J O/

World Journal of
Clinical Infectious Diseases

Submit a Manuscript: http:/ /www.wjgnet.com/esps/
Help Desk: http:/ /www.wjgnet.com/esps/helpdesk.aspx
DOI: 10.5495/ wjcid.v4.i4.16

World | Clin Infect Dis 2014 November 25; 4(4): 16-26
ISSN 2220-3176 (online)
© 2014 Baishideng Publishing Group Inc. All rights reserved.

Reverse genetics: Unlocking the secrets of negative sense

RNA viral pathogens

Kathryn Edenborough, Glenn A Marsh

Kathryn Edenborough, Glenn A Marsh, Australian Animal
Health Laboratory, CSIRO, East Geelong, 3219 Victoria, Aus-
tralia

Author contributions: Both authors wrote the paper.
Correspondence to: Glenn A Marsh, PhD, Australian Animal
Health Laboratory, CSIRO, 5 Portarlington Rd, East Geelong,
3219 Victoria, Australia. glenn.marsh@csiro.au

Telephone: +61-03-52275125
Received: June 30, 2014
Accepted: September 23, 2014
Published online: November 25, 2014

Revised: August 29, 2014

Abstract

Negative-sense RNA viruses comprise several zoonotic
pathogens that mutate rapidly and frequently emerge in
people including Influenza, Ebola, Rabies, Hendra and
Nipah viruses. Acute respiratory distress syndrome, en-
cephalitis and vasculitis are common disease outcomes
in people as a result of pathogenic viral infection, and
are also associated with high case fatality rates. Viral
spread from exposure sites to systemic tissues and
organs is mediated by virulence factors, including viral
attachment glycoproteins and accessory proteins, and
their contribution to infection and disease have been
delineated by reverse genetics; a molecular approach
that enables researchers to experimentally produce re-
combinant and reassortant viruses from cloned cDNA.
Through reverse genetics we have developed a deeper
understanding of virulence factors key to disease cau-
sation thereby enabling development of targeted antivi-
ral therapies and well-defined live attenuated vaccines.
Despite the value of reverse genetics for virulence fac-
tor discovery, classical reverse genetic approaches may
not provide sufficient resolution for characterization of
heterogeneous viral populations, because current tech-
niques recover clonal virus, representing a consensus
sequence. In this review the contribution of reverse
genetics to virulence factor characterization is outlined,
while the limitation of the technique is discussed with
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reference to new technologies that may be utilized to
improve reverse genetic approaches.
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Core tip: Several negative sense RNA viruses are capri-
cious, pandemic threats and give no quarter to their
human hosts. Reverse genetic approaches have been
valuable for discovery of key virulence factors medi-
ating disease with the aim of treatment and vaccine
development, and knowledge acquisition to genetically
map pathogenic potential. Despite the value of the re-
verse genetics approach current systems are limited by
molecular cloning procedures that do not enable repro-
duction of genetically heterogeneous virus populations
that circulate in nature. Advances in molecular biology
may facilitate production of genetically diverse viral
populations that better represent natural isolates.
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INTRODUCTION

Rational design of vaccines and antiviral therapies is fa-
cilitated by discovery of viral pathogenicity factors, the
viral genes and proteins producing disease. Negative-
sense RNA viruses are comprised of formidable human
and zoonotic pathogens consisting of seven viral fami-
lies; four are characterized by non-segmented genomes
(Filoviridae, Rhabdoviridae, Paramyxoviridae and Borna-
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viridae), while the remaining three are distinguished by
segmented genomes (Orthomyxoviridae, Bunyaviridae
and Arenaviridae)". Before 1994, when pioneering exper-
iments enabled recovery of the first negative-sense RNA
virus from cloned ¢cDNA | iz vivo serial virus passage,
often at suboptimal temperatures, was the main method

utilized to generate pathogenic variants"'

and retrospec-
tive sequence analysis of viral genes enabled associations
between genes and pathogenesisw. Today reverse genet-
ics is routinely employed to manipulate viral genomes
for the purpose of viral pathogenesis research. Briefly
cDNAs, representing the full-length RNA genome/ge-
nome segments, are cloned into vectors containing T7
RNA polymerase (T7) or RNA polymerase I (pol I)
transcriptional units. Transfection of these plasmids, in
concert with viral polymerase complex expression, into
permissive cells facilitates transcription of viral mRNAs,

full length vRNA and recovery of infectious virus®.

