resistance gene into
the VP1 capsid sequence of the Norwalk virus. Transfection of in vitro transcribed
capped Norwalk replicon RNA into baby hamster kidney cells (BHK), followed by
several weeks of antibiotic selection resulted in the generation of antibiotic resistant
clones at low frequency. Surprisingly, RNA extracted from these clones was then
able to replicate in the human hepatoceullar carcinoma cell line Huh-7, generating
the first human cell line stably replicating norovirus RNA (Chang et al., 2006). The
efficiency with which this system is generated excludes the ability to examine the
effect of mutations on replication but it has proved useful in examining the effect
of norovirus replication on the cell and the identification of inhibitors. This system
was used to demonstrate an antiviral effect of ribavirin and interferon on norovirus
replication in cell culture (Chang and George, 2007; Kim et al., 2011), identifying
the first possible therapeutic treatment for human noroviruses. Microarray analysis
of replicon bearing cells identified a number of transcripts that were modified be-
cause of human norovirus replication. Subsequent detailed analysis indicated that
genes involved in cholesterol biosynthesis were altered and that reduced choles-
terol levels favoured norovirus replication in cells (Chang, 2009). This was further
traced to an effect of low-density lipoprotein receptor (LDLR) receptor expression
in that over-expression of the LDLR stimulated norovirus replication in cell culture.
Sequestration of cholesterol via the use of statins also resulted in increased virus
replication (Chang, 2009). This last observation is particularly significant given the
recent observation that statin use exacerbates norovirus disease and can lead to in-
creased mortality rates in norovirus-infected patients (Rondy et al., 2011). This has
also highlighted how basic studies performed in cell culture can provide novel in-
sights into risk factors associated with excessive clinical disease.

4.6.2 Human norovirus recovery systems

As discussed above, a full replication cycle of human norovirus in cell culture has
yet to be achieved. Immortalised cell lines appear to be at least partially competent
for norovirus replication as Norwalk virus RNA isolated from faecal samples can
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undergo a single round of replication when transfected into cells (Guix et al., 2007).
These studies would suggest that the major block to achieving a full infectious
norovirus cell culture system is due to the inability of the virus to spread from cell
to cell. This could be due to a lack of a suitable receptor, co-receptor or entry factor
but may also be due to the effect of antiviral signalling events limiting virus spread.
In the latter case, this is unlikely to be due to RIG-I mediated signalling as cells
possessing a RIG-I mutation (Huh-7.5 cells) are also not able to support the full
human norovirus replicative cycle (Guix et al., 2007).

Two human norovirus recovery systems have been developed in the past six
years. The first was built on the prototype genogroup I human norovirus, namely
Norwalk virus, and relied on the use of a Vaccinia virus-based helper virus express-
ing T7 RNA polymerase (MVA-T7) to drive expression of the viral RNA (Asanaka
et al., 2005). In this system, similar to the MVA-T7 recovery system described for
FCV (Figure 4.2), cDNA clones of the genomic and subgenomic regions of the vi-
ral genome were cloned downstream of a T7 RNA polymerase promoter, with a
hepatitis delta virus ribozyme and T7 transcriptional promoter placed at the 3′ end
after the poly A tail. Transfection of the subgenomic RNA alone into cells (human
embryonic kidney, 293T cells) previously infected with the helper virus MVA-T7
resulted in the production of empty viral particles only, which lacked any associated
viral RNA. However, transfection of the viral genomic RNA led to the production
of viral replicase components, subgenomic RNA and virions with a sedimentation
similar to that reported for Norwalk virus isolated from faecal samples. One fun-
damental observation made as a result of these studies was that, while transfection
of the viral subgenomic RNA resulted in robust capsid production, these capsids
did not in fact contain any RNA. This provided at least circumstantial evidence that
any packaging signal within the norovirus genome, if one should exist, must lie
within the region outside of the viral subgenomic RNA. Although quite inefficient
and lacking the ability to spread from cell to cell, this system has again provided
another tool for the analysis of aspects of the norovirus life-cycle in cell culture. A
more or less identical system was developed for a genogroup II norovirus in 2006
with similar results (Katayama et al., 2006). Viral negative strand RNA was also
identified in this system as additional proof that the viral RNA containing capsids
observed were the likely result of authentic norovirus replication.

4.7 Conclusion

As illustrated above, recent progress in the calicivirus field has resulted in the gen-
eration of several reverse genetics systems for members of this poorly characterised
family of RNA viruses. While many of the systems have yet to be exploited to their
full potential, progress in recent years has been rapid and wide-reaching, providing
novel insights into calicivirus–host interactions and calicivirus pathogenesis. While
there still remain many unknowns, the future of calicivirus reverse genetics holds
great potential. The development of a full infectious human norovirus cell culture
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system remains the focus of much research, but until such a time this becomes avail-
able, studies with other members of the Caliciviridae as described above continue
to increase our understanding of this significant group of pathogens.
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5.1 Introduction: the Rhabdoviridae family

5.1.1 A diversity of similar viruses

The order Mononegavirales, or non-segmented negative strand RNA viruses
(NNSV), which comprises the families of Rhabdoviridae, Paramyxoviridae,
Filoviridae, and Bornaviridae, was the first virus order to be established. These
viruses originated from a common NNSV ancestor, as indicated by the similar or-
ganisation of genomes and a common ingenious mode of gene expression. The RNA
of Mononegavirales is always present in a highly stable, helical ribonucleocapsid
(NC) and the information encoded is expressed by sequential and polar transcription
of discrete subgenomic mRNAs from the NCs (for review, see Whelan et al., 2004).
Of the NNSV (and maybe of all RNA viruses), members of the Rhabdoviridae fam-
ily have the widest host range, including insects, plants, fish, aquatic and terrestrial
vertebrates, illustrating the versatility of the NNSV blueprint for conquering space
in at least two different kingdoms of life (for reviews, see Pringle, 1997; Fu, 2005).

Approximately 170 Rhabdoviridae species have been described, most of which
are characterised by a typical rod- or bullet-shaped morphology of the enveloped
virions, but only a few have been assigned to the six genera established so far.
Members of the Lyssavirus genus include the neurotropic rabies virus (RABV)
and rabies-related viruses from bats and other animals. Human rabies is a zoono-
sis and causes more than 50,000 deaths per year, though effective vaccines and
post-exposure treatments are available. Most of the human cases occur in India and
other parts of South-Asia and Africa where rabies is mainly transmitted by dogs.
The Vesiculovirus genus includes animal viruses like the prototypic vesicular stom-
atitis virus (VSV), which can induce severe disease in cattle and pigs causing enor-
mous economic loss. A closely related vesiculovirus, Chandipura virus, has recently
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emerged in India as serious human pathogen associated with severe acute encephali-
tis (for review, see Basak et al., 2007). Members of the Ephemerovirus genus such
as bovine ephemeral fever virus (BEFV) are important pathogens of cattle. Notably,
in contrast to RABV and other lyssaviruses, vesiculoviruses and ephemeroviruses
are typically transmitted by insect vectors. The Novirhabdovirus genus includes
typical rhabdoviruses from fish, such as viral hemorrhagic septicemia virus (VHSV)
which infects numerous marine and freshwater fish species (Skall et al., 2005).
Finally, rhabdoviruses that infect plants are separated into the genera Cytorhab-
dovirus and Nucleorhabdovirus, based on their sites of replication and morphogen-
esis (Jackson et al., 2005). They include important plant pathogens such as lettuce
necrotic yellows virus (LNYV), or sonchus yellow net virus (SYNV). Plant rhab-
doviruses are also transmitted by insect vectors. This has led to the suggestion that
the family evolved from an ancestral insect virus and that the natural host range is
largely determined by the insect host (Fu, 2005).

5.1.2 Rhabdovirus genomes

Some rhabdoviruses of mammals, like RABV and VSV have the simplest and
smallest (only 11 kb) genomes of all Mononegavirales, comprising only five genes
in the order 3′-N-P-M-G-L-5′. These encode the nucleoprotein (N), which encap-
sidates the viral RNA to form the NC, and the phosphoprotein (P), which is an
essential cofactor for RNA synthesis and a chaperone for specific encapsidation
of viral RNA by N. The matrix protein (M) provides a structural lattice between
the NC and the virus envelope, and thus has a critical role in virus assembly. The
transmembrane spike glycoprotein (G) is responsible for attachment to target cells
and membrane fusion, and the ‘large’ protein (L), is the catalytic subunit of the
viral RNA polymerase. These five genes represent the minimal set of genes in all
Mononegavirales. The most highly conserved N and L proteins of rhabdoviruses
still share common sequence blocks with those from other Mononegavirales fami-
lies. Moreover, the order of the genes is highly conserved. In contrast, though also
critically involved in RNA synthesis, the rhabdovirus P proteins show a relatively
high variability, even within the genera.

The coding capacity of the minimal rhabdovirus genomes can be easily enlarged
by expression of multiple products from a single RNA, and/or by the addition of
extra genes, as the helical nature of the NCs allows for elongation (Figure 5.1).
Lyssaviruses like RABV can express shorter variants of their P proteins by riboso-
mal leaky-scanning and translation initiation at downstream in-frame AUG codons
(Chenik et al., 1995). In the P gene of vesiculoviruses a second, overlapping open
reading frame is present, which can encode a non-essential C protein with unknown
function. Ephemeroviruses may carry up to six extra genes located between the G
and L genes and at least one of them is a second glycoprotein, GNS (Walker, 2005).
At the same position, the fish novirhabdoviruses have a typical small ‘non-virion’
(NV) protein-coding gene. In addition to the analogues of the five rhabdovirus core
genes N, P, M, G, and L, plant rhabdoviruses may carry multiple extra genes, at
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Figure 5.1 Diagrammatic representation of the 3′ to 5′ arrangement of transcription units of se-
lected rhabdoviruses. Abbreviations: N nucleo(capsid)protein, P phosphoprotein, M matrix pro-
tein, G glycoprotein, L (large) polymerase, NV non-virion, SH small hydrophobic X undefined,
Note that the order 3′-N-P-M-G-L-5′ is conserved throughout the rhabdoviruses, but additional
transcription units may be present at different positions. Differently sized P proteins are expressed
in the Lyssavirus genus by ribosomal leaky scanning from in frame AUG codons. The C protein of
vesiculoviruses and Tupaia rhabdovirus is encoded in a second reading frame of the P gene. The
plant virus genera Nucleorhabdovirus and Cytorhabdovirus comprise viruses which can have up
to 4 extra genes (X∗) downstream of P , and a Y gene downstream of G. A highly atypical example
is Orchid fleck virus, which has a bipartite genome.

different positions. Some of the products show similarity with the 30K superfam-
ily of plant virus movement proteins. The N, P, M and L proteins of nucleorhab-
doviruses contain nuclear localisation signals consistent with virus replication and
morphogenesis of these viruses taking place in the nucleus (Redinbaugh and Hogen-
hout, 2005). Sigma virus of Drosophila has an extra gene inserted downstream of
the P gene (Longdon et al., 2010). Most remarkably, the plant rhabdovirus Orchid
fleck virus has a bipartite genome, but shares significant structural and sequence
similarities with members of the genus Nucleorhabdovirus (Kondo et al., 2006).

5.1.3 Rhabdovirus nucleocapsids and rhabdovirus RNAs

The typical helical NCs of rhabdoviruses are extremely tight and stable (Naeve
et al., 1980). Within the host cells, they are present in the form of relaxed NCs,



P1: OTA/XYZ P2: ABC
JWST211-c05 JWST211-Bridgen September 3, 2012 11:39 Printer Name: Yet to Come Trim: 244mm × 168mm

118 CH05 REVERSE GENETICS OF RHABDOVIRUSES

which represent the synthetically active forms. In the rod-shaped virions, a con-
densed NC superhelix is present, probably held together by M protein (Mebatsion
et al., 1999; Ge et al., 2010). Despite little sequence homology in the N proteins
of VSV and RABV, N folding, RNA binding, and assembly are highly conserved
in VSV and RABV, as resolved by X-ray analyses (Albertini et al., 2006; Green
et al., 2006; Luo et al., 2007). The viral RNA is firmly sequestered in a cavity at the
interface between amino- and carboxyterminal lobes of the N protein, which appear
to clamp down on to the bound RNA. The complete occlusion of the RNA explains
the excellent protection of the viral RNA against high salt concentration, attack by
RNases, or silencing by siRNAs (Bitko and Barik, 2001). For RNA synthesis, which
requires access of the viral polymerase to the RNA, conformational changes in the
N protein by the polymerase and/or P protein must be postulated. Access appears
to be achieved easiest (or exclusively) at the ends of the NCs, which are known
as promoters.

The NCs are templates for two distinct modes of RNA synthesis by the L-P poly-
merase complex: transcription of subgenomic mRNAs and replication of full-length
NCs (for a comprehensive review, see Whelan et al., 2004). There is evidence in
favour of the presence of two distinct forms of polymerase complexes, a ‘transcrip-
tase’, which produces the subgenomic mRNAs, and a ‘replicase’, which is respon-
sible for amplification of full-length NCs. The two forms are not only distinguished
by association with N (see below) but also by differential association with cellu-
lar proteins (Qanungo et al., 2004). However, there is still little known about the
regulation of these two processes.

Transcription is obligatory sequential and starts off at the NC 3′ end with the
synthesis of a short, approximately 50 nucleotide-long 5′-triphosphate leader RNA
(Abraham and Banerjee, 1976; Colonno and Banerjee, 1976, 1978). The 3′ end of
the leader RNA is determined in the genome template by a conserved transcrip-
tional start sequence preceding the first (N) gene. At this junction, the leader RNA
is released and transcription of the first mRNA (N) is initiated, which involves the
addition of a 5′-methylguanosine cap structure (Both et al., 1975) by the L pro-
tein (Li et al., 2006; Ogino and Banerjee, 2007). Transcription proceeds until the
polymerase runs into a stretch of U residues on which it stutters back and forth
to produce an approximately 50–150 nucleotide long poly(A) tail, which is fol-
lowed by discharge of the mRNA. A nearby downstream start signal directs the
resident polymerase to re-engage in transcription of the next gene. The transcrip-
tional stop/polyadenylation and restart signals are typically separated by a few nu-
cleotides, known as the ‘intergenic region’, whose length and sequence composi-
tion influences the degree of reinitiation (Finke et al., 2000a). The stop signal of
the most downstream gene (L) lacks a restart sequence, indicating that the terminal
sequence is not transcribed. The exclusive entry of the polymerase at the 3′ end and
eventual dissociation at the gene junctions result in the typical transcript gradient of
Mononegavirales in which upstream (3′-proximal) RNAs are produced much more
abundantly than downstream mRNAs. This is a simple and very efficient mecha-
nism to direct adequate expression levels of gene products.
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For replication to occur, N-P protein complexes must be present as a substrate for
the L-P polymerase since the product of synthesis is not a free RNA but an N-RNA
complex (NC). Replication again starts at the 3′ end of the genome N-RNA, but any
transcription signal is ignored, resulting in the synthesis of a full-length encapsi-
dated antigenome (positive strand) N-RNA. In the presence of an insufficient N-P
concentration, replication is thought to be aborted predominantly at the junction of
the leader region and first gene (usually leader region/N gene). Indeed, a consid-
erable portion of the leader RNA is found encapsidated by N protein (Blumberg
and Kolakofsky, 1981), which might suggest that initiation of all RNA synthesis is
achieved by a single form of the polymerase, namely, the replicase. This hypoth-
esis is supported by the recent observation that the N protein of Sendai virus, a
paramyxovirus, is critically required not only for replication but also for transcrip-
tion (Wiegand et al., 2007). Whether the resident replicase can switch to a transcrip-
tase form of the polymerase at the leader-N junction, or whether the polymerase is
able to transcribe the leader template or to scan the leader template without tran-
scribing, or if the transcriptase form can enter the template at the leader-N junction,
are undecided issues.

The 3′ end of the antigenome NC serves as template for replicative synthesis
only. The production of a leader RNA equivalent, the trailer RNA, suggests a sim-
ilar mechanism for aborting replication in unfavourable conditions. Since the 3′-
terminal sequences of the antigenome RNA usually acts as a very strong promoter
compared to the genome promoter, a huge excess of genome over antigenome NCs
is usually produced. In the case of RABV- and VSV-infected cells, an approxi-
mately 50- and 10-fold excess of genome RNA is observed, respectively (Finke and
Conzelmann, 1997b; Finke and Conzelmann, 1999;Whelan et al., 2004).

The coordinated expression of N, P, and L proteins, which are directly involved as
enzymes or substrates for RNA synthesis, their mutual interplay, and the association
with cellular proteins are therefore critically involved in rhabdovirus RNA synthe-
sis and its regulation. In addition, other viral proteins may shape RNA synthesis.
The RABV M protein, for example, has been shown to stimulate replication and
suppress transcription. This is independent of its function in virus assembly, where
it mediates condensation and transcriptional ‘freezing’ of NCs for envelopment and
budding (Finke and Conzelmann, 2003; Finke et al., 2003).

5.1.4 Rhabdovirus envelopes

The M protein of rhabdoviruses is a key player in virus assembly (Figure 5.2). It
is responsible for recruiting viral NCs to membranes, their condensation into the
superhelical form thus specifying the shape of the virus particles, and inducing
membrane curvature for budding of virions from the membrane. M forms a lattice
underneath the viral envelope and thereby bridges the NC and the membrane (Ge
et al., 2010). In RABV assembly, the M protein interacts with the C-terminal cyto-
plasmic tail (C-tail) of the G protein and thus is involved in recruiting G into RABV
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Figure 5.2 Replication cycle of a prototypical cytoplasmic rhabdovirus. Attachment of the
virus to the cell surface proteins (upper left) is followed by receptor-mediated endocytosis, pH-
dependent membrane fusion in late endosomes, disassembly of matrix protein and release of
a relaxed ribonucleopcapsid (NC) into the cytoplasm. Primary transcription yields subgenomic
capped and polyadenylated mRNAs, and upon translation and accumulation of viral proteins
replication can ensue. NovelNCs are condensed at cellular membranes by matrix protein and
progeny virus is released.

particles, which favours budding (Mebatsion et al., 1999). In VSV, M–G interac-
tions are less stringent, but both M and G seem to have intrinsic budding activities
(Rolls et al., 1994; Justice et al., 1995), such that budding of virions is most effec-
tive in G- and M-rich membrane areas.

The molecular mechanisms involved in M- (and G-) driven budding and
release of viruses, however, are not clearly defined, and even the preferred sites
of budding of related rhabdoviruses may differ considerably. For example, the
two lyssaviruses, European bat lyssavirus type 1 (EBLV-1) and RABV, appear
to preferentially bud at the plasma membrane and at intracellular membranes,
respectively (Finke et al., 2010), this preference being dependent on the respective
sequences of the M proteins.

Many other enveloped viruses like retroviruses rely on the cellular endoso-
mal sorting complex for transport (ESCRT) machineries for pinching off particles
during virus budding; these, however, appear to play only a minor role in rhab-
dovirus budding.

The trimeric transmembrane spikes of G on the newly generated virions are re-
quired for cell attachment and entry into new target cells by pH-dependent fusion.
Notably, VSV G can fuse liposomes in the absence of any protein components,
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indicating that specific fusion receptors are not needed for membrane fusion (Liber-
sou et al., 2010). The proteins described as receptors for various rhabdoviruses are
therefore only attachment proteins, the binding of which increases the probability
of endocytosis and ending up in an endo-lysosome where low pH-mediated mem-
brane fusion can occur. Hence, VSV G is being used for pseudotyping of retrovirus
gene delivery vectors, in order to broaden their host range. In vitro, RABV can in-
fect virtually every cell type, but in vivo it is highly neurotropic, probably involving
better attachment to cells expressing neuronal attachment proteins (Lafon, 2005).

5.2 Rhabdovirus reverse genetics

In contrast to the vRNA of positive strand viruses, which can be directly trans-
lated at the ribosome to produce viral structural proteins and viral polymerase to
initiate an infectious cycle, the RNAs of negative strand RNA viruses must first
be assembled into an NC-like structure, and the L-P polymerase must be pro-
vided to allow transcription of translatable mRNAs. Indeed, this is accomplished
within cells expressing the individual components from transfected cDNAs. In the
past two decades ‘reverse genetics’ systems relying on such intracellular assem-
bly of NCs have been developed and improved. Viruses from all Mononegavirales
families can be generated de novo from cDNA, including several members of the
mammalian and fish Rhabdoviridae. The availability of engineered viruses greatly
facilitates the analysis of the molecular biology of these viruses and of virus–host
interplay and allows for the design of valuable tracers, vectors, vaccines, and other
biomedical tools.

5.2.1 Intracellular assembly of rhabdovirus NCs:
DIs and minigenomes

In view of the natural co-transcriptional N-encapsidation of RNA by the viral poly-
merase on a natural NC template, the mission to package pre-made, free RNA into
an NC-like structure appeared to be demanding. Initial encouraging success was
obtained with the influenza virus and Sendai paramyxovirus by transfection of an
in vitro packaged genome segment (Luytjes et al., 1989), or an in vitro transcribed
minigenome RNA into virus-infected cells (Park et al., 1991), which could express
the encoded reporter genes. Although much later this was achieved for some an-
imal rhabdoviruses (Biacchesi et al., 2000b; Le Mercier et al., 2002b), a major
breakthrough in this virus group was the establishment of helper-virus free sys-
tems, in which RNA and virus proteins were simultaneously expressed within cells
from transfected circular plasmids. This was utilised first by the Gail Wertz group
for VSV defective interfering (DI) particles (Pattnaik et al., 1992). VSV DI RNAs
mostly contain only terminal sequences derived from the 5′ end of viral genomes
(copyback DIs), or from 3′ and 5′ ends (internal deletion DI), but may lack any



P1: OTA/XYZ P2: ABC
JWST211-c05 JWST211-Bridgen September 3, 2012 11:39 Printer Name: Yet to Come Trim: 244mm × 168mm

122 CH05 REVERSE GENETICS OF RHABDOVIRUSES

protein-encoding genes. An expression system was used which involves infection
of cells with a recombinant vaccinia virus (vv), (vTF7-3), encoding bacteriophage
T7 RNA polymerase (T7 RNA pol) and transfection of the same cells with the pro-
tein expression plasmids driven by a T7 promoter (Fuerst et al., 1986). The vv/T7
system has the advantage of tremendously high expression levels combined with
mostly cytoplasmic production of RNAs.

Initial experiments revealed that plasmid-expressed VSV N, P, and L proteins are
sufficient to replicate a natural (encapsidated) copyback DI NC (Pattnaik and Wertz,
1990), and further expression of M and G proteins resulted in assembly and budding
of complete VSV DI particles (Pattnaik and Wertz, 1991). This system also allowed
the intracellular T7 RNA polymerase-driven transcription of high levels of RNAs
from transfected circular plasmids containing a T7 terminator sequence. The gen-
eration of correct 3′ termini of transcripts was achieved by ribozyme sequences,
as first successfully shown for intracellular generation of functional nodavirus
RNA (Ball, 1992). Specifically, the antigenome ribozyme of hepatitis delta virus
(HDVagRz) (Sharmeen et al., 1988; Perrotta and Been, 1990; Shih and Been, 2002),
which requires only sequences downstream of the cleavage site for autocatalytic
activity, was successfully employed. This set-up resulted in efficient encapsidation
and replication of an RNA analogue of the VSV DI-T by the simultaneously ex-
pressed ‘support’ plasmids N, P, and L (Pattnaik et al., 1992).

As for other Mononegavirales, the crucial role of a precise 3′ end for rhabdovirus
RNA rescue was confirmed by these authors. Constructs with short heterologous
3′ extensions or deletions were encapsidated by N protein, but not replicated. In
contrast, extra non-viral residues at the 5′ end did not prevent ‘rescue’, and were
removed rapidly during NC replication. Complete artificial VSV DI particles were
assembled in cells co-expressing all five VSV proteins, thus allowing for analy-
sis of both cis-acting sequences and trans-acting factors (Pattnaik et al., 1992).
The vv/T7 protein and RNA expression system was highly effective and paved the
way for similar progress with DI-like RNAs or artificial minigenomes not only
of rhabdoviruses, but of all families of the Mononegavirales (for a comprehen-
sive review, see Conzelmann, 2004; Theriault et al., 2005; Bukreyev et al., 2006;
Biacchesi, 2011).

Typically, the minigenomes used in reverse genetics elements contain only the
terminal non-coding 3′ and 5′ sequences, comprising the genomic promoter ac-
tive in transcription and replication, and specifying the antigenomic promoter for
replication, respectively. The coding sequences are often replaced by reporter genes
such as CAT, GFP, or luciferase, to easily monitor successful rescue into NCs
and gene expression. However, it has to be noted that Mononegavirales ‘holo’
promoters are not necessarily always confined to the non-translated terminal se-
quences. Although in all cases analysed so far, these sequences are sufficient for
RNA synthesis, including replication and transcription, additional sequences en-
hancing the activity of the terminal ‘core’ promoters have been identified in the
coding regions of Paramyxovirus N or L proteins (Whelan et al., 2004; Barr and
Fearns, 2010).
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By using bicistronic minigenomes in which reporter genes are separated by
transcriptional stop/polyadenylation-restart signals, cis- and trans-acting factors of
transcription can be studied. Though it is possible that minigenome RNAs may not
reflect any aspect of viral RNA synthesis regulation and virus assembly faithfully,
they are valuable tools for initial high throughput analysis of cis-acting sequences,
virus protein mutants, and cellular proteins co-acting with viral functions, or screen-
ing of small molecule inhibitors (Whelan et al., 2004). Moreover, they are particu-
larly valuable in working with highly pathogenic viruses as the experiments can be
done at standard biosafety levels (Theriault et al., 2005).

5.2.2 Virus rescue systems

The vaccinia virus/T7 system

In spite of the excellent performance of the above reverse model genome systems,
successful recovery of infectious virus lagged behind. The traditional approach,
which involved co-expression of genomic virus RNA (i.e. minus strand RNA) and
positive strand mRNAs for N, P, and L support proteins, consistently failed. The
use of viral antigenomic RNA of RABV, however, resulted in reliable recovery
of the first recombinant infectious negative strand RNA virus entirely from cDNA
(Schnell et al., 1994). Once within a NC, the positive strand can be replicated by the
plasmid-encoded support proteins to form full-length minus strand NCs as nascent
RNA chains and thus are immune to hybrid formation with positive strand mRNAs.
From functional genomic NCs, an infectious cycle is then initiated (Figure 5.3).
This ‘positive’ approach turned out to be successful for many rhabdoviruses, in-
cluding VSV, and other Mononegavirales families, indicating that hybridisation of
genomic RNA and mRNAs had been the major obstacle for virus rescue in the tradi-
tional approach. The major direct adverse effects of dsRNA formation are probably
the inhibition of efficient encapsidation of viral RNA and limiting the amounts of
translatable mRNAs. In addition, dsRNA is a major pathogen-associated molecular
pattern (PAMP), leading to the induction of type I interferon (IFN), and is acti-
vating the antiviral PKR which inhibits protein translation (for review, see Randall
and Goodbourn, 2008; Rieder and Conzelmann, 2009). However, as the system em-
ployed vaccinia virus, which is able to antagonise these cellular responses, the direct
effects are more critical.

The vv/T7 expression system is very robust and for virus rescue works well in a
broad range of cell lines and conditions (Table 5.1). This is illustrated by success-
ful rescue not only of mammalian rhabdoviruses like RABV or VSV in hamster
cell lines (BSR, BHK) (Ito et al., 2001) but also fish rhabdoviruses such as snake-
head rhabdovirus (SHRV) (Johnson et al., 2000), infectious hematopoietic necrosis
virus (IHNV), and VHSV (Biacchesi et al., 2000a; Biacchesi et al., 2002) in Ep-
ithelioma papulosum cyprinid (EPC) cells from carp. This cell line can be grown
for several hours at 37◦C, allowing vv/T7 to express sufficient T7 RNA pol for
virus rescue. Further cultivation at low temperature (14◦C) supports replication of
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Figure 5.3 Rescue of rhabdoviruses from cDNA. After transfection of usually 4 plasmids the
‘helper’ proteins N, P and L are expressed and an antigenome-like (+) RNA is transcribed by
T7 RNA polymerase or a cellular polymerase. Processing of the cRNA ends is achieved by ri-
bozymes (rz) flanking the viral sequences. If the (+) RNA is encapsidated appropriately by N-P
complexes, the plasmid-expressed polymerase (L-P) can synthesize a (-)NC. Initial transcription
by the plasmid-expressed polymerase leads to the production of viral proteins which initiate an
infectious cycle.

fish rhabdoviruses but not of vv, therefore active elimination of vv is not required
(reviewed in Biacchesi, 2011). Elimination of vv after virus rescue in mammalian
cells is easily achieved by filtration (Schnell et al., 1994; Lawson et al., 1995), using
inhibitors of DNA replication such as AraC and rifampicin (Whelan et al., 1995),
or transfer of the rescued viruses to cells not permissive for vv replication, such as
mosquito cells (Bridgen and Elliott, 1996).

In addition to vTF7-3, a host range-restricted and highly attenuated vv strain
expressing T7 RNA pol, based on a Modified vaccinia virus Ankara (MVA), MVA-
T7, has been made available (Sutter et al., 1995; Wyatt et al., 1995). This virus is
unable to multiply in human and most other mammalian cell lines, with the amazing
exception of baby hamster kidney (BHK) cells (Drexler et al., 1998). Since viral
gene expression is unimpaired in non-permissive cells, MVA-T7 is an efficient as
well as safe vector. In variations of the system, other viruses have been used as a
source of T7 RNA polymerase, like fowlpox virus, adenovirus, or Semliki forest
virus for successful rescue of various paramyxoviruses (Conzelmann, 2004).
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Non-viral expression of T7 RNA polymerase

T7 RNA pol can be expressed in transgenic cell lines and from transfected plas-
mids, thus avoiding handling of heterologous viruses like vv as a source for the
polymerase (Lieber, Kiessling, and Strauss, 1989; Elroy-Stein and Moss, 1990).
However, T7 transcripts have 5′-triphosphate ends and lack a poly(A) tail. While
this is ideal for generating virus-like RNAs, translation of proteins is poor in the
absence of the vv capping and polyadenylation enzymes. This can be partially com-
pensated for by introducing an encephalomyocarditis virus (EMCV) IRES element
into the protein-encoding plasmids, to mediate cap-independent translation (Elroy-
Stein and Moss, 1990). Of note, 5′-triphosphate RNAs are ligands for the pattern
receptor RIG-I (Hornung et al., 2006; Cui et al., 2008) and strongly induce ex-
pression of IFN, and expression of T7 RNA polymerase in cells always gives rise
to 5′-triphosphate transcripts, probably initiated at genome sequences with simi-
larity to the T7 promoter (5′-pTAATACGACTCACTATAGGG-3′; sense orienta-
tion) (Hornung et al., 2006). Cell clones expressing high amounts of T7 RNA pol
may therefore be counter-selected through IFN-mediated apoptosis. A stable T7
RNA pol-expressing cell line successfully used in the past for rescue of numer-
ous positive- and negative-strand RNA viruses is BSR T7/5, which is derived from
BHK cells (Buchholz, Finke, and Conzelmann, 1999). Intriguingly, these cells have
a complete defect in the activation of IRF3 (unpublished data), the transcription
factor required for IFN-� expression. This IFN-negative cell line has been used for
the rescue of various sorts of engineered RABVs (Faber et al., 2004), including
ambisense viruses (Finke and Conzelmann, 1999), VSV (Harty et al., 2001), and
other members of Mononegavirales (Conzelmann, 2004). One particular advantage
of BSR T7/5 in virus rescue is that completely interferon-sensitive viruses, such as
RABVs with mutations in the major viral IFN antagonist, can be rescued and propa-
gated easily. BHK/T7-9 is another cell line derived from BHK cells which has been
used to rescue RABV (Ito et al., 2003), and for the rescue of novirhabdoviruses, the
carp cell line EPC-T7 was established (Alonso et al., 2004).

In addition, expression plasmids encoding T7 RNA pol, such as pSC6-T7-neo
(Radecke et al., 1995), pNLS-T7 (Wu and Rupprecht, 2008), pCAGGS-T7 (Pater-
son et al., 2000), or pT7 (Witko et al., 2006) can be co-transfected with the viral
plasmids into cells for direct rescue. This approach is limited only by the transfec-
tion efficiency and has the advantage that cells optimal for growth of the specific
virus, or dictated by regulations for vaccine production or other manufacturing, can
be used for both rescue and propagation of the viruses.

Efficiency of rhabdovirus rescue: critical effect of 3′ and 5′ ends

The efficiency of rescue of cDNA or RNA of Mononegavirales is several or-
ders of magnitude lower than that of positive strand RNA viruses, which is due
to the low efficiency of ‘illegitimate’ encapsidation of long RNA. This makes it
all the more worthwhile to optimise the rescue system for every virus species,
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including the selection of the right cell line for transfection and propagation of
virus, and the expression of appropriate ratios of RNA, N, P, and L protein. Though
exact ratios of N:P:L are not critically required for rescue of rhabdovirus RNAs
as long as high amounts of N and P are expressed, there are examples from other
Mononegavirales, in which only a very tight range of P concentrations is allowed
(Schneider et al., 2003).

A critical factor for probably all viruses, however, is the availability of exact
ends of the transcribed RNA. Although for minigenome and viral RNA rescue extra
residues at the 5′ end do not preclude rescue, the efficiency is higher with exact
ends. This is indicated by approaches in which hammerhead ribozymes (HHRz)
(Blount and Uhlenbeck, 2002) were used to generate the 5′ ends. In the case of
RABV, the traditional approach involved a transcript possessing three extra 5′-G
residues in order to favour T7 transcription initiation. Introduction of an HHRz
after the G residues, which should result in a transcript starting with the authen-
tic 5′-A residue, increased the rescue efficiency 10-fold. In addition, we observed
that the cleavage efficiency of the HDVagRz used so far is low in transfected cells,
cleaving less than 10% of the T7 transcript, that is, only 10% of the RNA have the
right 3′ end available for packaging and/or replication initiation. Exchange with a
longer and much more effective HDV ribozyme (SC) cleaving 90% of intracellu-
lar transcripts again increased rescue efficiency more than 10-fold. Moreover, the
combination of HHRz and HDVagRz SC in full-length clones of the RABV SAD
L16 (pSAD HH-L16-SC) had a synergistic effect and improved rescue by 100-
fold and yielded the most efficiently rescueable RABV construct so far (Ghanem
et al., 2011).

Cellular polymerase systems for rhabdovirus rescue

The use of bacteriophage polymerases like T7 RNA pol has the advantage of allow-
ing cytoplasmic transcription of transfected plasmids and is very well suited for the
generation of viruses with a cytoplasmic replication cycle. Transcripts generated in
the nucleus of cells must first be exported into the cytoplasm, which may involve
processing of precursors by nucleases, addition of 5′-terminal cap structures and
poly (A) tails or RNA splicing. Although nuclear transcription of rhabdovirus RNAs
and the use of the autocatalytic HHRz and/or HDVagRz for rescue appear to be
counter-intuitive, RNA polymerase II-based rescue systems have been used for the
recovery of rhabdoviruses. CMV promoter-driven transcripts gave rise to individual
RABVs, HEP-Flury (Inoue et al., 2003; Tao et al., 2010), CTN181 (Huang et al.,
2010), and HN10 (Ming et al., 2009), and also the first rabies-related lyssavirus,
EBLV-1 (Orbanz and Finke, 2010). In contrast, rescue of CMV promoter-driven
full-length RNA of the RABV SAD L16 was not reported so far. However, recent
reports show that the fish rhabdoviruses IHNV and VHSV can be rescued in Pol
II systems (Ammayappan et al., 2011; Ammayappan, Lapatra, and Vakharia, 2010;
Biacchesi, 2011). Therefore, in these approaches, the presence of virus-specific se-
quences representing cryptical RNA splice sites, which might affect the integrity of
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full-length RNA and/or the efficient removal of the Pol II-derived poly(A) tails and
5′-caps, which may prevent nuclear export, may be decisive for success, and has to
be determined empirically.

While recovery of vertebrate rhabdoviruses is straightforward (Table 5.1), the
establishment of plant virus reverse genetics systems is obviously more challenging.
This is likely due to technical problems with plant tissue or cell culture, hampering
adequate gene transfer and expression of viral proteins (for review, see Jackson
et al., 2005). Improvement of methods will certainly lead to the establishment of
reverse genetics systems for plant rhabdoviruses, as well as for insect rhabdoviruses.

5.2.3 Design of recombinant rhabdoviruses

The possibilities of genetic manipulation of rhabdoviruses are enormous. This stems
particularly from their modular genome organisation, their simple and efficient gene
expression strategy, and the high stability of their genetic information. The latter is
at least in part due to the characteristic structure of the rhabdovirus NC, which en-
cumbers recombination and elimination of non-essential sequences. In addition, the
rhabdovirus genome in the NC is one-dimensional and sophisticated RNA tertiary
structures critical for replication, as observed in many positive strand RNA viruses,
are not known.

Gene deletion, gene insertion

Apart from single or multiple mutations within genes, which may affect any as-
pect of the multifunctional virus proteins, the deletion of entire genes is particularly
useful to initially address their roles within the virus life-cycle. As the genome is a
succession of individual cistrons defined by transcriptional start and stop sequences,
removal of an entire cistron is easily performed, which is most simply done by cut-
ting in the usually spacious 3′ untranslated regions (UTR) of the target gene and
the preceding gene (Figure 5.4). It has to be noted, however, that in this setting the
upstream gene of the new construct has a hybrid 3′ UTR, and the lack of a cistron
places the downstream genes in a more promoter proximal position such that they
are transcribed more abundantly. It is therefore advantageous to exactly replace the
viral ORF by that of a reporter gene, or an unrelated sequence. Obviously, gene
deletion can be used to single out non-essential genes, like the NV of fish novirhab-
doviruses, from the essential ones, like N, P, M, G, and L. Viruses lacking one or
more essential genes can be produced in cells expressing the missing protein. Study-
ing M gene-deficient RABVs, for example, not only verified the key role of M in
virus budding (Mebatsion, Weiland, and Conzelmann, 1999) but also identified an
important role of this protein in regulating the mode of RNA synthesis (Finke et al.,
2000b; Finke et al., 2003). The deletion of the NV gene of the novirhabdoviruses
SHRV (Alonso et al., 2004), IHRV, or VHSV (Biacchesi et al., 2000a; Biacchesi
et al., 2000b; Thoulouze et al., 2004) did not prevent viral propagation in vitro, but
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Figure 5.4 Design of recombinant virus genomes. Popular designs include (a) RABV wild-type
organisation; (b) monocistronic or (c) bicistronic minigenomes comprising the genome ends and
reporter gene transcription units like firefly luciferase (FLuc) and CAT; (d) deletion of genes;
(e) insertion of additional genes; (f) gene replacement; (g, h) gene shifting to promoter distal
(g) or proximal (h) positions to reduce or enhance gene expression, respectively; (i) represents
an ambisense gene expression virus where antigenome RNAs comprise a copy of the genome
promoter; (j) delineates an approach in which rhabdovirus transcription signals are replaced by
internal translation initiation signals (IRES elements) such that P expression depends on transla-
tional activity of the IRES.

led to severe attenuation of IHRV and VHSH in vivo, confirming the NV gene as an
important ‘accessory’ gene required for virus survival in natural conditions.

The introduction of an extra gene for vector or vaccines purposes is as easily
achieved by introduction of a complete extra cistron, i.e., an ORF encoding protein
of interest flanked by viral transcription start/stop signals. With RABV, in which the
individual gene borders are distinct from each other, usually the N/P gene border
sequence has been used, since this appears to support restart of the polymerase
best. As is obvious from the sequential transcription mode and eventual dissociation
of the polymerase at gene borders, the position of the extra cistron in principle
determines the level of its transcripts and thus protein expression, and should reduce
the levels of the downstream viral genes. However, the degree of the effects may
depend on the virus used. While in VSV a steady decline of transcripts along the
genome is suggested (see below), the transcript levels for the N, P, M, and G genes
of RABV SAD L16 are rather similar and a steep step is only observed at the G/L
border, which is characterised by a particularly long intergenic region. Using the
classical and popular insertion site for RABV immediately downstream of the G
gene (Schnell et al., 1994) still yields high levels of transcripts and reduces only
the levels of the polymerase L, which is needed in catalytic amounts. Indeed, the
addition of one or two extra cistrons to the RABV genome at this position did not
greatly affect virus propagation.

No strict upper size limits for accommodation of additional foreign sequences
are expected because of the helical nature of the rhabdovirus genomes. In view of
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natural rhabdovirus genome sizes ranging from 11 to almost 20 kb, at least the small
animal rhabdoviruses should have a capacity for approximately 10 kb of foreign
sequences. More critical than size appears to be the number of individual cistrons,
as the gene borders do not support reinitiation of all incoming polymerases, such
that the loss of the polymerase may limit the expression of the most downstream
genes. Bigger genomes obviously require more time to be replicated. Though this
may not be a fatal problem in terms of replication per se, it is possible that proteins
critically required for counteracting powerful cellular antiviral responses cannot
be accumulated at sufficient speed. RNA viruses with big genomes (coronaviruses
have up to 30 kb of RNA) also suffer from accumulation of detrimental mutations
because of the relatively high error rates of RNA-dependent RNA polymerases.

Ambisense virus vectors

As outlined above, the loss of the polymerase at downstream genes and changes
in the relative virus protein expression are probably the most serious consequences
in adding extra cistrons to the typical rhabdovirus genome. An alternative strategy
avoiding these problems was used in our laboratory for RABV. This involved an
‘ambisense’ strategy, which in nature is utilised by some members of the Arenaviri-
dae and Bunyaviridae families, which possess segmented genomes (Bishop, 1986).
In this case, both genome and antigenome NCs may serve as a template for tran-
scription of subgenomic mRNAs (see Chapters 1 and 7 in this volume). To make a
rhabdovirus an ambisense virus, the promoter of the antigenome has to be replaced
with a copy of the genome promoter, including the leader and first gene’s transcrip-
tion start sequence, resulting in a ‘copy-back’ genome (Figure 5.4). In SAD-Ambi,
a nearby transcriptional stop sequence prevents transcription into the L gene, in or-
der to avoid the formation of long L dsRNAs. SAD Ambi-CAT contains in addition
the ORF of chloramphenicol-acetyltransferase (CAT) reporter protein (Finke and
Conzelmann, 1997).

The exchange of the promoter resulted not only in transcription and expression of
the reporter gene from the antigenome NC, but also had effects on replication. While
in standard virus a 50-fold excess of genome RNAs was present, the ambisense
viruses directed the synthesis of equal amounts of genome and antigenome NCs
(1:1) without a drastic loss of total replicative synthesis (twofold). Moreover, 50%
of virions contained antigenomic NCs, as revealed by hybridisation experiments,
revealing the lack of specific signals for incorporation into virus particles. The
final infectious titres (that is, viruses with genome NCs) of the ambisense viruses
were only 10–15-fold below those of wild-type (wt) virus. Hence, such RABVs
appear to represent suitable vectors, particularly for expression of multiple foreign
genes without disturbing the canonical gene order and expression levels of viral
proteins. Whether or how this strategy is applicable to other viruses has to be de-
termined empirically. For example, the VSV genome 5′ end appears to rely on spe-
cific sequences of the genomic 5′ end for incorporation into virions, as revealed
by minigenome experiments (Whelan and Wertz, 1999). Ambisense Sendai viruses
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reflect the findings with RABV in terms of gene expression (Le Mercier et al.,
2002a), but are unstable in cell culture, indicating an important role of the viral
trailer RNA in preventing apoptosis (Iseni et al., 2002) or induction of IFN by read-
through dsRNAs (Le Mercier et al., 2002a).

Shifting viral genes

As the relative position of a gene to the 3′ terminal promoter determines its level
of transcription, changing the gene order leads to changes in the relative protein
expression and to viruses with altered phenotypes. In fact, gene-shifting to down-
stream positions is a valuable approach to study the functions of essential genes,
complementing gene knock-out experiments. For example, stepwise downstream
translocation of the N gene of VSV resulted in gradual attenuation of the virus
in vitro, illustrating the important role of high N protein abundance for replica-
tion (Wertz et al., 1998). This holds true in vivo, revealing a correlation of repli-
cation and virulence (Flanagan et al., 2001; Flanagan et al., 2003). The role of
the RABV M protein in the regulation of replication was illustrated by viruses ex-
pressing very little M protein from the 5′ terminal position downstream of the L
protein (SAD-LM) (Finke and Conzelmann, 2003; Finke et al., 2003). Similarly, a
corresponding construct in which the RABV P gene was expressed from the most
downstream position (SAD � PLP) revealed the crucial roles of the RABV P pro-
tein as an IFN antagonist and yielded viruses strongly stimulating host cell innate
immunity (Brzózka et al., 2005, 2006; Rieder and Conzelmann, 2009; Rieder et al.,
2011). Gene shifting can also be exploited to increase the expression of major pro-
tective antigens, such as moving the VSV G gene more upstream (Flanagan, Ball,
and Wertz, 2000).

Tuning transcription and translation

Expression levels of virus-encoded proteins can be further tuned by modified tran-
scription signals that differ in their ability to direct restart or read through. In con-
trast to VSV, the four gene borders of RABV have intergenic regions of different
length, namely 2, 5, 5 and 24–29 nucleotides, which alter reinitiation efficiencies.
When the individual intergenic regions were introduced into the RABV N/P gene
border, an attenuation of downstream transcription to 78% (P/M), 81% (M/G) or
11% (G/L) was observed. In a recombinant RABV, the replacement of the complete
G/L gene border with a copy of the optimal N/P border resulted in over-expression
of L mRNA, and a general increase in viral RNA synthesis (Finke et al., 2000b).
Such enhancement of L expression could be helpful in compensating for poor L
expression caused by multiple extra upstream cistrons.

A completely different approach to modulate the expression levels of viral
proteins involves the removal of the rhabdovirus gene borders, and thus the tran-
scription signals, and their replacement with RNA sequences which are active in
translation, namely, internal ribosome entry site (IRES) sequences, as found, for
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example, in picornaviruses. Such replacement of the N/P gene border in RABV, for
example, leads to the transcription of a bicistronic N-P mRNA. The upstream N
is translated in the typical 5′-cap-dependent manner while translation of the down-
stream P is internally mediated by the IRES element. As picornavirus IRES el-
ements differ in their initiation activity, the expression levels of the downstream
encoded protein can be fine-tuned by selecting the appropriate IRES. Translational
attenuation of the RABV P by the poliovirus or human rhinovirus IRES accordingly
attenuated the neurovirulence of recombinant RABV (Marschalek et al., 2009). In
case of RABV, the P protein is not only essential for RNA encapsidation and poly-
merase function but is also a critical antagonist of IFN induction and IFN signalling.
Reducing P levels therefore attenuates both virus replication and its ability to escape
from antiviral host response (Brzózka et al., 2005; Marschalek et al., 2012).

As IRES elements direct internal entry of ribosomes, it was not surprising to see
that rescue of the above recombinant viruses was possible without providing P pro-
tein from a separate expression plasmid (unpublished data). It can be envisaged that
in the future full-length cDNA clones can be developed in which N, P, and L can
be expressed from the full-length antigenome transcript (before it is encapsidated).
Such single plasmid rescue systems may be particularly valuable in transgenic ani-
mal approaches for studying individual aspects of RABV biology and pathogenesis,
or for in vivo tracing experiments.

5.3 Applications and examples

Rhabdoviruses of vertebrates, invertebrates and plants as well as other Monone-
gavirales represent a great source of tools for basic research and biomedical ap-
plications. Particularly, numerous vaccine and vector approaches have been initi-
ated with the availability of reverse genetics systems, aimed at generating immunity
against homologous and heterologous pathogens, or for oncolytic virotherapy. For
comprehensive reviews, see Finke and Conzelmann, 2005a; Bukreyev et al., 2006;
Lichty et al., 2004; Lech and Russell, 2010). Here, only the principal strategies will
be outlined and a few important or exciting examples will be provided.

5.3.1 Vaccines and vectors

Approaches to attenuate live virus

The amenability of a virus to genetic manipulation immediately offers possibili-
ties for generating attenuated live vaccines. Most mutations and alterations of the
genomes attenuating the replication of rhabdoviruses in vitro should also affect
their replication in vivo, and likely their virulence, as illustrated, for example, by
the above-mentioned VSV N gene shift mutants (Flanagan et al., 2001). However,
stimulation of immune responses is often inversely correlated with replication ca-
pacity and poor growth of live vaccines in vitro is a serious cost issue in commercial
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vaccine production. The identification and elimination of virulence markers which
attenuate virulence but do not affect replication and immunogenicity are desirable
(Bukreyev et al., 2006; Lichty et al., 2004).

With the more recent elucidation of innate immune response pathways and their
great impact on the development of adaptive immunity, viral antagonists of these
pathways, in particular of type I IFN and NF-�B, have emerged as virulence fac-
tors and promising targets for attenuation of rhabdoviruses, and viruses in general.
IFN antagonists of Mononegavirales are often non-essential so-called ‘accessory’
proteins, which are encoded on separate genes, like RSV NS1 and NS2, or from
the P gene, such as the V and C proteins of paramyxoviruses, or the NV genes of
novirhabdoviruses, and the expression of which can be abolished (for review, see
Randall and Goodbourn, 2008; Goodbourn and Randall, 2009; Biacchesi, 2011).

Notably, the mechanisms and proteins involved in IFN escape of the seemingly
closely related RABV and VSV differ dramatically, reflecting their specific biology
(for review, see Rieder and Conzelmann, 2009). In RABV, the P protein is a spe-
cific and powerful inhibitor of IFN induction and of the IFN signalling-mediated
induction of antiviral and immune-stimulatory proteins. In VSV, the M protein is
cytopathic and prevents transcriptionally regulated host cell responses in general,
by interfering with host mRNA transcription and nuclear export (Ferran and Lucas-
Lenard, 1997; Ahmed et al., 2003). RABV P and VSV M are essential proteins,
which cannot be deleted without abrogating virus propagation. However, mutagene-
sis experiments were used to identify proteins specifically lacking these IFN escape
functions. For RABV, P mutants lacking a few amino acids (176–181) were unable
to prevent activation of the IFN transcription factor IRF3. Recombinant RABVs car-
rying the mutation replicated like wt virus in vitro but induced high levels of IFN
and were completely attenuated even after intracerebral application at a high dose
(Rieder et al., 2011). Similarly, residue M51 in the M protein of VSV was found to
be critical for host cell shutdown, and mutant M51 VSV viruses strongly activate
the host innate immune response and are attenuated in vivo (Ahmed et al., 2009;
Ahmed, Brzoza, and Hiltbold, 2006). Such attenuated but immune-stimulating
viruses are being used in numerous approaches in vivo, involving oncolytic gene
therapy (Wu et al., 2008). In summary, rhabdoviruses with targeted deletions in
IFN antagonist genes are excellent candidates for live virus vaccines and oncolytic
virotherapy, because they can be grown to high titres in tissue culture and are highly
attenuated in the host organism, due to a robust IFN and immune response.

Another approach aimed at stimulating the host immune response rather than
attenuating the virus is expression of recombinant cytokines like IFN (Obuchi
et al., 2003; Faul et al., 2008) and other cytokines and chemokines (Fernandez
et al., 2002; Niu et al., 2011; Wen et al., 2011). However, very careful selec-
tion of immune-stimulatory molecules is required to avoid adverse effects (Zhao
et al., 2009) .

The acute or residual inherent neurotropism of rhabdoviruses is of concern in
any live vector application. Recent progress in the growing field of small RNAs,
particularly micro-RNAs (miRNAs) has enabled an elegant strategy to restrict virus
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replication in neuronal tissue. This is based on the finding that in neurones spe-
cific miRNAs are overexpressed. Engineering the target sequences of these miR-
NAs into 3′-UTRs of rhabdovirus transcripts results in specific attenuation of virus
neuropathogenicity (Kelly et al., 2010). Though mostly applied in the design of
oncolytic vectors, this approach is generally applicable.