OPTIMIZING CONDITIONS FOR REVERSE
GENETICS

Minigenome assays

Reverse genetic systems have been optimized for indi-
vidual viruses by use of minigenomesm; open reading
frames (ORFs) of reporter constructs encoding biolu-
minescent enzymes or fluorescent proteins are inserted
in between viral noncoding sequences that are sufficient
for the transcription and replication activity of the viral
polymerase” (Figure 1A). Leader and trailer sequences
at the respective 3’ and 5" ends of the vVRINA are critical
for viral polymerase activity, and hence reporter expres-
sion, as demonstrated in the case of Marburg virus'™ and
Ebola virus™", Likewise minigenome constructs for
Influenza virus, Orthomyxoviridae, include the 5” and 3’
noncoding regions of one of the eight vRNAs such as
nucleoprotein (NP)!'"! or non-structural” segments. In
the case of Paramyxoviruses, however, the addition of
gene start and gene end sequences in combination with
leader and trailer sequences have been shown to enhance
mRNA production™, while it may also be important for
the number of nucleotides of the minigenome to be per-
fectly divisible by six as each nucleocapsid (N) protein is
thought to interact with six nucleotides'?.

For expression of reporter genes from RNA tran-
scripts, produced from minigenome constructs, viral
polymerase complexes are supplied 7 trans. Eukaryotic
expression vectors such as pCAGGS contain strong
promoters such as CAG, chicken 3 actin fused to a cyto-
megalovirus enhancer, and transient transfection of poly-
merase constructs promote sufficient viral protein expres-
sion to elucidate the minimum number of viral proteins
required for reporter expression. For Influenza virus
minigenome activity proteins, which form ribonucleo-
protein complexes (RNPs), are required including poly-
merase basic 2 (PB2), PB1, acidic polymerase (PA) and
NP proteins“s]. Likewise for Rhabdoviridac"” and Para-
myxoviridae" members plasmids encoding N, phospho-
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protein (P) and large polymerase (L) are co-transfected
with the minigenome to enable reporter expression. The
minimal number of proteins required for minigenome
activity may vary considerably even within one vitrus fam-
iy, eg., RNA transcription of Respiratory syncytial virus,
Paramyxoviridae, was augmented with the inclusion of
matrix (M) 2 proteinm, while addition of M protein to
Measles virus (MV) minigenome assays reduced reporter
expression by reducing vRNA synthesis'"”. Similarly, the
expression of accessory proteins may inhibit minigenome
activity and repression of some of these proteins may be
requited for measurement of any polymerase activity"”.
The need for different protein combinations for reporter
activity underscores the importance of minigenome as-
says in determining functional associations between viral
proteins for viral mRNA transcription.

Poll and Il systems: Transcription in the nucleus
Selection of promoters that drive RNA transcription
from minigenome constructs is dependent upon whether
viral transcription occurs in the nucleus or the cytoplasm
during natural replication of the virus. T7-dependent
systems may be more suitable for viruses that replicate
RNA within the cytoplasm, while poll systems may bet-
ter mimic viral replication cycles that involve transcrip-
tion in the nucleus, however recent studies have indicated
some exceptions to this view. Infectious Uukuniemi™,
Influenza™", Thogoto[zz], Borna disease virus, MV*) and
Ebola virus''” have all been successfully recovered from
cloned cDNAs by the use of cellular RNA polymerases
such as pol I (Figure 1B). The conventional role of pol
I is to transcribe ribosomal RNAs without addition
of 5’caps and 3’ poly-A tails™ therefore it is a suitable
host enzyme for the processing of viral RNA molecules
generating well defined vRNA 3’ and 5 termini™. To
employ RNA pol I a cDNA copy corresponding to each
viral segment, or a full length cDNA molecule, is placed
between a pol I truncated promoter and a pol I termi-
nator enabling synthesis of vVRNA®, Interaction between
RNA pol I and its promoter is species-specific, therefore
promoter sequence is carefully selected to suit the cell
line destined for virus rescue™*”.