The major virulence factor of RABV, which determines its high neurotropism,
is the G protein (Finke and Conzelmann, 2005b; Dietzschold et al., 2008; Lafon,
2008), which is also the antigen for the induction of neutralising antibodies (Cox,
Dietzschold, and Schneider, 1977). The identification of mutations affecting the
functions of G in binding to neuronal receptors and entry into neurones, but leaving
the major antigenic sites intact is a classical objective in the design of live RABV
vaccines. Indeed, mutations of the arginine residue 333 render many RABV strains
incapable of reaching the central nervous system (CNS) (Dietzschold et al., 1983;
Seif et al., 1985; Coulon et al., 1989), making them safe vaccines, see, for example
(Mebatsion, 2001). Reverse genetics allows vaccines to be further improved, for
example, by forced expression of the G protein to better stimulate the formation
of antibodies and simultaneously attenuate the virus. This is achieved in viruses
which contain two or three copies of the authentic or combinations of authentic
and mutated G gene (Faber et al., 2002; Faber et al., 2007; Faber et al., 2009).
The high attenuation of these viruses is multifactorial: the extra cistrons attenuate
transcription and replication, overexpression of G induces apoptosis (Faber
et al., 2002; Prehaud et al., 2003), thereby destroying the integrity of neuronal
connections required for RABV to reach the CNS (see below for details), and the
R333 mutation in G prevents efficient entry into neurones. The high propensity
of rhabdoviruses to accept genetic modifications which allows the combination of
multiple attenuating strategies, should lead to the development of highly safe and
effective live vaccines in the future.

Vectors

Mammalian rhabdoviruses like RABV and VSV are well known to induce strong
humoral and cellular immune responses and are therefore regarded as promis-
ing carriers for heterologous antigens as well. VSV grows rapidly and to high
titres and has therefore been used as a vector for numerous antigens, since the
advent of reverse genetics. A major focus in the field of VSV- and RABV-
based vaccines is immunisation against HIV-1, which mostly involves expres-
sion of the HIV-1 Env and/or Gag proteins from recombinant RABV (Gomme
et al., 2011) or VSV (Johnson et al., 2009). In addition, antigens from many
other major pathogens threatening human health have been expressed from rhab-
dovirus vectors, just to mention a few recent examples: the Ebola and Mar-
burg filoviruses (Geisbert et al., 2009; Falzarano, Geisbert, and Feldmann, 2011),
influenza A virus (Schwartz et al., 2010), SARS coronavirus (Kapadia et al.,
2005; Kapadia et al., 2008), hepatitis C virus (Majid et al., 2011), hepatitis
B virus (Cobleigh et al., 2010), norovirus (Ma and Li, 2011), vaccinia virus
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(Chattopadhyay et al., 2008; Braxton et al., 2010), or against bacteria or toxins
(Smith et al., 2006; Chattopadhyay et al., 2008). In many of these cases, the non-
cytopathic VSV mutant M51R is being used for improved immune response.

The heterologous antigens, which are mostly viral surface glycoproteins, can be
expressed as soluble protein antigens, or can be designed to form virus-like par-
ticles, as in the case of noroviruses (Ma and Li, 2011) to mimic infection with
the heterologous virus. Preferably, individual proteins are displayed on the sur-
face of rhabdovirus particles to mimic the densely packed para-crystalline arrays
of the rhabdovirus G spikes in natural viruses. Such multimeric identical antigens
are characteristic of some viruses and are able to activate B cells directly (Zinker-
nagel, 1997; Fehr et al., 1998). This can be achieved by fusing the antigen with the
G protein, or by incorporation of the entire protein into the viral membrane, either
in addition or instead of the vector glycoprotein.

Envelope switching

Though contributing to virus budding, the G proteins of RABV and VSV are not
required for this process (Mebatsion, Konig, and Conzelmann, 1996; Schnell et al.,
1998; Mebatsion, Weiland, and Conzelmann, 1999) and can be replaced entirely
by foreign type I transmembrane proteins (Mebatsion et al., 1995; Mebatsion and
Conzelmann, 1996; Schnell et al., 1996; Mebatsion et al., 1997; Schnell et al.,
1997). If these proteins can replace G functions in terms of virus entry, viruses
with an altered tropism or host range are generated. VSV particles seem to be more
promiscuous than RABV and accept many envelope glycoproteins such as the hu-
man CD4 (Schubert et al., 1992), though a certain length of the C-tail seems to
favour incorporation (Schnell et al., 1998). In contrast, RABV requires a C-tail se-
quence and structure similar to that of RABV G (Mebatsion and Conzelmann, 1996;
Mebatsion et al., 1997). As opposed to RABV, the expression levels of VSV G pro-
teins in VSV-infected cells are extremely high, such that a specific enrichment in
particles may not be necessary, explaining the observed differences.

Pseudotype rhabdoviruses, in which the lack of their own G genes is comple-
mented in cells expressing the heterologous protein, or surrogate rhabdoviruses, in
which the G gene is replaced with the foreign gene, are valuable tools for basic and
applied research. As opposed to the latter, pseudotype viruses can perform only a
single round of infection and can therefore be used to study the functions of the gly-
coproteins of highly hazardous viruses, like HIV-1, filoviruses or arenaviruses (see
references in Finke and Conzelmann, 2005a). In addition, retargeting of viruses
by pseudotyping to cells of interest is a valuable approach in directing vaccine
viruses to immune cells like DCs, or in oncolytic virotherapy. Recent promising
approaches include, for example, the use of oncolytic VSV carrying the envelope of
LCMV which show enhanced infectivity for glioma cells (Muik et al., 2011). Surro-
gate viruses may serve the same objectives. Their tropism and immunogenicity are
also directed by the foreign protein but they are replication- and spread-competent
viruses, which require appropriate precautions.
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(Mono)synaptic tracing

While for many biomedical approaches the extreme neurotropism of RABV is
counterproductive, it is extremely valuable when it comes to the study of the
nervous system, where RABV has a home field advantage over any other virus. In
fact, in vivo RABV is completely adapted to and dependent on neurones, and on
the integrity of the neuronal network, in order to reach the CNS where it replicates
and amplifies best, and where it causes behavioural symptoms that guarantee
transmission.

The unique feature of RABV is an exclusive transsynaptic transmission (Astic
et al., 1993; Coulon et al., 1989; Ugolini, 1995, 2010). At the infection site, RABV
is endocytosed by neurones and is retrogradely transported in axonal transport vesi-
cles towards the cell body (Klingen, Conzelmann, and Finke, 2008). Klingen et al.
made use of dual-labelled RABV particles allowing the distinction of enveloped
virus from non-enveloped NCs. Upon membrane fusion and release of the NC into
the cytoplasm, replication takes place. Then, new virions are assembled, and only
at synapses are they transferred to the presynaptic membrane of connected neu-
rones, endocytosed, and further transported in the direction of the CNS. While G
gene-deficient RABV pseudotyped with RABV G can infect neurones after injec-
tion into the brain, transsynaptic transmission from these initially infected neurones
to connected presynaptic neurones is not possible (Etessami et al., 2000). Injections
with such single round RABV equipped with a GFP gene leads to brilliant staining
of neurones and neurites, such that neurones with projections to the injection site
can be identified and their morphology studied in great detail (Wickersham et al.,
2007a).

The connectivity of neuronal circuits is a central topic in the neurosciences since
detailed knowledge of neuronal wiring is a prerequisite for understanding how the
brain works. Direct synaptic connections of individual neurones, however, can-
not be easily determined with conventional non-viral or viral tracers, including
replication-competent RABV. Fortunately, exploiting the exclusive synaptic trans-
mission of RABV and the possibility of envelope switching and re-targeting of
single round G-deficient RABV have recently led to the establishment of the first
so-called ‘monosynaptic’ tracer system (Wickersham et al., 2007b).

The system involves targeted infection of a defined (postsynaptic) neuron which
expresses G protein and therefore supports transsynaptic transfer of the virus to con-
nected (presynaptic) neurones. As no G is expressed there, the virus is not spread
further. Specific targeting of the first neurone is achieved, for example, by expres-
sion of the avian ‘tumor virus a’ protein (TVA) in the neurones, and infection with
viruses pseudotyped with EnvA, the envelope protein of an avian retrovirus which
uses the receptor TVA for entry. Expression of different fluorophors in the postsy-
naptic neurone and from the virus genome allows easy discrimination of post- and
presynaptic cells (Plates 1 and 2). This system is being increasingly used to dis-
sect sensory and motor circuits in the nervous system (Stepien et al., 2010; Wall
et al., 2010; Weible et al., 2010; Miyamichi et al., 2011; Yonehara et al., 2011).
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Future progress in virus construction will in addition greatly facilitate readout and
allow modulation of neurone activity, for example, by including genes encoding
light-activated ion channels or calcium-indicators.

5.4 Conclusion

The ability to manipulate the genomes of rhabdoviruses at will, and to recover new
viruses not existing in nature is a powerful tool to study all aspects of the viral life-
cycle, including host anti-viral, and viral anti-host mechanisms and to understand
pathogenicity. This is a prerequisite for safe and efficient prophylaxis and treatment
of present and emerging viruses. Moreover, the particular skills of rhabdoviruses
can be exploited to design valuable tools for biomedical research, including vectors
and tracers revealing the intricacies of biological systems like the brain.
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Department of Microbiology, Boston University, School of Medicine and National Emerging
Infectious Disease Laboratories, Boston University

6.1 Introduction

There are several excellent reviews on the molecular biology, immunology and
pathogenesis of measles virus (MV) which have been published recently (De Swart,
2009; Gerlier and Valentin, 2009; Hahm, 2009; Navaratnarajah et al., 2009; Rima
and Duprex, 2009; Schneider-Schaulies and Schneider-Schaulies, 2009; Sellin and
Horvat, 2009; Yanagi et al., 2009; Schneider-Schaulies and Duprex, 2011). Read-
ers are directed to these publications for further details of the topics which, for
brevity, can only be summarised in the introduction below, particularly the adap-
tive (Schneider-Schaulies and Duprex, 2011) and innate (Rima and Duprex, 2011)
immunological aspects of the disease. To complement these reviews we have judi-
ciously selected representative recombinant (r) MVs and used them to illustrate the
power of MV reverse genetics approaches in helping us to understand the pathology
of the disease and the underlying biology of the virus.

6.2 Measles: the disease

Measles is typically a childhood infection of humans and is spread by the respira-
tory route (Griffin, 2007). The disease is characterised by a latent period of 10–14
days, a short prodromal phase of fever, coryza, cough and conjunctivitis, which is
then followed by the appearance of the characteristic maculopapular rash. Rash on-
set coincides with the appearance of the immune response and initiation of virus
clearance. Recovery is accompanied by lifelong immunity to reinfection (Panum,
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1938). Monkeys exposed to infected humans or that have been experimentally in-
fected with wild-type strains of MV develop a similar disease (van Binnendijk et al.,
1995) and much of the more detailed knowledge of pathogenesis and sites of viral
replication come from studies of non-human primates (De Swart, 2009). Significant
progress has been made in understanding viral pathogenesis by harnessing optimal
wild-type rMVs expressing fluorescent proteins and the measles monkey model and
this serves to illustrate the power of reverse genetics (see below).

MV is spread via aerosol droplets and, historically, the virus has been pro-
posed to target epithelial cells in respiratory surfaces (Griffin, 2007). However,
recent experiments in our laboratory strongly suggest that the early target cells
of MV are signalling lymphocyte activation molecule (SLAM), or more cor-
rectly CD150-expressing, alveolar macrophages or dendritic cells, which traffic the
virus to bronchus associated lymphoid tissue (BALT) and/or regional lymph nodes
(Lemon et al., 2011). Here they disseminate the infection to the plethora of CD150-
expressing cells found in close proximity in the BALT, which provides the perfect
environment for the amplification of a highly cell-associated, lymphotropic virus
such as MV. Lymphocytes are the key cells infected in the blood, although mono-
cytes have also been shown to be infected (Osunkoya et al., 1990; Esolen et al.,
1993; de Swart et al., 2007), and these facilitate the systemic spread of the virus to
organs throughout the body. Epithelial cells have a role in MV pathogenesis but at
a later stage (Noyce et al., 2011) and it is proposed that epithelial cells in the respi-
ratory surfaces facilitate the release of virus from the host, demonstrated by the fact
that viruses which cannot enter these cells are not released (Leonard et al., 2008).
Complications of MV infection can occur when the virus crosses the blood–brain
barrier (by an unknown mechanism) where it can cause encephalitis and in a small
number of cases the disease subacute sclerosing panencephalitis (SSPE) which is in-
variably fatal (Griffin, 2007; Schneider-Schaulies et al., 2003). Understanding MV
entry and spread in the central nervous system (CNS) has also been facilitated by
the use of rMV (see below).

6.3 Measles: the infectious agent

MV virions have a host cell derived lipid envelope and are highly pleomorphic, av-
eraging in size from 120–250 nm. However, their diameters can reach up to 1000
nm, meaning that the cargo space varies significantly from 3 × 105 to �107 nm3.
As a result, they can accommodate more than one genome and many virions are
functionally polyploid (Rager et al., 2002). Whether or not the virions have the
same size distribution in vivo is unknown as they are highly cell-associated. The
negative sensed genomic RNA is encapsidated with nucleoprotein (N) and associ-
ated with the large- (L) and phospho- (P) proteins, which together form the RNA-
dependent RNA polymerase (RdRp) of the virus (Griffin, 2007). The hydrophobic
matrix (M) protein is believed to act as the bridge between the encapsidated genome
and the cytoplasmic tails of the two surface glycoproteins, the fusion (F) and
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hemagglutinin (H) proteins, which protrude as 5–8 nm long spike-like projections
from the envelope surface (Tahara et al., 2007b). The F and H glycoproteins are
type I and type 2 proteins respectively. The M protein is not an integral membrane
protein, but associates with the encapsidated genome within virions when observed
by electron microscopy (Plate 3).

Classified as a morbillivirus, in the family Paramyxoviridae and order Monone-
gavirales, MV has a non-segmented, negative-sense, single-stranded RNA genome
which is 15,894 nucleotides in length (Plate 3). The 3′ to 5′ genome encodes six
major structural proteins within six transcription units (TUs) in the order N, P, M,
F, H and L, Individual TUs are separated by an intergenic (Ig) trinucleotide spacer,
3′-GAA-5′ for all Ig spacers apart from that between H and L which is 3′-GCA-
5′. These are not transcribed into mRNA during transcription by the RdRp. Each
TU has a 5′ untranslated region (5′ UTR) upstream, and a 3′ UTR downstream,
of the open reading frame (ORF). The 5′ and 3′ UTRs contain short, highly con-
served gene start (GS) and gene end (GE) signals respectively which surround the
Ig trinucleotide spacer. The GS signal is required for transcription initiation by the
RdRp and the GE contains a polyadenylation signal on which the RdRp stutters,
thereby adding a non-templated poly-A tail to the viral mRNA. These signals di-
rect termination of one mRNA transcript and re-initiation at the downstream TU.
The coding potential of the genome is further increased by the use of overlapping
reading frames and a pseudotemplated transcription process, termed RNA editing,
in the P gene (Cattaneo et al., 1989). This leads to expression of the non-structural
C and V proteins respectively (Bellini et al., 1985; Cattaneo et al., 1989) and thus it
is more formally correct to call this transcription unit P/C/V. It is possible that the P
gene contains further coding potential. A protein, R, generated by ribosomal frame-
shifting during translation has been detected in infected cells, although a function
has not been attributed to it (Liston and Briedis, 1995). Also a third open reading
frame which overlaps the P and C open reading frames at the beginning of the P
gene affects growth in vitro (Rennick et al., in preparation).

The gene order was originally inferred from Northern blot analysis of the mono-
and poly-cistronic mRNA transcripts isolated from MV infected cells (Barrett and
Underwood, 1985; Richardson et al., 1985; Dowling et al., 1986; Rima et al., 1986;
Yoshikawa et al., 1986). Later they were determined to be correct by sequencing
(Blumberg et al., 1988, Crowley et al., 1988, Alkhatib and Briedis, 1986, Bellini
et al., 1986, Gerald et al., 1986, Richardson et al., 1986, Bellini et al., 1985, Rozen-
blatt et al., 1985). The six TUs are flanked by a 52 nucleotide leader (Le) sequence
and a 37 nucleotide trailer (Tr) sequence at the 3′ and 5′ ends of the genome. The
first 18 nucleotides of the MV Le and Tr show high sequence complementarity and
this region is referred to as the ‘A box’. Due to this sequence complementarity, these
regions are suggested to contain one of the elements of the promoter which is used
when the RdRp functions as a replicase (Leppert et al., 1979; Horikami and Moyer,
1991). The genomic promoter (GP), located at the 3′ end of the genome, is a weaker
promoter than the antigenomic promoter (AGP) which is located at the 3′ end of the
antigenome and therefore the virus produces more copies of the negative-sensed
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genomic RNA which is required for packaging into nascent virions. The replication
promoter is bipartite and the RdRp also requires a motif within the N 5′ UTR; the
5′-(GN5)3-3′ motif, a stretch of conserved, equally spaced G nucleotides starting at
position 79 of the genome, referred to as the ‘B box’ (Rennick et al., 2007; Walpita,
2004). An equivalent motif is also present as part of the AGP.

Studies initially performed with Sendai virus (SeV) minigenomes revealed that
templates can only be efficiently replicated when their length is an exact multiple
of six (Calain and Roux, 1993). This provides a functional basis for the previous
observation that each N protein interacts with six nucleotides (one hexamer) of the
genomic RNA (Egelman et al., 1989). This restriction has been termed the ‘rule of
six’. It has been shown that MV also adheres to this rule (Radecke et al., 1995; Sidhu
et al., 1995). This has consequences for reverse genetics in that all rMV genomes
must be engineered to have a total number of nucleotides which is a multiple of six.

As N proteins interact with six nucleotides of the genome, it means that the
genome is likely to be exactly encapsidated with N subunits. This results in an
exact nucleotide and N subunit match at the 3′ OH end of the genomic RNA,
referred to as 3′ OH congruence, and this may be important in recognition of the
GP. Alternatively, assuming that the six positions for interaction of N with the
nucleotides are not equivalent, the nucleotide position relative to N (the N phase
context) may be the critical factor. A study into whether the 3′ OH congruence
or the N phase context was the critical factor was carried out for SeV (Vulliemoz
and Roux, 2001). This study used minigenomes, for which the 3′ OH congruence
of the GP could be discriminated from its N phase context. The 3′ OH congruence
of the template was not critical for replication in cases where the N phase context of
the promoter was conserved. However, when the N phase context was changed, so
as to obliterate replication, the 3′ OH congruence could not restore replication. This
strongly suggests that the application of the ‘rule of six’ depends on the recogni-
tion of nucleotides positioned in the proper hexameric phase. Phase is thought to
be important in recognising the ‘B box’ with each conserved G nucleotide being
in the same phase with respect to the N protein. Other elements which have been
proposed to represent non-random positioning with regard to phase include the GE
and GS signals and the editing site (Kolakofsky et al., 1998). A series of rMVs
with modifications which shifted these regions into all possible phases exhibited an
abnormal pattern of read-through at the M/F and F/H Ig boundaries (Billeter, 2000)
and viruses showed some alteration in editing of the P/C/V gene. This suggests
that the nucleotides participating in these signals might be recognised differently
depending on their phase.

In the case of all non-segmented, negative-sensed, RNA viruses, the naked RNA
genome is not infectious and is never found in that state in the cytoplasm. Instead,
the genome is tightly encapsidated by N protein, forming a ribonucleoprotein (RNP)
complex (Lamb and Parks, 2007). For MV the basic unit of infectivity consists of
this RNP in complex with the RdRp and is most precisely termed the (−)RNP;
this acts as a template for replication and transcription. The antigenome is encapsi-
dated within the (+)RNP and this acts as a replicative intermediate functioning as
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the template for the generation of progeny (−)RNPs. These are transported to the
plasma membrane for incorporation into nascent virions. The fully encapsidated
RNA forms a helical RNase resistant structure which is 1 �m long with a diameter
of 18-21nm. Encapsidation of the basic unit of infectivity has consequences for the
development of reverse genetics systems for the virus and it proved to be essential to
appreciate the intricacies of the virus molecular biology for the successful recovery
of rMVs (see below).

6.4 RNA synthesis: a tail of two processes

The MV RdRp must perform two distinct processes in order to produce progeny
virus particles (Lamb and Parks, 2007). First, in primary transcription, the genes
are transcribed to produce mRNAs, which are in turn translated by the host cellu-
lar machinery to produce the viral proteins. Sufficient amounts of nascent proteins
are required for secondary transcription, genome replication and for the assembly
of infectious virus particles. Second, the genome must be replicated to produce
new genomes, which are encapsidated with N protein and packaged into progeny
virus particles. Replication of the genome occurs in two steps. Initially a full-length
antigenomic (+)RNP is generated from the incoming (−)RNP. The (+)RNP then
acts as a template for the generation of full-length (−)RNPs. As a negative sense
RNA virus, MV has to overcome the fact that there is no host RdRp capable of pro-
ducing RNA from the (−)RNP. Additionally, it must employ mechanisms to prevent
the formation of double stranded RNA intermediates, since these structures evoke
an antiviral response in the host cell (reviewed in Gerlier and Valentin, 2009). MV
overcomes these two difficulties by encoding an RdRp, which is incorporated into
every virion to ensure infectivity (Baltimore et al., 1970), by packaging its genome
as a (−)RNP, and by replicating its genome within a (+)RNP.

6.5 Transcription: starting, stopping, dropping
off or starting again

There has been considerable debate as to whether the RdRp accesses the N GS sig-
nal directly or if it engages the (−)RNP at the extreme 3′ end and then scans to
the GS signal thereby producing a short unencapsidated Le RNA. Such uncapped
Le transcripts would be inherently unstable in infected cells and this could explain
why they are difficult to detect. However, an in vitro study of MV transcription
using purified virus has demonstrated that the RdRp can initiate transcription from
the (−)RNP at the 3′ terminal nucleotide of the genome (an A nucleotide) and syn-
thesise a Le RNA (Horikami and Moyer, 1991). This suggests, at least in vitro, that
the RdRp accesses the 3′ end of the genome, and when it reaches the N GS signal it
terminates synthesis of the Le RNA, and reinitiates to transcribe the N gene mRNA.
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Free Le RNA has been detected in MV-infected A549 cells, but not in infected Vero
cells (Crowley et al., 1988; Horikami and Moyer, 1991). This suggests that the sta-
bility of the leader RNA may be cell line dependent (Horikami and Moyer, 1995)
or alternatively, that there is a host cell-dependent factor which determines the site
of polymerase entry for transcription.

Studies using the prototypic non-segmented negative strand RNA virus, vesicu-
lar stomatitis virus (VSV), have shown that non-segmented negative strand RNA
viruses employ a stop–start model of sequential transcription (reviewed in Barr
et al., 2002). Transcription is obligatorily sequential (Abraham and Banerjee, 1976;
Ball and White, 1976; Ball, 1977), discontinuous (Iverson and Rose, 1981) and po-
lar (Villarreal et al., 1976). Transcription initiates at the 3′ end of the (−)RNP at
the GS signal of the N gene, placing the N gene in the promoter proximal position.
Each mRNA is synthesised in an order which reflects the position of the TU with
respect to this single 3′ promoter. The abundance of mRNA transcripts decreases
according to the relative distance of the TU from the 3′ end of the genome, re-
sulting in many more mRNA transcripts from promoter proximal TUs such as the
N and P/C/V genes than from promoter distal TUs, for example, the L gene. This
phenomenon, known as transcription attenuation, reflects the sequential and polar
transcription of the viral genome from the single promoter (Iverson and Rose, 1981)
and also occurs for MV (Iverson and Rose, 1981; Schneider-Schaulies et al., 1989)
and SeV (Homann et al., 1990). This attenuation is thought to occur by dissoci-
ation of transcriptionally active RdRp from the (−)RNP at the non-transcribed Ig
spacers. Since the RdRp can only access downstream genes by first transcribing
those upstream, this leads to the observed gradient of transcription. Sensitive North-
ern blotting studies have been used to measure the abundance of mRNA transcripts
in infected cells and these confirmed the expected gradient in their abundance de-
pendent on the position of the corresponding TU in the viral genome (Cattaneo
et al., 1987; Schneider-Schaulies et al., 1989). A polar gradient of mRNA tran-
scripts was also synthesised from purified MV in vitro (Horikami and Moyer, 1991).
However, in this case the gradient was much steeper with little synthesis of the pro-
moter distal genes suggesting that the in vitro reaction was either intrinsically inef-
ficient, or that it required a cellular factor to enhance the processivity of the RdRp,
or to promote polyadenylation or capping. It is likely that cellular factors have a
part to play in MV RNA synthesis, for example, tubulin has been shown to stimu-
late RNA synthesis in vitro (Moyer et al., 1990) and promote maturation of progeny
virus particles (Berghall et al., 2004).

6.6 From transcription to replication: the elusive switch

Translation of mRNA transcripts produced during primary transcription results in
the intracellular accumulation of viral proteins. Historically it was believed that the
major regulator of the switch from transcription to replication was the concentra-
tion of unassembled N protein, which is present as a pre-assembly complex with
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P (N-P). Release of the N protein from this complex is required to encapsidate
the nascent antigenomes and genomes produced by replication (Curran and Ko-
lakofsky, 1999). The hypothesis is that this creates a self-regulatory mechanism in
which, when the concentration of unassembled N-P complex is high, replication
is favoured, and when the concentration falls, transcription is favoured. However,
there is mounting evidence that the switch is not regulated in this manner. For ex-
ample, a mutant SeV L protein has been reported which continues to make viral
mRNA in the absence of replication; where high concentrations of unassembled N
are present (Chandrika et al., 1995). Furthermore, human respiratory syncytial virus
(HRSV) minigenome studies indicate that increased expression of N enhances both
replication and transcription (Fearns et al., 1997). It has been suggested that the
availability of N protein is just a prerequisite for replication and that other factors
determine whether the (−)RNP functions as a template for transcription or repli-
cation. These may include either post-translational modifications of the P and L
proteins (Hwang et al., 1999, Das et al., 1998, Pattnaik et al., 1997) or involvement
of other viral and/or cellular factors. For HRSV, the absence of the M2-2 protein re-
sulted in enhanced transcription and reduced replication (Bermingham and Collins,
1999), and the rabies virus (RABV) matrix protein has been shown to regulate the
balance of virus transcription and replication (Finke et al., 2003). Tangentially, al-
though possibly highly relevant, the first reverse genetics system used to recover
rMV depends on cell lines which stably express the N and P proteins (see below).
This illustrates that high concentrations of the N protein do not preclude the tran-
scription, replication, assembly or egress of the virus or interfere dramatically with
the virus life-cycle.

Regardless of the mechanism of the switch from transcription to replication a
question which remains is, ‘How does the RdRp change from an entity that recog-
nises the cis-acting signals for transcription of mRNA transcripts to one which is
not responsive to them, and thereby replicates the same template?’ Current mod-
els suggest that the factor which determines whether the RdRp functions as a
transcriptase or a replicase is whether or not the nascent RNA is encapsidated by N
protein. For VSV it has been shown that unencapsidated Le RNA accumulates in
cells early in infection, and unencapsidated Le RNA has also been found in certain
SeV- and MV-infected cells (Crowley et al., 1988; Curran and Kolakofsky, 1991).
Encapsidation of the nascent Le RNA is thought to be the anti-termination signal
that causes the RdRp to ignore the first GS signal at the junction between the Le
and the N gene, and go into a replicative mode. It has been assumed that the tem-
plate is somehow altered, perhaps by N protein, to prevent the polymerase from
recognising the cis-acting transcription signals. However, a natural mutant of VSV,
which has a single mutation in the N gene, has been described which synthesises
twice as much N gene mRNA as Le RNA (Chuang et al., 1997) leading to the
suggestion that transcription initiates internally, directly at the N gene start signal.
Following on from this, a model which postulates that there are two distinct forms
of the RdRp complex: one for Le synthesis and one for internal initiation has been
proposed. This is supported by a study which found that there is competition for
the RdRp between the SeV N gene mRNA start site and the 3′ end of the genome
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(Le Mercier et al., 2003). Another study on VSV has identified a novel tripartite
polymerase complex which is involved in replication of the genome RNA (Gupta
et al., 2003). Biochemical characterisation of this complex led the authors to pro-
pose that the transcriptase and replicase complexes of VSV are separate entities
with the first being involved in producing capped mRNA transcripts (transcription),
and the second being responsible for producing antigenomic RNA (replication).
These studies suggest that the RdRp is predestined for either transcription or repli-
cation prior to accessing the (−)RNP, supporting the idea that the replicase and
transcriptase are distinct separate entities.

All of these processes are important to understand for anyone wishing to develop
and use reverse genetics systems for MV in particular and negative strand RNA
viruses in general. This is perfectly illustrated in the ‘eureka moment’ which led
to the recovery of a recombinant RABV (Schnell et al., 1994). Until then, neg-
ative strand RNA virologists were fixated on the generation of reverse genetics
systems centred on genomic sense, full-length clones; they had no success. Re-
covery of a recombinant virus was only achieved upon the realisation that unen-
capsidated primary transcripts from such clones would be perfect reverse comple-
ments of the mRNA transcripts needed to generate the N, P and L proteins re-
quired for the assembly of a transcriptionally active (−)RNP. Only when an antige-
nomic, full-length clone was generated, thereby assembling a replication compe-
tent (+)RNP, was the first non-segmented negative sense RNA virus recovered
(see below).

6.7 Getting in and getting out

There are three cell surface molecules which have been shown to act as MV en-
try receptors. Signalling lymphocyte activation molecule (SLAM), also known as
CD150, is the molecule which best explains the lymphotropic nature of the wild-
type virus, and much of the virus pathogenesis, since it is expressed on the acti-
vated T-cells, B-cells, macrophages, mature dendritic cells, platelets, and thymo-
cytes shown to be infected during natural MV infections (Tatsuo et al., 2000). Very
recently another receptor molecule, PVRL4, also known as nectin-4, has been iden-
tified, which explains the ability of wild-type MV to infect epithelial cells, which
do not express CD150 (Noyce et al., 2011). The existence of an epithelial receptor
(EpR) had been postulated since the identification of CD150 and residues on the
MV H protein which interact with the EpR had been identified before the actual re-
ceptor molecule [(Leonard et al., 2008) see below]. During passage in non-disease
relevant cell lines such as MRC-5 or chicken embryo fibroblast cells, vaccine strains
of MV, by mutation of a handful of amino acids in the H glycoprotein, have evolved
the ability to also use CD46 as an entry receptor (Naniche et al., 1993, Dörig et al.,
1993). However, they still retain the ability to bind and use CD150 to enter cells
and, although almost all nucleated cells in the human body express CD46 on their
surface, vaccine strains target the same cells as wild-type virus during animal in-
fection studies suggesting that CD46 is probably largely irrelevant in vivo (de Vries
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et al., 2010). Thus the acquisition of CD46 use reflects tissue culture adaptation of
the virus to cells lacking the true MV receptors. At this point it is not clear whether
the ability to use CD46 plays a role in virus attenuation or whether it is purely a
reflection of the empirical tissue culture adaptation process which was used to gen-
erate the vaccine viruses in the first place. The fact that vaccine viruses retain their
ability to use CD150 and that they target the same cells as the wild-type viruses
in vivo, suggests that their CD46 use is purely a by-product of the attenuation pro-
cess and, although necessary for propagation of the vaccine in vitro, its use is not
pathologically relevant.

Transport of the MV structural proteins within the cell, trafficking of the RNPs
to the plasma membrane, and formation of nascent virions and their release are
the least well understood aspects of the MV life-cycle. It is clear that the M
protein is a key player in these processes and it is thought to induce condensa-
tion of the RNPs, which are subsequently recruited to the plasma membrane. In
polarised cells it also mediates localisation of the F and H glycoproteins to the
apical surface, which assists in particle production (Runkler et al., 2007). The M
protein is also enriched in lipid rafts within the plasma membrane (Manie et al.,
2000), and this has been shown to be essential for the release of virus-like particles
from cells (Pohl et al., 2007). Once again rMVs have been invaluable tools in dis-
secting the cell biological aspects of the virus life-cycle, and viruses with point
mutations in sorting signals which direct intracellular localisation, or ones with
tagged viral proteins have helped to understand the spatial and temporal aspects of
the infection.

6.8 Measles virus: reverse genetics

The development of reverse genetic systems for the de novo synthesis of nega-
tive sense RNA viruses from cloned cDNA has revolutionised the study of these
viruses (reviewed in Conzelmann, 2004). The complexity and technical challenges
associated with this achievement are probably best illustrated by the fact that pos-
itive sense RNA viruses were produced from cDNA clones nearly fifteen years
before Conzelmann recovered the first non-segmented negative strand RNA virus
(Taniguchi et al., 1978; Racaniello and Baltimore, 1981; Schnell et al., 1994).
This is understandable as the genomic RNA of positive strand RNA viruses is in-
fectious when transfected into cells meaning that for most, recombinant viruses can
be generated by simply introducing the viral RNA or a full-length infectious cDNA
clone into cells in the absence of additional viral protein factors. Several funda-
mental aspects of negative sense RNA virus biology make the process for these
viruses much less straightforward (see above). The main problem encountered in
producing negative sense RNA viruses from cDNA clones (virus ‘rescue’) is that
the genomic RNA alone is not the biologically active entity for replication, tran-
scription or translation. Regardless of how the RNA is generated, it must, at some
point, be encapsidated by N protein. Even then it is not replication-competent until
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it associates with the RdRp complex. Once assembled, this (+)RNP acts as the
template for replication resulting in generation of (−)RNPs. Transcription of
mRNAs, encoding the structural proteins required for assembly of the rMV virions,
occurs from the (−)RNPs which may also be further replicated. This means that as
well as generating or introducing a 15,894 nucleotide-long RNA into cells, the N, P
and L proteins must be provided in trans, from a ‘helper’ virus, by co-transfection of
expression plasmids or by stable expression within a cell. Generation of an rMV is
further complicated by the fact that the virus will not tolerate additional nucleotides
at the 3′ or 5′ termini of the RNA meaning that steps must be taken to ensure that
the initial RNA molecule has the exact viral termini. Commensurate with this is the
fact that the recombinant genomes will not be replicated unless the total number
of nucleotides is a multiple of six, and there is also evidence that the phase of the
cis-acting signals must be maintained in modified genomes.

Early attempts to rescue negative sense RNA viruses relied on the reconstitu-
tion of viral RNP complexes. The first virus for which this approach was success-
fully used was the segmented virus influenza A (Luytjes et al., 1989). RNA tran-
scripts, generated in vitro and containing the authentic terminal sequences from an
influenza A genome segment flanking the gene for chloramphenicol acetyl trans-
ferase (CAT), were encapsidated in vitro by purified influenza A virus N protein,
and the viral polymerase proteins (PA, PB1 and PB2) to produce a synthetic RNP
complex. After transfection of this RNP complex into influenza A virus-infected
cells, the synthetic genome segment was successfully replicated and transcribed to
generate CAT protein. Interestingly, this approach failed to rescue non-segmented,
negative sense RNA viruses probably due to the tighter RNP complex structure in
these viruses (Baudin et al., 1994). The first successful demonstration of rescue of a
foreign gene for MV involved the use of a negative-sensed minigenome; the MV 3′

and 5′ non-coding termini (NCT) consisting of the Le and Tr (containing the GP and
AGP promoters) and the N 5′ UTR and L 3′ UTR (containing the N GS and the L
GE signals), flanking the ORF for the CAT reporter gene (Sidhu et al., 1995). These
sequences were cloned into a plasmid designed to produce an in vitro minigenome
RNA transcript of equivalent polarity to the genome but lacking all of the viral
genes. The RNA was expressed using a T7 promoter (Plate 3). Generation of a
precise 3′ terminus is important for the subsequent replication of the minigenome
inside cells. This was achieved by incorporating a hepatitis � ribozyme sequence
into the minigenome clone. The hepatitis � ribozyme sequence is ideal for this pur-
pose, in that only sequences downstream of the cleavage site are required for the
autocatalytic activity (Perrotta and Been, 1991). Therefore upon in vitro transcrip-
tion and ribozyme folding there is an autocatalytic, intramolecular cleavage event
within the nascent RNA transcript producing RNA molecules with the exact 3′ end
of the virus minigenome (Rosenstein and Been, 1991). The difference between this
and the influenza rescue described above was that the RNP complex was not formed
outside of the cell. Instead the synthetic minigenomic RNA was transcribed in vitro
and transfected into MV infected cells and the RNP complex was assembled inside
the cell.
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Expression of CAT activity from the minigenome suggested this approach might
be extended and/or adapted to allow the recovery of an infectious rMV and, with
reference to the RABV system, a full-length, antigenomic cDNA clone of MV,
p(+)MV, was generated (Radecke et al., 1995). This clone was largely based on
a laboratory-adapted, Edmonston-derived MV and, similar to the CAT-expressing
minigenome, it contained a T7 RNA polymerase promoter prior to the first nu-
cleotide of the genome and a hepatitis � ribozyme sequence after the Tr region
(Plate 3). Rather than generate the antigenomic RNA in vitro and risk its degra-
dation upon transfection, transcripts were expressed directly from p(+)MV within
293 cells which stably expressed T7 RNA polymerase and the MV N and P pro-
teins (293-3-46 cells). An additional plasmid (pEMC-La) was used to express the L
protein from T7 generated transcripts and an encephalomyocarditis virus (EMCV)
internal ribosome entry sequence (IRES) ensured that acceptable amounts of the
2183 amino acid protein was expressed in the 293-3-46 cells. Expression of the N,
P and L proteins within the 293 cells negated the need to drive the rescue with a
superinfecting, helper MV which tends to complicate the identification of the ac-
tual rMV. Recovery of the first rMV, designated Edtag due to the inclusion of three
silent nucleotide changes in the genome, was a major achievement and this virus
and the underlying system has been used extensively by many groups around the
world. In many ways this original MV reverse genetics system underpins the subse-
quent second and third generation derivations making its impact highly significant
within the MV field (see Section 6.8).

Recovery of non-segmented negative strand RNA viruses is tremendously ineffi-
cient and it requires significant efforts to obtain rescue events in every transfected
well. This is illustrated by the fact that although the system was developed over
fifteen years ago, only a few laboratories routinely recover rMVs. There has been
a continual drive to optimise and modify the original protocol to try and improve
the efficiency of rescue, although for the most part the fundamental aspects remain
unchanged. Key modifications include using an alternative source of T7 RNA poly-
merase, typically from recombinant poxviruses (Fuerst et al., 1986; Wyatt et al.,
1995; Britton et al., 1996). The key advantage of using a poxvirus to express T7
RNA polymerase is that recovery of the rMV is not restricted to the 293-3-46 cell
line, something which becomes highly relevant when one wishes to recover wild-
type viruses which only use CD150 as a cellular receptor. This also permits expres-
sion of the N, P and L proteins from co-transfected plasmids which allows protein
amounts to be titrated and optimised (Schneider et al., 1997b). In the first instance,
plasmids containing a T7 RNA polymerase promoter and EMCV IRES were used
(pEMC-Na, pEMC-Pa and pEMC-La) although more recently N, P and L have
been expressed under the control of the highly efficient, constitutive, chicken actin
promoter (Martin et al., 2006). Further tweaks, such as the use of DNA replica-
tion and caspase inhibitors (Kovacs et al., 2003) or the introduction of a heat-shock
step (Parks et al., 1999), have marginally improved recovery. How effective and
commonly used such approaches are and whether they have been adopted by the
majority of laboratories performing MV rescue is not clear.
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The recombinant vaccinia virus encoding T7 RNA polymerase (vTF7-3) has
been used as a source of T7 RNA polymerase for a wide range of applications as it
expresses high levels of the polymerase (Fuerst et al., 1986). However, there are cer-
tain drawbacks when it is used to recover rMVs, for example, it is fully replication
competent in the cells used for virus rescue, it exhibits significant cytopathogenic-
ity and therefore must be removed from the rescued virus stocks, it has unknown
pathogenicity in humans, and it can lead to homologous recombination between the
full-length antigenomic plasmid and the helper plasmids. As a result, some labo-
ratories use host-range restricted vaccinia viruses engineered to express T7 RNA
polymerase such as modified vaccinia Ankara (MVA-T7), or fowlpox virus (FP-
T7) (Wyatt et al., 1995; Britton et al., 1996; Schneider et al., 1997b). These viruses
are less cytopathic and do not typically produce progeny virus within the cells used
for rescue. They are grown in primary chicken embryo fibroblasts or, in the case
of MVA-T7, baby hamster kidney (BHK) cells. Another alternative is the recom-
binant vaccinia virus LO-T7-1, which is based on the Lister vaccine strain, which
was used as a vaccine in the World Health Organization smallpox eradication pro-
gramme (Nakatsu et al., 2006a). Nonetheless recombination is still an issue and it
is important to ensure that any site-directed mutations are maintained in the rMV
by consensus sequencing of reverse transcription (RT)/ polymerase chain reaction
(PCR) amplicons generated from pass 4 (P4) stocks.

Some groups have attempted to remove T7-expressing poxviruses from the res-
cue system entirely, either by supplying the polymerase from a transfected plasmid,
or by employing a variation on the original procedure of using cells stably express-
ing the polymerase, for example, BSR-T7 cells (Buchholz et al., 1999), a BHK cell
derivative. Again there are advantages and disadvantages with any approach and it
is important to take into consideration that there may be unknown intrinsic antiviral
mechanisms within, or host factors missing from rodent cells which could have a
significant impact on the replication, transcription and assembly of human viruses.
In general, we tend to dismiss, or not even consider the possibility that T7 RNA
polymerase may introduce mutations into the primary transcripts which may have a
significant bearing on the phenotype of the rMV. To that end efforts have been made
to remove T7 RNA polymerase from the system entirely and drive transcription us-
ing a eukaryotic RNA polymerase II promoter (Martin et al., 2006). This approach
has been augmented by the insertion of a hammerhead ribozyme immediately fol-
lowing the Pol II promoter and just before the start of the virus genome which
autocatalytically cleaves the primary transcript to generate the exact 5′ non-coding
terminus of the antigenomic RNA.

6.8.1 First, second, and third generation reverse genetics systems

The p(+)MV-based reverse genetics system used to recover Edtag (Radecke et al.,
1995) has been widely used by many groups to generate a wide range of rMVs
(see below). The virus is mostly based on a laboratory-adapted strain of measles,
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Edmonston B, although some additional clones were used in the construction of
p(+)MV. Over time Edtag has been found to contain nucleotide changes that are
not found in other sequences from the Edmonston lineage. Sequence comparison
carried out between Edtag and the vaccine strains Moraten, Schwarz, Edmonston-
Zagreb (EZ), Rubeovax, and AIK-C (GenBank accession numbers AF266287,
AF266291, AF266290, AF266289, and AF266286, respectively) indicates that as
well as some non-coding changes, there were eleven amino acid changes in Edtag
that were not present in at least one of the vaccine strains: P/V (Y110H), P (L246S
and Y306H), V (C272R and Y291H), M (R175G), F (M94V), H (E492G), and L
(E429D, R1629Q, and N1805S). The changes in the M, F, and H proteins have been
investigated previously and it has been suggested that these changes are compen-
satory to allow Edtag to grow and spread efficiently (Plemper and Compans, 2003;
Tahara et al., 2005; Tahara et al., 2007a; Tahara et al., 2007b). At least one change in
the L protein (N1805S) is close to a predicted conserved domain although whether
this has any phenotypic effect has not been determined (Zhang et al., 2010).

Recognising the possible risks associated with p(+)MV, some groups have
modified the original plasmid to attempt to improve the system. Two groups di-
rectly modified the original p(+)MV to convert some of the Edtag specific amino
acid changes to more representative Edmonston-like equivalents, one replacing the
P/C/V gene which encodes proteins which have been shown to be deficient for an-
tagonism of the interferon system (Devaux et al., 2007) with an EZ vaccine P gene
(de Vries et al., 2010), and the other replacing the N, P, M and F genes with those
from the vaccine Moraten and converting some of the other changes by site-directed
mutagenesis; this clone retained some of the Edtag specific changes in L (Devaux
et al., 2007). In order to work with authentic vaccine viruses, other groups have
generated completely new full-length clones based either on the Schwartz vaccine
strain (Combredet et al., 2003) or the EZ vaccine (Duprex et al., in preparation).

Other groups have focused on developing systems to allow the manipulation of
wild-type viruses with a view to getting a more comprehensive understanding of
MV pathogenesis. The first system for the generation of a wild-type rMV com-
pletely from cDNA (Takeda et al., 2000) was based on the Japanese isolate of MV,
IC-B (Kobune et al., 1990). This system was generated from a virus which was orig-
inally isolated from a patient in 1984 and passaged on B95a cells. Although B95a
is a transformed marmoset cell line, it comes close to a disease-relevant cell line
as it expresses CD150 and supports the replication of clinical isolates. Importantly,
rescue of the wild-type virus was carried out in the same cells. A second wild-type
reverse genetics system (Lemon et al., 2011) has been generated based on a cur-
rently circulating African strain of MV isolated from a patient in Khartoum, Sudan
(designated MVKS; El Mubarak et al., 2000; El Mubarak et al., 2002; El Mubarak
et al., 2004). The key difference between this system and the earlier Japanese ver-
sion is that the MVKS-based system was generated following consensus sequencing
of RT/PCR amplicons of the viral genome obtained directly from a clinical spec-
imen passaged only several times in a human B cell line (B-LCL). This approach
has been taken as passage of a virus in transformed cells can lead to the generation
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of mutations that are not present in the natural circulating virus population which
may in turn attenuate the virus and have an impact on our understanding of virus
pathogenesis.

It is our contention that pathogenesis and attenuation are two sides of the same
coin and we argue that in the post-empirical world of vaccine development it is vital
to understand both aspects for the highly efficacious existing vaccines. Such knowl-
edge should prove beneficial in the end game of MV eradication and for those who
aim to use the virus as a vaccine vector, harness it as a replicating virus for gene ther-
apy or those attempting to rationally attenuate similar viruses or new and emerging
viruses. Measles still remains an important disease and the virus is a pathogen which
warrants investigation both in vitro at the molecular level and in vivo in appropri-
ate animal models. It provides an excellent model of a systemic virus infection for a
lymphotropic, epitheliotropic, endotheliotropic and neurotropic virus and as a finely
attuned pathogen we have still much to learn from how it manipulates both the in-
tracellular environment and the host to represent one of the most infectious, highly
transmissible, human infectious agents known.

6.8.2 Application to pathogenesis studies

The generation of the original MV reverse genetics system by Martin Billeter
(Radecke et al., 1995) has transformed the field of MV study. Many rMVs have
been generated from the original p(+)MV clone, or from second generation (im-
proved Edtag) or third generation (vaccine and wild-type) clones based on that sys-
tem. These viruses fall into seven general categories:

1. Viruses in which TUs are replaced with those from other MV strains or other
viruses.

2. Viruses which contain additional non-MV derived sequences within one or more
additional TUs.

3. Viruses in which an ORF has been modified by site-directed mutagenesis.

4. Viruses in which viral proteins have been extended by insertion of short epitope
tags or complete foreign ORFs.

5. Viruses with modifications in the cis-acting signals.

6. Viruses in which complete genes are deleted.

7. Viruses in which the single-stranded genome has been segmented.

Examples of studies using viruses falling into each of these categories are shown
in Table 6.1. This list is by no means exhaustive and is meant to highlight the di-
versity of rMVs which have been generated, and how the use of reverse genet-
ics has advanced, and in some cases fundamentally changed, our understanding of
MV biology and pathogenesis. Examples from each category are discussed in more
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detail below and we have sectionalised them, first into those which express fluo-
rescent proteins, as these rMVs have had a tremendous impact on understanding
the following various aspects of the virus life-cycle, then into seven aspects of the
MV life-cycle and finally we focus on some of the more applied aspects such as
vaccinology and gene therapy.

6.8.3 Viruses expressing enhanced green fluorescent protein
from an additional transcription unit

One of the most fruitful advances to come out of the development of reverse genet-
ics for MV was the generation of a virus which expresses enhanced green fluores-
cent protein (EGFP) when the virus replicates within a cell (Duprex et al., 1999b).
This was achieved by inserting an additional transcription unit (ATU) containing
the EGFP ORF in the promoter proximal position, that is, upstream of the N gene
in the Edtag backbone. This position was chosen as, due to the transcription gra-
dient, it was predicted to give rise to the greatest number of mRNAs transcripts
for the reporter gene. Furthermore, as the ATU is upstream of all the other viral
TUs, the ratio of mRNA transcripts, and hence viral proteins, should remain un-
changed relative to the parental, unmodified virus. The virus (MVeGFP) was suc-
cessfully rescued and when live, virus-infected cells were exposed to UV light and
viewed with appropriate filters, the EGFP emitted green fluorescence, illuminating
the infected cells. The first application for the virus was to infect neuronal cells and
observe the cell-to-cell spread of the virus over time (Duprex et al., 1999b). Expres-
sion of EGFP resulted in a virus which could be detected at very early time-points
post-infection, even in single living cells, and could be tracked in those cells in
real time. The presence of the EGFP meant that even tiny processes extending from
virus-infected cells could be seen. The virus was used to infect transgenic mice ex-
pressing CD46 (Mrkic et al., 1998) via the intracerebral route and it was detected
in the CNS (Duprex et al., 2000). These studies were extended to infections of non-
transgenic mice with an rMV expressing the H glycoprotein from a rodent brain-
adapted virus which also expressed EGFP and this emphasised the exquisite sensi-
tivity of the approach (Ludlow et al., 2008). The virus expressing EGFP was used to
infect mice intracerebrally and the infection was allowed to progress until the first
signs of clinical symptoms became apparent. At this point animals were sacrificed
and the brains sectioned using a vibratome, to produce up to 200 �m sections,
and the EGFP fluorescence was imaged by confocal scanning laser microscopy
(CSLM) which allows high resolution imaging of single optical planes within a
thicker section. The single optical planes can then be ‘stacked’ to form a repre-
sentation of fluorescence present within the entire section imaged. EGFP fluores-
cence was readily detected in the brain sections, and again even single infected cells
could be detected. The increased thickness of the vibratome-cut sections in compar-
ison to more conventional, thinner, microtome-cut sections enabled easier detec-
tion of extended cellular processes connecting MV-infected neurones in the mouse
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brain; virus could be tracked throughout multiple cell layers and axonal tracts
could be detected between cell bodies that would have been difficult to detect by
conventional methods.

Equivalent third generation rMVs have been generated for the IC-B and MVKS

wild-type virus strains (Hashimoto et al., 2002). These have shown great utility in
studies of viral pathogenesis in macaques (Takeuchi et al., 2005; de Swart et al.,
2007; de Vries et al., 2010; Lemon et al., 2011). In particular, they have permitted
investigation of the early target cells of MV (Lemon et al., 2011), which has led to
a re-evaluation of the text-book accounts of MV pathogenesis (see above) and have
shown the importance of the non-structural C protein (Takeuchi et al., 2005).

6.8.4 Cell entry

One area of MV biology which has benefited immensely from recombinant viruses
is the study of the H glycoprotein and its interaction with the viral entry receptors.
One such study used MVeGFP to identify specific residues which were necessary
for the interaction of the H glycoprotein with the two known receptors at the time,
CD150 and CD46 (Vongpunsawad et al., 2004). Rounds of iterative mutagenesis,
alongside functional analysis of the mutant proteins following transient transfec-
tion of eukaryotic expression vectors, were used to identity candidate amino acids
within the H glycoprotein which lacked the ability to interact with one of the recep-
tor molecules. The mutations that conferred this phenotype were transferred into
p(+)MV to allow generation of recombinant viruses which are selectively ‘blind’
to one of the receptors, or at the least had significantly diminished binding (Vong-
punsawad et al., 2004). Subsequently, the ectodomain (residues 149–617) of the
MV H glycoprotein was crystallised (Colf et al., 2007, Hashiguchi et al., 2007)
revealing a disulfide linked dimer configuration with each molecule having a
cuboidal �-propeller structure composed of six antiparallel �-sheets (four-stranded)
with two glycosylated asparagine residues shielding the globular head, which
closely resembled early structural models proposed for the MV H proteins based on
the crystal structures of other paramyxovirus attachment proteins (Langedijk et al.,
1997; Vongpunsawad et al., 2004). Also, more recently the crystal structure of the H
glycoprotein in complex with CD150 (Hashiguchi et al., 2011) or CD46 (Santiago
et al., 2010) has been solved at atomic resolution. The amino acids important for H
glycoprotein binding to CD150 or CD46 have been mapped onto these structures
and are clustered and strategically positioned in the unshielded area of the globular
head. A recombinant virus which was based on the wild-type IC-B virus, and bound
CD150 less efficiently, was used to infect rhesus monkeys (Leonard et al., 2010),
The rMV was attenuated and induced a strong adaptive immune response.

Before the identification of PVRL4 as an entry receptor for MV (Noyce et al.,
2011), a similar process of iterative mutagenesis of the H glycoprotein was used
to generate an rMV which was “blind” to the, at that time, putative EpR (Leonard
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et al., 2008). When this virus was used to infect rhesus monkeys, it was found that
although it could spread systemically, it was not shed from the animals, implicating
the unknown EpR as an important factor in MV pathogenesis. Thus reverse genetics
systems played a critical role in the identification of the two most pathologically
relevant MV receptors.

6.8.5 Viruses expressing enhanced green fluorescent protein fused
to viral proteins

The L protein of MV is a large, 2183 amino acid (approximately 250 kDa) pro-
tein. Although there is no direct evidence, it is assumed that it contains the viral
polymerase activity, and that it is responsible for activities such as capping, methy-
lation and polyadenylation during mRNA synthesis. Sequence alignments of the L
proteins from different morbilliviruses reveal two highly variable regions, termed
‘hinges’ (McIlhatton et al., 1997), and it is thought that they may form the bound-
aries between different domains of the protein. These hinge regions were probed to
determine if they would tolerate the insertion of small epitope tags or larger reporter
ORFs to determine their flexibility and to see if such a manipulation might have an
effect on the rate at which the RdRp transcribed and replicated the genomic RNA
(Duprex et al., 2002). Two recombinant viruses were generated. The first contained
an insertion of a c-myc epitope tag into the second hinge region of the Edtag L
protein (a similar insertion into the first hinge region resulted in a non-functional
protein in a preliminary minigenome assessment). When this small insertion was
tolerated, the ORF for EGFP was tested in the same position. This resulted in a
virus which encoded an L protein that could be detected and tracked in living cells
by virtue of the autofluorescent tag. When the growth kinetics of the two recombi-
nant viruses were compared with the parental Edtag virus, the virus with the c-myc
tag grew to an equivalent titre and at an equivalent rate. However, the virus with
the EGFP insertion grew to a lower titre and the growth kinetics lagged behind the
other viruses by approximately five hours. It was surmised that this could provide a
novel means to irreversibly and rationally attenuate viruses by permanently modu-
lating the transcription and replication of the recombinant virus; the rationale being
that as the EGFP was embedded within the L protein, the virus would not be able
to ablate EGFP expression by, for example, introduction of a stop codon within
the EGFP sequence since this would also result in the ablation of full-length L
protein production.

A follow-on study using a similarly modified rinderpest virus, which is closely
related to MV, confirmed that this approach led to rational attenuation of the virus
in cattle, the natural host of rinderpest virus (Brown et al., 2005). A second study
further investigated the dynamics of RNA synthesis during infection of the rMV
containing the EGFP insertion in the L protein (Plumet et al., 2005). This showed
that the modified polymerase has an elongation speed which is approximately five
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times slower than the parental unmodified protein although the transcription gra-
dient displayed by the modified protein is unchanged relative to the unmodified
version.

Addition of the EGFP to the amino terminus of the P and V proteins permitted
the detection of these proteins in living cells and abolished the expression of the
C protein (Devaux and Cattaneo, 2004). This led to a decrease in virus release
which was partially restored when the C protein was expressed from an ATU located
between the H and L genes demonstrating C functions as an infectivity factor.

6.8.6 The impact of the M/F non-coding regions on viral replication
and gene expression

The 3′ UTR of the M gene and the 5′ UTR of the F gene are very different from all
the other MV UTRs. The total combination of M 3′ UTR, Ig and F 5′ UTR is 1012
nucleotides, comprising 426 nucleotides for the M 3′ UTR and 583 nucleotides for
the F 5′ UTR together constituting 6.4% of the total genome length. In compari-
son, the other MV non-coding TU boundaries range from 107 to 160 nucleotides.
The M/F TU boundary is very GC rich, with a relatively high level of predicted
secondary structure (Buckland et al., 1987). The 5′ UTR of the F gene has some in-
teresting properties. The region has an unusually high number of cytosine residues
(44%; including a G7C7A7 tract) with an overall GC content of 64% (Buckland
et al., 1987), and a high degree of predicted secondary structure (Richardson et al.,
1986). It has been suggested that the F 5′ UTR acts as a focusing factor, directing
translation initiation to the second of three clustered in frame AUG codons (Cath-
omen et al., 1995). However, in vivo and in vitro studies have shown that mRNA
transcripts with a high potential to form stable secondary structure in the 5′ UTR
tend to be translated inefficiently (Kozak, 1991a, 1991b). It has also been shown
that all known mRNA transcripts encoding ribosomal proteins have a short (5–14
nucleotide) oligopyrimidine tract at their 5′ end which has been associated with
underutilisation of the mRNA in translation (Pain, 1996). The F 5′ UTR contains
multiple C5 tracts towards the 5′ end, which could lead to a negative effect on trans-
lation of the F mRNA transcripts. A study of the phenotype of the Edtag-based
rMV, del5F (Valsamakis et al., 1998), which contains a 504 nucleotide deletion in
the F 5′ UTR, in the severe combined immunodeficiency disease (SCID) human
thymus and liver mouse model, which reproduces in vivo virulence phenotypes of
MV (Auwaerter et al., 1996), found that deletion of that region resulted in decreased
peak virus production and a small change in the kinetics of viral growth. The con-
clusion was that the F 5′ UTR was not absolutely required for MV replication in
that system, and deletion of the sequence led to a change in the level, but not the
abrogation of F glycoprotein expression, possibly by affecting translation. A similar
study was carried out with the wild-type IC-B strain by generating a series of rMVs
having alterations or deletions in the UTRs (Takeda et al., 2005). Like the previ-
ous Edtag based study, this study also concluded that the regions were not essential
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for virus replication, but that they did regulate replication and cytopathogenicity by
modulating M and F protein levels. It was shown that the M 3′ UTR had the ability
to increase M protein levels, whereas the F 5′ UTR decreased F glycoprotein levels
which inhibited viral replication and reduced cytopathogenicity. This study specu-
lated that the reduction in cytopathogenicity meditated by the long F 5′ UTR may
actually be advantageous for the fitness of the virus.

6.8.7 Understanding the persistence and neurotropic
potential of MV

SSPE is a rare, progressive, and invariably fatal persistent MV infection of the CNS
and represents a paradigm for the long-term persistence of a human RNA virus. In
SSPE cases the M protein is either absent (Cattaneo and Billeter, 1992), or when
present, is not associated with budding structures in vivo and is unable to bind RNPs
in vitro (Hirano et al., 1992; Hirano et al., 1993). The M gene in MVs isolated from
SSPE cases is hypermutated due to the biased replacement of many uridine by cyti-
dine resides (Bass et al., 1989). This leads to very little or no functional M protein
expression due to disruption of the start initiation codon, alteration of functionally
important amino acids or introduction of a stop codon within the ORF. Adenosine
deaminase has been implicated in the development of this biased hypermutation
(Bass, 2002) and subsequently the development of SSPE. Persistence in neural cell
cultures, and superinfection immunity, have been studied using two antigenically
identical rMVs which are phenotypically distinct, as they express either a green
or red fluorescent reporter protein (Ludlow et al., 2005). The exquisite sensitivity
and possibility of being able to detect single infected cells in the absence of any
overt cytopathic effect showed that superinfection immunity was virtually absolute.
Importantly infectious virus was not released from the persistently infected cells
and the virus remained highly cell associated. An in vivo persistence model in im-
munocompetent mice (C57 and Balb/c) using EGFP-expressing viruses has been
developed to understand virus distribution in the CNS and identify foci of infection
up to 50 days post-infection (Schubert et al., 2006).

Since the M protein is completely absent in virus sequences isolated from some
cases of SSPE, an rMV which lacks the protein was generated to explore what ef-
fects this has on virus replication, propagation and pathogenesis (Cathomen et al.,
1998a). Removal of 960 nucleotides of M coding sequence from Edtag produced
an rMV which retained only 15 amino acids of M protein. Although the protein is
not absolutely required for virus spread, its absence dramatically affected propaga-
tion of the virus in vitro and it exhibited a hyper-fusogenic phenotype. Compared
to Edtag, four logs less infectious particles were released, suggesting it was defec-
tive for assembly and egress and the rMV remained mostly cell associated inducing
enhanced fusion of virus-infected cells with neighbouring cells. Upon inoculation
of the rMV into the brain of a transgenic mouse engineered to express CD46, it
propagated more deeply into the brain parenchyma than Edtag. As the M gene is
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dramatically disrupted in viruses isolated from SSPE patients, there was a question
as to whether these viruses are infectious and the mutations enable them to per-
sist and thereby cause the prolonged neurodegenerative disease, or they represent
a non-infectious end-stage result of the progressive infection. To address this, a re-
combinant virus was generated where the M gene of Edtag was replaced with that
from an SSPE case (Patterson et al., 2001). This recombinant virus was inoculated
directly into the brain of a CD46 expressing transgenic mouse. Even though the
M gene was heavily disrupted by biased hypermutation, the virus was infectious
and produced a protracted, progressive infection, resulting in death as long as 30
to 50 days after the inoculation, suggesting that the altered M protein has a direct
role in disease pathogenesis. Insertion of the M, F and H genes from the Osaka-2
SSPE strain of MV into the wild-type IC-B background showed that the F glyco-
protein was the major determinant of neurovirulence in a hamster model (Ayata
et al., 2010). This finding, which was linked to a single amino acid, is probably
more clinically relevant as genotype A vaccine viruses have never been associ-
ated with SSPE cases. It would be interesting to know if this mutation facilitates
entry into the rodent CNS using a novel receptor. Specific mutations in the H gly-
coprotein have also been shown to affect entry and spread in the rodent CNS in
the Edtag background (Duprex et al., 1999a; Moeller et al., 2001; Moeller-Ehrlich
et al., 2007).

6.8.8 Evading the immune response

In addition to the P protein, the P/C/V gene also encodes two non-structural pro-
teins, C and V. The V protein is produced from an alternative mRNA transcript gen-
erated by the non-templated co-transcriptional insertion of a single G nucleotide at a
specific position on the P/C/V gene. The V protein shares the same initiation codon
as P, as well as the amino-terminal 231 amino acids of the P protein but the presence
of the additional nucleotide at position 751 of the edited mRNA transcript leads to
the ribosome shifting to an alternative reading frame resulting in the last 276 amino
acids, normally encoded by the P mRNA, being replaced with a cysteine-rich do-
main of 68 amino acids (Cattaneo et al., 1989). The unique carboxyl terminus of V
has zinc-binding properties (Liston and Briedis, 1994). The C protein is produced
from an alternative initiation codon present in the P and V mRNA transcripts just
downstream of that for P and V in an overlapping ORF. The initiation context of
the start codon for P/V is sub-optimal which is thought to allow some ribosomes
to scan through the P initiation codon and initiate protein synthesis at the C protein
start codon. The C protein is a basic protein of 186 amino acids. Both V and C
interact with cellular proteins (Liston et al., 1995). The C and V proteins are non-
structural, and one of the first questions posed after the successful generation of the
Edtag reverse genetics system was, ‘Are they necessary for MV replication?’
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A number of rMVs have been generated to address this question. In the first C
protein synthesis was abrogated by the introduction of two point mutations into the
P/C/V gene which converted the C initiation codon to ACG and introduced a stop
codon into the C ORF just downstream (Radecke and Billeter, 1996). Importantly,
both changes were silent in the overlapping P protein ORF. A viable virus was
rescued which replicated in vitro without obvious growth impairment. However, it
was noted that the virus causes a smaller plaque phenotype. Importantly, the growth
of the virus was impaired in primary human peripheral blood mononuclear cells
(Shaffer et al., 2003), but in the presence of antibodies to interferon, it grew to the
same titres as the parental Edtag virus, suggesting that the C protein plays a role in
MV pathogenesis by inhibiting interferon signalling.

Other rMVs have been generated to investigate the function of the V protein
(Schneider et al., 1997a). This study concentrated on the editing site within the
P/C/V gene and examined the consequences of altering it on protein expression and
virus replication. Six different modifications were generated including nucleotide
changes and insertions. In the case of insertions, nucleotides were also removed at
the H/L TU boundary to ensure that the resulting rMV genomes were a multiple
of six. Several rMVs were successfully rescued and readily propagated, others ap-
peared to rescue, but could only be propagated by supplying the P protein in trans,
suggesting that they were not viable. This illustrates the point that in systems where
plasmids are used to supply the N, P and L proteins, rMVs must be passaged a
number of times to ensure that these plasmids are no longer present and therefore
do not support the replication of a non-viable virus. Two of the viable viruses did
not produce any V protein, whereas one overexpressed it relative to the parental
Edtag. Regardless of whether V was not expressed or overexpressed, the viruses
all grew similarly to the parental Edtag virus when their growth kinetics were an-
alyzed, although the virus overexpressing V produced generally smaller syncytia.
These two studies suggested that the C and V proteins were non-essential for virus
replication in tissue culture and it was postulated that these proteins were virulence
factors in vivo. This is somewhat at variance with the report that C functions as an
infectivity factor (Devaux and Cattaneo, 2004).

The same viruses were investigated in small animal models (Tober et al., 1998;
Valsamakis et al., 1998). The first study utilised SCID mice surgically implanted
with human thymus/liver tissue in a small animal model which mirrors the viru-
lence of wild-type MV isolated from humans. Inoculation of the virus lacking C
expression into the implant resulted in less efficient virus growth with decreased
replication in peripheral blood mononuclear cells and epithelial cells of the thymus,
suggesting an important in vivo role for the protein (Valsamakis et al., 1998; Es-
coffier et al., 1999). Similar inoculation of the viruses with modified V expression
into the same model showed that absence of V delayed and prolonged virus replica-
tion in the human thymic epithelial cells, whereas V overexpression was associated
with more rapid replication (Valsamakis et al., 1998). Absence or overexpression
of V also decreased MV replication in the lungs of cotton rats (Tober et al., 1998).
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These studies showed that the C and V proteins are necessary for growth of the
virus in vivo.

More recently, the C and V proteins have been shown to be important antagonists
against interferon induction within virus infected cells, and the response of these
cells to interferon signalling [reviewed in (Gerlier and Valentin, 2009)]. The amino
terminus of the V protein, and therefore that of the P protein, binds the signal trans-
ducer and activator of transcription (STAT) factors to inhibit the phosphorylation
of STAT1 in response to interferon induced signalling within the cell, and block
the subsequent nuclear translocation of dimerised STAT1. The carboxyl terminus
of V binds and blocks oligomerisation of melanoma differentiation-associated gene
5 (MDA5), which in turn prevents downstream signalling and inhibits induction
of interferon (Childs et al., 2009). There are amino acid changes specific to the
Edtag V protein which makes the Edtag V unable to carry out these antagonistic
roles. An rMV containing the P gene from Edtag showed that the substitution of
tyrosine to histidine at position 110 within the shared amino terminal domain of
the V and P proteins abrogated the ability of these proteins to block the nuclear
translocation of STAT1, in response to interferon induced signalling within the cell
(Devaux et al., 2007). The substitution of histidine for cysteine at position 272 of
the V protein carboxyl terminus renders the protein unable to bind MDA5, and con-
sequently it was unable to antagonise MDA5-induced interferon induction (Takaki
et al., 2011). This impacts on the results of the modified Edtag V studies described
above, since the V protein is already defective for these key functions before it is
modified. However, they still illustrate some of the other properties of the virus, for
example, V protein production in response to changes in the editing site, and these
studies still stand as early, elegant examples of the power of the new technology at
the time.

The C protein was further investigated using the IC-B reverse genetics system
(Takeuchi et al., 2005). Point mutations were made in the ORF encoding C, in-
troducing stop codons into the second and fifth amino acid positions, leading to
the ablation of C protein expression. When this rMV was used to infect permis-
sive cells, its growth was restricted relative to the parental IC-B virus, particularly
at late stages of infection. Some of the results suggested that C may prevent cell
death. Cynomolgus macaques infected with the virus had 1000-fold fewer infected
cells in the thymus compared to animals infected with IC-B. Immunohistochemi-
cal staining of tissues which commonly show high levels of MV antigen revealed a
dramatic decrease of antigen in animals infected with the modified virus. A follow-
up study using the same rMV revealed that ablation of C protein expression from
the IC-B virus resulted in interferon regulatory factor 3 activation in cells, leading
to the induction of interferon in response to infection (Nakatsu et al., 2006b). The
absence of C also led to the inhibition of protein translation by allowing phospho-
rylation of eukaryotic translation initiation factor eIF-2�. More recently this rMV
has been used to investigate the functionality of the Edtag C protein (Nakatsu et al.,
2009). The Edtag C protein sequence is identical to that of the C protein encoded
in the licensed MV vaccine EZ, and it has been hypothesised that changes between



P1: OTA/XYZ P2: ABC
JWST211-c06 JWST211-Bridgen September 4, 2012 8:54 Printer Name: Yet to Come Trim: 244mm × 168mm

6.8 MEASLES VIRUS: REVERSE GENETICS 177

wild-type and vaccine C proteins contributes to the attenuation of vaccine viruses.
The new rMV combined the mutation of the nucleotides in the P/C/V gene to ablate
wild-type IC-B C expression, with insertion of the ORF for Edtag C protein as an
ATU between the H and L genes. Addition of the Edtag C protein resulted in an
rMV which was again able to counteract the induction of interferon and block the
inhibition of protein translation, like the parental IC-B virus. This investigation of
the Edtag C protein by reverse genetics has revealed that even though Edtag is a
highly attenuated MV strain, it encodes a fully functional C protein.

6.8.9 Virus interactions with the host cell

MV relies on the host cell machinery for virus replication, assembly and egress,
hijacking the apparatus for its own benefit. Conversely, cells have evolved a battery
of defences to fight back against viruses. Two recent studies elegantly illustrate
these two different, but ultimately overlapping aspects of MV-host cell interaction.

Murine cells are refractory to MV infection. The murine epithelial (MODE-K)
cell line is non-permissive for MV replication (Vincent et al., 2002) and the block
has been linked to the level of RNA synthesis and protein expression. Further study
utilising a MV minigenome revealed that there was a post-entry block of MV repli-
cation which affected initial transcription from the incoming RNPs. Infection of
human/mouse somatic hybrid clones, which expressed human CD46, revealed that
some cells were permissive for MV replication whereas others were not. The au-
thors concluded that a cellular factor (or factors, as yet unknown) can control MV
transcription, and this control may involve stabilisation of the incoming viral poly-
merase templates. However, it might also be possible that the hybrid clones that
were permissive to MV lacked a restriction factor present in the mouse cells, or
some combination of both aspects.

Although mouse models are used for MV pathogenesis studies, they are either
transgenic mice which have the interferon �/� receptor knocked out to allow the
virus to be able to replicate efficiently (Horvat et al., 1996; Blixenkrone-Moller
et al., 1998; Mrkic et al., 2000; Hahm et al., 2003; Sellin et al., 2006; Ohno et al.,
2007), or the viruses are inoculated via unnatural routes into immunocompetent
animals (see above) to look at localised effects. Neither of these approaches gives
rise to a fully systemic infection and the infection is rather limited. A recent study
sought to address whether MV lacks a factor which would allow it to replicate in
mouse cells (Iwasaki and Yanagi, 2011). This study utilised the C protein from
SeV (also known as murine parainfluenza virus 1). The natural host for SeV is the
mouse and the C protein has been shown to be an important interferon antagonist.
This study sought to investigate whether expression of the C protein of SeV would
allow wild-type MV to efficiently infect murine cells. At this stage it would have
been most straightforward to engineer an rMV which expressed the SeV C protein
from an ATU. However, the authors decided against this as the SeV C protein is a
potent antagonist of human and mouse interferon and, as such, there was a possible
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risk that such an rMV would be more pathogenic for humans than the currently
circulating MVs. This illustrates the point that just because it is technically possible
to generate a recombinant virus, due diligence must be paid to the safety impli-
cations. Instead, this study utilised the Cre-loxP system to induce SeV C protein
expression in virus-infected cells. The rMV was engineered to express Cre recom-
binase, and the cells contained a SeV C expression cassette flanked with loxP se-
quences, such that they only expressed the MV C protein when Cre recombinase
was expressed in the same cell. When the rMV infected the cells, it produced Cre
recombinase inducing the expression of SeV C by the cells which removed the
block to MV replication, and the virus grew efficiently in the mouse cells.

The second study identified host proteins used by MV to benefit replication or
which are targeted by the virus to prevent them from restricting the infection (Ko-
marova et al., 2011). The study concentrated on the interactions of the V protein
as a proof of principle, since it is already known to interact with host proteins.
The V protein was expressed from an ATU between the P and M genes of an
rMV based on the Schwarz vaccine strain. The V protein contained an extension
at the amino terminus comprising a Strep tag and a tobacco etch virus (TEV) pro-
tease cleavage site. Unmodified V protein was also expressed from the unmodi-
fied P/C/V gene. When the rMV infected cells the Strep-tagged V protein was ex-
pressed along with all the usual protein products. Assuming that the presence of
the amino terminal extension does not affect the critical interactions the V protein
makes with host factors, the presence of the Strep tag allowed purification of the V
protein complexes by modified tandem affinity chromatography. Mass spectrometry
analysis was used to identify the other proteins in the complexes. The analysis re-
vealed 245 proteins including four proteins which are already known to interact with
the V protein.

6.8.10 Assembly and release

Study of the assembly and release of virus particles is an area of MV biology
which has been somewhat neglected. Studies have primarily focused on the M pro-
tein, since it mediates contact between the RNP and the F and H transmembrane
glycoproteins. An rMV based on Edtag containing the ATU for EGFP upstream of
N was generated to express an M protein in which a highly conserved valine residue,
which is often mutated in viruses isolated from cases of SSPE, was replaced with
either an alanine or cysteine residue (Runkler et al., 2007). Substitution with cys-
teine resulted in a stable M protein, while substitution with alanine resulted in an
M protein that was rapidly degraded. In virus-infected cells, the rMV with cysteine
behaved the same way as Edtag, whereas the virus with the alanine substitution
produced more cell-to-cell fusion and released 10- to 100-fold fewer virions into
the supernatant, demonstrating that this substitution interfered with the function
of the M protein in virus assembly and release. Further investigation revealed that
although the modified M protein could bind the N protein and that its membrane
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association was only slightly less efficient, the altered protein was unable to accu-
mulate at the cell surface. Consequently transport of the (−)RNP to the surface was
impeded, which in turn affected egress. A second study examined the consequences
of M and N interaction in the wild-type IC-B virus containing the EGFP ATU up-
stream of N (Iwasaki et al., 2009). An rMV was generated containing an amino
acid deletion at the carboxyl terminus of N which resulted in ablation of the N–M
interaction. This rMV grew less efficiently than IC-B, leading to the suggestion that
because M protein has an intrinsic ability to associate with the plasma membrane,
it may retain the (−)RNP in that locale by interacting with the N protein in order to
promote virus assembly, particle production and virus release.

6.8.11 Vaccinology

A safe, efficacious vaccine for MV has been in use from the late 1960s. Surprisingly,
little is known about why the virus is attenuated in vivo and there are relatively few
changes that are shared among all the vaccine strains of MV when compared to their
parental wild-type sequences (Bankamp et al., 2011). However, it should be noted
that some alterations may result from the adaptation of the virus to the unnatural
cell types it was forced to grow in rather than being key players in attenuation per
se. Reverse genetics has allowed researchers to revisit the vaccine virus sequences
to try to elucidate the molecular basis of attenuation.

One such study used the full-length genome sequences for the wild-type IC-B
and attenuated Edtag viruses to generate a series of rMVs containing swaps of the
Edtag sequences into the wild-type IC-B background (Tahara et al., 2005). Nine
rMVs were generated, swapping genomic regions containing one to almost three
TUs at a time, to cover the entire length of the Edtag genome. The study found that
regions in the H and L genes of Edtag conferred the ability for the wild-type rMV to
grow efficiently in African green monkey kidney Vero cells, which are an unnatural
target of MV, but that this was at a cost of decreased ability to replicate in B cells,
a natural target of MV. This study was extended to look at other properties of the
rMVs containing single gene swaps from Edtag into IC-B, and it was shown that
viruses containing the P and L TUs from Edtag spread less efficiently and produced
smaller areas of fusion in plaque assays (Takeda et al., 2008). Equivalent viruses
containing the P gene (modified to correct the Edtag specific P/V 110 and V 272
changes back to Edmonston vaccine-specific amino acids) or the L gene from Edtag,
and expressing Renilla luciferase from a promoter proximal ATU, were used to
infect mice expressing CD150. Quantification of luciferase produced in the spleen
of infected animals revealed 10,000- and 200-fold reduced levels of the enzyme
from the viruses containing the Edtag P or L genes respectively when compared
to the parental IC-B virus, indicating that these proteins contribute to the in vivo
attenuation phenotype of the Edmonston lineage vaccines.

Since MV vaccines have been so successful in reducing the number of MV cases
(WHO, 2009), and rMVs have been demonstrated to be surprisingly genetically
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stable (Rima and Duprex, 2011), they have received interest in their potential as
replicating vectors to deliver epitopes for disease causing entities that have no
safe, efficacious vaccine of their own. Among many other examples, attenuated
MV has been modified to deliver antigens for hepatitis B virus, simian and human
immunodeficiency viruses, flaviviruses and some bacterial infections from ATUs
within the genome (reviewed in Billeter et al., 2009; and see Table 6.1). The anti-
gens chosen and the mode of vaccine delivery probably need to be refined as the
growth characteristics of vaccine viruses can be modified during genetic manipula-
tion. Nonetheless, using MV as a vector to deliver foreign material is an attractive
goal and scientists have been working to maximise the potential of this. Viruses
that contain an ATU from which a foreign protein is expressed as a transgene have
been invaluable in MV research (see above). There is a question as to what the
limit is in terms of the amount of foreign material the rMV can tolerate, both in
terms of basic size of the genome, and the effects on replication/transcription. A
virus has been generated which sought to test these limits (Zuniga et al., 2007).
This virus, dubbed the ‘triporter’, expresses additional material from three separate
ATUs in a modified Edtag context. The first is upstream of N at the 3′ end of the
genome and expresses EGFP, the second is between the P and M TUs and expresses
�-galactosidase, and the third is between the H and L TUs and expresses CAT. Col-
lectively these three ATUs increase the genome size by over 25% and introduce
three additional Ig sequences where the RdRp can detach from the (−)RNP which
in turn may increase transcription attenuation for TUs further down the genome.
Nevertheless the rMV could be rescued, replicated efficiently in cells and all three
reporter proteins could be detected. To test the utility of this system in delivering
foreign antigens in vivo, a second virus was generated which expressed two proteins
of simian immunodeficiency virus (SIV) from two of the ATUs; between P and M,
and between H and L. Infection of CD46 expressing transgenic mice lacking the in-
terferon �/� receptor led to the induction of strong and enduring humoral immune
responses to SIV.

Given that polyploidy has been observed in MV virions (Rager et al., 2002) and
‘triporter’ viruses can be generated, it was logical to hypothesise that MV could
exist as a segmented virus. This has been shown to be possible using the wild-type
IC-B strain (Takeda et al., 2006). Three separate genome segments were generated.
The first segment expressed �-galactosidase from the promoter proximal position,
with the N and P genes being present in the second and third positions. The second
segment expressed the fluorescent reporter protein DsRed from the promoter proxi-
mal position with M and F proteins being expressed from the second and third genes
of that segment. The third segment expressed EGFP from the first position with the
H and L proteins expressed from the second and third genes. Replicating genome
segments were recovered which replicated well in cultured cells and the three seg-
ments were efficiently encapsidated and packaged into virions even in the absence
of a known mechanism to ensure that each virion contained a copy of each seg-
ment. The reporter genes were stably maintained upon passage. Such viruses may
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permit the development of novel vaccination strategies and may also offer insights
into aspects of RNP packaging.

The Molecular Medicine Program at the Mayo Clinic, USA, has made seminal
contributions to the development of MV as a replicating vector for gene therapy and
there are currently a number of rMVs being tested in clinical trials (Galanis, 2010;
Galanis et al., 2010). From a molecular virological perspective many of the viruses
which have been produced elegantly illustrate the genomic fluidity of MV. For ex-
ample, rMVs which express an H glycoprotein fused to soluble antibodies which
recognise tumour-specific markers such as common embryonic antigen, CD38 or
epidermal growth factor receptors (Hammond et al., 2001; Peng et al., 2003; Naka-
mura et al., 2004; Allen et al., 2006) and ones which restrict maturation of the F
glycoprotein to locations where matrix metalloproteinases by modification of the
furin cleave site (Springfeld et al., 2006) have been generated. A synergistic ap-
proach in which the rMV expresses the sodium iodine symporter (NIS) allows the
virus to be localised following the administration of radioactive isotopes (Stude-
baker et al., 2010) and the oncolytic activity can be enhanced by higher energy �
or � emitters (Msaouel et al., 2009). Although beyond the scope of this chapter it
will be fascinating to see how these approaches develop in the next few years.

6.9 Future perspectives

It is exciting to see how the original MV reverse genetics system developed by
Martin Billeter in 1995 has spawned many progeny, both in terms of recombinant
viruses and second and third generation systems. Nonetheless, for the most part
these represent refinements and although the cDNA clone and the resulting rMV
designated Edtag should probably be retired from general use, given the complex
assembly history and particular phenotype, this clone and virus have served the MV
community well. There are now two well-characterised systems from which wild-
type rMVs can be rescued, representing clinical isolates from the developing and
the developed world. Most importantly these have been shown to be pathogenic
in the most appropriate animal model, the macaque. This is paralleled by sys-
tems which can be used to recover the key vaccine viruses, Moraten, Schwartz
and Edmonston-Zagreb. It must never be forgotten that paramyxoviruses are the
products of the cells in which they are grown and there is work to be done to un-
derstand the impact of the cellular substrate on important parameters such as ther-
mostability, genome stability, mutability and particle to plaque forming unit ratios,
to mention but a few. Given the number of rMVs which have been generated no such
chapter can be comprehensive, and rather than list viruses, we have tried to use ju-
diciously selected examples to illustrate the impact genome manipulation has had
on our understanding of the molecular biology, cell biology, immunology, biochem-
istry and ultimately MV disease pathogenesis. What is intriguing is the molecular
basis of virus attenuation is still not fully understood and although certain mutations
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have an effect, the specific mutations in the vaccines which have made them some
of the safest and most efficacious licensed products remains unidentified. This will
be of practical value as recognising which mutations are responsible for the conver-
sion of a wild-type to an attenuated MV should allow the updating of the existing
vaccine strains, which were derived from MV isolates 40 years ago, to more closely
resemble currently circulating MV strains without interfering with attenuation traits
(Norrby, 1995).
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Bunyavirus reverse genetics
and applications to studying
interactions with host cells
Richard M. Elliott
Biomedical Sciences Research Complex, School of Biology, University of St Andrews

7.1 Introduction: the family Bunyaviridae

The family Bunyaviridae was formally established by the International Commit-
tee on Taxonomy of Viruses in 1975 (Porterfield et al., 1975) and is currently the
largest grouping of RNA viruses. The family takes its name from Bunyamwera
virus (BUNV) which was originally isolated from Aedes mosquitoes in the Semliki
Forest, Uganda (Smithburn et al., 1946). Over 350 distinct virus isolates have been
classified within the Bunyaviridae, whose members are characterised by a tripartite
single-stranded RNA genome that encodes viral proteins using a negative- or ambi-
sense strategy. Viruses replicate in the cytoplasm and characteristically assemble
intracellularly at the Golgi complex (Nichol et al., 2005). Bunyavirus particles are
composed of just four structural proteins (Figure 7.1), two external virion surface
glycoproteins (Gn and Gc) that are encoded by the M (medium-sized) genome RNA
segment, and two internal proteins, N, the nucleocapsid protein encoded by the S
(small) segment, and L, the viral RNA-dependent RNA polymerase, that is coded
for by the L (large) genome segment. In addition, most viruses also encode non-
structural proteins though their presence differs not only between genera but also
between viruses in the same genus. The three RNA segments are encapsidated by
N protein to form ribonucleoprotein complexes (RNP), and the RNPs are the func-
tional templates for all viral RNA synthetic events (Plyusnin and Elliott, 2011).

Currently the family Bunyaviridae is subdivided into five genera, Orthobun-
yavirus, Hantavirus, Nairovirus, Phlebovirus and Tospovirus. Viruses in each genus
are thus referred to as orthobunyaviruses, hantaviruses, etc. while the term bun-
yavirus is used when referring to viruses in the family as a whole. Classification
into an individual genus is based on serological relationships, the pattern of sizes of
viral RNAs and structural proteins, and the consensus terminal nucleotide sequence
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Figure 7.1 Schematic of a bunyavirus particle and coding assignment of the three genome
segments.

of the viral genome segments (Nichol et al., 2005). Orthobunyaviruses, nairoviruses
and phleboviruses are arboviruses (arthropod borne viruses) whose natural life-
cycle involves replication in blood-feeding arthropods (mainly mosquitoes, midges,
sandflies or ticks) and warm-blooded vertebrate species. Tospoviruses are plant
pathogens and are also transmitted by arthropods, in their case, by different thrips
species. Hantaviruses are not vectored by arthropods but are maintained in nature
as persistent infections of rodents and insectivores, and are transmitted to humans
in infected excretions. Viruses in all five genera impinge on human health and well-
being, either directly in causing disease or indirectly in causing disease of livestock
or crop plants (Plyusnin and Elliott, 2011). Table 7.1 lists some of the important
members of the family.

7.2 Bunyavirus replication

The bunyavirus replication cycle is similar to that of other negative-sense RNA
viruses (Elliott, 2005), the principal stages being as follows: (1) attachment, me-
diated by an interaction of either or both viral glycoproteins and host receptors,
followed by entry through receptor mediated endocytosis; (2) uncoating, by acid-
ification of endocytic vesicles, and fusion of viral membranes with endosomal
membranes to release the RNPs; (3) primary transcription of genomic RNAs to
yield mRNA species using host cell-derived primers and the virion-associated
polymerase; (4) translation of viral mRNAs; (5) synthesis and encapsidation
of antigenomes (full-length postive sense complementary RNA); (6) synthesis
of progeny vRNAs (genome replication) from antigenome-containing RNPs;
(7) virion assembly and morphogenesis by budding into the Golgi cisterna; and
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Table 7.1 Selected important pathogens in the family Bunyaviridae.

Genus/virus Disease Principal vector Distribution

Orthobunyavirus
Akabane Cattle: abortion and congenital

defects
Midge Africa, Asia,

Australia
Cache Valley Sheep, cattle: congenital defects Mosquito N America
La Crosse Human: encephalitis Mosquito N America
Ngari Human: hemorrhagic fever Mosquito Africa
Oropouche Human: fever Midge S. America
Tahyna Human: fever Mosquito Europe

Hantavirus
Hantaan Human: severe haemorrhagic

fever with renal syndrome
(HFRS), fatality 5-15%

Field mouse Eastern Europe,
Asia

Seoul Human: moderate HFRS,
fatality 1%

Rat Worldwide

Puumala Human: mild HFRS, fatality
0.1%

Bank vole Western Europe

Sin Nombre Human: hantavirus
cardiopulmonary syndrome,
fatality 50%

Deer mouse N America

Nairovirus
Crimean-Congo

haemorrhagic fever
Human: haemorrhagic fever,

fatality 20–80%
Tick Eastern Europe,

Africa, Asia
Nairobi sheep disease Sheep, goat: fever, haemorrhagic

gastroenteritis, abortion
Tick, mosquito Africa, Asia

Phlebovirus
Rift Valley fever Human: encephalitis,

haemorrhagic fever, retinitis,
fatality 1–10%

Domestic ruminants: necrotic
hepatitis, haemorrhage,
abortion

Mosquito Africa

Naples sandfly fever Human: fever Sandfly Europe, Africa
Sicilian sandfly fever Human: fever Sandfly Europe, Africa

Tospovirus
Tomato spotted wilt Plants: over 650 species, various

symptoms
Thrips Worldwide

(8) fusion of cytoplasmic vesicles containing viruses with the plasma membrane
and release of mature virions (Plyusnin and Elliott, 2011).

Host cell receptors have not been identified for the vast majority of bunyaviruses;
�3 and �1 integrins have been associated with entry of pathogenic and non-
pathogenic hantaviruses, respectively, into endothelial cells (Gavrilovskaya et al.,
1998; Gavrilovskaya et al., 1999), and DC-SIGN has been shown to mediate
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phlebovirus binding, entry and infection of dendritic cells (Lozach et al., 2011).
Bunyavirus mRNA synthesis resembles that of influenza viruses in that it is primed
by cap-containing oligonucleotides cleaved from the 5′ ends of host messages (Pat-
terson et al., 1984). In contrast to influenza viruses (where cap-snatching occurs in
the nucleus; Plotch et al., 1981), bunyavirus transcription takes place in the cyto-
plasm and utilises mature host mRNAs as primer donors. The endonuclease activity
responsible has recently been mapped to a domain at the N terminus of the L pro-
tein (Reguera et al., 2010). For viruses that have ambi-sense genomes segments, the
protein encoded in the positive-sense orientation in the genomic RNA is translated
from a specific sub-genomic mRNA that is transcribed from the antigenome, step
(5) above. Potentially this allows some degree of temporal control on gene expres-
sion in that the ‘positive-sense’ protein would be synthesised relatively late in the
infectious cycle, after the onset of genome replication (Elliott, 2005).

Detailed electron microscopic analysis of BUNV-infected cells has allowed de-
scription of the ‘viral factory’ that is built around the Golgi complex where repli-
cation occurs (Novoa et al., 2005). The factory is composed of repetitive units of
Golgi stacks, mitochondria, components of the rough ER and virus-derived tubular
structures with globular heads. Advanced imaging techniques and 3-D reconstruc-
tions indicated that the tubes link cellular organelles to the Golgi, thus providing a
route for cellular factors required for genome replication. A model was proposed in
which viral RNPs are transported from sites of replication in the globular domain
of the tubes to the cytoplasm where they condense on Golgi membranes, modified
by the insertion of Gn and Gc, and promote budding of particles into Golgi-derived
vesicles (Fontana et al., 2008).

7.3 History of bunyavirus reverse genetics

In the negative-sense RNA virus field, the term ‘reverse genetics’ encompasses two
major experimental approaches, first, ‘minigenome’ or ‘minireplicon’ systems in
which genome analogues, usually containing a reduced number of viral genes and
the inclusion of an easily measurable reporter gene, are transcribed and replicated
by co-expressed viral proteins, and, second, ‘rescue’ systems whereby infectious
viruses, containing specific genetic alterations, are recovered (rescued) from cDNA
copies of the viral genomes. A major technical obstacle to overcome for the majority
of negative-sense RNA viruses was devising a way to generate the RNP template for
viral transcription and replication: simply mixing viral RNA and N protein in a test-
tube did not result in a functional RNP. Technical advances that aided the field were
the characterisation and subsequent commercial availability of bacteriophage RNA
polymerases, such as those from T7 or SP6, that allowed transcription of RNA from
cDNA clones, and the characterisation of ribozymes that allowed precise trimming
of RNA transcripts to maintain the exact termini as found in authentic viral RNAs.

The recovery of infectious BUNV from plasmid DNA was published in 1996,
and this was the first occasion that any segmented negative-sense virus had been
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rescued entirely from cloned cDNA. At the time we thought this a most significant
breakthrough and as such tried to get it published in Science and Nature but without
success. The latter advised that the paper was more suited to a ‘specialized virol-
ogy journal’, advice we ignored: we submitted the manuscript to PNAS where it
was duly accepted (Bridgen and Elliott, 1996). Indeed, the editors of PNAS con-
sidered the paper sufficiently noteworthy that they commissioned a Commentary in
the same issue (Rose, 1996).

It is worthwhile digressing to understand the background that led to the success-
ful development of BUNV rescue as this may help others when trying to devise
similar protocols for their pet bunyavirus. Key is confidence that a cDNA clone(s)
is truly representative of the authentic virus sequence. As is well documented, viral
RNA polymerases lack proof-reading functions, thus genome replication is highly
error prone, leading to the quasi-species concept of a population of related but non-
identical genomes within a virus stock (Drake and Holland, 1999). In addition, er-
rors can be introduced during reverse transcription and/or PCR when generating
cDNAs, and therefore there is a possibility that any individual cDNA clone may not
represent a functional sequence. Therefore, it is preferable to generate a consensus
sequence based on multiple cDNA clones or to match the sequence of a cDNA with
the population (consensus) sequence of the viral genomic RNA, or alternatively to
establish functional assays for the encoded proteins.

With regard to BUNV a functional assay for the polymerase was developed which
involved transfecting cells expressing T7 RNA polymerase from a recombinant vac-
cinia virus, first, with L segment cDNA (L gene under T7 promoter control), fol-
lowed by purified viral RNPs, and then extracting total cellular RNA to assess new
genome synthesis by Northern blotting (Jin and Elliott, 1991). This was tedious
but proved that the L segment cDNA (that, incidentally, had been cloned by ‘con-
ventional’ methods in the pre-PCR era; Elliott, 1989) encoded an L protein that
had RNA synthesis activity. In turn, this led to creation of the minigenome system
for BUNV, using minigenome RNAs synthesised in vitro and transfected into cells
expressing BUNV N and L proteins again by the vaccinia virus-T7 system (Dunn
et al., 1995).

The next stage was to attempt virus rescue. Previous studies on BUNV gly-
coproteins expressed from cDNA clones provided reasonable evidence that the
cDNA contained functional sequences in that correct processing of the glycopro-
tein precursor was observed, and the expressed proteins were targeted to the Golgi
(Nakitare and Elliott, 1993, Lappin et al., 1994). Therefore, again using the vaccinia
virus-T7 polymerase system, cells were transfected with a mixture of three ‘expres-
sion plasmids’ or ‘helper plasmids’ (the BUNV protein coding sequences under
control of encephalomyocarditis virus internal ribosome entry sequence (IRES) to
ensure efficient protein expression) followed by a mixture of three ‘transcription
plasmids’ (full-length BUNV cDNAs flanked by T7 promoter and hepatitis delta
virus ribozyme sequences). It was anticipated that any rescued BUNV would be
swamped by a background of vaccinia virus and hence the supernatant was passaged
through mosquito cells (which permit bunyavirus but not vaccinia virus replication)
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followed by plaque isolation of the recombinant BUNV bunyavirus on mammalian
cells. No recombinant viruses were generated when the transcription plasmids ex-
pressed genome-sense RNAs, but a few plaques (10 to 100 per 107 transfected cells)
were obtained when the transcription plasmids expressed antigenome RNAs. Look-
ing back the procedure seems rather heroic – it took nearly 3 weeks and gener-
ated only small amounts of recombinant virus. Despite its inefficiency, the system
was used to generate a recombinant BUNV that did not express the NSs protein
(rBUNdelNSs; Bridgen et al., 2001), which proved invaluable in determining the
function of this non-structural protein (see Section 7.7.5). We suspected the low
efficiency of the system was the use of vaccinia virus to provide T7 RNA poly-
merase; bunyaviruses mature at the Golgi (reviewed by Pettersson and Melin, 1996;
Plyusnin and Elliott, 2011) and the vaccinia virus is wrapped by a double membrane
that is probably derived from the Golgi (Roberts and Smith, 2008). We thought
that if there were competition in the Golgi between the two viruses, the vaccinia
virus could win out. It became clear that if we wanted to recover mutant viruses
that were markedly less fit than wild type, the inefficiency of the system would be
a significant impediment. Therefore, a survey of different ways of expressing T7
RNA polymerase in cells was conducted, and we found the BSR/T7-5 line (Buch-
holz et al., 1999) to be the most efficient for generating infectious virus (Lowen
et al., 2004).

Meanwhile we had improved the BUNV minigenome system by transfecting
cells with a plasmid expressing the minigenome rather than in vitro transcribed
RNA (Weber et al., 2001). We then adapted this protocol in an effort to check the
functionality of the transcription plasmids, as we found occasionally that batches
of plasmid did not produce infectious virus in the rescue system. We showed that
expression of the L and S segment transcription plasmids supported minigenome
transcription and replication at a level about 10% of that achieved by the IRES-
driven expression plasmids (Lowen et al., 2004), even though the T7-transcribed
antigenome RNAs would not be 5′capped or 3′polyadenylated and thus were not
expected to be active as mRNAs. This led to the idea of just transfecting cells
with the three transcription plasmids and omitting the expression plasmids. This
generated infectious virus at the first attempt (Lowen et al., 2004). The system is
extremely efficient, routinely generating 107–108 pfu of wild-type BUNV from a
60mm diameter dish of cells transfected with 1�g of each plasmid.

7.4 Minigenome systems for bunyaviruses

Minigenome systems for negative-sense viruses have employed both cytoplasmic
RNA polymerase (mainly T7 polymerase) and nuclear (cellular RNA polymerase
I, pol-I) to drive minigenome synthesis (Neumann and Kawaoka, 2004), the latter
perhaps counter-intuitively for those viruses that do not have a nuclear phase in their
life-cycle. However, both polymerases have been used to establish minigenome
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Table 7.2 Summary of available reverse genetics systems for bunyaviruses1.

Virus rescue

Genus/Virus Minigenome assay VLP assay
T7 RNA
polymerase

RNA
polymerase I

Orthobunyavirus
Akabane Ogawa et al.,

2007
Bunyamwera Dunn et al., 1995

Weber et al., 2000
Kohl et al., 2004b

Shi et al., 2007
Eifan and

Elliott, 2009

Bridgen and
Elliott, 1996

Lowen et al.,
2004

La Crosse Blakqori et al.,
2003

Soldan et al.,
2010

Blakqori and
Weber, 2005

Hantavirus
Hantaan Flick et al., 2003a

Zhang et al., 2008

Nairovirus
Crimean-Congo

haemorrhagic
fever

Flick et al., 2003b
Bergeron et al.,

2010

Phlebovirus
Rift Valley fever Lopez et al., 1995

Ikegami et al.,
2005

Habjan et al.,
2009a

Terasaki et al.,
2011

Piper et al.,
2011

Ikegami et al.,
2006

Gerrard et al.,
2007

Habjan et al.,
2008

Billecocq et al.,
2008

Habjan et al.,
2008

Billecocq et al.,
2008

Toscana Accardi et al.,
2001

Uukuniemi Flick and
Pettersson, 2001

Overby et al.,
2006

Note: 1Only the primary reference or references reporting a significant change are noted.

systems for representatives of the four genera containing animal-infecting bun-
yaviruses (Table 7.2), but so far no minigenome assay has been reported for
tospoviruses. A further development was the creation of a BUNV minigenome sys-
tem in Aedes albopictus mosquito cells, though this shows much lower activity
compared to mammalian cell system, largely because of the relatively low plasmid
transfection efficiencies of mosquito cells (Kohl et al., 2004b).

Minigenome systems have been used to confirm that only N and L proteins are
required for viral RNA synthesis (Dunn et al., 1995; Lopez et al., 1995; Accardi
et al., 2001; Flick and Pettersson, 2001; Blakqori et al., 2003; Ikegami et al., 2005;
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Gauliard et al., 2006). For both BUNV and La Crosse orthobunyavirus (LACV)
minigenome systems, expression of NSs was found to down-regulate reporter gene
expression. This inhibition was also observed when NSs proteins from heterolo-
gous viruses were used in conjunction with the BUNV-based system, suggesting
that NSs may have some role in controlling viral RNA synthesis (Weber et al.,
2001; Blakqori et al., 2003). Contrasting resulting have been reported for Rift Val-
ley fever phlebovirus (RFVFV) NSs – Ikegami et al. (2005) reported that NSs en-
hanced minigenome activity whereas others observed an inhibitory effect, like the
orthobunyavirus NSs proteins (Bouloy and Weber, 2010; Brennan et al., 2011a).
These discrepant results may reflect differences in experimental protocol, such as
the type of cells in which the assay was performed.

Development of minigenome systems for hantaviruses and nairoviruses has been
more problematic. Two reports describe a Hantaan virus minigenome system using
the RNA polymerase I approach (Flick et al., 2003a; Zhang et al., 2008) though in
both cases background levels appear high and the positive result (that is, when viral
L and N proteins are expressed) gives reporter gene activity significantly lower than
that described with orthbunya- or phlebo-virus systems. There are two reports on
minigenome systems for Crimean-Congo haemorrhagic fever nairovirus (CCHFV).
The first used virus infection to supply viral proteins and hence was limited in its
application as the work had to be performed under BSL4 containment (Flick et al.,
2003b). A more convenient system using plasmid expression of helper proteins was
described by Bergeron et al. (2010). Interestingly, the system also gave unaccept-
ably high background reporter gene activity if the plasmid-encoding minigenome
was transfected into cells (from either T7 or pol-I promoters), but gave robust sig-
nals if in vitro transcribed minigenome RNA was transfected. The authors speculate
that CCHFV-specific sequences somehow enhanced cryptic promoter activity in the
transfected plasmid DNA. The system was used to demonstrate that the ovarian tu-
mour protease domain that is unique for nairovirus L proteins was not required for
RNA synthesis function.

7.5 Virus-like particle production

An extension of the minigenome assay is the production of infectious virus-like par-
ticles (VLP) that can package a minigenome. VLPs are produced by co-expression
of the viral glycoproteins, along with N and L proteins, and although VLPs are
capable of infecting new cells, they cannot spread or produce progeny as the
glycoprotein-encoding genome segment is not packaged. VLPs have been devel-
oped for a number of bunyaviruses (Table 7.2) and used to study the requirements
for genome packaging, both at the protein level (Overby et al., 2006; Shi et al.,
2006; Overby et al., 2007a; Overby et al., 2007b; Shi et al., 2007; Shi et al., 2009;
Katz et al., 2010) and genome sequence level (Terasaki et al., 2011). Most re-
ports indicate that passage of VLPs required the target cells to express the viral
N and L proteins, though BUNV VLPs containing a Renilla luciferase minigenome
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were capable of autonomous expression without the need for exogenous viral pro-
teins (Eifan and Elliott, 2009). From a practical standpoint, RVFV VLPs show
promise as candidate vaccines (Naslund et al., 2009; Mandell et al., 2010; Pichlmair
et al., 2010).

7.6 Rescue systems for bunyaviruses

The T7 polymerase-based experimental protocol has subsequently been adopted for
the rescue of LACV (Blakqori and Weber, 2005) and RVFV (Ikegami et al., 2006;
Bird et al., 2007; Gerrard et al., 2007a; Billecocq et al., 2008; Habjan et al., 2008)
(Table 7.2). Recovery of LACV is informative on two levels. First, the strict re-
quirement of a fully functional polymerase clone was apparent by the observation
that an L clone that produced activity in the minigenome system was not competent
to rescue infectious virus, and had to be modified to match the consensus sequence
of three independent GenBank entries (Blakqori et al., 2003; Blakqori and Weber,
2005; G. Blakqori, pers. comm.). Indeed, in a side-by-side comparison of BUNV
and LACV minigenome systems using the original LACV L cDNA clone, we found
the BUNV clones to show considerably more reporter activity (A. McLees and R.
M. Elliott, unpublished data). This highlights the need for cDNA clones having the
correct (functional) sequence, and also for appropriate assays to monitor their func-
tionality. Second, rescue of La Crosse virus was unsuccessful if plasmids expressing
helper viral proteins were co-transfected and only worked when just the three tran-
scription plasmids were transfected (Blakqori and Weber, 2005). This suggests that
the ratios of viral proteins and viral RNAs can be critical for successful generation
of functional RNPs and subsequent initiation of the infectious cycle. Akabane or-
thobunyavirus (AKAV) was rescued using the pol-I system (Ogawa et al., 2007),
and in contrast to other bunyavirus rescues, recombinant virus was found to display
slight phenotypic differences from authentic virus. This suggests that the cDNA
clones used to derive the virus might not be exact matches to the authentic virus
genome or that the recombinant virus was more clonal than authentic virus. RVFV
has been recovered by both T7 and pol-I approaches, and for the former the three
plasmid approach was also successful. Little difference in rescue efficiency was
observed between T7 and pol-I systems for RVFV (Billecocq et al., 2008; Habjan
et al., 2008).

7.7 Application of reverse genetics to study
bunyavirus replication

The remainder of this chapter describes the application of rescue technology to
explore bunyavirus gene function and viral replication. While the emphasis will be
on descriptions of viruses carrying defined mutations in their genomes, it should
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be appreciated that experiments using minigenome and VLP assays often underpin
these studies and inform which mutant viruses should be produced.