RNA polll cytomegalovirus promoters have also
been utilized to initiate transcription of viral messen-
ger RNA for Influenza virus rescue systems”” and also
has been shown to enhance cRNA expression for MV
recovery in relation to other reverse genetic systems, de-
pendent upon T7, however as polll transcripts may be
spliced and polyadenylated the utility of polll for virus
rescue of other negative-sense RINA viruses is still to be
determined™,

T7 systems: Transcription in the cytoplasm

T7 polymerase has been particularly useful for recovery
of negative-sense RNA viruses, which mostly undergo
transcription in the cytoplasm, including Hendra",
Nipahm, MVPY, Sendai™, Rabies”, Ebola™, Marburgm],

Newecastle disease virus™, RSV Vesicular stomatitis vi-
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Figure 1 Reverse genetic approaches for the study of viral pathogenesis. This figure demonstrates a T7 driven minigenome system (A) and a poll dependent
virus rescue system for influenza A virus (B). In (A) the pCAGGS plasmids enable synthesis of T7 polymerase and the viral polymerase complex; nucleoprotein
(N), phosphoprotein (P) and large polymerase (L). T7 drives transcription of the minigenome for intracellular synthesis of negative-sense RNA (-veRNA) genome
analogues. The minigenome contains Luciferase flanked by leader and trailer sequences that contain gene start (GS) and gene end (GE) sequences essential for
polymerase function. To ensure correct processing of the trailer sequence the hepatitis & ribozyme is included prior to the T7 terminator sequence. The viral proteins
encapsidate the RNA analogue and facilitate transcription, which results in Luciferase production and increase in luciferase indicates minigenome transcription. In
(B) eight plasmids PB1, PB2, PA, HA, NP, NA, M, NS, representing the influenza A virus genome, are transfected into 293T cells and each of the negative sense
viral RNA segments (-veRNA) are produced by poll driven transcription. From the same plasmid, viral messenger RNAs are transcribed in an ambisense direction by
polll. Capped and polyadenylated mRNAs are exported from the nucleus into the cytoplasm. Some viral mRNAs are spliced before export, such as M2 and NEP, and
translation of viral MRNA occurs on ribosomes attached to endoplasmic reticulum or on ribosomes free in the cytoplasm. Viral proteins in the cytoplasm return into the
nucleus and facilitate replication of the viral genome, which is transcribed to produce more viral mRNA and exported from the nucleus. Viral membrane proteins are
modified and transported to the apical membrane of the cell. The RNPs are transported to the plasma membrane containing HA and NA in association with M1 and
NEP, and 8 RNPs are packaged into progeny virions for neuraminidase-mediated release. HA: Hemagglutinin; NA: Neuraminidase; PB: Polymerase basic; PA : Acidic
polymerase; RNPs: Ribonucleoprotein complexes; NS: Non-structural.

rus™ and Lymphocytic choriomeningitis virus®”, Tnvesti- vaccinia virus'™?, however its cytopathic effects have been
gators have had more success in virus recovery by inser- found to impede virus recovery and necessitates plaque
tion of full-length antigenome, rather than genome sense, purification for removal of vaccinia from the virus
between T7 promoter and terminator sequences'”. The culture™, These issues have been overcome by use of
T7 promoter can be modified to enhance transcription modified vaccinia Ankara strains'™, however more prac-
initiation and reporter expression in minigenome assays tical systems are now accessible such as T7 expression
by the addition of more than two G nucleotides™, while plasmids that can be transiently transfected™ or stably
if added in combination with a nuclear localization signal transfected"™” into permissive cell lines.

the T7 system has enabled recovery of Influenza virus?”.

The disadvantage of T7 systems, in contrast to poll,

includes necessary sequences bordering the 5’ and 3’ anti- REVERSE GENETICS AND
genome ends to form autocatalytic ribozymes that cleave PATHOGENICITY FACTOR DISCOVERY

nonviral terminal nucleotides added during transcription.
Eatly rescue systems focussed on correct processing of
the RNA 5’ ends, or trailer sequencem’m, by insertion of
an adjacent Hepatitis delta virus (HDV) sequence before
the T7 terminator sequence, and the HDV ribozyme
sequence has recently been optimized for more efficient

Influenza A virus

Influenza A virus, a member of Orthomyxoviridae family,
contains eight negative-sense RNA segments each
corresponding to one of eight viral genes; two of these,
the hemagglutinin (HA) and neuraminidase (NA) encode

vRNA cleavage™. Enhanced recovery of infectious virus the surface glycoproteins that protrude from the viral
has also been documented by addition of a hammerhead envelope. Currently 17 HA and 10 NA types have been
ribozyme sequence prior to the 3’ leader™!. identified and all but the most recently described subtype