7.7.1 Attenuation of bunyavirus replication by
modification of noncoding sequences

Each bunyavirus genome segment comprises 3′ and 5′ noncoding (or untranslated)
regions, NCR, that flank the coding sequence for the viral protein. In addition, in
ambisense genome segments there is a noncoding intergenic sequence between the
coding regions that signals transcription termination. Apart from the conserved very
terminal 8–11 bases at both ends of the RNA segments, NCRs are highly variable
in length and sequence between segments, both within one virus and between anal-
ogous segments of different viruses. The NCRs contain the N protein encapsida-
tion signal, viral promoters, mRNA transcription termination signals and probably
RNP-packaging signals, and thus it is remarkable the degree of variation observed
in the NCRs for these common functions. Results of minigenome studies indicated
that the NCR of the L, M and S segments had different activities, suggesting that
promoter strength of the three segments differed (Barr et al., 2003; Flick et al.,
2004; Kohl et al., 2004a; Gauliard et al., 2006). By reverse genetics a virus was
created in which the NCRs on the L segment of BUNV were replaced with those
of the M segment (which had been shown to be the most active promoter; Kohl
et al., 2004a). The virus, termed MLM, thus had wild-type S and M segments and
a chimeric L segment (Lowen et al., 2005). This virus was attenuated not only in
cultured cells but also in mice. Perhaps surprisingly, although the chimeric L seg-
ment contained a high activity promoter sequence, the levels of L segment RNAs
and of L protein were markedly reduced in infected cells, and the virus showed
a much higher particle-to-infectivity ratio than wild-type BUNV. A second study
with BUNV showed that internal deletions within the S segment NCRs also attenu-
ated virus replication (Lowen and Elliott, 2005). More recently, we have developed
viruses having deletions in the NCRs of all three segments that are so attenuated
they no longer cause cytopathic effects in cultured cells (B. Mazel-Sanchez and
R.M. Elliott, unpublished data). These results suggest that attenuating replication
thorough rearrangement or deletion of NRC could be used to develop live attenu-
ated candidate vaccines.

A further example of the remarkable plasticity of bunyavirus genomes is exem-
plified by the conversion of RVFV from a three-segmented to a two-segmented
virus (Brennan et al., 2011b). As discussed in detail below (Section 7.7.5) the NSs
protein of RVFV is dispensable for growth in cell culture and NSs-deleted viruses
are attenuated in immunocompetent cells and animals. The NSs locus can be used
to express foreign genes such as GFP or luciferase (Ikegami et al., 2006; Billecocq
et al., 2008; Bird et al., 2008; Kuri et al., 2010). We asked whether the virus glyco-
protein coding sequences could be inserted in place of NSs, and were successful in
rescuing a two-segmented virus whose genome comprised a wild-type L segment
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Figure 7.2 Genome organisation of Rift Valley fever virus and the two segmented recombinant
called r2segMP12. The RNA segments are represented as the virion sense and the coding regions
indicated by open boxes. mRNAs are indicated as arrows. The sizes of the genome segments are
based on the MP12 strain of RVFV.

and a hybrid S segment expressing N and glycoproteins (Figure 7.2). The virus
thus has an S segment genome arrangement similar to that of arenaviruses (Buch-
meier et al., 2007). The two-segmented virus was further attenuated compared to
a three-segmented NSs deletant virus, but was genetically stable on repeated pas-
sage. Interestingly, it was shown that the two-segment virus could act as a vector to
express a foreign gene cloned between the M segment NCR. As proof of principal,
the coding sequence for GFP was inserted into the M segment in place of the vi-
ral glycoprotein precursor sequence and a virus rescued that contained three RNA
segments. The virus expressed GFP in infected cells and was stable on repeated
passage (Brennan et al., 2011b). This opens the door to expressing immunogenic
proteins that might give rise to protective antibodies against other pathogens leading
to the possibility of bivalent vaccines against RVFV and another disease.

7.7.2 Mutation of nucleocapsid protein

In addition to encapsidating the viral RNA segment, the bunyavirus N protein inter-
acts with itself to form homo-oligomers, with the viral L protein, with the carboxy
terminal tail(s) of either or both of the virus glycoproteins (see later), and probably
with cellular proteins. A large-scale mutagenic analysis of the BUNV N protein was
carried out to define functional domains in the N in advance of a 3-D structural de-
termination. Using a combination of random and targeted mutagenesis techniques,
approximately half of the residues in the 233 amino acid BUNV N protein were in-
dividually changed (Eifan and Elliott, 2009). The mutant N proteins were assessed
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in the minigenome system and displayed a range of activities compared to wild-
type N. (An NSs-deleted cDNA was used to ensure that any effects noted could
be attributed to the N protein.) On the basis of these results, some mutants were
selected for further study, and 57 recombinant viruses were generated carrying sin-
gle point mutations in the N protein. The viruses showed a range of titre (from 103

to 108 pfu/ml) and plaque size in cell culture. Four temperature-sensitive mutants
were obtained that fell into two groups, one whose lesions affected genome synthe-
sis and the other that had defects in both genome and antigenome, but not mRNA,
synthesis. These results confirm the crucial role played by N in RNA production. In-
terestingly, out of �300 ts mutants of different bunyaviruses previously obtained by
conventional virological procedures (for example, growth in the presence of chem-
ical mutagens), only a single mutation had been mapped to the S segment (Pringle,
1996). Obtaining four ts mutants mapping to the BUNV S segment in this study is
further testament to the power of reverse genetics. Based on the behaviour of mutant
N proteins, a preliminary domain map was constructed (Eifan and Elliott, 2009).

7.7.3 Epitope tagging of the L protein

Study of the intracellular distribution and other properties of the L protein has been
hampered by the small amounts of L made during infection and the lack of specific
antibodies. The situation has been improved by the recovery of viable BUNV and
RVFV that express L protein tagged with the V5 epitope of parainfluenza virus type
5 (Shi and Elliott, 2009; Brennan et al., 2011a). In both cases, the 14-amino acid
epitope was inserted in a region towards the C terminus of L that was variable in
sequence when comparing different L proteins and predicted to be on the surface
of the protein. The effect of inserting the epitope in the minigenome system was
first assessed, and then infectious viruses were recovered by reverse genetics. For
both BUNV and RVFV, insertion of the epitope resulted in a degree of attenua-
tion in tissue culture, but the recombinant L protein could easily be detected using
high avidity anti-V5 antibodies by both western blotting and immunofluorescent
staining of infected cells. The recombinant viruses will be valuable tools to further
investigate the role of the L protein in the viral life-cycle.

7.7.4 NSm protein

The orthobunyavirus NSm protein is sandwiched between Gn and Gc in the precur-
sor polyprotein encoded by the M segment. NSm localises independently of other
viral proteins to the Golgi (Nakitare and Elliott, 1993), behaves as an integral mem-
brane protein (Shi et al., 2006), and has been suggested to have a possible role in
virus assembly. Rescue experiments were attempted with cDNA clones contain-
ing deletions of different regions of BUNV NSm, and the results showed that the
N-terminal domain of NSm was essential for virus replication (Shi et al., 2006).
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Furthermore, the hydrophobic C-terminus of NSm was suggested to act as an inter-
nal signal sequence for Gc. It was possible to insert the coding sequence for green
fluorescent protein (GFP) in-frame in an internally deleted NSm protein and recover
viable virus. The virus expressed chimeric GFP-NSm protein that localised to the
Golgi similar to authentic NSm.

The situation with NSm proteins of phleboviruses is more complicated. Some
phleboviruses like Uukuniemi virus (UUKV) do not encode NSm, Punta Totro and
Toscana viruses encode a 30 kDa NSm protein at the N-terminus of the precursor,
while RVFV produces two NSm proteins called NSm1 (78kDa) and NSm2 (14kDa)
(Bouloy, 2011). The RVFV M segment-encoded precursor contains five in-frame
AUG codons at its N-terminus. The first AUG codon initiates translation of NSm1
and the second AUG is used to produce NSm2. The sequences for Gn and Gc fol-
low those of NSm2, while NSm1 actually incorporates Gn sequences (Gerrard and
Nichol, 2007). Using reverse genetics, recombinant viruses have been produced,
by substitution mutations in the AUG codon, that do not synthesise the NSm pro-
teins. The viruses showed similar growth properties to the parent in mammalian
and insect cells, and produced similar sized plaques (Won et al., 2006). A further
NSm-deletion mutant, where most of the NSm coding region was actually excised
from the M segment, however, produced larger plaques than the parent and induced
more extensive cell death than the parent (Won et al., 2007). It was shown that the
mutant virus induced apoptosis via the caspsase 3, 8 and 9 pathways. These data
suggest that the role of NSm is antiapopotic. It should be noted that all these mutant
viruses used the MP12 attenuated candidate vaccine strain of RVFV. In contrast,
recombinant RVFV with analogous deletions of NSm but based on a virulent strain
(ZH501) did not show plaque phenotype differences compared to the parental strain
(Gerrard et al., 2007b) and the mutant virus, although attenuated, was still able to
cause lethal disease in a rat model (Bird et al., 2007) Some rats infected with the
mutant virus showed delayed onset RVF neurological disease in the absence of
high titre viraemia, a clinical feature observed in some infections of livestock and
humans (Bird et al., 2007). It will be of interest to perform side-by-side compar-
isons of MP12 and ZH501 mutant viruses in rats to determine whether amino acids
differences in other viral genes may modulate the effect of deleting NSm.

7.7.5 Role of NSs protein

The first mutant bunyavirus produced by reverse genetics was a recombinant BUNV
lacking the NSs protein (Bridgen et al., 2001). The orthobunyavirus S segment
encodes N and NSs proteins in overlapping reading frames. Both proteins are trans-
lated from the same mRNA as the result of alternate AUG codon usage. The over-
lapping coding strategy makes wide-scale mutagenic analysis of NSs difficult as
a mutation in NSs sequence could also change an amino acid in N. However, it
was possible to ablate NSs expression without changing the amino acid sequence
of N (Bridgen et al., 2001) and the generation of a recombinant virus lacking



P1: OTA/XYZ P2: ABC
JWST211-c07 JWST211-Bridgen September 4, 2012 8:49 Printer Name: Yet to Come Trim: 244mm × 168mm

7.7 APPLICATION OF REVERSE GENETICS TO STUDY BUNYAVIRUS REPLICATION 213

NSs, rBUNdelNSs, led to the elucidation of NSs as having a major role in antag-
onising the host innate immune response (Weber et al., 2002; Kohl et al., 2003).
Subsequently, recombinant LACV and AKAV lacking NSs expression were also
generated (Blakqori and Weber, 2005; Ogawa et al., 2007). BUNV and LACV NSs-
deletion mutants are highly attenuated in interferon competent mammalian cell lines
and in mice, identifying NSs as a major virulence factor. Recombinant AKAV lack-
ing NSs was also attenuated in mice (Ogawa et al., 2007). NSs-deficient viruses
are strong inducers of IFN and are unable to shut off host cell protein synthesis
(Bridgen et al., 2001; Thomas et al., 2004; Blakqori et al., 2007; Hart et al.,
2009). NSs inhibits host RNA polymerase II transcription, thereby globally down-
regulating host mRNA production, including those for interferon and thus activation
of innate immune responses. BUNV NSs blocks phosphorylation of RNAPII and
this is probably achieved by interacting with MED8, a critical component of Medi-
ator that is involved in controlling cellular transcription (Leonard et al., 2006). The
interacting domain in NSs was mapped to the C-terminus, and a recombinant virus
expressing a truncated NSs protein missing this region showed a similar phenotype
to the virus lacking NSs entirely (Leonard et al., 2006). However, further studies
showed that a virus expressing an N-terminally deleted NSs that retained the MED8
interacting domain was also unable to block RNA polymerase II transcription, in-
dicating that both interaction with MED8 and an as yet unidentified function in the
N-terminus of NSs are required for the virus to overcome host antiviral defences
(van Knippenberg et al., 2010). LACV NSs behaves slightly differently and causes
proteasomal degradation of RNA polymerase II in a manner resembling the DNA
damage response (Verbruggen et al., 2011). Despite the overall similarity in inhibit-
ing cellular transcription, BUNV and LACV NSs differ with respect to apoptosis.
BUNVdelNSs induced apoptosis more quickly than wt BUNV whereas the analo-
gous LACV mutant was less apoptogenic than its corresponding wild-type parent
(Kohl et al., 2003; Blakqori and Weber, 2005).

RVFV NSs was also identified as an IFN antagonist, initially through studies
on a naturally occurring variant called Clone 13 that contains a large deletion in
NSs (Muller et al., 1995). Like their orthobunyavirus counterparts, RVFV engi-
neered to delete the NSs gene is attenuated in IFN-competent cells and animals
(Ikegami et al., 2006; Bird et al., 2008; Habjan et al., 2009b; Brennan et al., 2011b).
RVFV NSs interacts with a number of cellular proteins including SAP30, part of the
Sin3A/NCoR/HDAC repressor complex that is involved in regulation of gene tran-
scription. NSs was shown to be recruited with the repressor complex to the IFN�
promoter, and thus specifically prevented transcriptional activation of the IFN�
gene. A virus in which the SAP30 interacting domain in NSs was deleted was un-
able to antagonise IFN� expression and was attenuated in a mouse model (Le May
et al., 2008). RVFV NSs can also inhibit global cellular transcription though this
occurs somewhat later in the infectious cycle than the early SAP30-dependent in-
hibition of IFN� transcription. RVFV NSs interacts with the p44 subunit of TFIIH
and sequesters it, thereby interrupting the supply of this crucial transcription fac-
tor (Le May et al., 2004). In addition, NSs interacts with the p62 component of
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TFIIH resulting in its degradation (Kalveram et al., 2011). A novel activity of
RVFV NSs was its ability to affect cellular translation by specific degradation of
double-stranded RNA-dependent protein kinase (PKR), thereby preventing phos-
phorylation of eukaryotic initiation factor 2a (Habjan et al., 2009b; Ikegami et al.,
2009). Recombinant RVFV in which its NSs was replaced with that from another
phlebovirus (sandfly fever Sicilian) or the orthobunyavirus LACV were unable to
degrade PKR, though the recombinant viruses were still capable of suppressing IFN
induction (Habjan et al., 2009b). The relative ease with which recombinant RVFV
can be created in the laboratory should enable detailed domain mapping studies on
NSs to be performed in the future.

7.7.6 Modification of viral glycoproteins

The orthobunyavirus glycoproteins are type I integral membrane proteins that are
characteristically markedly difference in size, Gn being about 35kD and Gc about
110kDa. The Golgi targeting signal has been mapped to the transmembrane domain
of Gn, and Gc has to heterodimerise with Gn for transport to this organelle (Lappin
et al., 1994; Shi et al., 2004). The glycoproteins contain few N-linked glycosylation
sites, and for BUNV there is a single site on Gn (at N residue 60) and two sites on Gc
(N624 and N1169) (Shi et al., 2005). Comparison of different orthobunyavirus gly-
coproteins sequences indicates that the sites at N60 and N1169 are well conserved
among different viruses, while the site at N624 in Gc is conserved among viruses
serologically related to BUNV. The importance of the glycosylation sites was in-
vestigated by creating recombinant viruses with the sites deleted; glycan addition
N60 was shown to be essential for virus viability, whereas either or both glycosyla-
tion sites in Gc could be eliminated and viable viruses generated. However, glycan
addition at both sites contributed to efficient virus infection (Shi et al., 2005).

Bunyaviruses do not encode an equivalent of a matrix protein to maintain virion
stability, as found for other negative sense RNA viruses, and it has long been sug-
gested that interaction between either or both of the cytoplasmic tails of the viral
glycoproteins might interact with the RNP. This notion has been supported by stud-
ies using VLP assays to demonstrate that VLP formation is prevented when the
cytoplasmic tails of viral glycoproteins are mutated. Reverse genetics showed that
the cytoplasmic tails of BUNV were highly sensitive to mutation and only a cou-
ple of recombinant viruses containing alanine substitution mutations in the tail of
Gc were recovered, though these were markedly attenuated and produced small
plaques in cultured cells (Shi et al., 2007). The importance of the cytoplasmic tails
of UUKV glycoproteins in assembly was also demonstrated, by exploiting the VLP
production assay (Overby et al., 2007b).

The presumptive fusion peptide in the orthobunyavirus Gc protein had been pre-
dicted by bioinformatics approaches because of similarities in sequence and struc-
tural motifs with the E1 fusion proteins of alphaviruses (Garry and Garry, 2004).
Building on work using transient expression of glycoprotein cDNA clones that
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confirmed residues 1066–1087 of LACV Gc mediated fusion (Plassmeyer et al.,
2005, 2007), recombinant viruses carrying mutations in this region were gener-
ated (Soldan et al., 2010). The mutant viruses grew less well than wild type and
displayed a range of fusion activities that were decreased relative to the parental
virus. Interestingly, a cell-based assay indicated that the mutant viruses retained
their neurotoxicity, leading to the suggestion that the fusion peptide is associated
with neuroinvasive properties of LACV but not necessarily its neurovirulence.

Analysis of variant Maguari orthobunyaviruses carrying deletions at the N-
terminus of Gc (Pollitt et al., 2006) prompted a study of the requirement for the
N-terminal region of BUNV Gc via the generation of recombinant viruses. The
cleavage site between NSm and Gc was retained, but amino acid residues thereafter
in Gc were sequentially deleted. Nearly half of the Gc protein ectodomain (453 out
of 909 residues) could be deleted and viable viruses recovered, and although most
were attenuated in cell culture to a greater or lesser degree, the results indicated that
the N-terminal half of Gc was not required for infection of mammalian cell. Analy-
sis of the behaviour of mutant glycoproteins and viruses in terms of Golgi targeting
and low pH-dependent cell fusion allowed a model for the domain structure of Gc
to be predicted (Shi et al., 2009). Furthermore, this opened up the possibility of in-
serting foreign sequences at the N-terminus and viable viruses were created where
autofluorescent proteins (both GFP and mCherry) were fused in-frame with Gc (Shi
et al., 2010). Recombinant virus particles displayed bright autofluorescence when
visualised under UV-illumination in a conventional microscope (see Plate 4A), as
each of the 650 to 720 Gc molecules in a virion (Obijeski et al., 1976; Freiberg
et al., 2008; Overby et al., 2008) was tagged with the fluorescent protein. Infec-
tivity was not markedly impaired and the viruses grew to titres of about 5×106

pfu/ml. Although the amino acid sequences of GFP and mCherry are highly simi-
lar, the stability of the recombinant viruses was quite distinct. The virus expressing
the GFP-Gc fusion was less stable and shed the GFP sequence, plus additional
Gc and NSm amino acid residues, after six passages. In contrast the mCherry-Gc
expressing virus was completely stable for at least ten consecutive passages. The
fluorescent viruses thus allow the different stages of the life-cycle to be visualised
in real time, including attachment, assembly and budding in the Golgi, traffick-
ing of progeny virus through the cytoplasm and egress at the plasma membrane
(Plate 4B, 4C).

7.8 Outlook

Reverse genetics technologies have revolutionised the study of RNA viruses, and
bunyaviruses are no exceptions. The foregoing has illustrated that power of this
technique and the remarkable plasticity of the bunyavirus genome, and the scope
of modification to viruses appears only limited by the imagination of the investi-
gator. While unravelling the complexities of gene function and hitherto unexplored
aspects of viral replication, reverse genetics also has the potential to transform our
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ability to control or prevent bunyavirus disease through the development of novel
vaccines or antiviral screening tools. However, the technology is still limited to
a handful of viruses, and is not yet available for the majority of important bun-
yaviruses, notably the hantaviruses, CCHFV, or the tospoviruses. No doubt there
are idiosyncrasies associated with these viruses that we have to understand though
the most important prerequisite for success will be confidence that cDNA clones
represent functional sequences.
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8.1 Introduction

Influenza is a highly contagious, acute respiratory disease, which causes signif-
icant mortality and morbidity worldwide. According to the World Health Orga-
nization (WHO), it causes between three and five million cases of severe illness
and 250,000–500,000 deaths every year around the world (http://www.who.int/
mediacentre/factsheets/fs211/en/). Influenza circulates yearly in the winter season.
The elderly, young children and those with chronic medical disorders such as
asthma, diabetes and the immune-compromised are most at risk following infec-
tion during the seasonal outbreaks. It has a range of symptoms including rhinitis,
cough, weakness, febrile illness and headache. Most infections are self-limiting;
however, influenza can occasionally progress to viral pneumonia or predispose to
secondary bacterial infections. Rare complications of the virus infection include
encephalopathy, myocarditis, and myositis.

Every few decades, a novel influenza virus emerges from the animal reser-
voir and adapts for infection and transmission in humans. The initial introduction
of the new virus into a human population with no pre-existing immune knowledge
of this strain results in widespread circulation in the form of a pandemic. Often
the target groups who suffer more severe illness in the pandemic are different from
those during seasonal flu outbreaks, with young adults being more likely to be af-
fected (Nitsch-Osuch et al., 2010; Sun et al., 2011). The zoonotic event that leads
to the outbreak can occur at any time of year and influenza-like illness (ILI) of-
ten appears out of normal season during the first wave of a pandemic. The animal
reservoirs from which the pandemic virus is likely to emerge are the natural wild
aquatic bird population, or pigs in which influenza viruses derived from both birds
and humans are known to circulate.

Influenza is caused by infection with a single-stranded, negative sense, RNA
virus (Figure 8.1). The influenza A virus encodes 12 known proteins, encoded on
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Figure 8.1 Schematic of the influenza A virus displaying the viral structural proteins and
genomic segments.

8 RNA genomic segments. The viral envelope contains the glycoproteins haemag-
glutinin (HA) and neuraminidase (NA) and the short M2 transmembrane protein
in host-derived lipids. Inside the envelope the M1 matrix protein surrounds the
virion core, comprising the nuclear export protein (NEP) and each of the 8 RNA
segments. Each segment is coated with nucleoprotein (NP) and complexed with
the RNA-dependent RNA polymerase (RdRp), composed of a heterotrimer of two
polymerase basic and one polymerase acidic subunits (PB1, PB2, and PA). This
combination of RNA and protein is known as the viral ribonucleoprotein complex
or vRNP. NS1 and PB1-F2 are non-structural proteins that help the virus control the
host cell immune responses (McAuley et al., 2007; Hale et al., 2008) and N40 is a
recently described product of the PB1 open reading frame which affects replication
(Wise et al., 2009). None of the three latter proteins is part of the virion.

There are three serologically distinct types of the virus; A, B, and C, of which
A and B cause widespread seasonal outbreaks in humans. The influenza B and C
viruses have a similar genomic and protein organisation to type A, but there are dif-
ferences in the RNA segment numbers and length, coding strategies and divergence
of the protein sequences. Influenza B has 8 genomic segments, encoding 10 pro-
teins functionally equivalent to those of type A. There is no evidence that influenza
B virus encodes either N40 or PB1-F2 proteins, but instead a novel 100 amino acid
NB protein is encoded on an alternate reading frame to the NA protein on segment
6 (Shaw et al., 1983). The function of NB is currently unknown, but its absence
causes attenuation in vivo (Hatta and Kawaoka, 2003).

Influenza C virus encodes 9 known viral proteins on only 7 segments. The three
polymerase subunits PB1, PB2 and P3 (the latter having a neutral pH, therefore
not termed polymerase acidic as with the type A and B viruses), and the NP, M1,
CM2, NS1, NS2 proteins provide similar roles as those in influenza A and B, but the
precise mechanisms may differ. The coding strategy for the M1 and CM2 protein
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generates an additional protein P42, whose functional relevance is undetermined
(Pekosz and Lamb 1998; Hongo et al., 1999). The roles of entry and exit to and
from the cell, usually directed by the HA and NA proteins of type A and B viruses,
are for influenza C virus combined in a single haemagglutinin- esterase and fusion
(HEF) protein, encoded on segment 4 (Herrler et al., 1988).

Influenza A viruses are further classified into subtypes based on the surface gly-
coproteins; there are 17 HA and 9 NA subtypes and they all exist in wild bird hosts,
with the exception of H17 which was recently isolated from bats (Tong et al., 2012).
Three subtypes have in recent times infected and transmitted within the human pop-
ulation (H1N1, H2N2 and H3N2). Both glycoproteins, but particularly HA, are ma-
jor antigenic determinants and antibodies directed against HA and NA are crucial
in current vaccine strategy.

Influenza B viruses showed a marked antigenic divergence in the late 1980s and
are currently broadly divided into two lineages, Yamagata-like and Victoria-like.
While both lineages can co-circulate during a season, typically one of them will
predominate (Nerome et al., 1998; Nakagawa et al., 2009). Nonetheless the inabil-
ity to predict which influenza B virus lineage will cause the burden of disease in
any one year and lack of cross-protection have stimulated a debate concerning the
modification of the current influenza vaccines to include an influenza B component
from each lineage.

Influenza C viruses were initially thought to lack diversity due to the paucity of
sequence data available; however, concerted surveillance in Japan has classified the
virus into six antigenic groups (reviewed in Muraki and Hongo 2010). However,
while influenza B virus has been isolated from seals (Osterhaus et al., 2000) and
influenza C virus from pigs and dogs (Ohwada et al., 1987), humans appear to be
the predominant hosts for both these types and a conclusive animal reservoir has not
been defined. This means that type B and C viruses do not possess the same pan-
demic potential as influenza A. For all influenza viruses of humans, new seasonal
strains appear from the gradual accumulation of point mutations in the surface gly-
coproteins. This ‘antigenic drift’ allows the virus to evade immune recognition and
forms the basis for the seasonal epidemics which occur each year. The HA proteins
of pandemic influenza A viruses are antigenically unrelated to strains circulating
in humans. Such viruses may arise rapidly following reassortment between two or
more different subtypes of the virus. Alternatively, influenza A viruses of animals
may cross the species barrier if a series of mutations throughout their genome com-
bine to enhance their replication in the human host. The introduction of a new sub-
type of influenza A virus to humans is called antigenic shift and can result in strains
to which most adults do not have pre-existing immunity. Antigenic shift can lead to
influenza pandemics such as the infamous 1918 ‘Spanish flu’ which killed 40 mil-
lion people, the Asian flu of 1957, and the Hong Kong flu of 1968, and recently the
swine-origin 2009 H1N1 pandemic (Cox and Subbarao, 2000; Garten et al., 2009).
Despite the devastating effects of a pandemic, the cumulative deaths during inter-
vening years when seasonal influenza circulates have been far greater than those
associated with pandemics. Influenza B viruses contribute to the seasonal influenza
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burden and are the predominant circulating virus approximately every third season.
Although most influenza virus infections are self-limiting, few other diseases have
such an effect on absenteeism, hospital admission and economic loss.

8.2 Influenza vaccines

Vaccination is the primary measure available to control influenza. The most widely
available vaccines are based on technology over 50 years old and give inadequate
protection to the most in need – the young and the elderly. Current vaccine produc-
tion could be considered somewhat archaic – mostly involving propagation of the
vaccine virus in chicken eggs. With the threat of highly pathogenic avian influenza
(HPAI) gaining the ability to transmit between humans, the need to develop new
vaccine strategies is imperative. Furthermore, depending on the viruses included in
the vaccine, egg-based production may be inappropriate. This would apply, for ex-
ample, to highly pathogenic avian influenza viruses which are pathogenic in eggs,
or to circulating human strains for which adaptation for growth in eggs may se-
lect changes in the HA gene that affect antigenicity (Minor et al., 2009; Hartgroves
et al., 2010).

8.2.1 Current vaccines

The emergence of new influenza strains by antigenic drift demands the annual re-
formulation of the vaccines. Retrospective analysis of variants from past major
epidemics shows that typically only three or four mutations in the HA molecule
are all that is required for a sufficiently drifted epidemic strain to emerge (Smith
et al., 2004). New variants are identified from epidemiological surveillance stud-
ies coordinated by WHO. A panel convenes in February in the northern hemi-
sphere, in September in the south, to predict the circulating strains likely to give
the most protection in the coming influenza season. Currently, two influenza A
virus strains, representing both subtypes that circulate in humans (H1N1, H3N2)
and one influenza B strain are selected for inclusion in the seasonal vaccine. Vac-
cine manufacturers then have approximately 6 months to produce and register the
vaccine. Approximately 50 countries have government-funded immunisation pro-
grammes (Nicholson et al., 2003) and approximately 350 million doses are avail-
able to some 1.2 billion people worldwide who are at risk (http://www.who.int/
vaccine research/diseases/ari/en/index.html).

The emergence of influenza pandemics is unpredictable, making the choice of
strain to include as the seed vaccine at the beginning of the outbreak difficult. Sev-
eral manufacturers have provisional licences to produce pandemic vaccines rapidly
based on submission of existing clinical trial data using mock-up or pre-pandemic
vaccines. The pandemic vaccine may be required for use in a wider age range,
and it is preferable that a single dose of this novel antigen is immunogenic. Thus
the formulation may include adjuvants to enhance the immune response allowing
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antigen sparing or alternatively may require unadjuvanted higher antigen doses than
the usual seasonal vaccine (Girard et al., 2010).

8.2.2 Reassortment of influenza viruses to generate
inactivated vaccine

The segmented nature of the influenza genome means a vaccine seed can be gener-
ated from the process of reassortment in which two influenza viruses infecting the
same cell can undergo gene exchange when they package a different combination
of RNA segments. Vaccine seeds will ideally be reassortants of the WT epidemic
or pandemic strain and a high yield, laboratory-adapted strain such as A/Puerto
Rico/8/34 (PR8), that contains the six RNA gene segments encoding the internal
proteins from the PR8 virus and the two RNA segments that encode surface antigen
genes, HA and NA, from the selected vaccine strains. PR8 virus grows to high titres
in embryonated chicken eggs and has been used as the recipient genetic backbone
of the influenza A virus vaccine for more than 30 years (Kilbourne, 1969).

No such lab-adapted high growth master strains exist for influenza B viruses and
these viruses are simply strain-selected each year. Often yields of influenza B virus
are lower than for the influenza A viruses as a result (Vodeiko et al., 2003).

Trivalent inactivated influenza vaccine (TIV) is the oldest licensed vaccine in
use today. Its effectiveness was first evaluated in 1938 (Francis, 1953). It contains
partially purified HA and NA, from formaldehyde or �-propiolactone inactivated
virions, detergent treated to give a split product or further purified to make a subunit
vaccine that contains only HA and NA proteins. It is administrated by intramuscular
injection. When there is a good match between the selected vaccine strains and the
circulating strains, the vaccine can confer immunity in up to 80% of healthy adults
less than 65 years of age (Nicholson et al., 2003; Subbarao and Katz, 2004).

8.2.3 Live attenuated vaccines

Whole, live vaccine, administered intranasally is potentially a better alternative to
the split, intramuscular vaccine, as it should induce superior immunity more analo-
gous to a natural virus infection. Live influenza vaccines should prime the cellular
immune response as well as the humoral response, and this may be particularly
important for vaccination of children (reviewed in Kreijtz et al., 2011). To reduce
virulence, these vaccines are designed to have limited replication in the upper res-
piratory tract. As with TIV, a master backbone strain is generated. However, in the
case of live attenuated influenza vaccine (LAIV), the backbone confers an atten-
uated phenotype from internal genes. Vaccines are made from 6:2 reassortants of
attenuated backbone and circulating HA and NA. There have been several strate-
gies used to attenuate the backbone strains but the one that is currently used is an
adaptation of the virus for growth at sub-optimal temperatures termed cold-adapted
(ca) with temperature sensitivity (ts) included as a selection measure (reviewed in
Subbarao and Katz, 2004).
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In the US, ca A/Ann Arbor/6/60 (H2N2) and ca B/Ann Arbor/1/66 are used
as master strains (Maassab, 1967). In Russia, the equivalent master strain is ca
A/Leningrad/134/57 (H2N2) (Ghendon et al., 1981). US and Russian strains have
similar rates of infectivity in humans (Nicholson et al., 1987). A dose of 107 TCID50

administered intranasally is typically safe and immunogenic in all age groups. The
ca attenuating mutations are found mostly in NP and the polymerase subunits, PB1,
PB2 and PA (Jin et al., 2003; Hoffmann et al., 2005; Chen et al., 2006). LAIVs have
been in use in Russia for more than 50 years. MedImmune Vaccines Inc licensed
and marketed Flumist in US in 2002.

8.3 The use of reverse genetics to generate
recombinant influenza A, B and C viruses

In 1990, the reverse genetics technique to generate recombinant influenza viruses
with defined genotypes was first developed in the laboratory of Peter Palese (Luyt-
jes et al., 1989; Enami et al., 1990). At this time, the ‘reverse genetic’ technique
used helper viruses and exchanged synthetic segments derived from cDNAs one at
a time into the influenza genome. RNA was transcribed in vitro from cDNA en-
coding the relevant RNA segment and combined with RNP proteins purified from
virus particles. The reconstituted vRNPs were transfected into cells simultaneously
infected with the ‘helper’ virus. Reassortants containing the novel segment were
then selected from the progeny which also contained abundant titres of helper virus
progeny (Enami et al., 1990; Enami and Palese, 1991). Even with the use of tight
selection markers such as antigenic differences or ts/ca mutations, the technique
was laborious. Still, some early candidate H5 pandemic vaccines were generated
using this technique (Li et al., 1999).

Almost 10 years later, two laboratories independently developed a procedure to
‘rescue’ whole virus genomes entirely from viral cDNAs (Fodor et al., 1999; Neu-
mann et al., 1999). In its simplest form, the technique required that cells were co-
transfected with 8 plasmids, each encoding one of the viral genomic RNAs, and 4
additional ‘helper’ plasmids directing expression of the RNP proteins (Figure 8.2).
The eight viral RNAs were under the control of an RNA polymerase I (pol I)
promoter to ensure authentic 5′ termini; in addition, a hepatitis delta virus (HDV)
genomic ribozyme or a polymerase I terminator, downstream of the vRNA-coding
region, ensured that the 3′ end of the vRNA terminated exactly. The helper plasmids
typically expressed proteins from a strong host RNA polymerase II promoter. The
helper plasmids encode the three subunits of the viral RNA-dependent RNA poly-
merase complex (PB1, PB2, and PA) and the nucleoprotein (NP), because these
compromise the minimal set of viral proteins required for encapsidation, transcrip-
tion and replication of the viral genome (Parvin et al., 1989). In a further refinement
to the system, the production of viral sense vRNAs and mRNAs to direct viral pro-
tein expression were combined into single plasmids. To do this, the cDNA of each
of the eight influenza virus segments was inserted between the pol-I promoter and
the pol-I terminator and the whole pol-I transcription unit was flanked by the pol-II
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Figure 8.2 Schematic of three strategies used to ‘rescue’ influenza viruses using reverse genetics. Whereby plasmids encoding the 8 segments of
the influenza virus are driven by variable Promoter sequences (Human, canine, avian RNA polymerase I or T7) and terminated by the Hepatitis delta
virus (HDV), or T7 terminator. Single direction plasmids are supplemented by RNA polymerase II driven expression plasmids producing the viral
polymerases and NP protein. Alternatively Bidirectional plasmids also contain the human cytomegalovirus promoter (hCMV) and the Bovine Growth
Hormone (BGH) polyadenylation signal. These plasmids are then transfected into cells in order to generate whole virions.
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promoter of the human cytomegalovirus and the polyadenylation signal of the gene
encoding bovine growth hormone. The opposite orientation of the two transcription
units allowed the synthesis of both negative-sense viral RNA and positive-sense
mRNA from one viral cDNA template and reduced the number of plasmids to be
co-transfected to eight (Hoffmann et al., 2002). More recently still, all the viral cD-
NAs have been combined into a single plasmid (Neumann et al., 2005). However,
in a head-to-head comparison, the optimum strategy for efficient virus rescue con-
sisted of eight vRNA pol-I segments on one plasmid and two pol-II plasmids, the
first encoding PB1, PB2 and PA as a set and the second directing NP production. In
many ways, this combination mimics most closely the components of the virus that
first enters the nucleus during an influenza infection. Reverse genetics systems in
use today in research labs, as well as in industry or institutes for vaccine generation,
tend to use the 8 or 12 plasmid systems with which they are most familiar.

Reverse genetics systems for the rescue of recombinant influenza B viruses were
developed in 2002 (Hoffmann et al., 2002; Jackson et al., 2002). They used 12 and 8
plasmid systems, respectively. Since that time, a total of five systems for influenza
B have been generated (Hoffmann et al., 2002; Jackson et al., 2002; Hatta and
Kawaoka, 2003; Imai et al., 2004; Wang and Duke et al., 2007).

In 2007, two influenza C reverse genetics systems were established using either
C/Johannesburg/1/66 or C/Ann Arbor/1/50 as the base strain (Crescenzo-Chaigne
and Van Der Werf, 2007; Muraki et al., 2007). Both groups found the use of separate
pol-I and pol-II plasmids to be advantageous. Recently a third group has generated
a 7 plasmid system with bidirectional pol-I/pol-II transcription units (Pachler et al.,
2010). All three groups incubate the transfected cells at 33◦C for 7–10 days rather
than the 4–6 days at 37◦C as is used for the generation of influenza A viruses, but
even with these conditions the titres of recombinant influenza C virus produced are
far lower than for influenza A or B viruses.

8.3.1 The use of reverse genetics to generate vaccine
seeds for seasonal vaccine

The strains of virus used in the seasonal influenza vaccine are updated every year.
The process of generating the appropriate reassortant viruses by combining the
chosen epidemic viruses with the backbone strain can be time-consuming and un-
predictable. Thus reverse genetics is an obvious method of choice, allowing a pre-
scribed genetic constellation for the influenza vaccine seed. However, the patents
for using reverse genetics technology for influenza vaccine are owned by MedIm-
mune and this method is thus used for their product, LAIV but not for genera-
tion of TIV for seasonal influenza. To make the FluMist R© vaccine seeds, plasmids
encoding the six internal gene segments from the influenza A or B cold adapted
master strains are thus transfected with novel plasmids that contain the cDNAs for
the HA and NA of each of the chosen seasonal vaccine strains. Due to the species
specificity of the polymerase I promoter, the earliest reverse genetics systems that
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used human promoters in their plasmids were only effective in human cells. This
meant that the original transfections were performed into human cells such as the
highly transfectable 293T cell line, and then rescued virus was amplified in the
more permissive Madin Darby canine kidney (MDCK) cells. However, since 293T
cells are not licensed for use in the production of influenza vaccine, this precluded
use of the strategy for vaccine purposes. The human polymerase I promoter does
function in the African Green monkey cell line, Vero, a licensed vaccine substrate.
Recombinant viruses generated in Vero cells could be propagated up to manufactur-
ing capacity either in Vero cells themselves or in eggs (for example, Whiteley et al.,
2007). Since MDCK cells are suitable for vaccine production, two labs have cloned
the canine RNA polymerase I (pol-I) promoter and this has allowed rescue of re-
combinant influenza A or B viruses directly in a single cell substrate suitable for
all stages of vaccine manufacture (Wang and Duke, 2007; Murakami et al., 2008b).
For virus rescue in avian cells, which may be more efficient for avian viruses, the
chicken polymerase I promoter driven reverse genetics system has also been cloned
(Massin et al., 2005).

An alternative reverse genetics system using the T7 promoter rather than host
polymerase I to generate vRNAs has also been described (de Wit et al., 2007). The
vector contains the T7 RNA polymerase promoter, hepatitis delta virus ribozyme
sequence and T7 RNA polymerase terminator sequence. The system is not species-
specific since the T7 RNA polymerase is provided in the form of plasmid DNA that
is co-transfected with the vRNA and has been used in cell lines from a variety of
species including 293T, MDCK and QT6 cells. vRNA is transcribed from the T7
promoter in a negative-sense orientation and efficiency is improved when a T7 RNA
polymerase with the inclusion of a nuclear-localisation signal was used.

Finally, without any modification to the plasmids used for reverse genetics, new
cell substrates of human origin such as the PER.C6 cell line that are highly trans-
fectable and highly permissive for influenza growth, and licensed for production
of human biopharmaceuticals, can be used for the generation of recombinant in-
fluenza viruses suitable for vaccine production (Koudstaal et al., 2009). Importantly,
this allows the generation of vaccine from a clinically relevant strain of human in-
fluenza without the need for passage through eggs which is known to select for
adapting changes in the HA gene. This indicates that a vaccine strain could be gen-
erated rapidly from a synthetic cDNA that matched the sequence of a clinical isolate
(Hartgroves et al., 2010).

8.4 Using reverse genetics technology for generation
of pandemic virus vaccine

Through an agreement between MedImmune and WHO, the reverse genetics tech-
nique can be used to generate the vaccine seed in the case of a novel influenza
A pandemic. The emergence of the 2009 H1N1 pandemic virus required the swift
generation of virus suitable for vaccine production. Reverse genetics recombinant
viruses as well as reassortant viruses bearing the HA and NA genes of the pandemic
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strain A/California/07/2009 on high growth backbones, were used to generate high
yield vaccine seeds for vaccine production in both eggs and cell culture systems.
However, during the early phases of vaccine production it became apparent that the
growth of the A/Cal/07/09 recombinants was only 30–50% of that typical for vac-
cines made against seasonal strains (Girard et al., 2010). Eventually higher growth
variants were obtained. In all, about 30 versions of H1N1/2009 pandemic vaccine,
some generated using traditional reassortment methods and some using reverse ge-
netics, were made in multiple countries by different manufacturers, to produce vac-
cines that were administered as split (just the HA and NA proteins) preparations,
whole inactivated virion preparations or live attenuated viruses.

Reverse genetics not only permits the generation of 6:2 reassortants but also has
the potential for easy genetic modification of viruses. To date, the most obvious
use for the reverse genetic approach for generating influenza vaccine has been for
pandemic vaccines in which the HA gene has virulence determinants removed by
genetic manipulation.

The replication cycle of the virus requires cleavage of HA by host proteases to
activate fusion and infect cells. Natural cleavage of the HA protein is performed
by the trypsin-like enzyme Clara tryptase which is secreted from the Clara cells of
the respiratory tract. This restricts virus replication to sites in the host where such
enzymes are found. HPAI viruses possess multiple, basic amino acids (arginine and
lysine) at their cleavage sites and these are cleavable by a ubiquitous protease, furin
(Figure 8.3). These viruses are thus able to replicate throughout the host, damaging

Figure 8.3 Schematic displaying the amino acid variations observed in cleavage sites of
haemagglutinin.
High pathogenic avian influenza (HPAI) viruses possess multiple, basic amino acids (arginine
and lysine) at their cleavage sites and these are cleavable by a ubiquitous protease, furin. Low
pathogenic influenza viruses possess a single cleavage site which is cleaved only by clara tryptases
expressed in the respiratory tract, thereby restricting their replication.
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vital organs and tissues causing more severe disease and death. Thus highly
pathogenic HA genes are unsuitable for inclusion in a vaccine strain since they
may confer pathogenicity to the backbone strain, endangering vaccine production
workers. Moreover, as part of the genetic make-up of live attenuated viruses, they
would pose a risk of recombination with other circulating human strains potentially
generating a more dangerous virus than the pandemic agent itself. For H5 and H7
vaccines, designed to protect against HPAI, viruses bearing HAs with the multiba-
sic site deleted have been constructed (Stieneke-Grober et al., 1992; Li et al., 1999;
Subbarao et al., 2003a; Subbarao et al., 2003b; Horimoto et al., 2006; Whiteley
et al., 2007). Given as inactivated preparations, these vaccines have induced effec-
tive immunity against the wild-type HPAI strains, although an adjuvant is needed
to induce strong immunity even in adults because they are naı̈ve to the avian HAs.
Inactivated vaccines of this type form the basis of most of the pre-pandemic vac-
cines that have been used to generate data for the mock-up vaccine licences. Overall
this approach has been received with such favour that there are now repositories of
plasmids and viruses generated in various labs around the world in preparation for
the onset of pandemics of several different subtypes (Keawcharoen et al., 2010).

However, the success of this approach for LAIVs against avian subtypes has been
limited. Although recombinant H5 viruses on the cold adapted backbone have been
readily rescued and are immunogenic in mice, ferrets and humans, the vaccine take
rate has been extremely poor and consequently little or no immune response has
been induced (Karron et al., 2009). This is likely because both ferrets and humans
have a paucity of avian virus receptors, �2,3 linked sialic acids in their upper respi-
ratory tracts (Shinya et al., 2006). In fact, this is one reason why the pandemic threat
of H5N1 virus has not yet been realised, because the lack of available receptor in
the site of infection limits its transmissibility in humans. Since the cold adapted
nature of the Ann Arbor/61 backbone precludes replication of the vaccine virus at
the core body temperature, LAIVs are only able to replicate in the cooler tempera-
tures of the nose and throat. Thus, the H5-bearing LAIVs are driven to replicate in a
site of the human body where they have no receptors. Attempts have been made
to remedy this by engineering mutations into the HA receptor binding site that
are predicted to increase its affinity for the �2,6 SA receptors that are present in
the nose. In particular, mutations at residues 226 and 228 of glutamine (Q) and
glycine (G) to leucine (L), and serine (S) accompanied by the loss of a glycosyla-
tion site at residue 160 increased the immune response in ferrets administered this
recombinant H5N1 LAIV (Wang et al., 2010). Nonetheless, the neutralising anti-
body titre was still poor in comparison with titres obtained using human adapted
HAs on the same ca body. The biggest problem for this approach is that the ex-
act mutations required to confer upper respiratory tract tropism are not known, and
whether they may affect the antigenicity of the resulting virus is also not certain
(Yang et al., 2007). Thus, although a LAIV might be the most efficient way to im-
munise a large population in the face of a pandemic, the approach for pre-pandemic
vaccines is less useful at present.

The concept of engineering the cleavage site of the HA protein has been ex-
tended to generate a novel method for the attenuation of viruses that might be used
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as live attenuated vaccines. Recombinant influenza A and B viruses were generated
in which the HA cleavage site was modified to be dependent on elastase for cleav-
age (Stech et al., 2005; Stech et al., 2011). The virus was a conditional mutant,
attenuated in vivo where elastase-like enzymes are not present naturally, but able to
grow as well as wild-type virus in vitro, in the presence of exogenous elastase. This
means an epidemic or pandemic strain can readily be converted to a live attenuated
vaccine. The chief difference between this live attenuated vaccine strategy and the
cold adapted strains is the self-limiting replication. Cold adapted viruses can cause
shedding up to 11 days pi which increases the probability of reversion or recombi-
nation, but may also result in a more robust and complete immune response.

8.5 Other strategies for generating live attenuated
vaccines based on viruses engineered by
reverse genetics

The mutations responsible for the ts and ca phenotypes of the live attenuated master
strains of influenza virus vaccines have been mapped using reverse genetics to gen-
erate virus variants with each mutation individually and in combination and then
analysing their phenotypes (Jin et al., 2003; Chen et al., 2006; Chan et al., 2008).
Mutations that directed the phenotypes resided in several different genes, which is
important for the stability of the attenuation. These same mutations have also been
introduced into other strains where they have conferred a similar attenuating phe-
notype (Solorzano et al., 2010). This could provide an alternative to the current
master strains.

Similarly, other mutations and deletions have been introduced into influenza
viruses using reverse genetics to create conditional mutants. These viruses can be
propagated to high titres in vitro for the production of vaccines, but are attenuated
when inoculated into immunocompetent hosts. Perhaps the most advanced of these
approaches is the deletion or truncation of the NS1 gene. NS1 is the non-structural
protein of influenza A and B virus. It is a multifunctional protein but its major role is
arguably to antagonise the induction of the interferon response (reviewed by Hale
et al., 2008). Thus, viruses that lack NS1 entirely or that encode truncated NS1
genes can only replicate efficiently in interferon deficient cells in vitro and are at-
tenuated in vivo (Egorov et al., 1998; Garcia-Sastre et al., 1998; Wacheck et al.,
2010).This approach has been applied to influenza A and B viruses, including in-
fluenza A viruses of swine and horses (Quinlivan et al., 2005; Solorzano et al.,
2005) (reviewed in Richt and Garcia-Sastre, 2009). The higher amount of inter-
feron induced in the initial round of infection with the LAIV that lacks NS1 may
well serve as an adjuvant to enhance the adaptive immune response (Phipps-Yonas
et al., 2008; Romanova et al., 2009).

From the volume of published work using this approach, a general consensus
that can be drawn is that in most instances complete abrogation of the NS1 protein
results in over-attenuation that would be undesirable for vaccine purposes since the
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take rate might be too low. This is likely because in addition to its role in interferon
control, NS1 has a plethora of other roles in the virus replication cycle and complete
loss of the gene affects all of these (reviewed in Hale et al., 2008). For example, Hai
et al. (2008) generated a series of recombinant influenza B viruses with truncated
NS1 proteins. All of the mutations truncated the 282 residue B/Yamagata/16/88
NS1 from the C-terminus, resulting in a 16 amino acid protein (effectively del NS1)
an 80 amino acid protein (NS1-80) and a 110 residue peptide (NS1-110). As ex-
pected, the truncated NS1 proteins were unable to control the induction of interferon
to the same degree as the recombinant wild-type virus (rWT) in reporter cell lines
and displayed attenuated growth in interferon competent MDCK cells. However,
they also displayed attenuation in Vero cells known to be deficient in the interferon
receptor (Desmyter et al., 1968) which was unexpected and suggested that other
critical functions of NS1 in the influenza B virus replication cycle had also been lost.
Despite this, using an influenza B permissive transgenic mouse model (C57BL/6)
deficient in Protein Kinase R (PKR), they were able to demonstrate decreased viral
replication and less weight loss in mice infected with the truncated forms com-
pared to the rWT virus. Moreover, despite modest antibody levels induced by the
NS1 truncated viruses, protection was conferred against a rWT virus challenge (Hai
et al., 2008).

For vaccine production purposes, viruses deficient in the NS1 gene could be
propagated in the IFN deficient Vero cell line which is already licensed for such
purpose. Alternatively, since it has been shown that the development of the inter-
feron system in the embryonated chicken eggs is incomplete until around 10 days,
influenza viruses deficient in NS1 can be propagated in 6–7-day-old eggs (Dauber
et al., 2004). Finally, cell lines that express interferon antagonists will support the
growth of influenza viruses deleted for NS1. These interferon antagonists can be
derived from other viruses such as the NPro protein of BVDV that targets IRF-3 or
the V protein of PIV5 that targets mda5 and the STAT pathway (Hilton et al., 2006;
Young et al., 2007). Cell lines may also express influenza NS1 protein itself in a
direct complementation approach (van Wielink et al., 2011).

The success of the delNS1 approach for influenza LAIV is perhaps best illus-
trated by vaccination and challenge studies in a natural host such as the pig. A
recombinant virus based on A/swine/Texas/4199-2/98 with a 126 residue trun-
cated NS1 protein was able to protect swine later infected with the rWT H3N2
virus, resulting in no challenge virus being detected in nasal swabs 2 and 5
dpi and little or no lung damage observed. Interestingly, challenge by a H1N1
A/swine/Minnesota/37866/99 did result in lung lesions in the challenged pigs, but
markedly reduced virus load in the nasal swabs, suggesting a partial protection by
the delNS1 H3N2 despite a lack of HAI cross-reactivity (Richt et al., 2006).

During the course of primary research into the structure and function of influenza
virus genes using the reverse genetics approach, it is inevitable that some attenuated
viruses will be generated that may have use as LAIVs. Earlier, an M1 mutant gen-
erated by reverse genetics was proposed as a novel live attenuated backbone (Xie
et al., 2009). A more recent example is a description of a series of mutations that
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affect the interaction between the NEP protein and viral matrix protein M1. By
changing a tryptophan residue W78 or a cluster of glutamate residues E67, E74 and
E75 to serines either in combination or independently, virus fitness was compro-
mised in vivo, but not to the same degree in cell culture. As the double glutamate
mutation E67/E74 grew to wild-type levels in MDCK cells but did not cause weight
loss in mice, this was taken forward as a live attenuated candidate. Some 25 days
post infection, 100% mice previously infected with this candidate survived a lethal
challenge with WT virus. The authors could not exclude that part of the attenuation
was due to a concomitant extension of the NS1 C-terminus due to the overlapping
reading frames of NS1 and NEP. Nonetheless there was no need for propagation
of the recombinant virus in interferon deficient vero cells or in an NS1 protein ex-
pressing stable cell line, so in this instance the balance between virus fitness in vitro
and attenuation in vivo was fortuitously achieved (Akarsu et al., 2011).

Another way to optimise the balance between attenuation and immunogenicity
may lie with increasing the number of gene segments that carry the attenuating
mutations. This would also lead to phenotype stability as for the ca LAIVs. In
one recent description of an experimental recombinant influenza virus vaccine, a
panel of LAIV strains were generated for the highly pathogenic avian influenza
H5 viruses using a combination of modifications to HA, NS1 and the PB2 gene
(Steel et al,. 2009). Thus, the HPAI H5N1 virus, A/Vietnam/1203/04 was mod-
ified in is polybasic site, thus removing its ability to replicate in the absence of
trypsin and also in its ability to encode the full-length NS1 protein, making it less
able to control the interferon response. Added to these modifications, a change
in the PB2 protein E627K, a polymorphism-enhancing replication in mammalian
cells, was also selectively introduced. Reverse genetics allowed the generation of
a panel of eight viruses covering a combination of these different modifications.
The strains with NS1 truncations showed reduced yield in embryonated chickens
eggs. All of the vaccine candidates grew less well than equivalent PR8-based vac-
cine in human lung epithelial (A549) cells. In mice, high doses (�106−105 EID50)
of the vaccine strains with the 627K polymorphism and full-length NS1 caused sig-
nificant weight loss, mice infected with viruses containing two viruses with trun-
cated NS1 and 627K viruses also induced disease but viruses with the third trunca-
tion paired with 627K and viruses with the 627E and various NS1 variations were
strongly attenuated.

Upon challenge with a virus with the HA and NA genes of A/Vietnam/1203/04,
the level of protection appeared to be associated with the dose of the vaccine given
and to the level of replication of vaccine. The viruses with the 627K mutation be-
stowed greater protection than those with the 627E mutation.

Chickens were also vaccinated with the candidate with the single basic site, the
627E polymorphism and a 1-99 aa NS1 truncation. Upon challenge, this strain pro-
vided sterilising immunity to homologous H5 challenge strain and partial protection
against a lethal dose of a heterologous strain (Steel et al., 2009).

Other conditional mutants generated by reverse genetics techniques that have
been put forward as novel live attenuated vaccine candidates include a highly
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pathogenic H5N1 A/Vietnam/1203/04 virus attenuated by truncations in the cy-
toplasmic tail region of the M2 protein. The candidate taken forward for in vivo
studies lacked 11 residues from the C-terminus of the M2 protein and had the multi-
basic site in the HA protein removed. The virus was able to replicate to the same
levels as rWT virus in MDCK cells stably expressing full length M2 protein, but
displayed attenuated growth in vivo. On challenge with the rWT virus or with a het-
erologous H5N1 from a different clade (A/Indonesia/7/2005), levels of challenge
virus were greatly reduced or even abrogated (Watanabe et al., 2002; Watanabe
et al., 2008). In a variation of this approach, the entire coding capacity for the trans-
membrane and the cytoplasmic tail of the M2 protein was removed to create an
M2 knockout virus. Providing that sufficient M2 knockout virus was used initially
(3×106–3×105 PFU), the mice were protected from subsequent challenge with the
homologous rWT virus (Watanabe et al., 2009).

More recently, viruses in which the PB2 gene is deleted and replaced by a GFP
open reading frame (Ozawa et al., 2011), thus dependent on PB2 supplied from an
inducible cell line, have been shown to induce protective immunity. It seems likely
that conditional mutants could be generated for many of the influenza virus genes
and used individually or in combinational approaches in the future.

8.6 Strategies to improve the safety
or yield of influenza vaccines

One worry concerning the use of live attenuated influenza vaccines has been the
possibility of their reassortment with wild-type influenza viruses in the community
and the possibility that this may generate novel viruses with new and undesirable
properties. Recently an elegant use of the reverse genetic technique was proposed
to prevent this scenario. It is now apparent that in order to assemble eight RNA
segments into a virus particle, influenza viruses contain segment-specific packag-
ing signals for each RNA segment that extend across both non-coding and coding
regions of each of the eight RNA segments (Fujii et al., 2005; Noda et al., 2006). By
exchanging the packaging signal of the NS and HA RNA segments of a recombi-
nant virus simultaneously, a viable virus was generated in the laboratory that could
not undergo reassortment of its NS or HA genes with a wild-type virus, because in
doing so it would not achieve the full complement of vRNA packaging informa-
tion (Gao and Palese, 2009). This strategy could be extended to other segments and
make safer the use of live attenuated influenza viruses in the community.

A similar strategy involves the insertion of the HA into a recombinant virus of
a different type, for example, Flandorfer et al. (2003) generated a recombinant
influenza A virus that also expressed the influenza B virus HA gene. The Type
B HA was incorporated into virus particles providing its transmembrane domain
and cytoplasmic tail were substituted by those of influenza A HA. Conversely, a
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recombinant and attenuated influenza B virus (rIBV) with the ectodomain of in-
fluenza A virus HA protein incorporated into the influenza B/Yamagata/88 virus
segment 4 has been described (Hai et al., 2011). The chimeric HA gene retained the
signal peptide and non-coding regions of the influenza B segment, preventing any
reassortment with circulating influenza A strains. This rIBV also harboured an NS1
truncation for added attenuation. Infection with the recombinant virus protected
mice from homologous influenza A virus challenge, though the level of protection
varied between the different influenza A virus HAs used, which may be due to the
different replication efficiencies of the recombinant viruses, likely affected by the
resulting balance of activities of the combination of influenza HA with influenza B
NA. The H1 HA of PR8 was able to support replication better than that of the H3
A/Hong Kong/68 HA.

It has often been noted, particularly for reassortant viruses that combine avian
virus HA and NA gene segments in the PR8 high growth backbone, that the final
yield of HA from the split and subunit preparation of TIV is low. This has been a
particular problem for vaccine manufacture of some but not all of the PR8: H5N1
vaccines. Harvey et al. (2010) established that the low HA yield was due to low
incorporation of the avian virus HA into the recombinant virus particles and hy-
pothesised that this was due to sequence variation between PR8 and the novel HA
in either the transmembrane domain or cytoplasmic tail. This suggested that, the
avian virus HA proteins were not completely compatible with the internal genes
of PR8 such as the M protein that might be involved in the assembly of the virus
particle. To overcome this problem, they generated chimeric HA genes in which the
transmembrane domain and /or cytoplasmic tail of the avian virus HA were replaced
by the equivalent sequences from PR8. The yield of HA was markedly improved;
for a H5N1 vaccine candidate the HA antigen yield was increased by 124–245%.
Similarly, the yield of the 2009 H1N1 pandemic virus HA could be increased in
excess of 200% (Harvey et al., 2010). This approach may be more widely used in
the future to increase HA yields from a variety of PR8-based vaccines of different
subtypes.

8.7 Improvements to the PR8 high growth strain

The PR8 virus has been used as the backbone for influenza A vaccines for more
than 50 years. Although, the virus supports high yield growth of influenza viruses
in chicken eggs, these adaptive mutations may not confer high growth in cell
culture substrates that may be preferred in the future. Webby and colleagues found
that replication of reassortant influenza viruses in Vero cells could be enhanced
if the recombinant virus contained the NS segment from the epidemic strain rather
than that of PR8 (Ozaki et al., 2004). Furthermore, genetic manipulation of the
standard PR8 genetic backbone by reverse genetics may allow the production of an
improved virus that can support enhanced yields. Even for traditional inactivated
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vaccine production, this could mean increased doses per egg or batch of cell cul-
ture, an improvement that would ultimately reduce costs for seasonal vaccine and
be crucial in the face of a pandemic.

There are several different strains of PR8 maintained in laboratories across the
world. Certain strains contain amino acids which confer higher growth characteris-
tics in MDCKs which could be important if this cell line were used for the manu-
facture of vaccines. Reverse genetics has been used to assess growth determinants
of the PR8 backbone in eggs compared to MDCK cell culture (Murakami et al.,
2008a).Two amino acid positions were found to be important for the MDCK high
yield phenotype, S360 on PB2 and E55 on NS1. Only the PR8 (Cambridge) strain
possesses S360 in PB2, all the others strains possess Y360. E55 NS1 is expressed
in several strains and seems to confer improved IFN antagonism.

8.8 Improving the immunogenicity by engineering
recombinant viruses that express cytokine genes

Another approach to improve the immunogenicity of LAIV involves the insertion of
an additional open reading frame to the genome of the influenza virus that encodes
a cytokine gene. Kittel et al. (2005) expressed the IL-2 protein from the segment
8 RNA of a recombinant influenza A virus using a bicistronic approach. While all
of the mice infected with the IL-2 expressing virus survived, the viral loads were
similar to those observed in viruses without the IL-2 expression (Kittel et al., 2005).
To attenuate the recombinant virus further, they introduced a ca mutation that in-
hibited replication in mice. This now afforded increased protection (7/7) with the
IL-2 insertion than with the ca alone (4/7). The mice infected with the ca IL-2 virus
recorded higher levels of CD8+ T Cells and mucosal IgA, the likely cause of the en-
hanced protection (Ferko et al., 2006). However, this approach should be considered
carefully before translation into humans following the cautionary tales of the mice
in Australia that received the poxvirus with an extra IL-4 gene, because this led to
a lethal infection in previously resistant mice (Jackson et al., 2001). Similarly, the
human clinical trials at Northwick Park whereby administration of the TGN1412
CD28 T cell surface receptor in vivo to human volunteers had devastating conse-
quences rightly invokes nervousness about immunomodulatory approaches espe-
cially using replicating viruses in vivo.

8.9 Novel species-specific attenuation that
takes advantage of microRNAs

An elegant and novel approach to generate an influenza virus attenuated in a species
specific manner involves the introduction of host micro RNA response sequences
into the genome of a recombinant virus. In this instance TenOever and colleagues
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engineered two MicroRNA Response Elements (MREs) into the nucleoprotein open
reading frame that directed gene silencing of the NP in mice and human cells but
not in embryonated eggs, since the equivalent microRNAs are absent from avian
hosts. Analysis of a typical infection in representative cell lines saw a decrease in
NP protein expression in human cells infected with the MRE containing viruses.
Mice infected with a dose �104 PFU/ML survived both the initial infection and a
lethal challenge dose 21 days later (Perez et al., 2009).

8.10 Conclusion

During the recent swine-origin H1N1 2009 influenza pandemic, vaccines were
manufactured in both eggs and cell culture. Vaccine seeds were produced by
classical reassortment and reverse genetics (Robertson et al., 2011). In the
UK, the government activated two sleeping contracts with Baxter and GSK
(http://www.parliament.uk/documents/upload/postpn331.pdf). These were for 72
million doses from Baxter of a whole, inactivated Vero cell line derived vaccine,
and 60 million doses from GSK of egg-grown, split vaccine.

The vaccine industry has the tools and techniques available to update the an-
tiquated way in which influenza vaccines are made. Cell culture is a convenient
alternative to eggs, and easy scale-up means the number of doses can be controlled
as required. Reverse genetics means vaccines can be designed as and when new
strains arise. The current pandemic has seen the fast tracking of new vaccines
(http://www.emea.europa.eu/pdfs/human/press/pr/46856809en.pdf) and the use of
reverse genetics, which is not covered by intellectual property in the event of a
pandemic, to generate vaccine seeds (http://whqlibdoc.who.int/hq/2009/WHO IVB
09.05 eng.pdf). Hopefully, the experience will leave us well prepared in the event

of a more pathogenic pandemic in the future.
Meanwhile, there is a huge movement afoot to change entirely the way that in-

fluenza vaccines are generated and used. Recent advances in immunological tech-
niques mean that we now have hope that a universal vaccine against influenza may
be a possibility (Kreijtz et al., 2011). In the short term it is likely that reverse genet-
ics will continue to throw up new ideas about how to improve conventional influenza
vaccines. In the longer term, we may see a total shift towards a universal vaccine
or the expression of recombinant proteins and the role that influenza virus reverse
genetics will play in that development is less apparent.
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Bluetongue virus
reverse genetics
Mark Boyce
Institute for Animal Health, Pirbright Laboratory, Pirbright, Surrey

9.1 Introduction to Bluetongue virus

Bluetongue virus (BTV) is the prototype member of the Orbivirus genus, belonging
to the Reoviridae family. BTV is an arboviral pathogen which is the aetiological
agent of bluetongue disease in ruminants.

The symptoms of bluetongue disease were first described in detail in 1905
by Spreull who also demonstrated that the aetiological agent was transmissible
(Spreull, 1905). Bluetongue disease is now known to be a non-contagious viral
infection, affecting a wide range of wild and domesticated ruminant hosts including
sheep, goats, cattle, antelope and deer. The virus is vectored between susceptible
hosts by biting midges (gnats) belonging to the Culicoides genus in which it also
replicates (Du Toit, 1944). The mortality and morbidity rates observed vary widely
depending both on the virus strain and the infected ruminant species or breed. In
susceptible sheep flocks, mortality can be as high as 50–70% in infected animals,
although this is rare, and bluetongue disease is generally less severe in cattle (Eras-
mus, 1975; Elbers et al., 2008). The presence of Culicoides species capable of vec-
toring Bluetongue virus is an important limiting factor in the worldwide distribution
of BTV. The disease is endemic in many tropical and sub-tropical countries of all
continents except Antarctica, making Bluetongue virus one of the most widespread
animal pathogens.

Bluetongue was considered to be a disease of ruminants in Africa until 1943
when an outbreak of a particularly virulent strain in Cyprus caused approximately
2500 deaths in sheep, with the mortality rate reaching 70%, although incursions
into Cyprus may have been occurring as early as 1924 (Gambles, 1949). Follow-
ing the severe outbreak in Cyprus, BTV outbreaks were subsequently identified in
Israel (Komarov and Goldsmit, 1951), Pakistan (Sarwar, 1962), and India (Sapre,
1964). In California, the condition termed ‘soremuzzle’ was reported in 1952 and its
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similarity to Bluetongue was recognised. Subsequently BTV was shown to be the
cause when it was isolated from the soremuzzle-affected sheep (McKercher et al.,
1953). The spread of BTV continued through the Middle East, Asia and eventu-
ally to Australia as reviewed by Hassan (Hassan, 1992), Doyle (Doyle, 1992) and
Daniels et al. (Daniels et al., 2009). Until 1998, outbreaks in Europe were rare and
confined to temporary incursions into southern Europe. Since 1998 there has been
a change in the incidence of BTV in Europe, with separate and repeated introduc-
tions of BTV into southern and northern Europe. Of the 24 serotypes of BTV, seven
have caused outbreaks in mainland Europe since 1998, recently reviewed by Maan
et al. (Maan et al., 2009). The increased northern range of BTV in Europe may be
contributed to by climate changes and the secondary effects these have on the dis-
tribution of the insect vector populations, their geographic overlap with alternative
Culicoides vector species which are also capable of transmitting the virus, and the
temperature dependence of BTV replication in the insect vector (Wittmann et al.,
2002; Gloster et al., 2007; Carpenter et al., 2009; Purse and Rogers, 2009).

Bluetongue disease is largely caused by damage to the small blood vessels, with
symptoms including pulmonary and facial oedema, vascular thromboses, coroni-
tis, and when the tongue is affected, it may become cyanotic acquiring a dark
blue colour. BTV pathology can produce disease, ranging from subclinical infec-
tions to severe fatal disease, as reviewed by MacLachlan and Gard (Maclachlan
and Gard, 2009). Transmission to the ruminant host occurs through the bite of an
infected blood-feeding Culicoides. The virus migrates to the regional lymph node
where it replicates, and spreads to the spleen, thymus and other lymph nodes. BTV
is disseminated to tissues throughout the host animal where replication occurs in
mononuclear phagocytes and endothelial cells, and it is the damage caused to en-
dothelial cells of the small blood vessels which probably leads to the associated
lesions, oedema, and thromboses. At the final stage of infection the host develops a
long-lasting viraemia, which is highly cell-associated (Barratt-Boyes and MacLach-
lan, 1995). The association of virions with the plasma membrane of erythrocytes
may protect the virus from immune clearance, and prolong the period during which
the ruminant is capable of transmitting BTV to the blood-feeding insect vector
(Brewer and MacLachlan, 1992, 1994).

9.2 Bluetongue virus replication

9.2.1 Virion structure

The virion has a triple-layered structure, the outer layer of which is lost before the
remaining core particle enters the cytoplasm of the host cell (Figure 9.1) (Martin
and Zweerink, 1972; Verwoerd and Huismans, 1972; Verwoerd et al., 1972; Zhang
et al., 2010). The viral genome is 19.2kb in total and consists of ten linear double-
stranded (ds) RNA molecules that each encode a viral protein; VP1 – VP7 and
NS1 – NS3, with alternative initiation codons generating two products of slightly
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Figure 9.1 Bluetongue virus virion and core. The bluetongue virus virion is 88nm in diame-
ter and consists of a triple-layered capsid surrounding the double-stranded RNA genome. The
genome is located in the centre of the particle and is divided into ten linear double-stranded RNA
genome segments which each encode a single protein. The inner layer is composed of the VP3
protein, which has the VP4 (capping enzyme), VP1 (RNA-dependent RNA polymerase) and pos-
sibly the VP6 protein located at the fivefold symmetry axes to create the transcription complexes.
The middle layer is composed of the trimeric VP7 protein. The outermost layer consists of the two
trimeric proteins VP2 and VP5 which function in the attachment and entry of mammalian host
cells respectively. The core particle lacks the VP2 and VP5 proteins which compose the outer
layer and uses the dsRNA genome segments as templates to produce plus sense transcripts which
are released into the cytoplasm of the infected cell.

different length (NS3 and NS3A) from segment 10 (Table 9.1) (Verwoerd, 1969;
Verwoerd et al., 1970). Each segment has the conserved sequence 5′GUUAAA. . .

at the 5′ end of the plus sense strand and . . .ACUUAC3′ at the 3′ end (Rao et al.,
1983; Mertens and Sangar, 1985). The plus sense strand of each genome segment is
capped and methylated at the 5′ end, as are the viral transcripts which are identical
to the genomic plus sense strands.

9.2.2 Attachment and entry

The outermost protein VP2 is required for attachment to the mammalian host cell
by an as yet unidentified receptor (Huismans et al., 1983; Hassan and Roy, 1999).
Internalisation of the virion is by endocytosis, which can be via a clathrin-mediated
pathway or a clathrin-independent pathway, resulting in the virion being located
in an endosomal compartment (Forzan et al., 2007; Gold et al., 2010). The low pH
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Table 9.1 Bluetongue virus coding assignments.

Segment No.
(length: nt) Protein

MW
(kDa)

Location in
virion (VP1
to VP7) Functions

1
(3944)

VP1 150 Inside core Viral transcriptase, viral replicase

2
(2940)

VP2 111 Outer shell Attachment protein, serotype
determinant, neutralisation
determinant, trimer

3
(2772)

VP3 103 Core inner
layer

Innermost capsid layer

4
(1981)

VP4 76 Inside core 5′ capping and methylation of viral
transcripts

5
(1635)

VP5 59 Outer shell Role in low pH dependent release
of cores from endosomes into the
cytoplasm, trimer

6
(1772)

NS1 64 Non
structural

Forms cytoplasmic tubules which
are characteristic of orbiviruses,
binds viral transcripts, increases
the translation of viral transcripts

7
(1156)

VP7 39 Core outer
layer

Outer layer of core (middle layer of
virion), required for core
infectivity in insects, trimer

8
(1125)

NS2 41 Non
structural

Forms viral inclusion bodies, site of
core assembly, recruits viral
transcripts and core proteins,
phosphorylated

9
(1049)

VP6 36 Inside core Binds ssRNA and dsRNA, role in
the assembly of cores

10
(822)

NS3, NS3A 26, 24 Non
structural

Membrane protein, required for
virus egress, glycosylated

dependent penetration of the endosomal membrane is co-ordinated with the removal
of the outer layer of the capsid (VP2 and VP5) to release the core into the cytoplasm
of the host cell. Entry is believed to be mediated by the VP5 protein which has
structural and membrane fusogenic properties in common with the fusion proteins
of enveloped viruses (Forzan et al., 2004; Zhang et al., 2010). In insect cells the
core particle itself is infectious with VP7 being sufficient for attachment and entry
(Mertens et al., 1996; Tan et al., 2001).

9.2.3 Transcription

The core particle is the final disassembly stage of the virion, and has the functions
of synthesising and extruding capped and methylated plus sense copies (transcripts)
of the genome segments into the cytoplasm, while keeping the viral dsRNA separate
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from the sensory components of innate immunity. The core is transcriptionally ac-
tive in the cytoplasm of the host cell, indeed, purified cores will synthesise capped
and methylated viral transcripts in vitro when provided with nucleoside triphos-
phates (NTPs) and a methyl donor, demonstrating that no host factors are required
for these transcription activities (Verwoerd et al., 1972; Verwoerd and Huismans,
1972; Martin and Zweerink, 1972). The viral transcriptase complexes are located
inside the VP3 layer of the core at the fivefold symmetry axes (Gouet et al., 1999).
Single-stranded transcripts are synthesised by the viral RdRp (VP1), which uses
the negative sense strands of the dsRNA genome segments as templates. Transcrip-
tion is co-ordinated with the capping and methylation activities of the VP4 protein,
which catalyses a series of reactions resulting in a 5′ cap1 structure identical to that
found at the 5′ of cellular messenger RNAs (mRNAs) (Martinez-Costas et al., 1998;
Ramadevi et al., 1998; Ramadevi and Roy, 1998). The completed viral transcripts
are extruded through channels at the fivefold symmetry axes of the cores into the
cytoplasm (Verwoerd et al., 1972; Diprose et al., 2001). These viral transcripts have
two roles which enable them to initiate the remainder of the replication cycle: (1)
serving as mRNAs which are translated by the host cell ribosomes to produce the
viral proteins; (2) functioning as templates for the synthesis of the new viral dsRNA
genome segments present in progeny virions (Figure 9.2).

9.2.4 Translation

Translation of viral transcripts makes up the majority of active translation in in-
fected mammalian cells by 8 hours post-infection (Huismans, 1979). The 5′ cap1
structure of the BTV transcripts allows the efficient recognition of mRNA by the
host cell translation initiation factor eIF4F (Sachs et al., 1997). At the 3′ end the
viral transcripts lack a 3′ poly(A) tail which is a feature common to almost all
cellular mRNAs. Poly(A) binding protein (PABP) which binds to the poly(A) se-
quence of cellular mRNAs, increasing both the stability of mRNA and the rate at
which translation is initiated has no target sequence in BTV mRNAs (Sachs et al.,
1997). In Bluetongue virus-infected mammalian cells the efficient replacement of
cellular translation with the translation of the viral genes is mediated by the NS1
protein (Boyce and Roy, unpublished observations). NS1 binds to the conserved
ACUUAC3′ sequence which is located at the extreme 3′ ends of the all BTV mR-
NAs, enabling the translation of viral mRNA to be specifically increased compared
to cellular mRNA (Boyce and Roy, unpublished observations). NS1-regulated trans-
lation requires the 5′ cap1 structure to increase translation, demonstrating that the 3′

and 5′ ends of the mRNA communicate (Boyce and Roy, unpublished observations).

9.2.5 Assembly and genome replication

Much of assembly occurs in modified regions of the cytoplasm variously termed
‘virus assembly factories’ or ‘viral inclusion bodies’ (VIBs), with progeny core
particles being created at these sites. The major component of VIBs is the viral
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Figure 9.2 BTV replication cycle. Attachment to the host cell is mediated by the trimeric VP2
protein, followed by endocytosis of the virion, which can occur by both clathrin dependent or
independent pathways. Acidification of the endosome results in structural changes in the outer
capsid of the virion which deliver the core across the membrane into the cytoplasm. The core
contains multiple transcription complexes which continuously synthesise and release plus sense
copies (transcripts) of the viral genome segments into the cytoplasm. The viral transcripts deter-
mine both the synthesis of the viral proteins through translation, and are packaged and replicated
to generate progeny dsRNA genome segments. Each transcript is recognised by the NS1 protein
which specifically binds to viral transcripts through the conserved sequence present at the 3′ end,
allowing their translation to be specifically up-regulated. Core particle assembly takes place in
viral inclusion bodies consisting largely of NS2, where the assembly of the core proteins (VP1,
VP3, VP4, VP6, and VP7) is coordinated with the packaging and replication of one copy of each
transcript. The completed core particles are released into the cytoplasm where they contribute to
viral transcription and are converted to virions by the addition of the outer capsid proteins, VP2
and VP5. The trafficking and assembly of the outer capsid involves the subversion of proteins
(p11 and Tsg101) from cellular protein trafficking pathways by NS3, in addition to the associa-
tion of VP2 with the vimentin cytoskeleton and the targeting of VP5 to lipid raft domains of the
plasma membrane. Active egress from the infected cell occurs by budding of the virion at the
plasma membrane, but how this envelope is lost to generate the naked virion is not known.

non-structural phosphoprotein NS2, which is sufficient to form inclusion bodies
with the same morphology as VIBs, when expressed alone, and also self-assembles
into multimeric complexes (Thomas et al., 1990; Uitenweerde et al., 1995; Modrof
et al., 2005). NS2 also interacts with the viral core proteins VP1, VP3, VP4, VP6
and with viral transcripts, consistent with a role in recruiting the viral components
needed to assemble single layered particles (Lymperopoulos et al., 2003; Modrof
et al., 2005; Lymperopoulos et al., 2006; Kar et al., 2007). The synthesis of new
dsRNA genome segments is performed by VP1, which has the catalytic activities
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necessary to initiate negative strand synthesis de novo using the viral transcripts as
templates (Urakawa et al., 1989; Boyce et al., 2004). Using the viral transcripts VP1
produces complete negative sense strands which remain annealed to the plus sense
template to generate dsRNA genome segments (Boyce et al., 2004). How the recog-
nition of one copy of each segment is achieved for the coordinated packaging and
replication of a complete genomic set remains to be resolved. The co-expression
of VP3 is sufficient to target the VP7 protein to NS2 inclusion bodies, indicating
that the VIB is where the core particle is completed (Kar et al., 2007). NS2 has a
nucleotidyl phosphatase activity which hydrolyses the alpha, beta and gamma phos-
phate groups of NTPs (Taraporewala et al., 2001), but how this activity contributes
to its functions in core assembly is not yet known. The nascent core particles have
two potential roles; to synthesise additional viral transcripts, leading to an increase
in the production of viral transcripts and viral proteins, or the completion of virion
assembly by the addition of the outer capsid proteins VP2 and VP5. How the bal-
ance between these two processes is regulated is not known, but the addition of the
outer capsid proteins (VP2 and VP5) prevents further transcription and completes
the assembly of infectious virion (Mertens et al., 1987).

9.2.6 Egress

The viral transmembrane proteins NS3, and the shorter NS3A are expressed at low
level in mammalian cells where cell lysis occurs, and at high level in persistently
infected insect cells (French et al., 1989, Guirakhoo et al., 1995). This correlation
and studies of virus release using intracellular virus like particles (VLPs) impli-
cated NS3/NS3A in the egress of BTV (Hyatt et al., 1993). How BTV ensures its
efficient egress from infected cells is incompletely understood, but it is clear that
NS3 engages with cellular proteins involved in protein trafficking and sorting path-
ways and with VP2 to enable virus release. Although BTV is a non-enveloped virus
ultrastructural studies of BTV infected cells show the virion budding through the
plasma membrane during egress, but how this envelope is removed to generate the
non-enveloped virion is not known.

Through its amino terminus NS3 interacts with the cellular S100A10/p11 protein
which is involved in the trafficking of proteins to the plasma membrane (Beaton
et al., 2002; Rescher and Gerke, 2008; Celma and Roy, 2011). The shorter NS3A
(lacking the amino terminal 13 residues) does not interact with S100A10/p11, and
BTV which only expresses the NS3A is defective in the trafficking of particles to the
plasma membrane in mammalian cells (Celma and Roy, 2011). While NS3 is suffi-
cient for virus replication in mammalian cells, both NS3 and NS3A are required for
efficient replication in insect cells, suggesting a role for the shorter variant in the in-
sect vector (Celma and Roy, 2011). The outer capsid protein VP2 associates with the
vimentin component of the cytoskeleton, and disruption of the vimentin filaments
prevents the efficient release of BTV, indicating that vimentin is required for the
trafficking of VP2 or BTV (Eaton and Hyatt, 1989; Bhattacharya et al., 2007). The
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lipid raft domains of the plasma membrane are essential for the efficient replication
of BTV, and NS3 and VP5 both co-purify with these raft domains (Bhattacharya
and Roy, 2008). A membrane docking motif in VP5 is required for the association
with lipid rafts, consistent with VP5 possessing an independent signal for targeting
it to the plasma membrane (Bhattacharya and Roy, 2008).

In BTV-infected mammalian cells, infectious virions are actively released by util-
ising components of the cellular ESCRT-I (endosomal sorting complexes required
for transport) pathway, which mediates vacuolar protein sorting, and later by lysis
of the cell (Beaton et al., 2002; Wirblich et al., 2006). The NS3 protein has been
shown to act as a bridge between VP2 and the cellular Tsg101 protein, which is
involved in the late stages of membrane fission in the ESCRT-I pathway (Williams
and Urbe, 2007). When NS3 is mutated at the Tsg101 interaction motif efficient
egress no longer occurs, with virions remaining tethered at the plasma membrane
(Celma and Roy, 2009). The mutation of the VP2-interacting domain of NS3 pre-
vents the bridging of VP2 to the cellular trafficking machinery and virions are no
longer located at the plasma membrane, with particles remaining in the cytoplasm
(Celma and Roy, 2009).

9.3 Reverse genetics

9.3.1 The reverse genetics challenge

The reverse genetics approach to investigating biology requires that the genome of
the organism can be modified at the sequence level as determined by the investiga-
tor. Reverse genetics is used to discover the phenotype(s) associated with a specific
sequence change made in the genome of the organism, rather than beginning with
a phenotype and searching for the sequence change which causes it, as in classical
genetics. As an approach to understanding how a virus or other organism functions,
this is very powerful.

The generation of reverse genetics systems for RNA viruses began with positive
strand viruses which have infectious genomes (Racaniello and Baltimore, 1981),
and proceeded to negative strand viruses and then to segmented negative strand
viruses which require more complicated strategies to alter their genomes, as re-
viewed by Neumann et al. (Neumann et al., 2002). Compared to other groups of
RNA viruses, the dsRNA viruses have been particularly resistant to attempts to
modify their genomes using the techniques of molecular biology, with routine mod-
ification still not achieved for some intensively studied members of the Reoviridae.

The first evidence of how a member of the Reoviridae might be modified in a
defined way was the discovery that the transcripts of one serotype of mammalian
orthoreovirus could be rescued by a second serotype in a helper virus dependent sys-
tem (Roner et al., 1990). In this case transfection with the transcripts from serotype
3 were recovered into infectious virus when the cells were infected with a serotype
2 helper virus. This initial finding demonstrated that the purified transcripts of
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orthoreoviruses can be recovered into the genome of infectious virus, providing that
helper functions were supplied in trans by another orthoreovirus. From this discov-
ery the replacement of a viral transcript with a transcript derived from a cDNA
plasmid clone was the breakthrough that was needed to manipulate the genome of
mammalian orthoreoviruses, and allowed the alteration of individual genome seg-
ments (Roner and Joklik, 2001). Recently a plasmid-based system where the entire
genome of reovirus is derived from plasmid clones has been developed (Kobayashi
et al., 2007). This approach does not rely on the functions of a helper virus, but
generates each viral transcript within the cell from plasmid clones.

The first modifications of the rotavirus VP4 protein were recently made using a
helper virus dependent system, where selective pressure against the helper virus is
provided by a neutralising antibody (Komoto et al., 2006). Using a dual selection
with siRNA and temperature sensitivity in the target gene of the helper virus the
range of viral genes which could be manipulated has been broadened from surface
exposed proteins, which are susceptible to neutralising antibody, to any viral gene
for which a temperature sensitive mutant can be derived (Trask et al., 2010).

9.3.2 Reassortment of genome segments

As found for other viruses with segmented genomes, reassortment of BTV genome
segments can occur when a cell is simultaneously infected with two strains (Gor-
man, 1990). The result of reassortment is the generation of progeny viruses which
contain genome segments from both parental viruses (Figure 9.3). The observation
that individual genome segments can be replaced by the corresponding segment of
another strain in the context of a dual infection suggests that it should be possible
to replace a viral genome segment if an appropriate substitute is provided in the
infected cell in sufficient quantity.

9.3.3 Viral ssRNA is infectious

In all members of the Reoviridae the viral transcripts generated by the infecting
virion act as both mRNAs in translation and as replication intermediates (Figure
9.2). A logical conclusion from this is that a replication cycle could be initiated
by introducing viral transcripts into the host cell by a method such as transfection.
This approach assumes that sufficient RNA can be introduced to synthesise viral
proteins up to the point where progeny core particles are synthesised, and a second
round of transcription begins, generating further viral transcripts and proteins. The
recovery of virus from RNA has been shown to be possible for BTV and the related
African Horse Sickness Virus (AHSV) where the transfection of BSR cells with
transcripts produced in vitro from purified cores initiated the replication cycle in a
minority of cells (Boyce and Roy, 2007; Matsuo et al., 2010). In these experiments
the transcripts were produced in vitro using core particles purified from infected
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Figure 9.3 Reassortment of genome segments. Co-infection of a single cell with two strains
of BTV produces progeny viruses with genome segments derived from both parental strains in
addition to the viruses containing all the viral genes from one parent. Some combinations of
genome segments may not produce viable genomes.

cells, proving that transcripts generated by cores in vitro are functionally equiva-
lent to those produced in infected cells (Boyce and Roy, 2007). The proof that the
transcripts themselves initiate the viral replication cycle and not contamination with
residual cores is provided by digestion with RNAse A which destroys the infectivity
of the purified transcripts but has no effect on the infectivity of cores introduced into
cells by transfection (Boyce and Roy, 2007). The crucial finding from these experi-
ments is that transfection with viral ssRNA is sufficient to produce infectious virus,
and suggests that the replacement of a viral transcript with an alternative transcript
from another source would allow a virus containing the new genome segment to
be generated.

The ‘proof of principal’ of replacing viral genome segments was provided by
the introduction of genome segments from a second serotype of BTV. In these
experiments BSR cells were transfected with transcripts produced from serotype
1 cores mixed with transcripts produced by serotype 9 cores. Individual plaques
were isolated from the transfected monolayer by overlaying the transfected cells
with agarose, and after propagation reassortants containing genes from both par-
ents were found to be present among the progeny (Boyce et al., 2008) (Figure 9.4).
These experiments also showed that reassortants were recovered if the two sets of
viral transcripts were synthesised separately and combined, rather than requiring
co-synthesis as occurs within a cell infected with two BTV isolates. This result
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(a) (b)

Figure 9.4 Reassortment of genome segments using mixtures of transcripts derived from two
types of cores. (a) Viral transcripts synthesised using cores derived from two strains of BTV can
be mixed after synthesis and used to generate reassortants by the transfection of BSR cells. (b)
Polyacrylamide gel profiles of the ten dsRNA genome segments of BTV-1, BTV-9 and reassor-
tants generated by transfection of BSR with a mixture of transcripts synthesised from BTV-1
cores and BTV-9 cores. The migration rate of several dsRNA genome segments differs between
the two serotypes, allowing the source of these segments to be rapidly determined. Reassortant #1
contains segment 1 (arrowed) of BTV-1 in a BTV-9-like profile. Reassortant #2 contains segment
4 (arrowed) of BTV-9 in a BTV-1-like profile.

suggested that mixing of a cDNA clone-derived transcript with core-derived tran-
scripts would also allow incorporation of the cloned gene into the viral genome.

9.3.4 The synthesis of viral transcripts
from T7 promoter cDNA clones

To make a BTV reverse genetics system from these observations one or more
genome segments must be derived from a plasmid clone so that the sequence of
the genome segment may be modified. Like other members of the Reoviridae the
genome segments of BTV have precisely defined 5′ and 3′ end sequences. The most
straightforward approach for reverse genetics systems for the Revoiridae is to make
transcripts which have the exact 5′ and 3′ ends found in the genomic RNA, and if
translation is required a 5′ cap should also be present. Cellular mRNAs are capped
following transcription by the cellular RNA polymerase II, but capped transcripts
generated by intracellular transcription from highly expressing RNA polymerase II
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driven plasmids do not have the precisely defined termini which are characteristic
of the Reoviridae, and are extended at the 3′ end extended by a poly (A) tail. While
viral protein expression is high using polII constructs the difference in sequence
between the polII transcripts and viral transcripts do not make this an attractive ap-
proach. The intracellular synthesis of transcripts with a defined sequence at the
5′ end and 3′ end has been accomplished using RNA polymerase I promoters and
terminators or phage promoters and ribozymes as reviewed by Neumann et al (Neu-
mann et al., 2002). Both these approaches have been successfully used to produce
precisely defined transcripts intracellularly and have been successful approaches
to creating reverse genetics systems for many negative strand RNA viruses. How-
ever, these methods of producing single stranded RNA with defined ends do not
add the 5′cap structure essential for efficient translation. Further elaboration using
the promiscuous cross-capping activity of poxviruses can be used to ensure the cap-
ping of a minority of the transcripts (Fuerst and Moss, 1989). In the case of BTV,
transfection with viral transcripts was already shown to generate infectious virus,
so the transcripts were synthesised extracellularly using run-off transcription from
a linearised plasmid to enable the addition of the plasmid-derived transcript to the
infectious viral RNA (Boyce et al., 2004; Boyce et al., 2008). The system used was
the well-characterised phage T7 promoter which allows T7 RNA polymerase to se-
lectively initiate transcription at a precisely defined G nucleotide (the first base of
every BTV genome segment) (Rosenberg et al., 1987). Transcription terminates at
the 3′ base of a linear DNA template in a ‘run-off’ transcription reaction. Restriction
enzymes which cleave asymmetrically and outside of their recognition sequence can
be used to generate a defined 3′ end in the plasmid template (Figure 9.5a). Capping
of these transcripts can be achieved through the incorporation of a 5′ cap analogue
in the place of GTP during the initiation of transcription. The recently designed
‘anti-reverse cap analogue’ (Stepinski et al., 2001) has allowed the in vitro syn-
thesis of BTV transcripts which are efficiently translated. Using this approach it is
possible to routinely synthesise highly translatable transcripts in vitro which also
have exactly defined 5′ and 3′ end sequences, as found in the Reoviridae.

9.3.5 Reassortment of a T7 promoter plasmid transcript
into the genome of BTV

The replacement of a viral transcript with an equivalent T7 transcript requires that
the T7 transcript is selected during packaging. The discovery that viral transcripts
from two BTV serotypes could be mixed after synthesis and yield reassortants sug-
gested that the simultaneous synthesis of the viral transcripts and the T7 transcript
in a single reaction is not necessary to preserve putative RNA-RNA interactions,
which may be required for the packaging of one copy of each segment (Boyce et al.,
2008). This approach was extended to the mixing of core-derived viral transcripts
and a T7 transcript with a 5′ cap. Although the length of any genome segments does
not vary much between serotypes the migration rate of the dsRNA segments in
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Figure 9.5 Reassortment of T7 transcripts into the genome of infectious BTV. (a) Schematic
diagram of the expression cassette in T7 constructs used in the synthesis of BTV transcripts.
Each plasmid contains a full length genome segment flanked by a T7 promoter and a restriction
enzyme site which cleaves outside its recognition sequence. The conserved 5′ and 3′ ends of the
BTV genome segment are shown (bold). A T7 promoter (italics) defines the initiation site of
transcription (5′ end), and the BsmBI site (underlined) determines the termination site (3′ end).
(b) Single segment reassortment. Polyacrylamide gel profiles of BTV-10, BTV-1 and a reassortant
generated by the transfection of BSR with a mixture of transcripts synthesised from BTV-1 cores
+ BTV-10 segment10 transcript derived from a plasmid clone. Reassorted genome segment 10
is arrowed. (c) Two segment reassortment. Polyacrylamide gel profiles of BTV-10, BTV-1 and a
reassortant generated by the transfection of BSR with a mixture of transcripts synthesised from
BTV-1 cores + BTV-10 segment 2 and segment 5 transcripts derived from a plasmid clones.
Reassorted genome segments 2 and 5 are arrowed.

non-denaturing polyacrylamide gels often varies sufficiently to distinguish between
serotypes. This screening approach allowed T7 derived segments from BTV-10 to
be detected in reassortment experiments with BTV-1 core transcripts. Using this
approach the ratio of the T7 transcript to the corresponding viral transcript was var-
ied to determine the ratio which produced the maximum proportion of reassortant
plaques compared to background (all BTV-1 segments) (Boyce et al., 2008). A 5:1
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ratio of a clone-derived BTV-10 segment 10 transcript to the corresponding cored-
derived BTV-1 transcript produces reassortants at a high enough frequency (15%
or greater) that detection by screening the dsRNA profile is a practical approach
to identifying reassortants among the background of BTV-1 plaques (Boyce et al.,
2008) (Figure 9.5b). To confirm that the reassortants being generated were derived
from the cloned BTV-10 segment a non-coding change was introduced into the
clone and shown to be present in the genomic dsRNA of the recovered reassortants
(Boyce et al., 2008). These experiments described the first targeted alterations of
the BTV genome, and proved that the orbiviruses recognise a capped T7 transcript
for packaging and negative strand synthesis when it is present during ongoing repli-
cation (Boyce et al., 2008). A similar approach of reassorting one transcript derived
from a T7 promoter plasmid with an infecting virus has also been used recently (van
Gennip et al., 2010). In this helper virus system, reassortment occurs in cells which
are simultaneously infected with the helper virus and transfected with the T7 tran-
script. The advantage of these approaches is that they only require the construction
of a single clone to modify the gene of interest.

The reassortment of T7 transcripts by mixing with core-derived transcripts was
extended by simultaneously reassorting segments 2 and 5 encoding the outer cap-
sid proteins VP2 and VP5. The cloned genome segments were from BTV-10 and
could be reassorted into the genetic background of BTV-1 using a single trans-
fection to produce a virus which contained both genome segments derived from
the cloned BTV-10 genome segments (Boyce et al., 2008) (Figure 9.5c). The seg-
ment 2+5 reassortant virus generated has the outer capsid of BTV-10 assembled on
the core of BTV-1 (Figure 9.1), proving that the variable outer capsid proteins of
one serotype can assemble on the core particle of another serotype and retain their
functions during infection. Due to the replacement of the outer capsid proteins the
serotype of the reassortant has been switched from type 1 to type 10, as determined
by neutralisation assays (Boyce and Roy, unpublished observations). This double
reassortment approach can be used to generate strains of the desired serotype in the
development of live vaccines. The single segment reassortants of BTV-10 VP2 or
VP5 could not be recovered in the BTV-1 genetic background, showing that these
viruses are not viable or replicate much more slowly than BTV-1. VP2 and VP5
are known to be highly variable between serotypes due to continuing immune se-
lective pressure in the host, and are closely associated in the virion (Zhang et al.,
2010). The failure of VP2 and VP5 from two different serotypes to produce infec-
tious virions is consistent with the outer capsid proteins co-evolving under immune
selective pressure and being incompatible either during assembly or in their roles in
attachment and entry in the next round of infection.

The RNA reassortment-based approach to orbivirus reverse genetics is equivalent
to the helper virus reassortment systems used for rotaviruses and orthoreoviruses
(Roner and Joklik, 2001; Komoto et al., 2006; Trask et al., 2010). BTV can be
recovered completely from RNA transcripts including one or more plasmid-derived
transcripts, but the genetic background is provided by transcripts produced by viral
cores and therefore of viral origin.
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9.3.6 Cloning the BTV genome

The equivalence of T7 transcripts to core-derived transcripts in reassortment ex-
periments suggests that BTV could be recovered completely from T7 transcripts.
The reassortment approach to BTV reverse genetics leads to a reduction in the ef-
ficiency of plaque recovery from RNA compared to using core-derived transcripts
only, and the recovery of virus entirely from T7 transcripts was expected to lead
to a further reduction in efficiency. To increase the efficiency of the system priority
was given to using a combination of virus isolate and cell line which allows repli-
cation of the virus to a high titre, and BTV-1 (South African reference strain) and
BSR cells were chosen for this reason. It is important and not trivial to avoid intro-
ducing potential mutations into the 19.2kb BTV genome during cloning. To clone
the ten genome segments of BTV-1 without defining the 5′ and 3′ ends of each
segment during PCR, the sequence-independent amplification strategy for dsRNA
recently improved by Potgieter et al. and Maan et al. was used (Potgieter et al.,
2002, Maan et al., 2007). The method used involves the ligation of hairpin DNA
primers to the 3′ ends of the viral dsRNA and cDNA synthesis of the primer-ligated
genome segments by reverse transcription. This is followed by PCR amplification
to generate complete copies with the terminal sequences unaltered which are sub-
sequently cloned (Maan et al., 2007). Each PCR product was sequenced prior to
cloning to provide a consensus sequence for the segment (Boyce et al., 2008). This
was done using conventional dye terminator sequencing and no examples of highly
represented variations were discovered in the PCR products. Plasmid clones were
generated from this set of PCR products and their sequence compared to the PCR
products. The screening of the clones was done by discarding any clone which had
coding changes, or had alterations in the terminal ∼200nt at each end of the seg-
ment, where regulatory sequences essential to packaging or replication had been
identified in orthoreoviruses (Roner et al., 2004; Roner and Roehr, 2006). A set
of T7 promoter clones (Figure 9.5a) were generated from these clones and used
to make a genomic set of T7 transcripts equivalent to the infectious core-derived
viral transcripts.

9.3.7 Recovery of BTV entirely from T7 transcripts

The recovery of BTV from T7 transcripts was performed by mixing 300–400ng of
each capped T7 transcript and transfecting BSR monolayers (Boyce et al., 2008).
Individual rescue events can be isolated by overlaying the transfected monolayer
with agarose to create a plaque in the cell monolayer for each infectious virus
recovered (Figure 9.6). The BTV-1 virus rescued from plasmid-derived T7 tran-
scripts replicates robustly in mammalian and Culicoides cells, being indistinguish-
able from BTV derived from infection. These experiments described the first re-
covery of an orbivirus completely from cloned viral genome segments, creating
a system in which mutants can be generated in a consistent genetic background.
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Figure 9.6 The recovery of infectious BTV by transfection with 10 T7 transcripts. (a) Trans-
fected BSR monolayers overlaid with agarose. Well 1, BSR transfected with BTV-1 T7 tran-
scripts. Well 2, BSR not transfected. (b) Genomic dsRNA extracted from BTV recovered from
the transfection of BSR monolayers as described in panel A.

The recovery of infectious BTV from T7 transcripts alone demonstrates that T7
transcripts synthesised with a 5′ cap analogue are functionally equivalent to authen-
tic viral transcripts at all stages of the replication cycle (Figure 9.2). The T7 tran-
scripts must be translated to produce the viral proteins and selected during genome
packaging and also must act as templates for negative-strand synthesis to produce
progeny dsRNA genome segments. Following negative-strand synthesis, the result-
ing dsRNA genome segments must be competent for transcription in the next infec-
tious cycle.

9.3.8 Increased efficiency of recovery

The efficiency of recovery of BTV from T7 transcripts is lower than for core-derived
transcripts. Several modifications to the transfection protocol can be made which in-
crease the recovery of virus, and the successful modifications are informative about
the mechanisms of BTV gene expression and genome packaging/replication. The
amount of each viral transcript produced by cores in vitro is approximately equal
in terms of mass, except for segment 6 encoding NS1, which is more highly tran-
scribed than the other segments (Verwoerd and Huismans, 1972). The NS1 protein
encoded by segment 6 has recently been shown to bind viral transcripts through the
conserved 3′ end sequence and functions as a positive regulator of translation of
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viral transcripts (Boyce and Roy, unpublished observations). Increasing the amount
of segment 6 transcript used so that its abundance is 2 fold higher than the other
transcripts produces a ∼2 fold increase in the recovery of virus, which is consistent
with its role in specifically upregulating the translation of viral transcripts (Boyce
and Roy, unpublished observations).

Further increases in the recovery of virus can be achieved by separating the two
roles of the T7 transcripts: (1) mRNA for translation; and (2) replication interme-
diate for packaging and negative strand synthesis. At early times transcripts can
only be used as templates in translation as there are no packaging/replication com-
plexes yet assembled in the infected cell. At later times these complexes have been
assembled from viral proteins and the packaging and replication of the transcripts
becomes the next step in the replication cycle. By transfecting twice separated by 18
hours viral transcripts are supplied again when they can be incorporated into assem-
bling packaging/replication complexes, producing ∼10x increase in the number of
plaques recovered (Boyce and Roy unpublished observations). This can be demon-
strated by using a marker transcript in the second transfection (Figure 9.7). Using

Figure 9.7 Transcripts from a second transfection are packaged. (a) BTV genomic dsRNA pro-
files recovered using BTV-1 T7 transcripts in the first transfection and BTV-10 segment 10 +
BTV-1 segments 1-9 in the second transfection. Polyacrylamide gel profiles of BTV-10, BTV-1
and the reassortants generated. Lower migrating BTV-10 segment 10 indicated. (b) RT-PCR and
HaeII digestion digestion of segment 10 RT-PCR products from reassortants generated using the
double transfection approach in panel A, where the BTV-10 segment 10 contains a HaeII marker
site. Digests run on agarose gels. U = undigested RT-PCR product, D = HaeII digested RT-PCR
product.
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Figure 9.8 An incomplete set of transcripts in the first transfection increases virus recovery.
Transfected BSR monolayers overlaid with agarose, so that each plaque is a single rescue event.
Well 1) All ten transcripts were used in the first transfection, well 2) Segments 2, 5, 7, and 10
were omitted from the first transfection. All ten transcripts were used in the second transfec-
tion in both wells. 200ng each transcript per transfection, except segment 6 (NS1) where 400ng
was used.

S10 from BTV-10 with a restriction enzyme site in the second transfection showed
that the genome of the recovered BTV is derived from the second transfection in
these double transfection experiments (Boyce and Roy, unpublished observations)
and has also been shown for AHSV using core-derived transcripts (Matsuo et al.,
2010). A further increase in the efficiency can be produced by providing only those
transcripts required for the assembly of the packaging/replication complex in the
first transfection. The omission of the outer capsid proteins (VP2 and VP5) and
NS3 will prevent the formation of empty (no genome) virions, which are known
to form when the four major structural proteins (VP3, VP7, VP2 and VP5) are ex-
pressed in heterologous systems such as the Baculovirus expression system (French
et al., 1990). The VP7 encoding transcript can also be omitted, suggesting that VP7
is added to the particle at a stage after packaging and replication. A complete set
of genome segments are provided in a second transfection and the increase in the
recovery of virus is ∼5x (Figure 9.8), consistent with the hypothesis that packaging
is more efficient when assembly is stalled at this point by omitting VP7, VP2, VP5
and NS3 (Boyce and Roy, unpublished observations; Matsuo and Roy, 2009).

9.3.9 Advantages of the complete T7 system versus
reassortment of one T7 transcript

The complete T7 transcript system is equivalent to the plasmid-based transfec-
tion approaches successfully used with many RNA viruses, except that the RNA
is produced from the plasmids in vitro rather than intracellularly. One advantage
of plasmid-based reverse genetics over helper virus systems is that every plaque
produced from plasmid-based systems is derived from the plasmid clones, so
there is no background of wild-type virus from which the desired mutant must be
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identified and purified. Furthermore the genetic background of the mutants being
generated is consistent between experiments, as no part of the genome is supplied
by a helper virus. The absence of helper virus makes the complete T7 system prefer-
able to the reassortment system for rescuing mutants which replicate slowly and
which would therefore be difficult to isolate from a background of more rapidly
replicating wild-type virus. The disadvantages are the need to construct ten clones
containing ∼19.2kb in total, and the necessary sequencing involved to ensure that
there are no unwanted mutants which would render the virus non-viable. In the
case of research projects requiring the investigation of one or two proteins, the
reassortment of one or two transcripts into the strain of choice could be a more
practical approach.

9.3.10 Complementing cell lines

The recovery of viral mutants using any reverse genetics system can be problematic
as the mutants that an investigator would wish to construct will often be lethal, and
therefore not recoverable. The use of a complementing cell line often overcomes
this limitation by providing the functional protein in trans in the host cell, so that
the protein is present even when the viral copy of the gene is non-functional (Figure
9.9). In the Reoviridae this was first demonstrated with mammalian orthoreoviruses
by the recovery of a chloramphenicol acetyl transferase (CAT) reporter in the place
of the viral sigma 2 protein, using a cell line expressing sigma 2 (Roner and Joklik,
2001). This approach has been used to generate a number of lethal or slowly repli-
cating BTV mutants in VP6 and NS3 at high titre (Boyce and Roy, unpublished
observations; Celma and Roy, 2009, 2011; Matsuo and Roy, 2009). The scope of
using complementing cell lines to generate lethal mutants is very broad, with the
mutants in the protein coding region of any gene being recoverable in theory, al-
though the possibility of dominant negative mutants being less well complemented
remains.

9.4 Uses of reverse genetics in orbivirus research

The introduction of specific mutations into the genome of BTV by reverse genetics
can be used to study the virus and its interaction with the host or as a method of
altering the phenotype of a virus for a specific application, such as producing a live
attenuated vaccine, or screening for antiviral drugs. In the case of investigations into
the biology of the virus any process in the infected cell or host organism which is
more easily studied using replicating virus than individual viral genes is a good can-
didate for study using reverse genetics. Some examples are: (1) the dissection of the
functions of the viral proteins in the context of replicating virus; (2) the mapping of
cis-acting sequences in the genome segments; (3) investigation of immune evasion
and immunomodulation in the host organism; (4) the identification of pathogenicity
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Figure 9.9 Rescue of lethal mutants using a complementing cell line. The viral gene ‘X’ is
stably expressed from the nucleus of the cell. The cell line is generated by transfection of the
cell with a plasmid clone expressing the viral gene from a cellular promoter and containing a
selectable marker. The gene ‘X’ expressing cell line is used to recover viral mutants of protein
‘X’ using the reverse genetics system. Lethal mutants of protein ‘X’ can be rescued into the
genome of infectious virus as the wildtype protein ‘X’ is provided in trans within the cell.

determinants; and (5) the identification and characterisation of the functions of viral
proteins which differ between the mammalian host versus and the insect vector.