An advantage of T7 dependent systems includes (H17N10 from bats) have been isolated from aquatic
transfectable cell lines of several species can be employed birds such as waterfowl and ShOf?bide, which act as a
for the purpose of virus recovery, providing supplemen- natural reservoir for the virus™*!. The only subtypes
tation with an exogenous source of T7%). Choice of cell circulating in humans, H3N2 and HINT1, cause mild dis-
may be of value when vaccine approved cell lines must ease associated with viral repligation in the upper respira-
be used, or in the case of zoonotic viruses that have tory tract and large airways[so’ﬂ], while replication in the
limited cell tropism. In early reverse genetics systems lower respiratory tract®™ or sites outside the respiratory

cytoplasmic T7 was supplied by addition of recombinant tract results from infection with virulent isolates, such as
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Table 1 Outline of viral proteins that contribute to virulence as determined by reverse genetics

Virus Virulence factors Role in pathogenesis
Influenza A Multibasic cleavage site Facilitates viral spread to cells outside the respiratory tract
Ebola Glycoprotein Transmembrane form mediates host cell attachment and its soluble forms activate
mononuclear phagocytes and endothelial cells
Viral protein 24 and nucleoprotein ~ Antagonists of IFN responses
Viral protein 35 Viral polymerase cofactor that suppresses RIG-I like receptor signalling
Rabies Glycoprotein Neurotropic surface glycoprotein that facilitates spread to the brain
Phosphoprotein Viral polymerase cofactor and antagonist of IFN responses
Hendra and Nipah ~ Phosphoprotein Viral polymerase cofactor and antagonist of IFN responses
V and W proteins Antagonists of IFN responses
C protein Regulates viral transcription and affects activation of innate immune cells

IEN: Interferon.

highly pathogenic avian isolates that infect humans iz
inter-species transmission events” .

The virulence factors enabling viral spread beyond
the respiratory tract have been characterized in re-
verse genetic studies. Influenza virus reverse genetic
systems have been thoroughly optimized since their
initial iterations when purified RNP and RNA were
transfected 7z vitro and recovered with the addition of
helper viruses®™. In early plasmid-based reverse genetic
systems influenza viral RNA synthesis was dependent
upon supplementation of additional expression plasmids
for NP and the polymerase complex, PB1, PB2 and PA,
in trans”" however shrewd optimization by inclusion
of an RNA polll transcriptional unit on the same
plasmid as the RNA pol I promoter, in an ambisense
direction, generated viral mRNA molecules iz c¢is
enabling production of viral protein and vRNA from
a single plasrnid[sm. More recently gene segments were
concatenated onto a single cassette that encoded multiple
segments each separated by a transcriptional unit with
the aim to hasten the recovery of vaccine seed viruses”™,
which is essential for production of pandemic vaccines.

One particular virulence factor that has been well
characterized in reverse genetic studies includes the HA
glycoprotein, which interacts with terminal sialic acids for
host cell attachment™
ral envelope and endosomal membrane of the cell for re-
lease of RNPs into the cytoplasm[sg]. For efficient fusion
the HA precursor must be cleaved at a prominent loop to
form two subunits, HA1 and HA2, cleavage of the HA

glycoprotein is a process essential for multiple rounds

I and orchestrates fusion of the vi-

of viral replication and is carried out by enzymes that
are produced by the host™*!
influenza and Low Pathogenicity Avian Influenza viruses

I For most human seasonal

the cleavage occurs at the site of a single arginine (R)

60,62

residue” . For this reason, these vitruses ate limited to

tissues that contain host enzymes with the corresponding
recognition preference for single basic amino acids™*.
In the HA of highly virulent subtypes insertions of
multiple basic amino acid residues have been found and
this region has been coined the multi-basic cleavage site

(MBCS, Table 1)!**”. The role of the MBCS in patho-

genesis for chickens was assessed by generating H5N2
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mutant viruses containing variable sequence lengths and
combinations of basic amino acid residues in the HA via
reverse genetics[ﬁ(]]. In this study they found association
between presence of a > 4 basic amino acid residues in
the cleavage site, efficient HA cleavage in chicken em-
bryonic fibroblasts and lethality to chickens, which was
caused by spread of virus to brain »iz neurons and sys-
temic organs viz the blood stream. More recent plasmid
based reverse genetic studies have demonstrated a similar
role for the MBCS in viral pathogenesis for mammals,
such as mice”” and ferrets'™” which corresponds to the
pathological and clinical observations of humans infected
with highly pathogenic influenza such as detection of vi-
rus in systemic organs of fatal H5N1 cases” and detec-
tion of vRNA in the blood stream of infected patientsm].
Since the importance of the MBCS for influenza patho-
genesis has been established recent research has focused
on reducing replication of Influenza virus with substrate-
analogue peptide mimetic inhibitors that target host cell
proteases, specifically those carrying out HAO cleavagem].
This is a successful example of the use of reverse genet-
ics for identification of a virulence factor, the MBCS, and
production of an inhibitor based on the understanding
of virulence mechanisms.