9.4.1 Egress

The egress of BTV from infected cells has been studied by identifying cellular pro-
teins which interact with NS3 and determining the effect of mutagenesis on these
interactions using biochemical assays where one protein has been expressed from
a plasmid construct (Beaton et al., 2002; Wirblich et al., 2006). Using reverse ge-
netics the investigation of egress has been accelerated by the generation of specific
mutants which affect the interaction of NS3 with cellular protein trafficking path-
ways (Celma and Roy, 2009, 2011). The NS3 mutants generated and their effects on
the egress of replicating virus have been studied using virus release assays and ul-
trastructural studies of infected cells (Celma and Roy, 2009, 2011). In each case, the
NS3 mutants were recovered and propagated in an NS3 expressing cell line, where
the NS3 expressed by the cell allows NS3 defective viruses to replicate to high titre.
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The phenotype of these NS3 mutants was then determined in wild-type BSR cells
or Culicoides cells, where the effect of the mutations is apparent. The carboxy ter-
minus of NS3 was shown to interact with the outer capsid protein VP2 using a series
of NS3 mutants, and mutations which destroyed this interaction also prevented the
trafficking of virions to the plasma membrane, with particles remaining in the cyto-
plasm (Celma and Roy, 2009). Mutants were also made in the NS3 domain which
was predicted to interact with the cellular partner Tsg101, which is involved in the
late stages of membrane fission in the ESCRT-I pathway. Preventing the Tsg101 in-
teraction in infected cells produced a phenotype of virus accumulation at the inner
surface of the plasma membrane with very inefficient release (Figure 9.10). These
data provided striking evidence that NS3 is required for the release of BTV from
infected cells, and does indeed act as a bridge between Tsg101 and VP2, results that
would be technically very challenging to clearly demonstrate without using viruses
mutated at the interaction sites of NS3 with viral and cellular targets. NS3 has also
been shown to interact with S100A10/p11 which is involved in the trafficking of
proteins to the plasma membrane, and this interaction domain has been mapped to
the extreme amino terminus of NS3 which is absent in the amino terminally trun-
cated NS3A form (Beaton et al., 2002). Mutants in the extreme amino terminus
of NS3 are defective in virus trafficking in infected mammalian cells (Celma and
Roy, 2011). Interestingly the mutational analysis revealed a difference in the re-
quirements of NS3 and NS3A in mammalian cells compared to insect cells, with
NS3 being sufficient for virus replication in mammalian cells, but both NS3 and
NS3A being required in insect cells. BTV is released largely by lysis from infected
mammalian cells, but establishes a persistent infection of Culicoides cells. BTV
clearly interacts differently with the cells from its two hosts, while being able to

(a) (b)

Figure 9.10 BTV NS3 mutant in Tsg101 interaction domain is not efficiently released. Ultra-
structural analysis of virus release from BSR cells infected with wildtype BTV-1 (a) or BTV-1
containing the PSAP to GAAP mutation in the Tsg101 interaction domain of NS3 (b). Without
interaction with Tsg101 the virions are not released leading to their accumulation in rows at the
plasma membrane. Images kindly provided by Cristina Celma and Maria McCrossan.



P1: OTA/XYZ P2: ABC
JWST211-c09 JWST211-Bridgen August 23, 2012 15:8 Printer Name: Yet to Come Trim: 244mm × 168mm

274 CH09 BLUETONGUE VIRUS REVERSE GENETICS

replicate in both, and mutants generated by reverse genetics can be used to further
investigate the molecular basis of the different fates of infected mammalian and
Culicoides cells.

9.4.2 Viral proteins

The roles of two partially characterised orbivirus proteins, VP6 and NS1, have also
been investigated using reverse genetics. VP6 was initially characterised by in vitro
studies as an RNA binding protein with nucleoside triphosphatase and helicase ac-
tivities (Stauber et al., 1997; Kar and Roy, 2003), although its role in replication was
undefined. Using reverse genetics a VP6 defective mutant was generated to deter-
mine the stage at which virus replication became blocked without functional VP6
(Matsuo and Roy, 2009). Using transfection with combinations of T7 transcripts
the set of viral genes necessary to generate a packaging/replication complex were
defined, and VP6 was shown to be essential at this stage of the replication cycle.
The NS1 protein is characteristic of the orbiviruses and is the most highly expressed
BTV protein (Huismans, 1979). Recently NS1 has been characterised in vitro as an
RNA binding protein with specificity for the conserved 3′ ends of viral transcripts
enabling the translation of viral transcripts to be specifically upregulated (Boyce
and Roy, unpublished observations). Reporter assays showed that NS1 increased
the translation of single viral transcripts in transfected cells. Using reverse genetics
a reporter virus was generated by inserting a luciferase reporter gene into segment
10 of BTV, and the NS1-dependent increase in expression from this reporter was
demonstrated to occur in infected mammalian cells (Figure 9.11).

9.4.3 Mapping cis-acting sequences

The presence of cis-acting sequences which are essential for the packaging or repli-
cation of viral RNA have been identified using complementing cell lines both in
orthoreoviruses and BTV (Boyce and Roy, unpublished observations; Roner and
Roehr, 2006; Roner and Mutsoli, 2007; Matsuo and Roy, 2009). The mapping of
the BTV sequences which are sufficient for the packaging and replication of a
genome segment has been achieved using cell lines which provide the viral pro-
tein encoded by the segment in trans (Boyce and Roy, unpublished observations;
Matsuo and Roy, 2009). Under these conditions mutants which destroy the function
of the protein can be rescued, but mutants that prevent the genome segment from be-
ing packaged or replicated are not recoverable. This approach is successful because
genomes which lack a segment are not viable, which indicates that a complete set of
transcripts is packaged/replicated, and suggests that the ten RNAs interact to form
a complex which is packaged. Deletion mutants of the segment are tested for their
ability to be recovered in the complementing cell line. This process can be applied
iteratively to define the sequences in the segment which are necessary for packaging
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Figure 9.11 BTV containing a quantifiable reporter protein fused with segment 10 is upregu-
lated by NS1. (a) Chimeric genome segment consisting of segment 10 and Renilla luciferase. (b)
Polyacrylamide gel dsRNA profiles of BTV-1, and the BTV1 S10 RLuc reporter virus generated
by the transfection of the BSR NS3 cell line with transcripts derived from a plasmid clones. The
chimeric S10-Renilla luciferase segment (arrowed) replaces genome segment 10. (c) The rela-
tive expression of Renilla luciferase in BSR cells at 1 hour post-infection with BTV1 S10 RLuc
when NS1 has been expressed by transient transfection of BSR cells with an NS1 expressing
plasmid.

and replication (Figure 9.12). The mapping demonstrates that for segments 9 and
10 the sequences which identify the segment for packaging and replication reside
entirely in the termini of the segments. The importance of the cap to packaging and
replication has been investigated using uncapped transcripts in the second transfec-
tion (Matsuo and Roy, 2009). Uncapped transcripts are recovered into infectious
virus, showing that the 5′ cap is not an essential determinant in the recognition of
the transcripts during packaging or replication.

9.4.4 Reverse genetics in the development of orbivirus vaccines

The alteration of the BTV genome can be applied to creating live vaccines which
have been attenuated by design rather than by repeated passaging. Currently both
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Figure 9.12 BTV segments 9 and 10 contain the sequences required for packaging and repli-
cation in their terminal regions. (a) Schematic diagram showing the organisation of a rescued
genome segment with the central region deleted. The deletion mutants were generated by the
transfection of the BSR VP6 cell line (b) or BSR NS3 cell line (c) with transcripts derived from
T7 plasmid clones. (b and c) Polyacrylamide gel genomic dsRNA profiles of BTV-1 with dele-
tions retaining both termini of segment 9 (b) or segment 10 (c). The shorter segments (arrowed)
replace the corresponding full-length genome segment.

live attenuated and inactivated vaccines have been used to protect livestock from
BTV infection (Roy et al., 2009). Both types of vaccine have drawbacks, with
live vaccines being associated with teratogenic effects in the offspring of vacci-
nated mothers, reversion to virulence, and sufficient viraemia to allow transmission
and reassortment with field strains producing novel genotypes. Inactivated vaccines
have the disadvantage of requiring a larger dose in order to deliver sufficient antigen
to raise a protective immune response. Reverse genetics has the potential to allow
the design of vaccine strains which are attenuated by making specific mutations
in the genome of the virus, and because these changes are designed they can be
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made sufficiently extensive to prevent simple reversion to virulence. Any strategy
can be employed which attenuates the virulence of the virus while permitting suf-
ficient antigen expression to produce immunity in the host. Additionally the ability
to manipulate the genome allows the possibility of creating vaccines which do not
express a viral protein, enabling the generation of DIVA (differentiating infected
from vaccinate animals) vaccines where antibodies to a viral protein are absent in
the vaccinated animal, but present in animals which have been infected. Such in-
formation would allow an assessment to be made of whether a region or country
is free from BTV. In the case of BTV, the variable outer capsid proteins (VP2 and
VP5) of phylogenetically diverse serotypes have been shown to assemble on the
core particle of BTV-1 to generate infectious virus (Boyce et al., 2008; Matsuo
et al., 2011). This use of a defined genetic background can be exploited to rapidly
produce strains of BTV by combining the VP2 and VP5 clones from the serotype
of interest with a standard set of eight clones. One class of vaccine strains which
can be produced using reverse genetics is a DISC (disabled infectious single cycle)
strain, which expresses viral antigens but cannot complete an infectious cycle in the
host. To generate such a strain an inactivating mutation is made in an essential gene
using the reverse genetics clone encoding that protein, and the virus is recovered
using a complementing cell line which compensates for the defective gene. The
gene chosen should be one that is not required for expression of the viral proteins,
but is essential for the production of infectious virus. Using this approach a virus
which expresses viral antigens but does not replicate in normal cells is rescued and
propagated in the complementing cell line. If the mutation chosen prevents expres-
sion of the mutated gene, then this approach can be used to make a DIVA vaccine.
Due to the lethal mutation the DISC strain cannot replicate in any cell type except
the complementing cell line, including the cells of the host animal, making trans-
mission or reassortment with field strains highly improbable. Inoculation of sheep
with such BTV DISC strains containing extensive deletions of segment 9 allows no
detectable replication by quantitative PCR analysis, but induces neutralising anti-
bodies and protective immunity against challenge with infectious virus of the same
serotype (Matsuo et al., 2011).

A less extreme attenuation could be achieved using the altered codon bias pi-
oneered with poliovirus (Burns et al., 2006; Coleman et al., 2008). The replica-
tive fitness of the virus can be compromised by altering the codon bias of the
genome, such that viral protein expression or viral RNA synthesis and conse-
quently virus replication are reduced. This approach would be feasible for BTV
with a genome size of 19.2kb, with the advantage that multiple replication cy-
cles would occur in the host, permitting immunity to be generated from a small
dose. The genome-scale nature of the mutation, would prevent reversion to viru-
lence occurring. Although such vaccines would be transmissible, however poorly,
they would be at a disadvantage compared to field strains, and any reassortants gen-
erated in the field would inherit the poor expression of the genes derived from the
vaccine strain.
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9.4.5 The definition of pathogenicity determinants
using reverse genetics

The pathogenicity of BTV isolates varies in sheep and cattle, but is not well un-
derstood at the genetic level. To understand the genetic basis of pathogenicity the
gene variants which lead to increased pathogenicity in particular host species can
be identified. Before reverse genetics was possible in the Reoviridae, co-infection
with the high virulence and low virulence strains of mammalian orthoreovirus was
used to generate reassortant progeny viruses with undetermined genotypes, which
were subsequently plaque purified and characterised. This approach was used suc-
cessfully to makes panels of reassortants which were analysed for their virulence in
newborn mice, identifying the gene associated with neurovirulence and other phe-
notypes (Weiner et al., 1977). Using reverse genetics, the generation of reassortants
is more rapid with the BTV genes derived from two strains determined by the inves-
tigator without the requirement for plaque purification and analysis of the genotype.
Genome segments associated with the virulent phenotype can be identified using the
complete T7 transcript reverse genetics system by introducing each segment from
a virulent strain into a defined low virulence genetic background, generating each
possible mono-reassortant. This approach can also be adapted to identify constel-
lations of genes if more than one gene is required for virulence, by determining
the minimal set of genes which produce the virulent phenotype. A comparison of
the sequence of the gene(s) determining virulence with the same gene from the low
virulence strain can then be used to identify the amino acid changes in the protein
which are associated with the altered phenotype. Confirmation that the identified
amino acid changes are sufficient to create the virulent phenotype is provided by
using the reverse genetics system to reintroduce these changes into the low viru-
lence gene and demonstrate that they create the virulent phenotype. This approach
can rapidly identify the amino acids associated with virulence, and in combina-
tion with the investigation of protein function can be used to generate a molecular
understanding of the basis of virulence. In addition to identifying coding changes
which alter virulence, non-coding sequences which influence the virulence of the
strain may also be identified. Cis-acting sequences which regulate the transcrip-
tion of a particular segment, or the translation of a viral transcript are examples of
non-coding variations which might be expected to influence virulence through their
effects on the level of expression of the viral protein.

9.5 Future perspectives

9.5.1 Potential alterations to the BTV reverse genetics systems

The complete T7 reverse genetics system allows the reproducible recovery of non-
lethal mutants. However, the ratio of packaging/replication complexes to viral ss-
RNA may not be optimal. One possible means of improving the recovery of virus is
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to express the proteins of the packaging/replication complex from highly expressing
RNA polymerase II driven plasmids, rather than from capped T7 transcripts. In this
case the T7 transcripts for packaging would still be generated in vitro using T7 RNA
polymerase and introduced at the second transfection. Although the total number of
plasmids used is increased an improved efficiency would enable a scaling down of
the quantity of T7 transcripts allowing a significant cost saving. Similarly the high
cost of producing transcripts with a 5′ cap could be removed as the transcripts which
are packaged do not need to be capped (Matsuo and Roy, 2009).

The main improvement that the T7 transcript reassortment system would bene-
fit from is the reduction in the background of wild-type virus produced from the
viral ssRNA, to reduce the screening of plaques to identify the reassortant virus.
Two methods used successfully for reducing the background of virus containing
the wild-type segment in Reoviridae helper virus systems could be applied to BTV.
The targeted degradation of a specific viral ssRNA in vitro using a DNA oligonu-
cleotide with RNaseH to degrade RNA:DNA hybrids was used with mammalian
orthoreovirus (Roner and Joklik, 2001), and the intracellular degradation of the
wild-type segment has been carried out using siRNA with rotavirus (Trask et al.,
2010). Both approaches could be applied to BTV and the initial time taken to iden-
tify effective oligonucleotides makes this approach suitable for studies of a single
gene where many mutants will be made.

9.5.2 The use of protein structure data to design mutants

BTV has been well studied at the molecular and structural levels, with the atomic
structure of several of the viral proteins being known or being actively investigated.
A knowledge of the spatial arrangement of amino acid residues in a protein can
be used to inform the mutagenesis of the protein. Such information allows the mu-
tations to be targeted to specific regions of interest, such as catalytic sites, inter-
faces between protein subunits, or binding sites for interacting molecules. The BTV
mRNA capping protein, VP4, is interesting in that it possesses all the catalytic ac-
tivities required to cap and methylate viral mRNA in a single polypeptide, and its
crystal structure has been recently solved (Martinez-Costas et al., 1998; Ramadevi
et al., 1998; Ramadevi and Roy, 1998; Sutton et al., 2007). The use of reverse genet-
ics can be used to investigate the consequences to viral mRNA and protein synthesis
of mutating the individual catalytic sites, and relate these findings to biochemical
characterisation of the mutants.

The non-structural protein NS1 regulates the translation of viral mRNA and
forms regular hollow tubes composed of a ribbon of dimers (Hewat et al., 1992).
NS1 has recently been identified as an RNA binding protein which binds to the 3′

end of viral mRNAs (Boyce and Roy, unpublished observations) and current inves-
tigations into solving the structure using cryo electron microscopy would enable
the generation mutants to answer outstanding questions about the functions of this
protein. The specific disruption of the interactions between the subunit interface
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surfaces of NS1 could be used to prevent tubule formation without disrupting the
structure of the NS1 monomers, allowing investigation into whether tubule forma-
tion is essential to virus replication. These findings can be related back to transla-
tional regulation assays and in vitro RNA binding assays.

9.5.3 Immunomodulation

How BTV and other orbiviruses interact with the host immune response is poorly
understood. The identification of the viral gene(s) which downregulate the induction
or signalling of type I interferon (IFN) is an area of particular interest. As with most
lytic viruses orbiviruses may be expected to moderate this branch of innate immu-
nity, and this view is supported by the finding that BTV causes similar symptoms
to those produced in ruminants when used to infect knock-out mice lacking the �/�
IFN receptor (Calvo-Pinilla et al., 2009). The screening for viral genes which down-
regulate type I IFN can be investigated in transient expression systems, but reverse
genetics is the only way the mutations can be reconstituted into the genome of in-
fectious virus, allowing the characterisation of phenomena which only occur during
replication within a host, such as virus titre during the viraemic phase, tropism, and
virulence. A variant of BTV which cannot prevent the establishment of an ‘antiviral
state’ in the infected animal would be expected to replicate less efficiently therefore
identifying a virulence determinant. An understanding of how orbiviruses moderate
host immune responses also permits the design of attenuated vaccine strains which
cannot moderate host immunity, such as the immunogenic influenza strains lacking
a completely functional IFN antagonist, which have been generated using reverse
genetics (Ferko et al., 2004).

An area of orbivirus research which has so far received little study at the molec-
ular level is the very different outcome of infection of mammals and Culicoides,
both in the host organism and in cell culture. The infection of mammalian cells
is lytic and induces apoptosis whereas Culicoides cells produce virus without ly-
sis (Mortola et al., 2004; Stewart and Roy, 2010), demonstrating that there must
be interactions with the host cell which differ between the two cell types. Re-
verse genetics can be used to investigate at the molecular level the underlying
causes of the virus-induced cytopathic effect seen in mammalian cells, but absent
in Culicoides. The interactions between viral factors and host cell proteins which
lead eventually to the alternative fates in mammalian or Culicoides cells remain to
be investigated.

9.5.4 Screening for antiviral compounds using reporter viruses

Orbiviruses encode a number of proteins with functions which have no counter-
part in the host cell, and as such are potential targets for intervention with small
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molecules. While this is unlikely to be cost-effective for BTV itself, the related
AHSV has a mortality rate of up to 90% in horses, and protection of economically
valuable animals would be useful in the absence of an effective vaccine. Drugs may
be screened for their effect on viral replication by using a virus expressing a quan-
tifiable reporter gene such as luciferase (Figure 9.11) (Boyce and Roy, unpublished
observations). The read out directly relates to the amount of gene expression and
therefore can be used as a first screen to rapidly assess the effect of small molecules
on virus propagation in cell culture without the need to directly measure infectious
virus titre.

The recent arrival of reverse genetics in Orbivirus research is allowing the field
to take advantage of recombinant DNA technology, with research into the biology
of infection answering questions which were previously delayed. With a variety of
new areas now accessible to investigation in the context of virus replication this
technology is proving useful to basic and applied researchers of orbiviruses, as has
been the case for other viruses.
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10.1 Introduction

Mammalian reoviruses are members of the orthoreovirus genus of the family of
Reoviridae. They were first isolated from the gastrointestinal and respiratory tracts
of healthy and sick humans in the early 1950s (reviewed by (Joklik, 1981)). The
name reovirus is an acronym of Respiratory and Enteric Orphan virus. The term
‘orphan’ is used to indicate that no serious disease is linked to this virus in humans,
while a large proportion of the human population has been exposed to the virus and
built neutralising immunity to reoviruses (Minuk et al., 1985; Minuk et al., 1987).
The orthoreoviruses have a wide geographic distribution and are isolated from a
broad range of mammals, birds and reptiles. Although in humans the mammalian
orthoreoviruses are non-pathogenic, in newborn mice they can cause severe disease
(Tyler and Fields, 2001).

The capsid of the orthoreovirus is a non-enveloped icosahedral structure com-
posed of an outer and inner protein shell. In 1963, it was discovered that the genome
consists of double-stranded RNA (dsRNA) (Gomatos and Tamm, 1963), and soon
afterwards it was found that the genomes of mammalian orthoreoviruses consist of
10 distinct genome segments (Shatkin et al., 1968).

10.1.1 Taxonomy

To date, three orthoreovirus species groups are recognised. In this chapter we
will focus on the mammalian orthoreoviruses. In this species group three serotype
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strains of mammalian orthoreoviruses have been identified, with the type 1 Lang
(T1L), type 2 Jones (T2J), type 3 Abney (T3A) and type 3 Dearing (T3D) as the
prototypical representatives. The serotypes are classified according to their neu-
tralisation by specific antibodies and by the classical haemagglutination inhibition
assay (Weiner et al., 1977; Weiner and Fields, 1977). Genomic variation between
the serotypes is found for all segments. The S1 segments, coding for the �1 at-
tachment protein, has the largest sequence divergence. The sequence variations can
have biological consequences (Tyler and Fields, 2001). It was observed by reas-
sortment studies between T1L and T3D that the S1 segments define the pathology.
While the serotypes T1L and T3D both infect the central nervous system (CNS)
in newborn mice, their routes of infection differ. T1L causes hydrocephalus by
spreading hematogenously in the CNS by infecting ependymal cells. In contrast,
T3D causes viral encephalitis by spreading via the neural routes in the CNS (Tyler
et al., 1995).

10.1.2 Genome segments and their proteins

Structural proteins

The genome of the reovirus consists of 10 dsRNA segments with a total size of
23.5 kb. The segments are named according to their sizes (Shatkin et al., 1968).
There are three large segments (L1, L2 and L3) ranging in size from 3854 to 3916
nt, three medium segments (M1, M2 and M3) with sizes between 2206 to 2304
nt, and four small segments (S1, S2, S3 and S4) varying from 1196 to 1416 nt
(Coombs, 2006; Tyler and Fields, 2001). Each segment encodes a single protein,
with as a sole exception the S1 segment which encodes two proteins (Jacobs and
Samuel, 1985; Sarkar et al., 1985). The proteins are named and numbered according
to their apparent molecular weight on SDS-PAGE. The names are derived from the
Greek character of the segment it was translated from, the L segments code for
the � proteins, the M segments code for the � proteins, and the S segments encode
the � proteins. The numbering of the proteins does not always correspond to the
genome size of the segment from which they are transcribed (Tyler and Fields,
2001). An overview of the segments, and the proteins that they code for is provided
in Table 10.1.

The non-enveloped icosahedral outer capsid is about 70 nm in diameter. The in-
ner capsid or core structure is about 52 nm in diameter. Together, these capsids are
composed of eight structural proteins (Plate 5a). The five structural proteins form-
ing the inner core structure are �1, �2, �3, �2 and �2. The �1 protein is encoded
by L3 segment and is a major structural protein of the inner capsid. This protein
is involved in transcription. The �2 protein is translated from L2 RNA and forms
the pentameric turrets of the core structure. During primary transcription this pro-
tein adds a methylated cap structure to nascent plus-strand RNA (see below). The
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�3 protein is encoded by L1 segment and functions as the RNA-dependent RNA
polymerase (RdRp) and it transcribes the plus and the minus strands (Starnes and
Joklik, 1993). The exact function and location of the �2 protein which is encoded
by the M1 segment in the core are still unknown. However, it has been suggested as
a co-factor or second subunit of RdRp. The �2 protein, encoded by the S2 segment,
is involved in the assembly of the core particles. This protein decorates the �1 shell
(reviewed by Coombs, 2006 and Tyler and Fields, 2001).

The outer capsid is composed of three structural proteins. The two major outer-
capsid constituents are �3 and �1 proteins. The third minor outer-capsid protein
�1 forms the spikes at the vertices of the icosahedron and functions as the attach-
ment protein. The �3 protein is encoded by the S4 segment and provides stabil-
ity to the capsid and functions as a shield for �1. Removal of �3 protein occurs
through proteolytic cleavage upon entrance. The �1 protein is encoded by the M2
segment and provides stability to the outer capsid. This protein is by proteolysis
during viral entry to yield the �1N and �1C proteins. This is an important process
during replication. Removal of �3 and cleavage of �1 yield a partially uncoated
particle, the so-called intermediate subviral particles (ISVP). These ISVPs have
the capacity to disrupt cellular membranes and may function in endosomal escape.
Moreover, ISVPs generated in vitro by treatment of purified reovirus particles with
chymotrypsin or in-vivo in the lumen or small intestines by proteases, yields parti-
cles that retain their infectivity, and can enter the cell independent of the presence of
the canonical reovirus receptor Junction Adhesion Molecule A (JAM-A) (reviewed
by Coombs, 2006 and Tyler and Fields, 2001).

Trimers of �1 proteins encoded by the S1 segment form the spikes on the ver-
tices of the icosahedral capsid (see representative figure at ViralZone, 2011). The
spike is anchored in the �2 protein turret. Through removal of �1 protein during
virus entry, the �2 turrets undergo a conformational change and become active. The
spikes contain a tail and a head domain. The protein spike interacts with cellular re-
ceptors. Initially a low-affinity interaction is established with sialic acid residues on
the cell surface via interactions with the tail of the spike. Subsequently, high-affinity
interactions can establish between the head domain of the spike and JAM-A. Sub-
sequently, Arg-Gly-Asp (RGD) domains in the �2 protein bind �1-integrins on the
cell surface and mediate particle entry by endocytosis (Guglielmi et al., 2006; Mag-
innis et al., 2006).

Non-structural proteins

At least three nonstructural proteins are generated during infection. The �1NS is
translated from the second open reading frame of the S1 mRNA. This is a nonessen-
tial protein which causes cell cycle arrest during infection (Jacobs and Samuel,
1985; Sarkar et al., 1985). The second nonstructural protein, �NS, is encoded by
the S3 segment. This protein has a strong affinity with ssRNA (Huismans and Jok-
lik, 1976). It is suggested that it plays a role in the replication and the assembly of
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core particles (Antczak and Joklik, 1992). Furthermore it associates with �NS and
�2 to form inclusion domains or viral factories.

The �NS protein is encoded by the M3 segment. It is the third nonstructural
protein and associates with the viral mRNA shortly after transcription, and to vi-
ral cores, probably to anchor viral components needed for assembly or replication
(Becker et al., 2003; Broering et al., 2000; Kobayashi et al., 2009; Mora et al.,
1987). In addition, by proteolytic cleavage of �NS �NSC is generated. The precise
function of this protein is unknown (Tyler and Fields, 2001).

10.1.3 Replication

Entry and uncoating

As for most RNA viruses, genome replication of reoviruses takes place in the cy-
toplasm, schematically represented in Plate 5b. Reoviruses are internalised into the
endosomes. In the endosomes proteolysis facilitates the partial removal of the outer
capsid. The uncoating process includes additional cleavage and removal of �1 and
�3. Subsequently, �1 molecules are detached from the particles. The activated
particles escape from the endosomes by penetrating the endosomal membrane.
Through removal of �1 and �1 the �3 RdRp is activated and initiates transcrip-
tion, yielding full-length plus-strand RNA molecules. The conformational change
of �2 pentamers, through removal of �1, turns them into channels for the release
of plus-strand mRNA into the cytosol. In addition, the �2 turrets add a methylated
cap structure to the 5′ end of the plus-strand RNAs (Miura et al., 1974; Chow and
Shatkin, 1975; Furuichi et al., 1975). On these transcripts the 3′ end remains non-
poly-adenylated. The methylated cap structure (7-methyl guanosine triphosphate
(m7G(5′)ppp)) is identical to the cap structures of cellular mRNAs and is there-
fore recognised by the host ribosomes and translated. Initially the four segments
L1, M3, S3 and S4 are transcribed and translated which stimulates subsequent tran-
scription and translation of all segments (Watanabe et al., 1968; Nonoyama et al.,
1974; Spandidos et al., 1976; Tyler et al., 1995). At this stage in the replication
cycle, translation of viral and host proteins occurs simultaneously.

The assembly of new particles occurs in newly formed non-membranous
structures in the cytoplasm, the so-called viral factories. These may aid in shielding
the viral processes from the host cell’s components of the innate immune system.
The plus-strand transcripts are incorporated into these new cores. Within the
core-particles the minus-strand synthesis takes place to yield dsRNA (Antczak and
Joklik, 1992; Roner et al., 2004). In the newly formed core particles, a secondary
round of plus-strand synthesis initiates, yielding uncapped viral transcripts. The
uncapped viral transcripts are translated very efficiently since the reoviruses
employ a mechanism to modify the ribosomes in such a way that non-capped
transcripts are preferentially translated. At this point the host cell protein synthesis
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is shut down. This mechanism ensures that the host cell’s protein synthesising
machinery is used for synthesis of viral proteins rather than for cellular proteins
(reviewed by Coombs, 2006).

Lytic infection

Reoviruses normally cause a lytic infection in permissive host cells. The reovirus-
induced cell death is independent of productive infection. Exposure of cells to
UV-inactivated virus particles can still induce apoptosis. The primary determinants
of reovirus induced-apoptosis are associated with the outer capsid protein �1, al-
though attachment of �1 to the cell surface strongly enhances the apoptotic signal.
The cleavage of the �1 protein during internalisation is essential for the induction
of apoptosis. If the disassembly of the viral particles is blocked by monoclonal an-
tibodies against �3 or �1, apoptosis is not initiated. Also monoclonal antibodies
against �1 inhibit apoptosis; however the mechanism here is prevention of binding
to the cells surface. Pro-apoptotic signals are generated by binding of the attachment
protein to sialic acid and JAM-A. Reovirus mutants lacking the sialic acid binding
capacity are still able to induce apoptosis albeit to a lesser extent (Tyler et al., 1995;
Tyler et al., 1996; Connolly and Dermody, 2002; Danthi et al., 2008b).

10.1.4 Cis-acting sequences

Knowledge of the replicative cycle of reoviruses has been essential for the devel-
opment of a reverse genetics system. The essential cis-acting sequences that re-
side in the genome segments need to be identified. Such sequences include the
elements required for the initiation of plus and minus-strand synthesis, the se-
quences in the plus-strand RNA that function as segment-identity labels, and the
sequences that are required for incorporating the plus strand RNA’s into the newly
formed cores. Also it is crucial to identify other constraints that may limit the in-
corporation of heterologous sequences in reovirus genome segments. In the fol-
lowing paragraphs we will describe the functional elements identified in reovirus
genome segments.

Non-translated regions

The particle to infectious unit ratio of reoviruses is low (Spendlove et al., 1970),
indicating that the assembly of new particles is effective and precise and the infec-
tion process is highly efficient. The encapsidation involves assembly of 8 structural
proteins with one copy of each of the 10 segments. The precise sorting mechanism
which directs one copy of each segment into the particle is not yet well understood.
Sequences contained within the 130 nt at the 5′ terminus serve as identity label
for each of the segments (Roner and Steele, 2007a; Roner and Steele, 2007b). The
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termini of all segments contain relatively short (15–33 nt) non-translated regions
(NTRs) with short (4–5 nt) identical sequences at the extreme ends. The 5′ end of
the plus-strand RNA starts with the tetranucleotide sequence GCUA- and the se-
quence at the 3′ end is a pentanucleotide –UCAUC. No other sequence homology
exists in the NTR regions of the segment termini (Antczak et al., 1982; Gaillard
et al., 1982; Roner et al., 2004).

Assortment of the segments

The first indications that the 5′ and 3′ ends of the segments are important for repli-
cation and assembly stem from work by Schlesinger et al. (1977), and later by
Zou and Brown (1992). In these studies deletion mutants were used. These dele-
tion mutants were formed spontaneously when T3D was passaged at a high mul-
tiplicity of infection and contained deletions in the middle of the segments. The
deleted segments were replicated and encapsidated in new particles although the
presence of helper virus was required. It led to the hypothesis that sequences near
the 3′ end are necessary to function as promoter for the RdRp and that the termini
are needed for the assembly of new particles (Schlesinger et al., 1977; Zou and
Brown, 1992).

By employing a reverse genetics system for inserting a chloramphenicol acetyl
transferase (CAT) reporter gene in different genome segments (discussed below)
more information on the required cis-acting sequences at the 5′ and 3′ ends was ob-
tained (Roner and Joklik, 2001). From three segments, for example, S2, M1 and L1,
the regions which are important for assembly have been determined. The lengths of
these regions were identified through varying the length of the 5′ and 3′ ends and
measuring the CAT activity of the progeny virus. The lengths of the elements re-
quired for encapsidation correlated with the lengths of the genome segments. L1
required the longest 5′ and 3′ regions (i.e. respectively 129 nt and 139 nt) while S2
needed the shortest regions, at the 5′ end 96 nt and at the 3′ end 98 nt. The M1 seg-
ment required at the 5′ end 124 nt and 172 nt at the 3′ end (Roner and Steele, 2007a;
Roner and Steele, 2007b). These results indicate that the cis-acting sequences do not
only encompass the non-translated regions, but extend into the coding regions of the
segments. Furthermore, Roner et al, in 2004 and 2006, demonstrated that the sig-
nals at the 5′ end act independently from the signal at the 3′ end. In the process the
signals at the 5′ end function as the segment-identity labels. This became apparent
from the observation that chimeric segments, containing the 5′ end of S2 or M1 and
the 3′ end of L1 are incorporated as S2 or M1 segments, not as a L1 segment (Roner
et al., 2004; Roner and Roehr, 2006).

10.1.5 Genome-size constraints

The genome of the mammalian reoviruses is packaged within the 52 nm inner
core. In comparison to other RNA viruses, reoviruses have one of the most densely
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packaged genomes (Roner and Steele, 2007a). Experiments of the group of Roner
and colleagues indicate that the maximum amount of RNA that can be included
into the core is almost reached. They showed with their reverse genetics system that
upon increasing the length of L1 with 726 nt this segment was still incorporated.
However, when creating chimeric segments with the 5′ end of M1 or S2 and the 3′

end of L1, and increasing the size of the resulting segments by 2307 nt or 2500 nt
respectively, full incorporation of these segments was inhibited. The modified 5′-
L1.CAT.3′-S2, 5′-M1.CAT.3′-S2 and 5′-S2.CAT.3′-L1 segments, in which the sizes
were decreased by approximately 980 bp, were still packaged (Roner and Steele,
2007a). These data suggest that there are limitations to the packaging capacity of
reoviruses. Such limitations are important if one considers developing heterologous
transgene-containing reoviruses.

10.2 Forward-genetics in orthoreoviruses

In forward-genetics studies aberrant phenotypes are isolated followed by the identi-
fication of the mutation responsible for this phenotype. Much of today’s knowledge
on reovirus genes and genome segments has been obtained from studies with this
forward-genetics approach. One of the strategies used most commonly was the se-
lection of temperature-sensitive mutants after chemical mutagenesis. This method
was often used in combination with the use of reassortants. A third strategy dis-
cussed in this chapter is the selection of natural mutants.

10.2.1 Temperature-sensitive mutants

The initial isolation of many reovirus temperature sensitive (ts) mutants was after
chemical mutagenesis of reovirus stocks. The mutated reoviruses were plated and
propagated at a low permissive temperature (usually 32◦C), yielding virus which
could efficiently replicate at this temperature. Subsequently, clones were isolated
that exhibited an impaired growth at a higher temperature (often 39 ◦C was used).

With this strategy large series of mutants with aberrant phenotypes have been
generated, and designated as ts mutants. These ts mutants were classified in com-
plementation groups on the basis of the absence of complementation between pairs
of ts mutants. Subsequently these complementation groups could be assigned to the
different genome segments of the reovirus (reviewed by Coombs (2006). A sum-
mary of the different groups and the segments to which they have been mapped is
provided in Table 10.1.

The phenotypes of these mutants have been instrumental in defining the roles
of the individual viral proteins in the infectious pathways of the human reoviruses
(Coombs, 2006).
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10.2.2 Reassortants

In addition to ts mutants, reassortment strategies were applied. The reassortants can
arise during co-infections of cells with two different ts mutants or between differ-
ent orthoreovirus serotypes. Co-infection can lead to exchange of entire genome
segments between the viruses. During co-infection, a reassorted genome can be de-
tected in up to 15% of the progeny viruses (Joklik, 1998).

10.2.3 Natural selection/bioselection

A third forward-genetics strategy is the isolation of spontaneous mutants and nat-
urally occurring reoviruses (Chappell et al., 1997; Spriggs and Fields, 1982). The
absence of proofreading in the reoviral RdRp leads to a high mutation rate (Stein-
hauer et al., 1992). This leads to rapid adaptation of the reoviruses and the selective
outgrowth of mutants that have favourably adapted to the host (Domingo and Hol-
land, 1997; Novella et al., 1995).

10.3 Reovirus/cell interactions

10.3.1 A key role of σ1 in cell binding

Since the early 1960s it has been well established that Reovirus T3D, but not T1L,
could haemagglutinate bovine erythrocytes (Gomatos and Tamm, 1962). Reassort-
ment studies identified �1 protein as the haemagglutinin. In these studies T1L
x T3D reassortants were generated and by using serotype-specific �1 antisera it
was demonstrated that the capacity to haemagglutinate the bovine erythrocytes was
strictly correlated with the presence of the �1 protein of T3D (Weiner et al., 1977;
Weiner et al., 1978; Weiner et al., 1980a; Weiner and Fields, 1977). Further studies
using these reassortants and serotype specific sera pinpointed �1 also as the protein
responsible for infection of permissive nucleated cells (Lee et al., 1981).

10.3.2 Sialic acids

Attachment studies of the T3D virus to different cell types (erythrocytes, L cells,
lymphocytes and murine erythroleukaemia (MEL) cells) made clear that haemag-
glutination (HA) in erythrocytes is caused by binding to terminal sialic acids of gly-
coproteins on the cell surface (Gomatos and Tamm, 1962; Armstrong et al., 1984;
Co et al., 1985; Gentsch and Pacitti, 1985; Paul and Lee, 1987). Sialic acid is a
generic term for the N- or O-substituted derivatives of neuraminic acid and also the
name of the most common neuraminic acid, the terminal N-acetylneuraminic acid
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(NeuAc). With S1 reassorted viruses of T3D and T1L (reassortants T1L+S1-T3D
(1HA3) and T3D+S1-T1L (3HA1)) it was demonstrated that reovirus attachment
to sialylated oligosaccharides on glycoproteins was solely mediated by the �1 at-
tachment protein (Pacitti and Gentsch, 1987).

The �1 protein is present as a homo-trimer (Leone et al., 1991; Strong et al.,
1991) at the vertices of the viral particle. It has a distinct ‘head’ and ‘tail’ region
(Bassel-Duby et al., 1985; Nibert et al., 1990). The domains that interact with cel-
lular receptors have been identified. The knowledge of the interaction of the �1
protein with cellular sialic acids was derived from studies employing reovirus T3D
field isolates that differ in their capacity to agglutinate human and bovine erythro-
cytes and to bind sialic acids. Sequence analyses of the S1 genes of the different
virus isolates revealed single point mutations that only cause weak haemagglutina-
tion and which are unable to bind sialic acids. These mutations all cluster in one
region in the �1 tail, residue 198-204, which demonstrated that not only the head
but also the tail region of the spike is exposed on the capsid in such a way that it
can interact with cellular receptors (Dermody et al., 1990).

The phenomenon that only T3D and 1HA3 and not T1L viruses could infect
murine erythroleukemia (MEL) cells was exploited in studies that mapped the
sialic-acid binding-domain of �1. The capacity of the viruses to infect MEL cells is
strictly correlated with the viruses’ capacity to haemagglutinate erythrocytes. This
suggested sialylated proteins to be involved in MEL cell binding (Rubin et al.,
1992). To further identify the receptor binding region of the �1 tail, reovirus type 3
field isolates which were unable to bind sialic acids were adapted by serial passag-
ing to grow in MEL cells. Sequence analyses of these MEL adapted (MA) viruses
revealed point mutations that were clustered near the residues 198-204 that had pre-
viously been identified as the sialic acid binding region of the �1 tail. These data
demonstrated that this part of the tail of the spike is involved in sialic-acids binding
(Chappell et al., 1997).

Similarly, T3D reoviruses were selected for growth in the presence of a mon-
oclonal antibody that inhibited haemagglutination. This selection yielded mutants
that exhibit a strongly reduced neurovirulence upon inoculation of newborn mice
(Spriggs and Fields, 1982). These data demonstrate the relative ease with which
reovirus mutants can be obtained by conventional forward genetics strategies.

10.3.3 Junction Adhesion Molecule-A

Evidence that not only the fibrous tail of the �1 spike but also a domain in the
head is involved in receptor binding has accumulated over the years (Weiner et al.,
1980b; Nagata et al., 1987; Williams et al., 1988; Duncan et al., 1991; Rubin et al.,
1992; Turner et al., 1992; Chappell et al., 1997). In 2001, Barton and colleagues
identified Junction Adhesion Molecule (JAM) as the cellular receptor to which the
�1 protein’s head domain can attach. Additional binding-inhibition experiments
with antibodies show that JAM directly binds to �1. Transient expression of JAM
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renders reovirus-resistant cells sensitive to infection (Barton et al., 2001). Further-
more, Campbell and colleagues defined that only JAM-A (also known as JAM-1)
and not JAM-B or JAM-C can serve as a receptor for reovirus type 1, 2 and 3
(Campbell et al., 2005).

JAM is a 25kDa type I transmembrane protein with two extracellular Ig domains
(D1 and D2) and a short cytoplasmic tail. The membrane distal extracellular do-
main (D1) forms a homodimer (Severson and Parkos, 2009). The protein is concen-
trated at the apical region of intercellular tight junctions of epithelial and endothe-
lial cells (for reviews, see Liu et al., 2000; Martin-Padura et al., 1998; Severson and
Parkos, 2009).

Structure-guided mutational analysis revealed three amino acids located in the
D1 domain of JAM-A which are individually required to bind �1. The amino acids
Glu61 and Lys63 participate in salt bridges with opposing amino acids and thereby
have a role in stabilisation of the D1 dimer. The amino acid Leu72 is part of a hy-
drophobic interaction with a residue of the opposing dimer (Guglielmi et al., 2006).
Since all amino acids required for binding �1 were located in the dimeric interface
of the D1 domain, it was reasoned that �1 first disrupts the JAM-A dimer and then
binds to the monomeric form of the D1 domain. Binding studies indeed showed that
the binding affinity between �1 and the monomeric form of the D1 domain is higher
than between the JAM-A homodimers. In addition, using cryocrystallography it was
clearly demonstrated that only monomers of JAM-A were bound by �1 (Kirchner
et al., 2008). Insight in the amino acid residues important for binding JAM-A was
obtained by using the helper-free reverse-genetics system (see below) (Kobayashi
et al., 2007). The engineered reoviruses with mutant forms of �1 revealed that the
JAM-A binding domain is located at the lower part of the head domain. Moreover,
one reovirus �1 molecule can bind three JAM-A monomers (Kirchner et al., 2008)
(Picture of JAM in (Guglielmi et al., 2006) and JAM-�1 interaction in (Kirchner
et al., 2008)).

The knowledge of reovirus T3D binding to its cellular receptors culminated in a
multi-step binding model in which attachment protein �1 first engages sialic acids
on the cell surface in a low-affinity interaction and subsequently binds JAM-A with
high affinity (Danthi et al., 2010; Kobayashi et al., 2007). The virion is internalised
via clathrin-mediated endocytosis upon interaction between �1-integrins on the cell
surface with the capsid protein �2 (Maginnis et al., 2006). This has been suggested
since �2 contains the integrin binding sequences Arg-Gly-Asp (RGD) (Maginnis
et al., 2006). Furthermore, �1 integrins contain a cytoplasmic domain containing
two Asn-Pro-any amino acid-Tyr (NPXY) motifs which are required for functional
reovirus entry (Maginnis et al., 2008).

10.3.4 Persistent infection

Rather than causing a lytic infection, the T3D reovirus can establish a persis-
tent infection. The initial observations stem from experimental infections of
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cultured human embryonic cells (Bell and Ross, 1966). Infectious virus could
be recovered from the cultures after 9–12 passages without appearance of overt
cytopathic effects.

Taber and colleagues (1976) isolated a culture of persistently infected CHO cells.
In these cultures a large number of cells were infected, and the cultures produced
reoviruses that were cytopathic for the parental CHO cell line (Taber et al., 1976).
This suggests that the persistently infected cell lines adapted to resist the reovirus-
induced cytopathic effects. Ahmed and co-workers (1981) demonstrated in an L-
cell system that the persistently infected cells as well as the reoviruses propagated
in the persistently infected cultures acquire changes and thus eventually differ from
the parental virus and host cells. The L cells cured from the persistent infection had
an increased resistance to wild-type T3D viruses, suggesting that the cells adapted
by genetic or epigenetic mechanisms, leading to increased virus resistance (Ahmed
et al., 1981). More recently it was demonstrated that persistently infected cells ex-
press reduced amounts of the cathepsins B and L, which are known to be involved
in reovirus uncoating (Baer et al., 1999; Ebert et al., 2002; Ebert et al., 2004). These
data suggest a co-evolution of host and virus to eventually reach a state of a stable
but dynamic equilibrium.

Persistently infected L-cell cultures obtained after co-infections with T2J, which
does not result in persistent infections, together with T3D, which is able to give
persistent infections, yielded various hybrid recombinant mutants containing all the
S4 segment of T3D. This suggested that sequences in this segment underlie the ca-
pacity of the virus to establish a latent infection (Ahmed and Fields, 1982). Via a
similar approach the capacity of human reoviruses to inhibit host cell RNA and pro-
tein synthesis was also been mapped to the S4 segment (Sharpe and Fields, 1982).
Taken together, these data imply that persistent infection can only exist if the host
cells retain the capacity to synthesise proteins. Strong inhibition, as is the case upon
infection with T2J, would be incompatible with such persistence. Furthermore, se-
quence analyses of the persistent infections demonstrated acquisition of additional
mutations in the S4 segment and an increased resistance to ammonium chloride, a
weak base that inhibits the pH decrease in endosomes and lysosomes. This again
suggests that the viruses adapted to selective pressure operating at the level of
cell entry.

In addition to alterations in S4, sequence analyses of the viruses causing persis-
tent infection also revealed mutations in the S1 segment, encoding the spike protein
(Ahmed and Fields, 1982; Kim et al., 2011; Wetzel et al., 1997; Wilson et al., 1996).
The �1 protein is known to be involved in the induction of apoptosis in reovirus in-
fected cells (Tyler et al., 1995). Isolation of an S1 attenuated reovirus mutant form
from persistently infected cells, revealed that although virus replication was main-
tained the apoptotic potential was reduced. Sequence analysis revealed that the most
significant mutation was a nonsense mutation which truncated the �1 protein, how-
ever it could not be ruled out that other mutations in S1 and S4 too are involved in
this phenomenon (Kim et al., 2011). It would therefore be interesting to test whether
the mutations found in the S1 segments of the persistently infected viruses affect the
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capacity of �1 to bind sialylated proteins and to induce apoptosis (Connolly et al.,
2001; Tyler et al., 2001).

In the preceding sections the conventional forward-genetics strategies have been
discussed as well as some of their applications. Although they have been instru-
mental for determining the functions of the different segments, these techniques
have their limitations. No directed mutations can be introduced. Therefore, reverse
genetics systems have been developed, facilitating not only new studies into the
functions of individual reovirus proteins, as well as the development of new re-
oviruses for use as oncolytic agents.

10.4 Reverse-genetics in orthoreoviruses

So far development of reverse genetic systems for reoviruses has been notoriously
difficult. Although in 1982 the cDNAs of all the genome segments had been cloned
for the purpose of sequencing (Cashdollar et al., 1982), the first reverse genetics
system was only described in 1990 (Roner et al., 1990). Genetically modified par-
ticles were generated with the aid of helper reoviruses. In 2007 the first helper-free
system was described (Kobayashi et al., 2007). To date, three different systems have
been developed which have all their merits and weaknesses.

10.4.1 The infectious-RNA system

The first method for reverse genetics in reovirus T3D employs RNA transfections
of all the 10 genome segments, a cell-free translation system, and helper reoviruses
(Roner et al., 1990).

Active core structures, generated by in vitro disassembly of reoviral particles,
were used for transcription of plus-strand RNAs in vitro. The RNA transcripts were
translated using a rabbit reticulocyte lysates (RRL) system. While this step was
not essential, it increased the efficiency by 2–3 orders of magnitude. The newly
translated viral proteins, together with dsRNA, and ssRNA, were introduced into
mouse L fibroblasts by lipofection. Usage of only ssRNA or dsRNA in this mixture
is possible but less efficient. A few hours later the helper virus, which can be either
serotype 1 or serotype 2, is added to the cultures. Between 24 to 48 hours post
infection, virus can be harvested. Either plaque purification, or the use of serotype-
specific neutralising antisera, was required to eliminate the helper-viruses (Roner
et al., 1990; Joklik and Roner, 1995).

This technique was used to generate a compound ts mutant. Two ts mutants
were chosen both of which contain a ts mutation albeit on different genome seg-
ments (genome segment M2 coding for �1 and segment S2 encoding �2). These
segments were jointly incorporated in progeny virions generating the compound
double ts mutant. Creating these double ts mutant required removal of the corre-
sponding wild-type segments from transfected RNA pool. This can be accomplished
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by sequence-specific degradation of the wild-type segments through addition of
complementary oligonucleotides and RNase H treatment. This enzyme degrades
the RNA-strand in complementary DNA/RNA duplexes. Analysis of the double
mutant showed that the ts phenotype was enhanced compared to the parental sin-
gle ts mutants. Furthermore, exposure of mice to virus revealed that the double ts
mutant was less pathogenic than the parental viruses, while protective neutralising
immunity was still induced (Roner et al., 1997).

Transgene-containing reoviruses

The first example of the introduction of a heterologous transgene gene in the re-
ovirus genome was described by Roner and Joklik in 2001. To this end, the infec-
tious RNA-system was used. In this experiment the S2 segment was replaced by
an S2 segment modified to include the chloramphenicol acetyl transferase (CAT)
gene, as a reporter. The coding sequence of the CAT gene is smaller than the coding
sequence of �2 (753 nt versus 1331 nt, respectively), and its activity can be easily
monitored in cell lysates (Roner and Joklik, 2001).

The CAT gene was placed in-frame in the S2 open reading frame. The total
lengths of the S2 sequences flanking the CAT gene were 198 nt at the 5′ end and
284 nt at the 3′ end. The modification inactivated the �2 open reading frame. There-
fore all experiments were performed in helper cells that expressed an intact copy of
S2 to trans-complement the missing �2 protein. To generate infectious virus with
the modified S2 gene, the wild-type S2 was removed from viral RNA preparation
by addition of an oligodeoxyribonucleotide complementary to the S2-transcript and
RNase-H treatment. To provide the modified S2 transcripts, the capped S2-CAT
RNA was generated by transcribing a cloned version of this S2-CAT segment by T7
RNA polymerase. After removal of the wild-type S2 RNA and addition of capped
S2-CAT RNA the mixture was lipofected into helper cells, yielding reoviruses car-
rying the CAT gene in their S2 segment.

This system was used to identify the regions that are essential for replication and
packaging of the segments. These regions were mapped at the segment termini. In
an experiment in which the CAT gene was inserted between the 5′ terminal end
of the L1 segment and 3′ terminal of the S2 segment, the CAT containing seg-
ment was found to replace the L1 segment, but not the S2 segment. Similarly, a
5′-S2.CAT.L1-3′ segment and a 5′-M1.CAT.L1-3′ replace the S2 and M1 segments,
respectively. These data indicate that the 5′ terminus determines the segment iden-
tity in the segment assortment. Moreover the 5′ and 3′ termini act independently
(Roner and Steele, 2007a).

In similar studies, the size constraints were established for packaging and replica-
tion as discussed in genome-size constraints. These data show that although the size
of the segments can be increased by inserting heterologous sequences, the capacity
is limited (Roner and Steele, 2007a).

The infectious-RNA method has been effectively used to engineer alterations in
the reovirus genome. However, the method is technically demanding. The RNase
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H procedure is not fully efficient, resulting in the presence of residual RNA of the
targeted segment, and appearance of viruses with wild-type segments. In addition,
the requirement of helper viruses during the generation of the modified viruses is
undesirable. The helper virus may yield the formation of reassortants between the
‘helper’ viruses and the generated virus, although the use of T2J as helper reduces
the magnitude of the problem (Joklik and Roner, 1995). Despite these weaknesses,
the results obtained with this system have been extremely informative.