Ebola virus

In 1976 Ebola virus, a single-stranded negative-sense
RNA virus of 18.9kb within the Filoviridae, first emerged
in humans and thereafter several outbreaks in Sudan,
western and central Africa have been documented!™. In-
dex cases are often associated with butchering, handling
or consuming bush meat such as fruit bats"", the poten-
tial natural reservoir of the virus'”, and also close contact
with non-human primates””. Human-to-human transmis-
" and long incubation peri-
ods, prior to symptom development, facilitate viral spread
in the community causing stigmatization of health care

sion occurs vza close contact

workers and relatives of the sick”. Ebola viruses iso-
lated from different geographical locations in Africa have
caused similar disease symptoms and signs such as head-
ache, myalgia, muscle spasms, fever, malaise, abdominal
pain, haemorrhage and maculopapular rash””, although
the latter was more commonly noted in infected patients
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of the Zaire outbreak, which of all the outbreaks, has the
highest documented case fatality rate™™, In contrast hu-
mans infected with the Reston Ebola vitus isolate, which
emerged via importation of infected monkeys from the
Philippines into Reston, Virginia, United States, devel-
oped antibodies to the virus in the absence of clinical
disease™ indicating this virus isolate was not pathogenic,
although only a small number of humans were exposed.
Reston Ebola virus has since been detected in piggeries
in the Philippines while serological studies suggest a small
number of pig farm workers have been infected with the
virus®™.

Both T7 and pol I dependent systems have been
utilized for minigenome assays to characterize the viral
proteins mediating transcription for Zaire and Reston
Ebola viruses, and to recover infectious viruses for sev-
eral Ebola virus isolates™. Reverse engineered viruses
have been used to assess the role of the Ebola virus gly-
coprotein (GP, Table 1), which forms trimeric spikes on
the viral envelope and mediates host cell attachment and
entry™. Produced through a process of transcriptional
RNA editing[%], GP protein expression is regulated in
infected cells™”; secretory GP is produced from unedited
transcripts, while transmembrane GP is produced from
edited transcripts that preside at lower frequency™. GP
expression 1Is cytotoxic acting to increase the permeabil-
ity of venous and arterial blood vessels, compromising
vascular function™. Recently chimeric Ebola viruses, in
which the GP of Zaire and Reston virus isolates were
exchanged, have been utilized to clarify isolate-specific
differences in virulence™. Interferon—a/ﬁ receptor
knock-out (IFNAR’/’) transgenic mice were selected to
characterize in vivo pathogenicity of the chimeric viruses,
as the need for virus adaptation vz serial passage is un-
necessary, unlike immune competent mice. Reverse en-
gineered Reston virus was not pathogenic to IFNAR”
mice and only replicated to low levels in liver and spleen,
which mirrors the absence of human discase””. In con-
trast, Zaire virus caused rapid weight loss and replicated
to high titres in spleen and liver, which indicated that
the IFNAR”" mouse model recapitulated human disease
observations in relation to both virus isolates™. Interest-
ingly, introduction of the Reston GP into the Zaire virus
did not attenuate virulence in IFNAR”" mice, suggesting
that Zaire GP is not the only determinant of virulence,
and instead the robust replicative capacity of Zaire virus
in vitro and in vivo was consisted with its virulence for IF-
NAR” mice.

Other factors for Zaire Ebola virus virulence have
been identified #ia serial passage of reverse engineered vi-
ruses in mice and include viral protein 24 and nucleopro-
tein (Table 1), factors that are involved in evasion of host
type 1 interferon responsesm. Other components of the
innate immune response, particularly transcription factors
such as interferon regulatory factor 3, may be suppressed
by viral protein 35 (VP35, Table 1), a cofactor of Ebola
viral polymerasem] and production of reverse genetic
viruses containing mutations in VP35 have been used in
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transcriptome studies””, which may provide key insights
into virus host interactions.

Rabies virus
Rabies virus, a member of the Rhabdovitidae, was the
first single-stranded negative-sense virus recovered by
reverse geneticsm. Wildlife host reservoirs of rabies vi-
rus include bats”™, racoons and foxes although cross-
species transmission to non-human primates and do-
mestic animals such as dogs and cats perpetuate human
disease”™. Risks for human infection include direct
exposure to saliva shed from rabid animals occurring via
animal bite or contamination of broken skin””. Human
disease results from fatal encephalitis that progresses as
virus spreads to the central nervous system vz retrograde
transport along axons of peripheral nerves, which is me-
diated by rabies glycoprotein (G, Table D" The 12kb
long genome encodes five proteins; nucleoprotein (N),
phosphoprotein (P, Table 1), matrix protein (M), G and
the RNA-dependent RNA polymerase (L). Viruses pro-
duced by reverse genetics have elucidated that G, M and
P proteins play important roles in the severity of rabies
disease by either facilitating cell to cell spread“oﬂ or an-
tagonizing host innate immune 1resp0nses“o21

Currently rabies virus vaccines delivered to humans
are beta-Propiolactone inactivated and administered
intramuscularly in three doses to generate neutralizing
G-specific antibody titres, which wane overtime, as such
additional booster shots may be needed""”. Due to the
requirement for multiple doses and the high cost of vac-
cination and post-exposure prophylaxis (PEP) therapies
more than 55000""" rabies-related deaths are still re-
ported annually predominantly in developing countries.
Replication deficient rabies viruses (RDRV) produced
via reverse genetics may be a low cost alternative to cut-
rent vaccines and PEP. RDRV have been produced by
T7 driven reverse genetic systems such that the viruses
contained neither coding capacity for M nor P, instead
the latter encoded two copies of G for protein over-
expression and induction of greater G specific immune
responsesmi]. RDRYV vectors have also been shown to be
immunogenic demonstrated by the induction of neutral-
1zing G-specific antibodies in non-human primates fol-
lowing a prime boost immunization strategy[m(’]. Safety is
a main concern for the use of live attenuated viral vac-
cines, but because RDRV vectors replicate in cell culture
only in the presence of P or M protein supplementa-
tion and are innocuous to immune deficient transgenic
mice!"" the risk of reversion may not be as great as
other live attenuated vaccine viruses that are attenuated
through single amino acid changes. Rabies virus has also
been shown to be a safe and excellent vaccine vector with
the ability to generate antibody responses targeting hu-
man immunodeficiency virus envelope proteins, severe
acute respiratory syndrome coronavirus and hepatitis C
virus proteins“m]. Collectively, these RDRV studies have
highlighted the diverse utility of reverse genetics, not
only enabling discovery of virulence determinants, but

November 25, 2014 | Volume 4 | Issue4 |



Edenborough K et a/. Reverse genetics and viral pathogenesis

also applying our understanding of virulence to rationally
engineer attenuated viruses for the purposes of vaccina-
tion.

Hendra and Nipah viruses

Hendra virus (HeV) and Nipah virus (NiV), classified
within the Henipavirus genus of the Paramyxoviridae,
which are harboured asymptomatically by Pteropid fruit
bats"™ were identified as actiological agents of severe
human infections that occurred in the 1990’. Inter-spe-
cles transmission occurs vz intermediate hosts; infected
horses were associated with HeV human cases in Austra-
lia"™ and infected pigs were associated with NiV cases
in Malaysia''". Additional risk factors for contraction
of Nipah virus in Bangladesh have included consump-
tion of raw date palm sap, a delicacy in Bangali culture,
contaminated by bat urine or saliva""!] while limited
human-to-human transmission has been documented
in cases of very intimate contact such as preparing an
infected corpse for burial?. In humans HeV and NiV
infections are associated with high case fatality rates and
severe disease. N1V infected humans develop respiratory
and neurological signs such as dyspnoea, disorientation,
confusion and muscle spasms that are associated with
the expansive tissue tropism of the virus, which includes
infection of neurones of the central nervous system, en-
dothelium, lymphoid and respiratory tissues" . In 10%
of infected people NiV has been shown to reside in a
quiescent form for months or years until the virus reac-
tivates causing fatal neurological disease"'". HeV disease
in humans has not been thoroughly characterized as few
human infections have occurred, however from limited
reports of post-mortems and disease signs it appears the
respiratory and neurological disease caused by HeV is
akin to that caused by NiV infection!™>""",