10.4.2 The segment-replacement technique

Van den Wollenberg et al. recently described an alternative approach for generating
genetically modified reoviruses. In an effort to modify the �1 spike, an S1 segment
was generated encoding a �1 that harbours a C-terminal histidine-tag. The presence
of this tag would allow particles to infect JAM-A-negative cells that express on their
surface a single-chain antibody recognising the His-tag, as an artificial receptor (van
den Wollenberg et al., 2008).

This strategy was based on experiments by Rouault and Lemay (Rouault and
Lemay, 2003). These authors expressed modified versions �1, �1, �3 and used
these proteins to recoat reovirus ISVPs and cores in vitro (Chandran et al., 1999;
Chandran et al., 2001; Jane-Valbuena et al., 1999) to study reovirus capsid protein
structures and functions. In a proof of principle study a foreign epitope, viz. a hexa-
histine tag, was added to the amino terminus of �3 (Rouault and Lemay, 2003).
For recoating, purified wild-type virions were treated with chymotrypsin to gen-
erate ISVPs. The ISVPs were incubated with cellular extracts that contain mutant
�3 proteins. Free �3 proteins were removed from the recoated ISVPs and by im-
munoblotting procedure the modified �3 on the recoated ISVPs could be detected.
While this strategy can be used to introduce modified proteins in the capsid, the
modification will not persist upon replication since the viral genome is not modified.

Van den Wollenberg et al. produced particles with modified proteins incorporated
in their capsid by propagating reoviruses on helper cell lines that synthesise modi-
fied reoviral proteins. These modified proteins would be incorporated in the capsid
during replication of the reovirus. In a first series of experiments reoviruses were
propagated on modified cells that express a S1 segment that included a His-tag at
the carboxyl terminus of the �1-encoding open reading frame. It was anticipated
that the viruses harvested from these cells would carry the �1-His in their capsid,
but would not carry the modified S1-His segment. However, the authors noted that
propagation of wild-type reoviruses on cells expressing the �1 His-encoding seg-
ment as a conventional RNA polymerase II transcript led to frequent replacement
of the wild-type genome segment with the modified version. The resulting viruses
could be serially passaged on JAM-A-deficient U118MG cells that were modified
to express the single-chain Fv capable of binding a His-tag. Hence, this technique
allowed the generation of reoviruses that are genetically retargeted. It also demon-
strated that the C terminus of the �1 protein is a suitable location for the insertion
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of oligopeptide ligands and shows that it is possible to use genetic modification to
retarget the infection of reoviruses (van den Wollenberg et al., 2008).

The precise mechanism by which the modified segment is incorporated is still
unclear. Two mechanisms could be envisaged. In a first mechanism, the RNA-
polymerase II transcript that contains the modified S1 segment, associates with
newly formed core particle despite the presence of the long 3′ extension and a
poly-A tail. In the core particle the minus-strand synthesis would start even with
the 3′ extension and poly-A tail. This would yield a partially double-stranded
RNA copy of the polymerase II transcript. If this dsRNA copy serves as tem-
plate for secondary plus-strand synthesis, new plus strands would be generated that
harbour the modified �1 open reading frame, but are otherwise identical to the
wild-type S1 segment. Alternatively, one could anticipate a mechanism that would
involve RNA recombination or a template switch during replication of the reovirus
genomes. Future studies will aim at resolving the mechanism for the replacement of
genetic information.

The segment-replacement system is relatively straightforward, as it is based on
the selective advantage for the modified �1 over the wild-type �1. The selection
is essential for selectively expanding the viruses that have the wild-type genome
segment replaced by the modified version. Unfortunately, this method is thwarted
by the fact that, with a low frequency, mutants arise in these cultures that have
the capacity to infect the U118MG cells independent of JAM-A and the His-tag-
specific scFV. This leads to the occurrence of replicating reoviruses that do not carry
the desired mutation. Therefore, plaque purification and screening are important to
characterise and purify the desired mutants.

10.4.3 A helper-free reverse-genetics systems

A fully helper-free system for reverse genetics was described by Kobayashi and col-
leagues. It employs 10 different plasmids, each containing a single cloned genome
segment. The method starts with infection of susceptible cells with an attenuated
vaccinia virus expressing the T7 RNA polymerase, and is followed by naked-DNA
transfection of the 10 plasmids encoding each of the genome segments. The genome
segments are inserted in the plasmid as full-length cDNA clones derived from the
wild-type T3D. These cloned segments are inserted downstream of a bacteriophage
T7 promoter. The 3′ terminus of each cloned segment was fused to the hepatitis
delta virus (HDV) ribozyme, which generates native 3′ ends without poly-A tail by
self-cleavage of the RNA transcript. The attenuated vaccinia virus is replication-
deficient and serves to express the T7 RNA polymerase at high level. The super-
natants of the transfected cultures were plaque assayed on L-cells and replication-
competent viruses could be isolated. The method is robust and productive, viral
infection could be established in approximately 1 in 105–106 cells transfected. This
system was validated to confirm that a single amino acid change in �1 conferred
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resistance of �1 to trypsin cleavage, and that a single amino acid change in �3
accelerates proteolytic disassembly of the reovirus. Furthermore, with this system
the functional domains in �1 responsible for the induction of reovirus apoptosis
in host cells could be mapped (Danthi et al., 2008a; Danthi et al., 2008b). Intro-
duction of the enhanced green fluorescent protein (eGFP) gene into the S4 segment
demonstrated that the technology allowed the incorporation of heterologous trans-
genes into the reovirus genome. Since this virus lacks a normal S4 segment, the
�3 encoded by S4 needs to be provided in trans. Therefore the T3D/S4-GFP virus
could only be propagated in cells genetically modified to produce the �3 protein
(Kobayashi et al., 2007).

Taken together, these data show that this helper-free reverse genetics method can
be used to generate viruses with single amino-acid changes as well as for generating
viruses carrying heterologous transgenes.

The advantage in comparison of the two other systems is that there is no require-
ment for helper viruses. The system is easily amendable for the introduction of
various kinds of mutations. However, the efficiency may need further improvement
since it is estimated that about 1 in 105–106 transfected cells can establish viral
progeny. As a first step in improvement, instead of inserting the genome segments
in 10 separated plasmids, the system has been amended to four plasmids including
all the 10 segments. The genome segments are still independently flanked by the
T7 promoter and the HDV ribozyme. Furthermore, instead of using the attenuated
vaccinia virus, BHK cells stably expressing the T7 polymerase under control of cy-
tomegalovirus promoter can be used, further simplifying the technology (Kobayashi
et al., 2010). With these improvements, the reverse genetics system is more effec-
tive in generating progeny virus.

10.4.4 Rotavirus

Rotaviruses are classified in a separate genus of the Reoviridae. Unlike the mam-
malian orthoreoviruses, the human rotaviruses are very pathogenic, causing severe
diarrhoea, especially in young children (Dennehy, 2000). It is a major health prob-
lem, particularly in developing countries (Simpson et al., 2007). At this moment,
attenuated live virus is used as vaccine (Bernstein, 2009). The development of a
reverse genetics system would allow us to gain more knowledge about the biology
of rotaviruses.

Rotaviruses are very similar to the mammalian orthoreoviruses. They contain
11 dsRNA genome segments encoding 13 proteins, and they have a non-enveloped
three-layer icosahedral capsid structure (Pesavento et al., 2006). Although they re-
semble reovirus, the development of a reverse genetics system is even more difficult.

So far, attempts to generate a plasmid-based reverse genetics system have been
unsuccessful. A first reverse-genetics system was described in 2006 by Komoto
et al. (Komoto et al., 2006). These authors managed to replace the spike-encoding
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segment of a human rotavirus by that of a simian homologue. The system employed
resembles the segment-replacement technique described above, except the cDNA of
the simian spike-encoding segment was flanked by a T7 promoter and the HDV ri-
bozyme. Infection of a vaccinia virus vector expressing T7 polymerase was required
to provide the T7 polymerase. Selection of the modified virus employed neutralising
antibodies against the human spike-protein, selectively enriching the virus popula-
tion for the viruses containing the simian spike-protein (Komoto et al., 2006). So
far this method relied on a high selective pressure for the modified rotavirus which
limits the application of the technique.

More recently, Troupin et al. describe a modified version of the Komoto method
to generate a recombinant rotavirus carrying an artificially rearranged rotavirus seg-
ment 7, coding for non-structural protein 3 (NSP3) (Troupin et al., 2010). Their
method is based on the observation that rearranged segments 7 and 11 are preferen-
tially packaged (Gault et al., 2001). The usefulness of this system is under debate
(Trask et al., 2010), since it requires extended passaging at a high multiplicity of
infection to recover the recombinant virus.

The latest development in rotavirus reverse genetics is based on the method
of Komoto et al. together with a dual selection mechanism (Trask et al., 2010).
Trask et al. combined a ts mutation of non-structural protein 2 (NSP2), with RNAi-
mediated degradation of NSP2 transcripts to select for a recombinant rotavirus
evading both mechanisms, ts and RNAi degradation. Therefore, the recombinant
segment 8 cDNA, coding for NSP2, was modified to contain silent mutations in
the region targeted by the RNAi to avoid degradation. The combination of the ts
helper virus with the RNAi-mediated selection significantly improved the recovery
of the recombinant rotavirus. An analysis demonstrated that eight of eight rotavirus
isolates contained the recombinant segment 8.

This ‘two-hit’ method may enhance the efficiency of recombinant virus recovery.
One limitation of this system is the requirement for gene-specific RNAi, which may
not be equally effective for all the 11 segments of the rotavirus.

So far, reverse genetic systems for the introduction of a foreign gene in ro-
taviruses have not been reported.

10.5 Reovirus as an oncolytic agent

The observation that reoviruses preferentially lyse transformed cells was first made
in 1977 by Hashiro et al. (Hashiro et al., 1977). One year later Theiss and col-
leagues described the suppressing effects of reovirus infection on lung tumours in
mice (Theiss et al., 1978). There is a strong indication that the preferential lysis of
transformed cells depends on the RAS status of these cells. In non-transformed
cells, dsRNA activates the cell’s defence mechanism by phosphorylation of the
double-stranded RNA-dependent protein kinase (PKR). This inhibits translation
of viral transcripts. If the RAS pathway is constitutively active, phosphorylation
of PKR is inhibited, facilitating reovirus replication (Norman et al., 2004; Strong
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et al., 1991). Although that activated RAS status is important for oncolysis, it is not
the sole determinant of cellular sensitivity to reovirus. Kranenburg and colleagues
showed that the reovirus propagation and yields are not dependent on the RAS sta-
tus, although the active RAS stimulated cell lysis (Smakman et al., 2005; Smakman
et al., 2006). In other studies, cellular resistances to reovirus infection were corre-
lated with cathepsin B and L activity. These enzymes were identified as important
factors for the reovirus proteolytic disassembly (Alain et al., 2007; Baer et al., 1999;
Kim et al., 2007).

The preference for transformed cells plus the absence of significant pathology
in humans made reoviruses excellent candidates for oncolytic virus therapies. The
Canadian company Oncolytics Biotech initiated several clinical trials with their lead
product, Reolysin, which was based on the wild-type T3D strain. At this moment
at least 24 clinical trials are active or completed in the UK, US, Canada, and Bel-
gium. The indications comprise a range of cancer types, including prostate cancer,
malignant gliomas, pancreatic cancer, lung cancer, and head and neck cancer (On-
colytics Biotech Inc, 2011). Initially, the virus was administered as mono-therapy
but in more recent clinical trials reoviruses are combined with more conventional
treatment modalities. In these studies no dose-limiting toxicity was reached, un-
derscoring the safety of reovirus-based oncolytic virus therapy (Lal et al., 2009).
Despite anecdotal evidence of anti-tumour activity, the efficacy has been limited.
Currently, several factors such as insufficient tumour penetration of the therapeutic
virus, limited spread of the virus within the tumour cell mass, insufficient expres-
sion of the reovirus receptor JAM-A on tumour cells, and preexisting humoral im-
munity, have been proffered to explain the limited tumour–cell transduction (van
den Wollenberg et al., 2009). It is anticipated that technology to modify reovirus
genomes by reverse genetics may aid the generation of new mutants that overcome
these current limitations.

10.5.1 Optimising reovirus therapy

To overcome some of the bottlenecks, different options are being explored. An in-
teresting approach to improve the delivery of reoviruses to tumours may involve the
use of tumour -seeking cells as delivery vehicles. Several cell types (e.g. T-cells,
dendritic cells, macrophages, mesenchymal stem cells) have the ability to migrate
to tumours. If these cells are loaded with oncolytic viruses, they may release the
virus in the tumour mass after migration. In addition, this approach may shield the
virus from the neutralising immunity immune system (Power and Bell, 2008).

The scarcity of the reovirus receptor JAM-A on tumour cells may be overcome by
modification of the attachment protein �1. Either bioselection of spontaneous mu-
tants or the use of reverse genetics strategies can be employed. In the latter approach
the lessons learned from generating Adenovirus-C mutants that by-pass the depen-
dency of the adenovirus receptor, can be very helpful. Adenovirus-C is widely stud-
ied as an oncolytic virus. The attachment protein of adenovirus-C, fibre, recognises
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the Coxsackie and Adenovirus Receptor (CAR) receptor. Although the adenovirus
fibre and the reovirus spike have no sequence similarity, their 3D structures are
remarkably similar (Stehle and Dermody, 2003; Campbell et al., 2005). In the ade-
novirus fibre protein a wide variety of ligands have been inserted. Such ligands in-
clude single-chain Fv domains, single-chain T-cell receptors, so-called affibodyTM

molecules, and integrin-binding RGD motifs. This successfully changed the cellular
tropism of the adenoviruses (Waehler et al., 2007; Lindholm et al., 2008; Arnberg,
2009). It remains to be determined whether the same approach is equally effective
in modifying the cellular tropism of reoviruses.

Not only the infection efficiency, but also the tumour -cell specificity of infec-
tion can be enhanced. To avoid the infection of non-target cells expressing JAM-
A, the �1 protein can be modified to ablate its association with JAM-A. Viruses
with reduced JAM-A binding have been isolated (Kirchner et al., 2008; Kim et al.,
2011;), these mutants were still viable and infected cells presumably via binding
to sialic acid residues (Kirchner et al., 2008). The mutant with the truncated �1,
isolated by Kim and colleagues, still preferentially targeted tumour cells, however,
it showed a reduced toxicity in vivo. Also exposure of naı̈ve mice to this virus
still resulted in the induction of neutralising immune response. Kobayashi and co-
workers used their helper-free reverse-genetics system to generate a mutant which
harbours a single amino acid change in the �1 protein which ablates the capac-
ity to bind JAM-A (Kobayashi et al., 2007). Such viruses may facilitate the de-
velopment of more efficacious tumour -cell selective reoviruses for application as
an oncolytic agent.

10.6 Conclusion

To date, several reverse-genetics systems have been described for manipulation
of mammalian orthoreovirus genomes. These systems have already proved their
effectiveness and were used to reveal new viral functions and facilitated the in-
troduction of modified genome segments. Nevertheless, the robustness of these
techniques should be further improved to make them more widely applicable.
Some of these systems require selection methods to enrich the mutant viruses. The
developments of genetically modified variants should be accompanied by the par-
allel development of procedures to make the mutant reoviruses a safe pharma-
ceutical product. This requires manufacturing processes that prevent reversion of
the mutants to wild-type viruses. To ensure that the mutations are retained dur-
ing the prolonged passaging that is required for production of large clinical-grade
batches, the production systems should be developed in parallel. Such systems
must provide a continued positive-selection pressure for the presence of muta-
tions or modifications. Only if the development of reverse genetics systems goes
hand in hand with the development of dedicated production systems, can the new
technology be employed to generate improved mammalian orthoreoviruses for
clinical application.
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Reverse genetics
and quasispecies
Antonio V. Borderı́a and Marco Vignuzzi
Institut Pasteur, Paris

11.1 Definition of quasispecies and evidence

11.1.1 The original theory

The quasispecies concept was first introduced into the virology field to describe the
hypothesised behaviour of self-replicating macromolecules in the primordial world.
The original theory was initially postulated by Manfred Eigen in 1971 (Eigen,
1971), although the term itself was not coined by him until 1977 (Eigen and Schus-
ter, 1977). According to this theory, macromolecules self-replicate to large numbers
at very fast rates, but due to the lack of proofreading mechanisms, most of these
newly generated molecules contain changes compared to the initial molecule. This
results in a population of extreme heterogeneity forming around the original founder
molecules (Eigen and Schuster, 1977). These macromolecules are closely related
and linked to each other since they can regenerate one another by mutation. In other
words, the frequency of one variant within the population is not only determined
by its intrinsic replication, but also by the likelihood of being regenerated through
replication error from other variants. Therefore, these molecules form a swarm of
inseparable and related molecules, termed quasispecies. This last point is the most
important part of the theory: this inseparable coupling dictates that selection acts at
the level of the whole, on the group, rather than on individuals such that the popu-
lation behaves like (quasi-) a single unit (species) (Eigen and Biebricher, 1988).

11.1.2 Quasispecies and virology

The theory as we know it in virology, and use with relative and varying degrees
of stringency, was adapted soon afterwards from Eigen’s original ideas, follow-
ing some key observations of RNA viruses. It was in 1978 that Domingo et al.
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(Domingo et al., 1978), in studying serially passaged QB phage clones, first demon-
strated that RNA viruses, once thought to be clonal, generated highly heterogeneous
populations. They found that 15% of the clones studied showed deviations from the
total RNA population fingerprinting. From this, they calculated that on average, vi-
able phage should differ in one or two mutations from the parental population. For
this reason and in satisfying several principals of Eigen’s theory such as extreme
population sizes, replication rates and heterogeneity, RNA viruses seemed perfectly
suited to the quasispecies theory. Importantly, the application of this theory to the
field introduced a new complexity to how we viewed RNA viruses, merging more
elaborate concepts from population genetics and virology. New ideas and experi-
ments were designed using the theory as a base to test and develop evolutionary
concepts such as the Red Queen Hypothesis (Van Valen, 1973; Clarke et al., 1994),
Muller’s ratchet (Müller, 1964), recovery of virus fitness by large population pas-
sages (Martı́nez et al., 1991; Clarke et al., 1993; Novella, et al., 1995a; Escarmis
et al., 1999; Yuste et al., 2005), founder effect and migration (Cuevas et al., 2003).
Until then, virologists had enjoyed a relatively simplistic and reductionist view of
RNA viruses, that continues to a certain extent today: regardless of whether we are
speaking of one or one million dengue particles during infection of a host, for exam-
ple, we still use the singular ‘dengue virus’. The term quasispecies, for many virolo-
gists, helped experimentalists switch views from molecular studies asking questions
related to single particles, to the wider population. Although it is argued that the use
of the term brings more confusion than clarity (see below), it is certain that without
its introduction into virology, the study of virus evolution and adaptation would not
have advanced as rapidly as it has done.

11.1.3 Quasispecies and population genetics

Despite the validity of the quasispecies theory to mathematically explain the
physico-chemical behaviour of the first self-replicating macromolecules, population
geneticists challenge its necessity to explain RNA virus populations, arguing that
classic population genetics theories exist than can already explain their behaviour
(Holmes and Moya, 2002; Holmes, 2010). At best, they consider quasispecies as
a valid model within population genetics occurring under a particular set of condi-
tions (Wilke, 2005). Several authors have made the valid point that the framework
and evolutionary terms with which to describe virus populations already exist in ge-
netics without the need to confer an almost ‘mystical’ quality to these organisms by
transferring to them terms from the other fields (Holmes and Moya, 2002). Indeed,
even group or kin selection, as described by population genetics, could cover much
of the ground postulated by quasispecies theory. To be fair, it can also be argued
that using the quasispecies as a biological analogy is no more forcing a scenario to
fit biology than many other concepts of population genetics, such as the Red Queen
hypothesis originating from literature, Muller’s ratchet originating from engineer-
ing. Beyond the personal preferences for one term or another, population geneticists
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raise a valid note of caution: if the quasispecies theory is to be used to explain viral
population dynamics, then several key aspects need to be clarified beforehand, and
although experimental work has been done to tackle this problem, no paper has yet
made this observation in an irrefutable way.

11.1.4 Proving the theory: which conditions must be satisfied

For most researchers in the virology field, quasispecies is merely a term or synonym
that encompasses mixed virus populations and genomic variability, very frequently
used to describe clinical specimens of chronically infected HIV or HCV patients
that present virus populations of great heterogeneity. However, in these cases the
term is often detached from the theoretical assumptions, irking scientists more cau-
tious of the genetic terms to be used (Eigen, 1996; Holmes and Moya, 2002). One
should perhaps be more careful when referring to RNA viruses as quasispecies, to
define how strictly or loosely the term is being used. One way to avoid confusion,
as pointed out by many population geneticists and virologists, is to refer to these
viral populations as heterogeneous populations or mutant spectra, unless a study is
directly trying to understand or test the quasispecies theory. Amidst this confusion,
efforts continue to try to solve whether quasispecies is applicable to viruses, either
theoretically or experimentally. In the next paragraphs we will explain the different
conditions that virus populations must fulfil in order to behave as quasispecies, with
current examples and clues that argue in favour or against.

Infinite population sizes

In the original formulation of the theory (Eigen, 1971), the macromolecule pop-
ulations were considered to be of infinite size. The reason being that the theory
required the population to occupy all of sequence space, where no genetic drift was
possible. In sequence space, a molecule of length n could occupy a sequence space
of n dimensions, and each of the 4n possible variants of that sequence (from the four
possible nucleotides and n nucleotide length) occupies a unique point in that space.
Although virus populations can reach very large sizes, they arguably remain for the
most part of infections, far from infinity (Jenkins et al., 2001). As an example, it
is estimated that HIV-1 produces 1010 particles per day in an infected individual
(Rambaut et al., 2004), a considerable size, but not even close to 49200 needed to
explore the full sequence space of HIV-1. Nevertheless, modern interpretations of
the quasispecies theory suggest that infinite population sizes may not be necessary
if genetic drift does not have a big effect on the population (Wilke, 2005). In silico
experiments by Comas et al. support this idea (Comas et al., 2005). Working with
digital organisms with a range of ‘genome size’ between 54 to 272, they showed
that even populations as small as 250 showed evidence of quasispecies behaviour,
such as coupling in selection and survival of the flattest (to be discussed later). Thus,
according to new interpretations of the theory, viruses could potentially behave as a
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quasispecies, at least from the theoretically standpoint although more experimental
work, either in vitro or in vivo, is required to assess this.

High mutation rates

Quasispecies theory states that the different variants within the viral populations
should be coupled in selection. This coupling would be the consequence of high
mutation rates. Since the Domingo et al 1978 paper, it has become quite evident
that RNA viruses are highly error prone, exhibiting the highest mutation rates in
nature. Several papers have estimated mutation rates in viruses: bacteriophage Q�
(Domingo and Flavell, 1976), poliovirus 1 (PV-1) (la Torre et al., 1992; Drake and
Holland, 1999), hepatitis C virus (HCV) (José M Cuevas et al., 2009), vesicu-
lar stomatitis virus (VSV) (Holland et al., 1989; Drake and Holland, 1999), Hu-
man immunodeficiency virus 1 (HIV-1) (Mansky and Temin, 1995), to highlight a
few that have been recently reviewed and synthesised by Rafael Sanjuán (Sanjuán
et al., 2010), based on previous work by Drake (Drake et al., 1998; Drake and
Holland, 1999). One can consider that RNA viruses produce on average one mu-
tation/genome/replication. As Drake and Holland pointed out (Drake and Holland,
1999), this is a very large number and could well fall within the requirements of
quasispecies theory. Nevertheless, recent in silico studies concluded that for the
quasispecies dynamic to arise, mutation rates should be even higher than what has
been observed, at an average of 2 mutations/genome/replication (Wilke et al., 2001;
Comas et al., 2005).

Unit of selection

One of the key predictions of quasispecies theory and perhaps the most difficult (or
impossible?) to test and confirm is the unit of selection. According to theory, the unit
of selection should be the group or cluster of related variants, or quasispecies. This
is derived from the coupling of the different genomes due to the high mutation rates.
Importantly, experimental work by Esteban Domingo (Domingo et al., 1978; Clarke
et al., 1993; Duarte et al., 1994) showed that the fitness of individual virus clones
from a virus population was usually lower than the average fitness of the whole
population. He concluded that the behaviour of the viral quasispecies could not be
entirely explained by its individual components, and suggested that selection was
thus acting on a larger group. Despite this and other experimental work, classical
evolutionary biologists point out that a similar concept under the name of group
selection already exists (Holmes and Moya, 2002), without the need to invoke the
quasispecies theory for viruses.

11.1.5 Experimental testing of quasispecies concepts

As mentioned, although absolute proof of quasispecies behaviour in RNA viruses
has not yet been achieved, its testing has led to very important contributions in
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understanding RNA viruses as populations. Early studies sought to comprehend
how virus populations evolved in terms of fitness depending on the initial popu-
lation structure (for example, size). Lin Chao published in 1990 one of the first
papers exploring quasispecies dynamics and its correlation with virus fitness, the
replicative advantage of one population under a specific environment (Chao, 1990).
Usually, growth-competition experiments are used to determine the relative fitness
value of one population against a reference, which arbitrarily is set as having fit-
ness of 1. In this paper, phage �6 was subjected to repeated bottlenecking events,
effectively reducing the population size in each plaque-to-plaque passage to 1 and,
after several passages, the fitness was significantly reduced compared to the rela-
tively high fitness of the original population. Under the quasispecies theory, this
fitness reduction could be explained by stochastic sampling of the mutant spec-
trum (Figure 11.1), where most individual mutations are both rare and deleterious,
and masked by compensatory action of neighbouring genomes. When the virus is
subjected to bottlenecks over several passages, the mutational load of the viral pop-
ulation will increase due to founder effects of these deleterious mutants and result in
a decrease in average fitness. This is also known as Muller’s ratchet (Müller, 1964)
in analogy to a mechanical ratchet – once a notch has been turned, there is no pos-
sibility of going back and the only option is to keep on moving the ratchet forward.
These initial observations were supported by several other groups in different ani-
mal or plant viruses (Duarte et al., 1992; Duarte et al., 1993; Escarmı́s et al., 1996;
Yuste et al., 1999; la Iglesia and Elena, 2007).

Despite the debilitation of viruses subjected to bottlenecks, they recovered fit-
ness if allowed to replicate in large population sizes, as demonstrated for phage
�6 (Burch and Chao, 1999), FMDV (Escarmis et al., 1999), VSV (Novella et al.,
2005) and HIV-1 (Yuste et al., 2005; Borderı́a et al., 2010). Early studies focused on
fitness-recovery mutations that fixated to consensus, which were in general few and

Figure 11.1 Viral mutant spectrum and consensus sequence after consequent bottlenecks of 1
genome. From left to right, if we generate a new population in a new host by randomly selecting
one genome from the previous population, we will by chance be selecting a variant that likely
carries a deleterious or lower fitness mutation. If we keep passaging in this way, each round will
increase the mutational load and produce the effect known as Muller’s ratchet.
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far between (Yuste et al., 2005). More recently, in an HIV-1 study, attention turned
to the overall gain in population diversity, noting that fitness increases are often
accompanied by sweeping increases in genetic diversity (possible group selection)
rather than single, individual genotypes (Borderı́a et al., 2010). Nevertheless this
study did not imply that variability is the sole cause of the fitness increase, and did
not provide direct evidence of the quasispecies behaviour.

Again, in 2006, two groups (Pfeiffer and Kirkegaard; Vignuzzi and Andino) inde-
pendently investigated viral quasispecies experimentally using a high fidelity vari-
ant of poliovirus, which generated sixfold fewer mutations than wild-type. Both
wild-type and high fidelity viruses replicated with similar kinetics, but high fidelity
virus generated a significantly less diverse population (a more restricted quasis-
pecies). In mice, high fidelity virus presented a less virulent phenotype (reduced
dissemination and lethality) (Pfeiffer and Kirkegaard, 2005; Vignuzzi et al., 2006).
By restoring the heterogeneity of the high fidelity virus population through chem-
ical mutagenesis to resemble wild-type, dissemination and virulence was also re-
stored (Vignuzzi et al., 2006). The authors considered that variability was central
to fitness and that undefined sub-populations existing within the wild type popula-
tion formed a quasispecies that was selected as a unit, due to beneficial cooperation
among members. Whether one can consider populations in different compartments,
as part of the same quasispecies and therefore under the same selective pressure
is uncertain. As pointed out by other authors (Holmes and Moya, 2002; Holmes,
2010), variability is not the only requirement of the quasispecies theory, and most
significantly, cooperation is not evidence for it.

One of the most interesting consequences of the quasispecies dynamics in
viruses, is that under certain conditions a lower fitness population should outcom-
pete a higher fitness population (la Torre and Holland, 1990). This has been termed
survival of the flattest in contraposition to the survival of the fittest notions of Dar-
winian evolution (Wilke et al., 2001). Selection expectedly acts to push virus pop-
ulations to increase fitness and replicate faster, displacing in the mutant spectrum
those variants that replicate at lower rates and titres. In a situation of low mutation
rates this is maintained by the mutation–selection equilibrium, in which selection
against deleterious mutations in the population is in a steady state with the rate
of generation of those same mutations. In this condition, the virus should select a
population composed primarily of very high fitness variants surrounded by lower
fitness variants that are strongly selected against, generating a sharp and narrow
distribution of variants (Figure 11.2, population A, survival of the fittest). Alter-
natively, another population, B, could be composed of a wider range of variants
with less dramatic differences in fitness with respect to each other, and lower fitness
with respect to population A. The population distribution of B would be flatter and
wider compared to A (survival of the flattest). In a situation of low mutation rates
and mutation–selection equilibrium, deleterious mutations would be under negative
selection in both populations and in competition, A would win because of faster
replication (high fitness). If the situation changes and mutation rates increase sub-
stantially, deleterious mutations would be generated faster than they could be
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Figure 11.2 Robustness in RNA viruses. Two virus populations are shown in the left panel,
one is fittest (on the left), one is robust (on the right). In situations of low mutation rates (upper
panels), the fittest population will outcompete the other because of its higher fitness in these
growth conditions. In situations of high mutations rates (lower panels), the robust population will
outcompete the fitter one, since it can better buffer the effects of increased deleterious mutations.
Source: Taken from Figure 1 (Sanjuán et al. 2007).

cleansed by selection, producing an increase in mutational load in both virus popu-
lations. Since B is composed of neighbouring genomes of similar fitness, the muta-
tion of one genome to become its neighbour will have little effect on overall fitness
(a population that is genetically ‘robust’). Population A on the contrary will be very
sensitive to high mutation rates because most members of the population are the
same, high fitness genome that when changed to a neighbouring genome, suffer
significant fitness decreases. In this scenario, population A would be outcompeted
by population B (survival of the flattest).

In support of this, Codoñer et al. observed in 2006 evidence of the survival of the
flattest in viroids (Codoñer et al., 2006). Two different species of viroids were stud-
ied, Chrysanthemum stunt pospiviroid (CSVd) and Chrysanthemum chlorotic mot-
tle avsunviroid (CChMVd). Because CChMVd showed lower replication rates and
high genetic variability, it was regarded as a robust viroid when compared to CSVd
(similar to the A and B populations above). Two sets of plants infected with the two
species of viroids were prepared, one that were exposed to mutagenic, ultraviolet
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C light (UVC) and one mock-exposed. Viroids in the UVC-treated plants showed
a significant increase in mutation rates. In normal conditions and in competition,
the lower fitness CChMVd was displaced by CSVd, in agreement with the survival
of the fittest. On the contrary, under high mutation rates (UVC irradiation) CSVd
could not out-compete CChMVd, in agreement with the survival of the flattest ef-
fect. This paper is an elegant example of the survival of the flattest, as predicted
if viruses follow a quasispecies dynamic. In another study of robustness (Sanjuán
et al., 2007) individual clones were passaged 100 times, that were originally picked
from two different VSV populations, one which had never been passaged in cell
lines (population A) and another which had been extensively passaged in cell lines
(population B). Comparing fitness before and after passage, population A signifi-
cantly increased its fitness while B did so marginally. When 1000 individual clones
from A and B were assayed for fitness, they found that A was the fittest but with
a narrow distribution of fitness variants while B had lower fitness but with a wider
distribution and variability, possibly indicating higher robustness. When both popu-
lations were competed in the presence or absence of a mutagen to increase mutation
rates, B fared better in the mutagenic conditions and outcompeted A.

11.2 Reverse genetics and RNA virus population
heterogeneity: consensus is always a compromise

Reverse genetics is especially important to virology because viruses are capable of
generating many mutations, duplications, deletions and insertions in their genomes.
Normally, the technique is used to study mutations that are fixed to the consen-
sus sequence, those that are in the majority of the variants within the population.
If a mutation has fixed to consensus, it often confers some kind of fitness advan-
tage and understanding the nature of such mutations is critical to deciphering the
observed changes in phenotype. The caveat is that in studying genetic clones, we
are negating the natural variability within the virus population. Notwithstanding,
mutants taken in isolation can give very significant insights into lost, gained or
altered functions, such as alternative cleavage of viral proteins, capsid formation,
viral polymerase activity, immune escape and changes in host range tropism. Ad-
ditionally, other mutations might be deleterious or outright lethal, and others still
might be entirely neutral. For some mutations that fall within known functional do-
mains or in proteins with crystal structure, their effects can be more or less deduced.
For others, nothing can be presupposed. Regardless, isolation of the mutant is the
best means of understanding its contribution to phenotype and reverse genetics is
the cleanest method to do so. A prime example of this is the identification of key
attenuating determinants for the Sabin strains of poliovirus that constitute the oral
polio vaccines. Poliovirus type 1, 2 and 3 were attenuated empirically by lengthy
serial passage on non-human substrates, resulting in the accumulation of a dozen
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(type 3) to over 50 (type 1) consensus changes. Thanks in large part to reverse
genetics, the main determinants of virulence/attenuation were identified, including
point mutations in domain V of the viral internal ribosome entry site (IRES) (Wim-
mer et al., 1993) that restore neuropathology when they revert to wild type. Through
reverse genetics, these attenuating mutations were shown to decrease viral transla-
tion through deficient association of the cellular translation factor eEIF4G to the
IRES domain V and impair ribosome interaction (Ochs et al., 2003). Similarly, the
use of reverse genetics in HIV-1 permitted the understanding of drug resistance to
antivirals targeting the Retrotranscriptase (RT) or Protease (PR). In order to ver-
ify resistance, site-directed mutagenesis using a genetic clone and assaying for the
concentration of drug required to inhibit the virus by 50% or 90% (IC50 or IC90,
(Shafer, 2002)), provided a ranking by which to organise the potency of the resis-
tance mutation to better diagnose and treat patients (Stanford HIV-1 Drug Database,
http://hivdb.stanford.edu/).

11.2.1 Where to start? Generating an infectious clone
from a quasispecies

Before generating an infectious cDNA clone with which to perform reverse ge-
netics one has to decide on the starting population (Figure 11.3). Should a clini-
cal isolate or a cell culture stock be used? Should the virus be plaque-purified or
grown at large multiplicity of infection? An advantage to cell culture stocks is the
high titre attainable for the virus of interest (usually between 106–1012 infectious
units/ml), which is not often obtained in clinical isolates. Moreover, the virus is
at least partially adapted to the culture conditions, carrying specific mutations that
favour replication and infection of the cell type, thereby increasing the chances of
obtaining an infectious and viable virus once reverse genetics is performed. Fur-
thermore, a well-adapted virus in a well-characterised, stable cellular environment
is often ideal for testing new mutations because viral proteins will be expressed in
high quantities and different phenotypes can be more easily distinguished. In order
to obtain a cell culture isolate it is easier to start from a large population passage
with high titres, but plaque purified viruses could be equally suitable in certain situa-
tions. Large population passages are best to obtain the most representative genome
in the mutant spectrum in hopes of obtaining the consensus genome of the viral
population. In contrast, plaque purifying virus or obtaining them through limiting
dilution will subject them to severe genetic bottlenecks. Although bottlenecks will
reset virus variability to zero (which may be a desired effect), the stochastic pro-
cess will randomly sample mutations within the population. Since most mutations
are deleterious and most individual genomes will contain at least one mutation, the
selected representative will likely be a debilitated variant from the mutant spectrum
and may not present the expected viral sequence. Nevertheless, this approach may
be preferred if a thorough sampling of minority variants is desired.
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(a) (b) (c)

(d)

Figure 11.3 Generation of an infectious clone from different sources, to be used in reverse ge-
netics. In the figure, lines represent genomes, X are mutations and the grey lines are the consensus
sequences of the population. (a) a viral population obtained in vitro from a cell type x (b) a clin-
ical isolate with a different mutant spectrum to A but same consensus and (c) a viral population
obtained in vitro from a cell type y, with yet another different mutant spectrum to A and B, but
same consensus sequence. In generating a new virus population from an infectious clone built on
the given consensus sequence of the previous populations (d), yet another mutant spectrum will
be obtained, which will likely resemble most the spectrum from the cell type in which it was gen-
erated. All of these populations, although sharing the same consensus, might express a different
phenotype due to the differences in mutant spectrum.

Although cell-cultured populations have their obvious advantages, the caveat of
using a cell-cultured stock is the potential loss of variants that are important for
the in vivo phenotype that might not be the same ones necessary for cell culture
adaptation. Clinical isolates will better represent wild-type virus, although it is true
that from the moment one generates variants by reverse genetics in cell culture we
are losing much of this information once more. In terms of the clinical or field iso-
late, it is also important to consider that different compartments within the patient
(or ecosystem for that matter) can hold different variants of the virus, adapted to
the specific conditions of that compartment. Therefore, obtaining a wild type rep-
resentative virus of the whole population can prove to be difficult. For example, in
HIV-1 the traditional method of obtaining an isolate from the clinic is to co-culture
Peripheral Blood Mononuclear Cells (PBMCs) from an infected patient with those



P1: OTA/XYZ P2: ABC
JWST211-c11 JWST211-Bridgen September 3, 2012 10:59 Printer Name: Yet to Come Trim: 244mm × 168mm

11.2 REVERSE GENETICS AND RNA VIRUS POPULATION HETEROGENEITY 331

of a naı̈ve patient in order to promote infection and replication of HIV-1 in naı̈ve T-
cells to produce sufficient virus for further studies. The question arises as to whether
this amplified isolate is representative of the original population of interest.

In some systems, a compromise may be helpful or even necessary. An example
is in creating a chimera of sorts between clinical isolates, in order to obtain au-
tologous sequences from patients that are as close as possible to the situation in
vivo, and inserting them into a more robust infectious clone backbone. This has be-
come common practice in HIV research, where researchers try to study phenotypes
of quasispecies or heterogeneous populations whose variants may have evolved and
diverged over time. Examples include monitoring the emergence, and effect on phe-
notype, of cytotoxic T lymphocyte (CTLs) escape variants (Troyer et al., 2009) or
assessing whether different mutant distributions exist between patient seminal HIV
populations (Lawrence et al., 2009).

11.2.2 Gain control, lose information

Once the isolate is cloned into a plasmid, virus is usually recovered from infec-
tious RNA either produced in vitro and transfected into cell culture, or produced in
transfected cells from a eukaryotic transcriptional promoter. For viruses such as in-
fluenza, the process is even more complex, since the viral genome is encoded on the
negative strand and therefore is not directly infectious but requires co-expression of
several viral proteins. Regardless of the method used, the virus stock prepared by
reverse genetics from the infectious clone will likely not present the same mutant
distribution that would be generated from a natural virus infection and may not
reproduce the exact phenotype. An obvious reason is that the phenotype that was
seen in clinical conditions is not necessarily represented in cell culture. But beyond
this, the conditions in which a virus population is generated will determine, through
selection, the frequency at which minority variants will exist within that popula-
tion. It is possible that certain undetectable variants present in the isolate play a
role in the phenotype by contributing to the overall fitness of the virus population,
yet may not exist in the newly generated population. Evidence for this is seen in
arboviruses, for which infectious clones often grow to lower titres than their cor-
responding isolates in a cell-dependent manner without any apparent differences
in consensus sequence (Kinney et al., 1997; Pierro et al., 2006; Tsetsarkin et al.,
2006; Coffey and Vignuzzi, 2011). In this regard, arboviruses highlight the potential
influence of passage history, since they alternate between two very different hosts,
vertebrates and invertebrates, and are in a compromise to replicate in both. The start-
ing population (isolate) may have a mutant distribution that contains more variants
able to replicate in both hosts, although determining what these variants are re-
mains laborious and is generally not done. Indeed, significant changes in phenotype
(replication fitness) during adaptation to a new growth conditions often occur with-
out changes to the genotype (consensus sequence), as observed for the arboviruses
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(Novella, Clarke, et al., 1995b; Novella et al., 1999; Weaver et al., 1999; Turner
and Elena, 2000; Greene et al., 2005; Ciota et al., 2007; Ciota et al., 2008; Coffey
et al., 2008; Vasilakis et al., 2009; Turner et al., 2010), and other RNA viruses,
including HIV-1 (Yuste et al., 2005; Borderı́a et al., 2010). A virus generated by
reverse genetics based on the consensus of these higher fitness populations would
likely present a phenotype that more closely resembles the original population. In
a sense, the genetic information defining the evolving phenotype has been lost. It
is important to keep in mind then, that a virus population generated by reverse
genetics will likely demonstrate the phenotype of the specific mutation/allele of in-
terest, but will in the process lose additional determinants of the isolate’s phenotype
that accumulate during the passage history of the virus without necessarily fixating
to consensus.

11.2.3 Once the consensus is out . . .

As we commented in the previous section, an infectious cDNA clone can be consid-
ered homogeneous, relatively speaking, which can pose a problem in reproducing
a desired phenotype; but from the moment it is transfected into a cell line to obtain
passage 0 (p0), clonality is already being lost. In fact, even in vitro transcribed RNA
has mutations randomly introduced by the error prone DNA dependent RNA poly-
merases used, such a T7 or SP6 RNA polymerase. Additionally, an extra passage
is often done in the same or different cell line to obtain a high titre virus stock.
Therefore, at least two, if not more, rounds of replication will occur and, with mu-
tation rates of 1/genome/replication, the variability generated is considerable. Thus,
cells that most closely resemble the host or maximise viral titre in the fewest cycles
should be chosen depending on the desired population, unless population hetero-
geneity is a wanted outcome. If homogeneity is desired, then purifying the virus
by plaque passages or low MOI is an option, but with a risk. These two conditions
will promote faster fitness increases and adaptation to the cell line, but the cost
will be a drift from the consensus sequence with each round of plaque purification
or low MOI passage, and selection of deleterious mutations. For that reason it is
important that once the stock is finished, the whole viral genome is sequenced to
detect any major changes. Once the infectious clone is obtained and the allele to
study is chosen, it is important to verify that there are no minority variants at this
site suggesting that the mutation is already in the process of reversion, which can
happen if the mutation bears even a moderate fitness cost. Revertants, pseudore-
vertants and quasi-infectious viruses, viruses that can even generate an infectious
population different from the genome defined by the infectious clone cDNA, have
been demonstrated in bacteriophages (Licis et al., 1998), RNA viruses (Wimmer
et al., 1993; Agol, 1997; Gromeier et al., 1999) and retroviruses (Berkhout et al.,
1997). A conservative check of at least 20 clones or more to detect minority variants
is recommended.
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11.3 Examples of the use of the theory to disable
or manipulate the quasispecies under
controlled environments

11.3.1 From observation to manipulation

In the first decades of studies, pioneered and largely led by J.J. Holland and E.
Domingo, it was only possible to describe phenotypes with respect to population
heterogeneity, since sequencing techniques were not yet available. Restriction
fragment length polymorphism (RFLP) analysis was the best method of measuring
a population’s relative heterogeneity and restriction enzymes sites or resistance
to monoclonal antibodies were used as genetic markers to distinguish among
variants in competition experiments. The first viral genome to be sequenced was
the bacteriophage MS2, which has a single-stranded RNA genome, by Walter
Fiers in 1976 (Fiers et al., 1976). The following year, 1977, Sanger and colleagues
(Sanger, Nicklen, et al., 1977a; Sanger, Air, et al., 1977b) sequenced phage
�X-174 when they developed the new dideoxy chain-reaction sequencing method
that would revolutionise the way sequencing was done thereafter. As molecular
biology and sequencing technology improved, coupled to the ongoing studies
in virus evolutionary biology, it was becoming increasingly evident that viruses
were mutating faster than any other organism. These studies brought to light what
continues to be one of the biggest problems in virology: the apparent capacity to
adapt and evolve rapidly, to escape immune responses, to resist antiviral drugs, to
infect new hosts, and to revert from attenuated vaccine strains to pathogenic forms
(poliovirus example, stated before).

11.3.2 Lethal mutagenesis of RNA viruses and the extrinsic
alteration of the quasispecies

The observation that RNA viruses have extreme mutation rates and generate highly
heterogeneous populations that at least resemble, if not form, quasispecies brought
forth the notion that they may replicate close to an error threshold, or a mu-
tational maximum. Given that on average, an RNA-dependent RNA polymerase
(RdRp) produces one mutation per genome per replication (Drake and Holland,
1999; Duffy and Shackelton, 2008) and that most random mutations are detrimen-
tal or lethal, it is probable that even a moderate increase in this error frequency
would have significant effects on virus population fitness and infectivity, with a
loss in maintaining a proper coding sequence and protein function. Proposed the-
oretically several decades ago (Eigen, 1971; Swetina and Schuster, 1982; Eigen
and Biebricher, 1988), it was demonstrated experimentally by using base ana-
logues that ‘trick’ the viral polymerase into base pairing mistakes in a variety of
RNA viruses: arenaviruses (Grande-Pérez et al., 2002), picornaviruses (Holland
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et al., 1992), retroviruses (Pathak and Temin, 1992), see Table 11.1 for more de-
tailed information.

These initial studies were pivotal in demonstrating that viruses tend to have an in-
trinsically set mutation frequency, and that these frequencies could be extrinsically
modified to the detriment of the virus population. Further characterisation of the
mechanisms underlying lethal mutagenesis helped better understand the population
dynamics of viruses at very high mutation rates: such as the increased sensitivity to
mutagenesis of small versus large populations and the decreased sensitivity to mu-
tagenesis of high versus low fitness populations (Sierra et al., 2000). The efficacy
of lethal mutagenesis in tissue culture is now well documented. Whether this is a
feasible antiviral approach in vivo remains to be determined, since doses required
in tissue culture may not be attainable in physiologic conditions. Incidentally, rib-
avirin, a known RNA mutagen, is the therapy en vigueur to treat chronic hepatitis
C infection. Studies trying to determine whether mutation rates are affected have
been discordant, although evidence suggests that ribavirin accumulates in hepato-
cytes and that long term treatment increases mutational load (Cuevas et al., 2009).

11.3.3 Compounds and conditions that alter virus
mutation frequencies

Three compounds regularly used in the laboratory for RNA mutagenesis are rib-
avirin, FU, and AZC, all of which are base analogues that are directly mis-
incorporated into viral genomes by the viral polymerase. Each compound has a
bias for specific types of mutations based on the nucleotide structure for which it
is an analogue. AZC is an analogue of cytidine, producing mainly A → G changes
and secondarily G → A and C → U. FU is a pyrimidine analogue, producing U
→ C mutations and less frequently, C → U and G → A. Ribavirin is a purine
analogue that can act directly as a chain terminator for viral replication, as well
as produce predominantly G → A and secondarily C → U mutations. With in-
creasing interest in lethal mutagenesis, new base analogues are being identified or
developed in hopes to maximise efficacy and minimise required doses and cell tox-
icity. As an example, a ribonucleoside analogue P compound was found to be less
mutagenic than ribavirin but better tolerated by the host cell (Graci et al., 2008).
In all cases, mutagenesis with base analogues relies on the incorrect incorporation
of the compound into the virus genome, an error that cannot be corrected since
RNA polymerases lack proof reading mechanisms. In the following round of repli-
cation, the viral polymerase that encounters such an incorporated base no longer
has the normal nucleotide to use as a guide and the base analogues template in a
less discriminatory manner. The new attention to altering a virus’ natural mutation
frequency has led the search for new compounds and conditions that may alter RNA
polymerase fidelity through different direct or indirect mechanisms. Recently, other
compounds that do not have nucleoside-like structure, such as ion channel inhibitors
like amiloride and EIPA have been shown to have mutagenic effects on RNA viruses
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(Levi et al., 2010). The authors suggested that such compounds alter the intracel-
lular milieu, creating a more hostile environment in which replication fidelity is
diminished. They showed that changes in intracellular levels of free Mg+ and Mn+,
essential co-factors for RNA polymerase activity, result in higher mutation frequen-
cies, suggesting that amiloride is an indirect mutagen by perturbing intracellular ion
concentrations (Levi et al., 2010). Regardless of the mechanisms involved, studies
of lethal mutagenesis demonstrate that virus population heterogeneity is an intrinsic
trait that can be readily manipulated and that relatively subtle changes in mutation
frequency can have significant impacts on population phenotype. A significant sec-
ondary observation made by many of these studies is that these phenotypic changes
occur without changes to consensus sequence, since the increase in mutational load,
albeit significant, is randomly distributed across the genome such that the genetic
average (consensus) of the population is not modified.

11.3.4 Fidelity variants and the intrinsic control of the quasispecies

Lethal mutagenesis was instrumental in showing that RNA viruses exist very close
to a maximum mutation frequency and further emphasised the notion that generat-
ing extreme diversity must have a selective advantage worth the risk of undergoing
mutagenesis. This led to the quest of manipulating the genetic diversity of virus pop-
ulations in the other direction, by decreasing it, compared to the increases resulting
from mutagenic treatment. Based on the fact that RNA viruses can generate escape
variants to nearly all antiviral compounds, and that RNA mutagens exert a selective
pressure on a virus’s ability to faithfully replicate its genome, several teams set out
to isolate higher fidelity versions of RNA viruses that would constitute tools to study
the role of genetic diversity in a controlled manner. The first to be described was the
high fidelity variant of poliovirus, G64S (Pfeiffer and Kirkegaard, 2003), isolated
after serial passage in the presence of increasing concentrations of ribavirin. A sin-
gle point mutation in the polymerase region was identified and its role in ribavirin
resistance was demonstrated after virus isolation (Pfeiffer and Kirkegaard, 2003)
and by reverse genetics (Vignuzzi et al., 2006). The mechanism of resistance was
confirmed to be increased RNA polymerase fidelity, despite these enzymes lack-
ing classic proof-reading and repair mechanisms (Arnold et al., 2005). Importantly,
the higher fidelity variant was shown to generate populations of restricted genetic
diversity. The variant was an invaluable tool with which to show a link between
the heterogeneity of a virus population and virus fitness/virulence in vivo, in the
absence of changes in consensus sequence. The studies showed that a less diverse
population defined by the same consensus sequence as a wild type population, had
reduced capacity to tissue tropism and virulence (Pfeiffer and Kirkegaard, 2005;
Vignuzzi et al., 2006). These results have important implications for rationalised
vaccine development, as higher fidelity versions of RNA viruses may be attenu-
ated by being less adaptable in vivo, and may be genetically more stable and less
likely to revert to wild type at other attenuating determinants (Vignuzzi et al., 2008).
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Indeed, when the high fidelity variants and wild-type virus were engineered to carry
a target sequence to let-7 microRNA (miRNA) and assayed in cell lines active for
the miRNA, wild-type virus was able to escape by numerous mutations in the target
sequence in as little as 8 hours, while high fidelity variants were 5X less likely to
do so over a 36-hour period.

Since this work, there has been increasing interest on whether fidelity can be
modified in other RNA viruses. Recently, a high and low fidelity variant was identi-
fied in Coxsackie virus type B3, a closely related picornavirus (CVB3) (Levi et al.,
2010). The low fidelity variant showed a much higher mutation frequency, and
therefore wider mutant spectrum, than wild type or the high fidelity variant, resem-
bling virus populations that are on the verge of lethal mutagenesis. Of note, a high
mutation phenotype was observed for a coronavirus (Eckerle et al., 2010) with a
mutation in nsp14 protein, resulting in a 21-fold increase of the mutation frequency.
These differences in the mutation spectrum could have importance in the speed of
adaptation in changing environments and different hosts, including the generation
of drug resistance mutations or escape variants to evade the immune responses. A
high fidelity variant may be less likely to adapt to an altered environment, while
a low fidelity variant might increase in deleterious mutations and mutational load
beyond a critical threshold. Consequently, it would seem that viruses have evolved
to have a specific mutation rate that allows for rapid adaptation while maintaining
genomic and proteomic integrity.

11.3.5 Reverse genetics and artificial quasispecies

The coupling of reverse genetics and virus population manipulation is a marriage
of elegant simplicity and ordered chaos, which could prove invaluable to fostering
new approaches on how RNA viruses are studied. Using reverse genetics, it could
be possible to artificially generate a quasispecies specifically designed to better un-
derstand virus population dynamics. Following this idea, Pfeiffer and Kirkegaard
(Pfeiffer and Kirkegaard, 2006) made use of restriction enzyme site-tagged quasis-
pecies to follow specific variants during infection and dissemination of poliovirus
in mice. They tagged four different polioviruses by introducing silent restriction
sites into the VP2 and VP3 viral proteins that did not affect growth kinetics. When
young mice were injected intramuscularly with a high dose pool of the four viruses,
all were detected from a total RNA extraction of muscle tissue. In brains, on the
other hand, only one of four viruses was detected indicating the presence of a bot-
tleneck, that seemed to follow a stochastic first-come first-served dynamic. If one
of the variants was increased in the initial inoculum, that variant would be the most
frequently found in brain and if a 24-hour ‘head start’ was given to one of the
tagged-variants in the pool, that variant was predominant in brain. Following the
previous work and trying to expand the sensitivity of the assay and the quantity of
different tagged variants detected, they developed a new in-situ hybridisation-based
assay by generating an artificial quasispecies composed of 10 marked members by
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silent mutations in the VP3 capsid protein (Kuss et al., 2008), easily recognisable by
specific probes used in the hybridisation assay. This reverse-genetics/quasispecies
approach confirmed that there are bottlenecks between the peripheral infection sites
and the CNS in mice.

In an original twist to study virus population dynamics using controlled pop-
ulations derived by reverse genetics, Lauring and Andino (Lauring and Andino,
2011) randomly mutagenised a wild-type poliovirus population with one passage
in ribavirin. From this mutagenised population, individual viable variants were iso-
lated by limiting dilution and re-cloned into infectious cDNA with unique barcodes.
Forty-eight variants were then pooled and passaged in HeLa cells. Relative fitness
was estimated from individually tagged variants. They found a significant change
in the frequency of 23 out of the 48 variants, due to deleterious mutation, and re-
duction in fitness (range of 0.09 to 0.73 after 4 passages). The remaining 25 did
not dramatically change fitness compared to the wild-type virus, with values rang-
ing from 0.85 to 1. In this way they were able to follow and measure changes in
the variant frequencies within the population and correlate it with changes in fit-
ness. After infection either intramuscularly or intravenously with 108 PFU of the
artificial population, they observed that 6 out of 96 variants accessed the brain, and
importantly the tags accessing the brain were different in each mouse, suggesting
that it is not an effect of the tag but of specific mutations occurring in the variants
that permits them to reach the brain, although they could not define which mutations
specifically were implicated.

Yet another example is work by Rafael Sanjuán et al. 2004 (Sanjuán et al., 2004)
on epistasis. Although not a study on viral quasispecies per se, it shows how ratio-
nalised generation of different mutants can give insights on the epistatic interactions
among different variants within a virus population. They generated 47 variants of
VSV. Each was assayed for fitness alone or in combination to obtain a map of
how interactions were affecting viral fitness, in a beneficial or deleterious way. The
work demonstrated a dominance of antagonistic interactions, with a combined ef-
fect being smaller than the sum of their individual effect, for both beneficial and
deleterious mutations.

11.4 Future prospects of virus population genetics
and reverse genetics

11.4.1 Next Generation Sequencing and the search
of the minority variant

In recent years, a handful of new ‘deep’ sequencing technologies have emerged
with a current market dominance of 454 Roche and Solexa Illumina. 454 Roche,
first to be developed, brought about the first full human genome from JD Watson
(Wheeler et al., 2008). As of 2011, Roche 454 had 1205 scientific publications with
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their technology and Solexa Illumina, 1632. The recent development of these Next
Generation Sequencing (NGS) technologies will likely revolutionise the study of
RNA virus population genetics as well, and its link with reverse genetics. It is be-
coming increasingly easy to prospect the inherent variability of virus populations
and to identify key mutations before they reach frequencies high enough to fix to
consensus. Until the advent of NGS, classic Sanger sequencing of RT-PCR products
of virus populations could at best identify mutations that either changed consensus
sequence, or constituted very significant minority populations (above 25% of to-
tal population). Deeper characterisation of the population was laborious, through
plaque purification or limiting dilution to isolate individual variants, or subcloning
RT-PCR products of the total genomic population into individual sequencing vec-
tors. In most cases, only several dozen viruses, usually only partial sequences, could
be obtained. In NGS, thousands to millions of reads can be obtained that cover the
whole genome thousands of times over, with each read originating from a different
RNA genome, potentially exploring the total sequence space occupied by the virus
population. In doing so, one can readily discover minority variants as low as 1% in
the population, if not lower when correction for error introduced by the technology
is made. Most of these preliminary studies have been performed for HIV-1 primary
isolates. NGS technology has been successfully used to identify low frequency HIV
variants involved in changing cell tropism, drug resistance and escaping immune
responses (C. Wang et al., 2007a; G. P. Wang et al., 2007b; Eriksson et al., 2008;
Mitsuya et al., 2008; Archer et al., 2009; Bimber et al., 2009; Le et al., 2009; Roz-
era et al., 2009; Rozera, et al., 2009b Varghese et al., 2009; Archer et al., 2010;
Bimber et al., 2010; Hedskog et al., 2010; Ji et al., 2010; Love et al., 2010; Zagordi
et al., 2010; Abbate et al., 2011a; Abbate et al., 2011b; Raymond et al., 2011;
Saliou et al., 2011). But the technology is equally applicable to all RNA viruses,
as is evidenced by work in HCV (C. Wang et al., 2007a), Hepatitis B virus (HBV)
(Solmone et al., 2009)), FMDV (Wright et al., 2011), human rhinovirus (Cordey
et al., 2010). Currently, the technology is not perfectly adapted to studying RNA
viruses. For quasispecies studies, it is not possible yet to easily link mutations per-
taining to the same variant, although with the paired-end reads technology some
relations can be determined. Furthermore, numerous amplifications steps in prepar-
ing sequencing libraries are required, especially for low titre samples, and several
controls should be implemented to better analyse the data: multiple, independent
libraries from the same sample to authentic mutation distributions; control popula-
tions such as cDNA of the corresponding virus or in vitro transcribed RNA; proper
bioinformatic implementation to clean the data set of low quality or non-virus spe-
cific reads. Nevertheless, progress is already being made and the benefits of this
technology are already evident.

The benefit to reverse genetics on the other hand is already evident. In identifying
mutations long before they are at high enough frequency to dominate the popula-
tion and replace the consensus sequence, NGS permits the researcher to identify
mutations of interest early on, which can quickly be regenerated and studied by re-
verse genetics. For many mutations, that would be of interest to research but whose
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fitness cost would be too great to ever dominate a virus population, NGS would per-
mit their identification (for example, minority variants that assist a virus population
in cis or in trans, yet cannot exist on their own).

11.4.2 Understanding sequence space and fitness landscape

One hot topic in the quasispecies debate has been mutational robustness and how it
is attained. It seems that robustness can be selected in situations of high mutations
rates (Sanjuán et al., 2007). High mutation rates and large population sizes are
highlights of the RNA virus population dynamics, both of which allow the virus to
explore sequence space and move through the fitness landscape. Sequence space can
be imagined as multi-dimensional where every point in the space is occupied by a
different variant of a genome of a given length. In this sense, the specific and unique
genome sequence is the coordinates in this space. If we could simplify sequence
space to a two-dimensional map, then the fitness landscape could project outwards
from it, in the form of mountains, plains and ravines (high, neutral and low fitness)
as determined by the relative fitness of the genome described at each coordinate.
Sequence space is a constant for a given genome length, although whether a virus
occupies much, or only a little of it, depends on the amount of diversity within the
population and the fitness landscape. This landscape, on the other hand, is different
for different conditions and environments. In adapting to an environment, the virus
population explores and moves throughout this landscape. Some of the peaks in
the landscape can be sharp and narrow with high values of fitness while others can
be flatter with an average lower fitness. High peaks are good for fast replicating
viruses that have maximised fitness for a specific environment, in conditions of low
mutation rates; while flatter landscapes are better suited for lower fitness viruses in
conditions of high mutation rates. Consequently the same virus can be in one or the
other, depending on the environment to which it has been adapting. Once more, this
highlights the importance of understanding context, when tackling reverse genetics
of an RNA virus population.

11.5 Conclusion

Although there is controversy in the use of the quasispecies theory in the context of
virus evolution one cannot negate its influence in shaping modern virology. With-
out it, our understanding of virus population fluctuations and fitness, adaptability,
appearance of resistance mutations to antiviral drug treatments and/or the immune
system and even the design of new antiviral therapies such as lethal mutagene-
sis would not have advanced. For the theory itself, further research is required to
prove or disregard it as being applicable to virus evolution. Experiments showing
the genome coupling must be developed, trying to shed light on how viral vari-
ants in one population relate to each other. Is the replication of one variant also
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dependent of the neighbouring variants? Do they really behave as one? Is this de-
pendent on mutation rates and genetic robustness? Regardless of the specific evo-
lutionary mechanism underlying RNA virus selection, for most researchers study-
ing RNA viruses, quasispecies and virus populations are a question of ‘You say
tomayto, I say tomahto’. What most of us, and very likely the readership of this
text are after, is a better appreciation of how vast diversity within virus populations
can be and the implications on how to best study them, especially in the context of
reverse genetics.

Nowadays, a shift towards understanding the complexity of the viral mutant spec-
trum rather than the use of clonal populations is on the horizon. The idea that one
genotype equals one phenotype is not totally correct, since viruses are composed
of multiple variants within the same population of which we can obtain a consen-
sus sequence, but that may not reflect the whole story. Keeping that in mind, one
can still undertake the study of ‘clonal’ populations presenting single mutations,
knowing that if unexpected or incomplete phenotypes are observed, then a deeper
characterisation of the underlying mutant spectrum may be warranted.

The challenge in the future is to develop new approaches based on modern se-
quencing technologies and more complex reverse genetics to better map out se-
quence space and fitness landscapes and define the populations within them. NGS
has opened the door to sampling the sequence space of viruses. If we can explore
the adaptive landscape, determine the key variants populating it, and assign fitness
to the minority and majority variants, we will be closer to understanding how adap-
tation occurs and why selection will push viruses to one peak or another depending
on circumstances. Reconstruction of the populations by reverse genetics will be
essential in confirming the data. In this regard, the recent work by Lauring and
Andino (Lauring and Andino, 2011) illustrates this effort to move away from the
isolated studies of one variant, one genotype, one phenotype. It remains to be seen
whether quasispecies theory is the best framework with which to describe RNA
virus populations; but it seems likely that the ongoing efforts to determine this, us-
ing increasingly powerful technologies, may contribute more to developing modern
virology and population genetics than the theory itself.
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Summary and perspectives
Anne Bridgen
Croft Dhu, Newtonmore, Inverness-shire, Scotland

12.1 Introduction

The past ten to fifteen years have seen huge advances in research using RNA virus
reverse genetic techniques, with application to all families of viruses and many
different processes. Technically, the procedures have simplified; for example, the
original influenza A virus rescue has been reduced from 12 to 8 plasmids, and now
the virus has even been rescued using a single plasmid (Neumann et al., 2005). The
applications have broadened in line with current scientific interests, with much re-
search in the area of knocking out viral interferon antagonist genes and in analysing
host responses in general. Those viruses such as poliovirus, which could already be
rescued at the start of this period and which have relatively simple rescue proce-
dures, have lent themselves to thought-provoking experiments to better understand
the nature of quasispecies and drug resistance.

In this volume we have looked at nine RNA viruses in depth with examples of
research using reverse genetics for these viruses. The specific viruses were chosen
to illustrate the ways in which this technique has been applied across a variety of
virus families, and also to illustrate as wide a range as possible of the different
applications of reverse genetics. These can be broadly categorised as follows (with
numbering corresponding to the following sections):

12.2 analysis of the role of specific non-coding sequence motifs involved in repli-
cation, transcription, polyadenylation and packaging;

12.3 analysis of the roles of viral proteins;

12.4 analysis of virus–host interactions at a global level;

12.5 understanding the basis of pathogenicity;

12.6 real-time virus imaging in vitro and in vivo;

12.7 structure-function analysis of viruses and viral domains;

Reverse Genetics of RNA Viruses: Applications and Perspectives, First Edition. Edited by Anne Bridgen.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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12.8 development of vaccines;

12.9 drug development;

12.10 gene delivery and knock out in plant cells including virus-induced gene
silencing (VIGS);

12.11 gene delivery in arthropod and in mammalian cells;

12.12 development of oncolytic viruses and adaptation to this purpose.

Examples of research in these areas will be provided in the following sections.

12.2 Analysis of the role of specific non-coding
sequence motifs involved in replication,
transcription, polyadenylation and packaging

Since the role of non-coding regions (NCRs) can, to a large extent, be studied using
minigenome systems rather than whole virus rescue, this was one of the first areas
to be addressed and consequently has yielded a large amount of information. Mu-
tational studies have allowed the sequences involved in the control of replication
and transcription to be identified for many viruses; a good example of these experi-
ments is the analysis of transcriptional and replicative signals in the paramyxovirus
respiratory syncytial virus (RSV) (Fearns et al., 2002; McGivern et al., 2005).

Gene rearrangement within the genome of the non-segmented genome virus
vesicular stomatitis virus (VSV) indicated that gene expression levels decreased
with position down the genome (Ball et al., 1999); this has consequently been ex-
ploited extensively either to express foreign proteins at prime transcriptional posi-
tions or to alter the levels of individual viral proteins and thus enhance the protective
immune response (Flanagan et al., 2000; Finke et al., 2000).

Non-coding sequences are also involved in other processes including packaging,
interaction with host proteins, polyadenylation and in the formation of cap struc-
tures. The VSV 7mGpppN mRNA capping process is one which has been studied
by reverse genetics (Wang et al., 2007).

The packaging of segmented viruses has always been an interesting question,
that is, how viruses can retain 8 different segments (in the case of influenza A virus)
rather than multiple copies of just one. Reverse genetics has helped shed light on
this question, as summarised by Hutchinson et al. (2010). These authors review the
evidence obtained from sequence conservation, and the minimal terminal sequences
retained in defective interfering particles or required for the formation of reporter
constructs to conclude that there are sequence-specific packaging signals in each
segment, located at the genome termini and extending into the coding sequences.
Mechanisms of segment selection remain, however, to be elucidated.
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12.3 Analysis of the roles of viral proteins

Reverse genetic technology allows the genes for viral proteins to be modified or
deleted, and the effects on viral phenotype observed to provide convincing evi-
dence of their functions. Initially most of these studies were performed on non-
structural/non-essential genes, as these can be deleted without significant detriment
to the virus, but more recently these studies have been extended to the genes of
structural proteins. These latter are essential so cannot be deleted from the virus
unless they are supplied in trans, but the genes can be mutated to affect specific
protein-protein or protein-RNA interactions. Studies on these proteins have, to a
large extent, lagged behind those of non-essential genes as the manipulations need
to be more complex to retain essential functionality.

Some of the first genes/open reading frames (ORFs) to be abrogated were those
coding for virulence factors such as the Bunyamwera virus NSs protein, the in-
fluenza A NS1 protein and the paramyxovirus C protein. Others include the ORFs
encoding the human metapneumovirus M2, SH and G proteins (Bridgen et al.,
2001; Garcia-Sastre et al., 1998; Radecke and Billeter, 1996; Biacchesi et al.,
2004 and Buchholz et al., 2005, respectively). Some of these proteins have been
shown to possess a remarkably wide range of functions, for example, the 26 kDa in-
fluenza A virus NS1 protein binds double-stranded RNA, inhibits RIG-I signalling,
reduces interferon induction, and inhibits the antiviral actions of PKR and 2′5′-
oligoadenylate synthetase (OAS)/ RNase L. It also enhances viral mRNA export
and promotes viral mRNA translation by interaction with the eukaryotic initiation
factor eIF4GI and the cytoplasmic poly(A)-binding protein PABP1, while simulta-
neously preventing cellular mRNA maturation, thus reducing expression of cellular
proteins, as well as other functions (Hale et al., 2008; Schneider and Wolff, 2009).
Few of these studies would have been possible without reverse genetics, which has
thus promoted a plethora of fruitful work in this area.

An example of reverse genetics applied to the study of structural proteins is the
removal of the proteolytic cleavage site in the glycoprotein of the arenavirus Junin
virus (Albarino et al., 2009). This resulted in the generation of a replication com-
petent virus that could not however infect new cells. There are also numerous ex-
amples in which glycoprotein genes have been switched from one virus in a species
to another, for example, between several different coronaviruses, or even between
species, to affect tropism. Fluorescent tags have been inserted into structural genes
and used for imaging, for example, into the Bunyamwera virus Gc protein or the
measles virus L protein (see Chapters 6 and 7) or into rabies virus for use in synap-
tic tracing (Chapter 5). The Bunyamwera virus N protein was studied by sequen-
tial mutagenesis of the N protein gene followed by virus rescue of 57 different
N variants (Eifan and Elliott, 2009). Other mutants, however, could not be rescued,
thus showing the limitations of structural gene mutation.

There are beginning to be some very elegant experiments that use structural in-
formation to identify important residues in structural proteins, which are then mu-
tated and the rescued viruses analysed. One such example is the analysis of the VSV
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nucleocapsid (N) protein; determination of the 2.9-Å structure of this protein bound
to RNA pinpointed specific amino acids which were capable of binding 9 RNA
residues by hydrogen bonding (Green and Luo, 2006). These amino acids were
then mutated to alanine and the effect on N expression, encapsidation and N-P in-
teractions noted. More recently, additional mutations that would specifically reduce
the hydrogen bonding were made and the properties of these mutants investigated
by biochemical assays and functionality in a minigenome system (Rainsford et al.,
2010). This approach, of combining information gleaned from structural studies
and genetic manipulation is a powerful combination likely to be used increasingly
in future.

12.4 Analysis of virus–host interactions
at a global level

The development of high-throughput technologies has transformed the ways in
which we can now analyse virus–host interactions. The most commonly used ap-
proach has been microarray studies, in which host gene expression is analysed fol-
lowing infection with either wild-type virus or a recombinant virus, in order to com-
pare the impact of a specific mutation or gene deletion/ insertion. In one example,
Hartman et al. (2008) mutated a single amino acid residue in the IRF-3 inhibitory
domain of the Ebola virus VP35 protein and found enormous differences in the in-
nate immune responses of liver cells infected with wild-type virus as compared to
a genetically engineered virus containing this mutation, thus confirming the impor-
tant role of this protein. Global host gene expression of cells infected with the 1918
H1N1 influenza A virus generated from tissue samples of patients was compared
with that of cells infected with a recent H1N1 virus containing only a subset of
the 1918 genes in order to identify the basis of virulence in the 1918 isolate (Kash
et al., 2006). The former virus elicited higher host immune responses, and led to
more severe disease pathology and quicker deaths in mice. Viral reverse genetics
experiments as well as the generation of viral reassortants have been used to iden-
tify pathogenic determinants in the 1918 and other pathogenic strains (reviewed by
Basler and Aguilar, 2008; see Conenello et al., 2011, for good recent examples of
the use of reverse genetics for these studies).

More recently, the techniques of siRNA arrays, miRNA arrays, next generation
sequencing and proteomic techniques have been applied to the study of virus–host
interactions (Peng et al., 2009). In siRNA screens, viruses are used to infect cells
seeded onto an siRNA array; if host gene products are required for viral growth,
then siRNAs directed against these mRNAs will lead to a decrease in reporter ac-
tivity/viral replication. Conversely, siRNAs against inhibitory cellular proteins will
lead to an increase in reporter activity/viral replication. This approach does not
require the presence of recombinant virus as wells can be immunostained for the
presence of virus, but incorporation of a reporter gene means that the assay is more
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direct and, for reporter genes such as luciferase, will also be more quantitative. In-
teraction partners of influenza A virus have recently been determined this way using
a recombinant virus containing a luciferase reporter (Konig et al., 2010).

A good recent example of a high-throughput proteomic technique using recom-
binant virus is that described by Komarova et al. (2011). These authors tagged
the measles virus accessory V protein with a One-STrEP amino-terminal tag, then
used modified tandem affinity chromatography and mass spectrometry analysis to
identify 245 cellular interaction partners of the V protein. There are also high-
throughput yeast two-hybrid screens, high-throughput drug screening protocols and
other methods. These screens can be used in conjunction with reverse genetics and
will have enormous impact on our understanding of host pathogen interactions and
hence on drug design.

Another elegant way in which recombinant viruses have been used to study host
cell interactions is the use of pseudotyped virus, an approach particularly useful for
pathogenic viruses. Carette et al. (2011) inserted the Ebola virus glycoprotein into
VSV and used this recombinant virus to infect haploid cells in which gene disrup-
tions had been introduced using a retroviral gene trap vector. Over a million virus
resistant cells were sequenced to identify over 100 mutations that affect virus en-
try; these mutations disrupted all six members of the homotypic fusion and vacuole
protein-sorting (HOPS) multisubunit tethering complex, which is involved in the
fusion of endosomes to lysosomes, and the endo/lysosomal cholesterol transporter
protein Niemann–Pick C1.

12.5 Understanding the basis of pathogenicity

This section clearly overlaps a number of other sections but we will include some
examples of reverse genetics that address this question here. A common approach to
studying pathogenesis is to work with related viruses or strains of virus that differ
in their pathogenic potential. Segments, genes or even specific mutations can be
swapped between viruses in order to probe the basis of the differences. A good
example of this approach is demonstrated by Ebihara et al. (2006), who worked
with a mouse-adapted strain of Zaire Ebola virus that was very pathogenic in mice.
This had a number of nucleotide changes from the original wild-type virus, which
did not cause disease in mice. These changes were introduced individually into
the wild-type virus from the mouse-adapted strain by reverse genetics and those
responsible for the differences (mutations in the NP and VP24) were found to play
a role in interferon antagonism.

Influenza B virus is another virus in which mutations were identified which con-
fer lethality in mice; for this virus it was a N221S mutation in the M1 protein; this
mutation was introduced into a second strain to confirm the role of this mutation in
pathogenicity (Jackson et al., 2011).

Reverse genetics is commonly used together with high-throughput technologies
or imaging to study pathogenesis. Use of fluorescent tags introduced into a viral
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protein allows tracking of the virus in the natural host, providing information on the
cells infected early in infection, viral passage through the host and the speed and
extent of viral spread. Animals can be examined by post mortem tissue section or
in mice by in vivo imaging (see section below).

12.6 Real-time virus imaging in vitro and in vivo

Incorporation of fluorescent or bioluminescent tags into viruses allows real-time
imaging both in cell culture and also in living animals such as mice. Numerous
viruses have been generated expressing such tags either as fusion proteins or ex-
pressed from new intergenic regions/promoters, but there are difficulties in retain-
ing both the additional gene and also the pathogenicity of the tagged viruses. For
positive sense viruses, the difficulty of tagging viral proteins is that tagging at the
termini of proteins generally interferes with proteolytic cleavage of the polyprotein.
However, several positive sense RNA viruses including polio, hepatitis C and Sind-
bis viruses (SINV) have been tagged by a transposon-based insertion mutagenesis
method which indicates which sites can be used for gene insertion. These are then
used to insert the GFP gene in a recombinant virus (Teterina et al., 2010).

There are three excellent examples of incorporation of fluorescent tags into viral
proteins of negative sense RNA viruses in this volume. Chapters 6 and 7 describe
the tagging of measles virus L protein and Bunyamwera virus Gc glycoprotein;
both of these involve fusion of a fluorescent label to a viral protein or, in the case of
BUNV Gc, a truncated protein, such that protein-protein interactions of the protein
under study remain unaffected (Duprex et al., 2002; Shi et al., 2010). Tagging of
rhabdoviruses is discussed in Chapter 5. Klingen et al. (2008) generated a recombi-
nant rabies virus with two fluorescent tags, one expressed as a phosphoprotein-GFP
fusion protein and the other using RFP bounded by the N terminal signal sequence
and C terminal transmembrane spanning and cytoplasmic domain sequences of the
G glycoprotein. This dually labelled virus was able to infect neurones and passage
of the virus through them could be observed. In a previous study, a singly-labelled
virus was used to study neuronal connections (Wickersham et al., 2007). VSV has
similarly been tagged with GFP and used to study neuronal movement (van den Pol
et al,. 2002).

Generation of a pathogenic, fluorescently labelled influenza A virus has only
recently been achieved (Manicassamy et al., 2010) as most GFP recombinants tend
to be attenuated. The virus described in that paper was made by fusing the GFP to
the C terminus of the NS1 protein and removing any splice acceptor sites; although
attenuated, this virus was pathogenic in mice. The virus was used to show how the
drugs amantadine and oseltamivir affected virus spread within infected animals by
ex vivo imaging of whole organs and also flow cytometry; interestingly there was a
marked difference in effectiveness between the two drugs in different cell types.

Luciferase tagged viruses have been used to image viral infection in vivo in host
species by bioluminescence imaging. Recombinant viruses are used to infect the
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host (usually mice), which are transfused with an appropriate substrate, luciferin in
the case of Renilla luciferase. Two examples of this approach are Cook and Griffin
(2003), who imaged both virulent and avirulent Sindbis viruses tagged with lu-
ciferase in susceptible and resistant mice, while Tseng et al. (2010) tagged a Sind-
bis vector used in oncolysis in order to look at tumour infiltration. Although mainly
used in mice it has also been used in trout with the fish rhabdovirus infectious
haematopoietic necrosis virus to determine the point of entry of the virus (Harma-
che et al., 2006). Bioluminescent imaging is very sensitive, has a higher signal to
noise ratio than fluorescent imaging and can be used to image two different pro-
cesses at once using two different luciferase genes. Unfortunately, as with inserting
GFP, it can be hard to insert luciferase genes without affecting pathogenicity. To
avoid this problem, mice transgenic for various promoters expressing luciferase
such as the interferon-� promoter have been developed; this bypasses, to some ex-
tent, the need to make recombinant viruses (Luker and Luker, 2010). Transgenic
mice are, however, less luminescent than recombinant viruses and they also have a
background luminescence in ears, paws and tail (Hutchens and Luker, 2007).

Labelling techniques are thus useful in the study of cellular tropism, cell entry,
intracellular movement, confirmation of viral-host protein-protein interactions as
well as host neuronal studies. As Manicassamy et al. (2010) discuss, they can be
applied to ‘investigation of strain specific effects in pathogenesis, tissue tropism,
and replication kinetics in different hosts in vivo’. Non-invasive real-time imaging
techniques usually reduce the numbers of host animals required for virus studies.
They can also be used in high-throughput experiments, although use of luciferase
or chloramphenicol actetyl transferase (CAT) reporters is usually more quantitative
for this.

12.7 Structure-function analysis of viruses
and viral domains

Huge strides have been made in recent years in determining the structures of wild-
type virions and also of specific interacting domains of virus and host proteins us-
ing the techniques of cryo electron microscopy, X-ray crystallography and nuclear
magnetic resonance (nmr) spectroscopy. As yet, however, most combinations of
structural and genetic studies have been performed on individual proteins or do-
mains rather than whole virus. Examples of proteins/domains that have been stud-
ied by a mixture of genetic and structural techniques include the SARS coronavirus
nonstructural protein 9 (nsp9; SARS is severe acute respiratory syndrome), the
nairovirus ovarian tumour (OTU) domain, and the flavivirus nonstructural protein 5
(Davidson, 2009). For example, the SARS nsp9 protein forms a dimer with residues
G100 and G104 being located at the helix interface. Determination of the structure
of the nsp9 helix at 2.9A resolution showed that the G104E mutant was very differ-
ent in structure from the G104 wild-type protein, and introduction of this mutation
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into the virus by reverse genetics proved lethal (Miknis et al., 2009). The nairovirus
OTU domain is capable of hydrolysing ubiquitin and ISG-15-peptide linkages as a
novel way of evading host cell responses. The structure of the OTU domain in the
Crimean-Congo haemorrhagic fever virus (CCHFV) has recently been determined
by three different groups; one group has introduced mutations based on the struc-
ture of the domain when bound to ubiquitin or ISG-15 in order to selectively impair
either ISG-15 or ubiquitin proteolysis and thus to study the relative importance of
these two processes in the viral lifestyle (Akutsu et al., 2011). A recent example of
mutational analysis of a whole virus is the arterivirus equine arteritis virus (EAV)
which was mutated in the nsp7 gene to confirm structural predictions made after
nmr analysis of the nsp7 protein (Manolaridis et al., 2011).

As yet there have been few studies of recombinant virions to parallel those of her-
pes simplex virus, for which multiple structural determinations have been made for
different viral mutants (for example, Zhou et al., 1995). An exception is the struc-
tural determination of virus-like particles (VLPs) of cowpea chlorotic mottle virus,
expressed in Pichia pastoris with mutations in the capsid protein (Brumfield et al.,
2004; Tang et al., 2006). Studies have also been performed on another relatively
simple virus, Flock House virus, a small RNA virus in the Nodaviridae family.
This was mutated at the calcium binding sites of the capsid, which affected stabil-
ity and infectivity without altering the overall architecture of the capsid (Banerjee
et al., 2010).

Interestingly, a senior virologist commented that structural findings alone do not
generally excite when they cannot be confirmed and extended by genomic manipu-
lation of the virus (Johnson, 2008). We might therefore hope that the coming years
will see an explosion of work in this area now we can image a greater range of
recombinant viruses and with recent improvements to imaging techniques.

12.8 Vaccine generation

Reverse genetics is of enormous importance in the generation of new virus vac-
cines, either by use of RNA virus vectors in which an appropriate viral gene is
inserted, or by modification of viruses in order to attenuate them. Alphaviruses are
one of the most commonly used RNA virus vectors; the viral structural proteins
are removed from the replicon and those required for packaging are generally sup-
plied in trans. The most commonly used vectors are Sindbis virus, Semliki Forest
virus (SFV) and Venezuelan equine encephalitis virus (VEE). An example of their
use has been to express Lassa and Ebola virus proteins (Pushko et al., 2001). In a
variation on this theme, the VSV G protein was incorporated into the SFV repli-
con, which could then be used without the SFV proteins in trans, thus eliminating
all possibility of regenerating a viable SFV (Rose et al., 2008). In that paper, the
SFV replicon was either in vitro transcribed and transfected into cells or expressed
from a transfected plasmid. VEE has been used to express the SARS virus S protein
(Baric et al., 2006). Other RNA virus vectors include the human parainfluenza virus
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HPIV3 vector used for immunisation of children for protection against the virus
itself and against SARS (Bukreyev et al., 2004). A recombinant VSV has been
made with Lassa virus glycoprotein GP instead of the VSV G protein (Geisbert
et al., 2005).

Virus attenuation generates viruses that can still enter host cells and elicit host
responses, but which are limited in their ability to replicate in these cells, making
them much safer. Temperature-sensitive mutations are useful for this reason, as the
virus can be grown to high titre at the low, permissive temperature, but is limited in
its in vivo replication; this approach is particularly useful for viruses such as RSV
that only grow to low titre in vitro. Using reverse genetics, engineered mutations can
be used to enhance immunogenicity and generate (multi) attenuated and multivalent
viruses (Collins and Murphy, 2005). Most work has been done for those viruses
which are serious human pathogens, in particular influenza A virus, but also SARS
coronavirus, the respiratory pathogens including RSV, HPIV3 and hMPV (human
metapneumovirus), measles and rabies viruses.

Several strategies have been employed to generate attenuated viruses including
modification of the viral polymerase, deletion of non-structural genes or even struc-
tural genes and modification of replication/ transcription signals. These modifica-
tions can be used singly or combined within the same virus to obtain viruses of
varying levels of attenuation. Abrogation of genes involved in host defence antag-
onism, such as the Bunyamwera virus NSs protein (Bridgen et al., 2001) or the
influenza A virus NS1 protein, are particularly useful in vaccine design as viruses
can be grown to high titre in cell lines deficient in interferon signalling but then
replication is limited in the in vivo setting. Recent advances in using influenza A
virus NS1 mutants as potential vaccine candidates are summarised by Richt and
Garcia-Sastre (2009).

Deletion or replacement of structural genes is another promising route for viral
attenuation. One example of this approach is the deletion of the SARS coronavirus
E gene, which is structural but not essential for growth, and leads to a 1000-fold
reduction in viral titre in cell culture and attenuation in an animal model (deDiego
et al., 2007). Another is the replacement of the arenavirus LCMV (lymphocytic
choriomeningitis virus) GP gene with the G gene of the unrelated rhabdovirus
VSV (serotype Indiana). This resulted in a highly attenuated virus, rLCMV/ INDG,
that remained genetically stable and was able to elicit very strong, long-term T
cell-mediated immunity against lethal challenge with wild-type LCMV (Bergthaler
et al., 2006). Ongoing research will widen the ways in which viruses can be at-
tenuated. One group modified the protease cleavage sites in the Junin arenavirus
glycoprotein precursor from a SKI-1/S1P peptidase site to a furin cleavage site in
an attempt to generate a novel attenuated virus; in this case it was still virulent but
similar approaches in the future may succeed (Albarino et al., 2009).

Utilising our knowledge of viral quasispecies provides a novel approach to atten-
uation. Vignuzzi and colleagues selected a poliovirus resistant to the drug ribavirin,
which acts by increasing the mutation rate of the polymerase to such an extent that
the virus cannot survive; the polymerase from this virus had a single mutation G64S
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and had only limited ability to mutate. This virus was found to be attenuated in mice
(Vignuzzi et al., 2006). Mueller et al. (2006) generated a poliovirus by reverse ge-
netics in which the coding sequence had been changed to utilise rare codons; these
viruses were found to be attenuated. More recently, this group generated two fur-
ther viruses in which the P1 capsid region contained all over-represented codons
or all under-represented codons (Coleman et al., 2008) and found the latter to be
greatly attenuated.

One concern of generating attenuated viruses by reverse genetics is that they
can then reassort or recombine with circulating wild-type viruses to regain viru-
lence, so a number of different strategies have been investigated to eliminate this
risk. The viral gene order of non-segmented viruses can be rearranged to reduce
the expression level of the replication proteins, thus attenuating the virus (see the
examples of VSV in Flanagan et al., 2001 and SARS coronavirus in de Haan et al.,
2002, though, in this last example, recombinants were made by targetted recom-
bination rather than reverse genetics). The transcription regulatory sequences of
coronaviruses have been mutated to prevent recombination (Enjuanes et al., 2008).
Virus chimaeras, such as a bovine PIV3 vector base that expresses human PIV3
antigens and HPIV1 that expresses HMPV F protein, are less able to revert and also
allow use of more robust backbones to display the antigens of viruses that are harder
to grow (Collins and Murphy, 2005). For segmented viruses, altering the location of
genes between segments, and altering the segment number can also help to prevent
reassortment (Gao et al., 2010).

Another active area of research is the generation of multivalent vaccines, where
viruses can express multiple antigenic variants, or epitopes from more than one
virus simultaneously. The recently generated 9 segment influenza A virus (Gao
et al., 2010) expressed both the H1 and H3 haemagglutinin epitopes from the same
virus and protected inoculated mice from both types of wild type virus. Similarly,
viruses have been generated by reverse genetics that express most of the influenza
B HA protein from an influenza A virus, thus providing protection from two differ-
ent respiratory pathogens simultaneously (reviewed by Jackson et al., 2011). Sato
et al. (2011) summarise a number of new multivalent viruses generated by reverse
genetics including recombinant measles virus expressing epitopes from hepatitis C
or Nipah viruses.

12.9 Drug development

Two properties of RNA viruses, their ability to mutate quickly and the existence
of viral quasispecies, pose severe difficulties to drug development, so the ability to
manipulate the viral genome is particularly important. Reverse genetics approaches
have been most useful in drug development for two classes of viruses: high con-
tainment viruses and those which do not grow well in cell culture such as hepatitis
C virus and noroviruses. Minigenome replication without the generation of infec-
tious virus can be performed at lower biosafety levels than are required for whole
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virus, and can be used to test inhibitors of many processes including viral repli-
cation and packaging. This is particularly useful for some arenaviruses, filoviruses
and nairoviruses that require BSL4 containment. The effectiveness of the nucle-
oside inhibitor rifampicin against the nairovirus CCHFV has been tested in this
way (Bergeron et al., 2010) while de la Torre (2008) summarises the impact of
minigenome systems in arenavirus drug development. Potential inhibitors of Zaire
Ebola virus replication and/or transcription were tested using a minireplicon con-
taining a luciferase gene (Jasenosky et al., 2010), while McCarthy et al. (2006)
performed high-throughput screening for inhibitors of Ebola virus budding using
a luciferase assay. De la Torre also mentions the importance of tagged viruses in
high-throughput screening of drugs targeting either viral processes or cellular func-
tions required by the virus; in the case of arenaviruses it required the generation of a
three-segmented virus rather than a bisegmented one to incorporate an appropriate
additional gene (de la Torre, 2008).

The high disease burden caused by some of the flaviviruses such as Dengue virus
and West Nile virus has encouraged use of high-throughput studies for this family
of viruses. Two main approaches have been used: packaging minigenomes that ex-
press a reporter, or using persistently replicating flavivirus genomes tagged with a
reporter (Patkar et al., 2009). These authors used a yellow fever virus (YFV) repli-
con that expresses Renilla luciferase in a replication dependent manner; this repli-
con could be packaged using a Sindbis vector to express the viral structural proteins.
The authors identified new potential drug targets against YFV that mapped to the
ns4b region by high-throughput screening. Recently a full-length Dengue virus con-
taining a Renilla luciferase gene in frame with the capsid gene has been generated
and used for drug discovery (Zou et al., 2011).

Likewise the huge number of people affected by hepatitis C virus (HCV) world-
wide (170 million) has also prompted high-throughput drug screening against this
virus. Although infectious virus can now be generated from cDNA in Huh-7 cells
(Bartenschlager and Pietschmann, 2005), minireplicons continue to provide a con-
venient way in which to test new drugs that may have been identified by other
means, such as NS3 protease cleavage assays, or by rational drug design against
the RNA-dependent RNA polymerase enzyme. This is particularly pertinent as the
virus replicates in membrane-associated multi-protein complexes, to which poten-
tial drugs may not have physical access. One example of ab initio high-throughput
screening is provided by Huang et al., 2008, who identified a compound, R706,
in a high-throughput (230,000 chemicals) minigenome assay; this compound was
inhibitory in Western blotting and RNA transcription assays but its function was
not identified. Further studies identified a related compound, R803, that was more
effective than alpha interferon at blocking HCV replication in the minigenome
model. Care must, however, be taken that the adaptive mutations introduced to
enhance in vitro replicon replication do not affect the findings. Uprichard (2010)
summarises drug development using minireplicon systems. Additional drug targets
to treat HCV infection have been identified using RNAi and proteomic screens to
study host-virus interactors. Such studies have led to clinical trials for inhibitors
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of cyclophilin, HMG-coA reductase and the liver specific microRNA miR-122
(Uprichard, 2010).

Crowder and Kirkegaard (2005) have used an elegant approach to drug design us-
ing poliovirus. Their premise is that drug-sensitive proteins or structures can mask
the effect of drug-resistant proteins or structures though oligomerisation. Thus,
treating those proteins sensitive to a drug will have a consequently greater effect
than treating non-oligomerising components as not only the targeted component
will be affected but also the interaction partners. This is called a dominant negative
phenotype and various mutations in the capsid and polymerase proteins as well as in
the cis-acting replication element and the poliovirus 2A coding region (proteinase-
deficient mutations) had this property, as was tested by adding in vitro transcribed
infectious RNA to wild-type cultures.

12.10 Gene delivery and knock-out in plant cells
including virus-induced gene silencing (VIGS)

Reverse genetics of plant viruses has become a very important mechanism of gene
delivery and knock-out in plants, which cannot be transfected with the same ease
as mammalian cells. Various different viruses have been used for this purpose in-
cluding Tobacco rattle virus (TRV), a positive sense RNA Tobravirus that infects
many species including potato and tomato, Tobacco mosaic virus (a Tobamovirus),
Potato virus X (a Potexvirus) and Barley strip mosaic virus (a Hordeivirus) (Un-
ver and Budak, 2009). The biggest application is in virus-induced gene silencing
(VIGS), whereby viruses are engineered to incorporate sequences derived from the
gene to be knocked down. These are introduced into the plant by agro-infiltration
or inoculation. The host develops an RNAi defence response against the viral RNA
including the additional gene, which then leads to a rapid but transient knock-down
of the host mRNA known as post-transcriptional gene silencing. This is useful for
those plant species which are not amenable to stable transformation, or for genes
that cause embryo lethality. Application of this technique has gone hand-in-hand
with increased plant genomic sequencing, and applications will increase as more
genomic information becomes available.

The first VIGS vector to be developed in 1995, and still one of the most widely
used, is TRV (Kumagai et al., 1995; Purkayastha and Dasgupta, 2009). The tech-
nique is still being improved and modified; recent work has indicated that silencing
via VIGS can last for up to two years using a TRV vector and, moreover, that this
silencing can be vertically transmitted to progeny plants by means of seeds, which
will greatly enhance the application of this technique (Senthil-Kumar and Mysore,
2011a). Other developments are the continued introduction of new vectors and ap-
plication to specific tasks such as silencing of root-specific genes or analysis of the
role of MAPK cascades in innate immunity. There are now cDNA libraries cloned
into VIGS vectors which can be used to study specific sets of genes (Senthil-Kumar
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and Mysore, 2011b). Suppression has also been achieved using miRNAs as well
as siRNAs. VIGS is thus an effective genomics tool limited only in suitable vec-
tors, viral resistance genes and biosafety issues of VIGS spread (Tang et al., 2010;
Senthil-Kumar and Mysore, 2011a).

Information derived from VIGS screening can then be used in a positive sense
to identify genes responsible for specific traits. These genes can then be used to
develop transgenic crop plants as a means of crop improvement (Senthil-Kumar
and Mysore, 2011b).

12.11 Gene delivery in arthropod and mammalian cells

A number of RNA viruses have been modified to act as gene delivery vehicles in-
cluding VSV and several coronaviruses, but by far the most commonly used vectors
used in vitro derive from alphaviruses such as SINV, SFV and VEE. Alphavirus vec-
tors generally comprise a two component system with, firstly, a vector containing
the non-structural genes together with a packaging signal and with the structural
genes replaced by the gene(s) of interest and, secondly, a helper RNA encoding the
non-structural and structural proteins but with no packaging signal. They have been
used extensively for gene delivery in vitro into mammalian cells and in vivo, as vac-
cine candidates and for tumour therapy (Rayner et al., 2002; Atkins et al., 2008). A
recent report describes packaging of SINV with 18,000 nucleotides instead of the
usual 11,703, with the additional nucleic acid being incorporated into a larger virion
with altered morphology (Nanda et al., 2009), thus greatly increasing the potential
application of this system.

As alphaviruses are mosquito-borne, they can also express heterologous genes in
mosquitoes and generation of, for example, GFP-tagged viruses has allowed visual-
isation of virus spread within the mosquito (Phillips et al., 2010). This technique is
useful to rapidly assess vector competence of different mosquito vectors. Infection
of arthropods is non-cytolytic, with viruses often establishing persistent infection
of the vector. Until recently, little was known about mosquito host defence mecha-
nisms other than induction of RNA interference. Other pathways are being probed
by the generation of recombinant viruses such as SFV expressing bioluminescent
reporter genes. This has shown that SFV reduces cellular expression in mosquito
Aedes albopictus cells, though to a far lesser extent than happens in eukaryotic
cells. In addition, the STAT/IMD pathway was shown to mediate protection against
SFV (Fragkoudis et al., 2008).

Introduction of, for instance, RNAi directed against genes of viruses such as
Dengue, into mosquitoes is likely to be a major application of reverse genetics, since
it will be more efficient than other approaches such as direct transfection. A small
DNA virus (densovirus) has recently been used for this application (Gu et al., 2011),
but this has only limited ability to accept additional DNA; larger RNA viruses with
a greater insert capability would be tremendously useful for this purpose.

One of the advantages of using viruses as delivery vehicles is that they en-
ter cells via specific virus receptors, and thus many viruses are only capable of
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entering a specific cell type. This can be exploited for studies requiring gene deliv-
ery to a specific cell type, for example neurones. Neurotropic RNA viruses include
the rhabdoviruses rabies virus and VSV, alphaviruses and some coronaviruses. Re-
cent developments with alphaviruses, including altering host preference for spe-
cific neuronal cells, have been summarised by Ehrengruber and Lundstrom (2007).
Recombinant VSV viruses were developed with the G-gene deleted and with re-
porter genes for GFP (dG-VSV-GFP) or dsRed (dG-VSV-dsRed) in the strongest
transcriptional position. These viruses expressed the reporter genes to high levels
and could only replicate in the first brain cell infected, thus eliminating virus spread
(van den Pol et al., 2009). In this paper they were used to study calcium responses in
virus-infected cells. The authors state: ‘The complications notwithstanding, viruses,
or viral vectors, are the current method of choice for gene transfer into the brain.
Viral-mediated gene transfer holds promise for treatment of many brain diseases,
including Parkinson’s disease, epilepsy, Alzheimer’s disease, spinal cord trauma,
and stroke.’

12.12 Development of oncolytic virus
and adaptation to this purpose

Tumour cells are generally rapidly dividing and, as such, favour viral replication. In
addition, many tumour cell lines are deficient in interferon signalling, substantially
enhancing virus growth. Thus, many viruses are likely to have a certain propensity
for acting as oncolytic agents, and indeed representatives from many viral families
have been used for this purpose including measles virus, mumps virus, reovirus,
Newcastle disease virus (NDV), VSV and polio (summarised by van den Pol et al.,
2009). Treatment can be by means of viral replicons, which can be modified to
deliver toxic, therapeutic, or disease-modulating genes. Viruses for oncolysis are
generally fully replication competent, to enable them to kill the tumour cells in
which they are replicating as well as spread within the tumour mass. This does
mean that they are associated with a higher risk of complications (van den Pol et al.,
2009). However, this can be minimised by manipulating them to remove interferon
antagonist genes, as this limits their growth in interferon competent, non-tumour
cells, as well as other attenuating mutations.

VSV seems to be a particularly good oncolytic agent, as determined by Woll-
mann et al., (2005), who compared the oncolytic potential of 10 different viruses.
This is helped by its ability to infect a wide range of cells efficiently. It has been
tested on a range of tumours including glioblastoma brain tumours (van den Pol
et al., 2009) and high risk bladder cancer (Hadaschik et al., 2008). Intravenous in-
jections of VSV strain rp30a were found to cross the blood–brain barrier and infect
human glioblastoma cells transplanted to the mouse brain (Ozduman et al., 2008).
A modified VSV with a single chain antibody directed to a specific cell receptor
was also used to target mammary tumours (Gao et al., 2006). Mutants of VSV ex-
ist which are deficient in interferon antagonism and these are thought to be better
oncolytic agents (Stojdl et al., 2003); indeed, the attenuated AV3 strain is being
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used for phase I clinical trials by Hadaschik et al. (2008). More recently, Brun et al.
(2010) assessed a panel of initially 20 rhabdoviruses against different tumour cell
lines to identify another potential potent oncolytic agent within this family, Maraba
virus. This virus was then cloned and mutated in the G and M genes to increase the
maximum tolerable dose in mice by a factor of 100. This modified virus appeared
to work well in mouse xenograft tumour models (Brun et al., 2010).

Both measles virus and reoviruses have been studied fairly extensively for their
application in oncolysis. The efficacy of measles virus was first observed in cancer
patients infected naturally. As the vaccine strain of measles has had extensive safety
testing, it can be used in human trials. Another advantage is that attenuated vaccine
strains of measles virus have adapted to use CD46, a regulator of complement ac-
tivation that is expressed at high level in tumour cells, whereas the normal SLAM
receptor is not expressed so they cannot be infected by wild-type virus (Russell and
Peng, 2009). Treatment works well in animal models but is hindered in man because
of widespread immunity (Russell and Peng, 2009).

Treatments with reoviruses have reached stage I and II clinical trials as Re-
olysin (Oncolytics Biotech) (Lal et al., 2009; Kelly et al., 2009). A full list of
clinical trials and tumour types evaluated can be found on the company website:
http://www.oncolyticsbiotech.com/clinical.html. Reovirus is apathogenic in man
and replicates in tumours aided by Ras signalling being activated, preventing syn-
thesis of the antiviral PKR protein (van den Wollenberg et al., 2009). Reovirus mu-
tants have been made to target specific tumours (van den Wollenberg et al., 2008).
Oncolysis with coronaviruses is less developed but there are still several examples
of this approach (Wurdinger et al., 2005; Verheije et al., 2009).

In summary, several viruses are showing promise in clinical trials as oncolytic
agents or vectors. The ability to manipulate the viral genomes means that they can
be modified to limit growth to tumours by removing interferon antagonist genes,
other toxicity factors can be added into the virus genomes such as the IL-2 gene into
NDV, and they can be imaged within the tumours. There are, however, concerns that
weakening viruses to restrict them to tumours makes them less efficient to kill the
tumours. New research is being done to incorporate tissue-specific miRNAs into
the viruses to restrict their infectivity without affecting their pathogenicity in the
target tissues (Kelly et al., 2008, 2010; Leber et al., 2011). We can expect many
interesting developments in this field.

12.13 Personal highlights and future directions

Some of my personal highlights of this research have been the generation of
viruses with altered segment number, thus challenging our concept of the nature of
specific viruses; thus we now have bunyaviruses with 2 segments not 3 (Brennan
et al., 2011), arenaviruses with 3 segments not 2 (Emonet et al., 2009), and
influenza A viruses with 9 not 8 segments (Gao et al., 2010). The additional
segment of the arenavirus LCMV was stabilised by splitting the S segment that
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previously expressed in an ambisense fashion into two separate S segments, each
containing a structural gene (the nucleoprotein and glycoprotein precursor). The
bunyavirus RVFV was made into a bisegmented virus by combining the genetic
content of both smaller segments into one, ambisense, segment. Other viruses that
were originally negative sense have been generated as ambisense viruses (Finke
and Conzelmann, 1997; Flick and Hobom 1999; le Mercier et al., 2002). Both these
approaches allow additional genetic material, for example, reporter genes useful
for imaging, to be introduced into the genome as well as probing the processes of
segment packaging.

The regeneration of the 1918 H1N1 influenza A virus by reverse genetics was
undeniably a major breakthrough, and has allowed ongoing investigation into the
reasons why this virus was so pathogenic. There has been a plethora of really el-
egant experiments testing the way in which genes are expressed differentially and
then exploiting this finding (see Section 12.1). The study of pathogenesis is clearly
a major important application.

For the future, I anticipate seeing much more application to the field of struc-
ture/function analysis, for example, seeing how modification of a particular do-
main affects function and structure. Work on arboviruses and mosquitoes, using
the former to shorten the life span of mosquitoes such that they are less likely to
transmit disease, or make them more sensitive to incoming viruses is another im-
portant application (Myles et al., 2008). The ds RNA virus families are only just
becoming amenable to reverse genetic approaches (see Trask et al., 2010; Troupin
et al., 2010), yet some viruses such as rotavirus are responsible for enormous
mortality worldwide. There are vaccines licensed for rotavirus infection but use
of reverse genetics techniques could well enhance the safety and effectiveness of
these vaccines.

As the techniques become a lot more established, we will begin to see many more
applications in, for example, drug and vaccine design and in gene delivery. Neu-
rotropic viruses such as the coronavirus murine hepatitis virus or the rhabdovirus
rabies virus are ideally suited to gene delivery into neurones with application to
treatment of dementia, Parkinson’s disease, Creutzfeld Jacob disease, multiple scle-
rosis or other conditions. This is an ambitious project, but a recent review (Nilsson
et al., 2010) summarises several possible gene therapy targets including neurotropic
growth factors or beta amyloid degrading enzymes for Alzheimer’s disease.

Thus, my overall conclusion is that we have already learned an enormous amount
using this technique, demonstrable particularly for those viruses such as influenza A
which have a huge number of active researchers. As rescue protocols improve – and
even well established rescue protocols such as that for rabies virus are still being
improved (Ghanem et al., 2012) – we can expect to rescue less amenable viruses to
increase our knowledge and understanding.

For other virus families, reverse genetics approaches have only been available for
a short period, so there is much to learn. This includes the reovirus family which
includes major pathogens such as human rotavirus. For most virus families, it is
often only the viral prototype or serious pathogens which have been studied, while
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other viruses within the family have not yet been rescued (for instance, very few
viruses of fish had been rescued before 2009, Biacchesi, 2011). We can expect to
see both a widening and deepening of applications. In conclusion, the future still
looks bright for viral reverse genetics experiments.
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