NiV and HeV have non-segmented genomes of
-18kb in length that encodes for more than six proteins
and NiV and HeV are closely related to each other with
amino acid sequence similarities of > 80% for many of
the viral proteins'”. Nucleocapsid protein (N), phos-
phoprotein (P), matrix protein (M), fusion protein (F),
glycoprotein (G) and large polymerase (L) are encoded
on discrete transcriptional units"") while three accessory
viral proteins are produced from the P gene (Table 1) in-
cluding the C protein that is transcribed from an alternate
open reading frame (ORF), and also V and W proteins
that are produced by the addition of G nucleotides into
transcribed mRNAs viz RNA editing“m]. PV, Wand C
proteins play important roles in infection by impeding
activation of host antiviral responses. A conserved fea-
ture of the paramyxovirus V protein is its ability to bind
melanoma differentiation-association gene 5 (MDADS), a
pattern recognition receptor, impeding the recognition of
dsRNA resulting in inhibition of IFN- induction """,
Furthermore, V and W proteins can prevent activation
of the type I IFN signalling pathway by sequestration of
signal transducer and activator of transcription (STAT) in
the cytoplasm or nucleus, reducing STAT mediated induc-
tion of interferon stimulating genes key to innate antiviral
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responses“zz]. Inhibition of various components of the
antiviral response by several NiV and HeV proteins un-
derscores the role of P, V, W and C for viral pathogenesis.
HeV and NiV reverse genetics systems have been
29,30] depen-

dent systems and co-transfection of the protein expres-
sion plasmids N, P and L, which encapsidate the RNA
forming the RNP complex, as these proteins are essential
for minigenome function"”. The transfection ratios of

successful in virus recovery with use of T7

N:P:L require optimization for efficient virus recovery
as poor reporter expression in minigenome assays have
been noted in the context of high concentrations of P
protein®, which likely results from the C protein inhibit-
ing minigenome expressionm. To further examine im-
portance of C, V and W proteins for NiV pathogenesis
several recombinant viruses were produced; Stop codons
were introduced downstream of the C ORF site or the
RNA editing site to prevent expression of C or V and W
respectively. Despite these changes all viruses expressed
functional forms of the P proteinmﬂ. Following confir-
mation of P but not V, W or C expression in infected
cells, it was determined that the recombinant viruses rep-
licated efficiently iz vitro, which indicated these proteins
were not essential for viral replication. Virus pathogenic-
ity was assessed by use of a hamster infection model,
wherein it was demonstrated that suppression of Cand V,
but not W protein, completely attenuated NiV as weight
loss, disease signs and high levels of viral replication in
systemic organs were not observed*!. Another study by
a different group compared host responses in human en-
dothelial cell lines infected with wildtype NiV verses one
of the attenuated viruses, N1V lacking C protein expres-
sion (NiVAC). With microarray analysis they established
that compared to wildtype NiV, NiVAC induced higher
levels of cytokines and chemokines such as interleu-
kin 1 beta (IL-1p), IL-8, CXCL2, CXCL3, CXCL6 and
CC1.20"*". These findings indicated that NiV C plays a
role in inhibiting induction of proinflammatory cyto-
kines and recruitment of leucocytes and lymphocytes
into sites of infection such as the lung. This study also
examined the pathogenesis of NiVAC in hamsters and
the researchers were only able to partially replicate the at-
tenuated phenotype of NiVAC, as 30%-90% of animals
required euthanasia following infection. The reason for
the variation in results between the two studies is yet to
be ascertained, however it highlights the limitations as-
sociated with insertion of silent restriction sites for the
purposes of engineering mutations into plasmids, as
laboratoties will insert a different variety of silent muta-
tions that may have unknown effects on the virulence of
the virus.

REVERSE GENETICS TECHNOLOGIES
HAVE LIMITED UTILITY FOR THE STUDY
OF DIVERSE RNA VIRUS POPULATIONS

RNA viruses, HIV and Influenza virus in particular,
spread between and within hosts as genetically hetero-
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geneous virus populations, or quasispecies, clustering
around a dominant virus sequence' ””. Quasispecies
are perpetuated by spontanecous mutations afforded by
low fidelity viral RNA polymerases, and although exact
el they are in
[127]

>

mutation rates may differ for each virus
the range of 10™ mutations per nucleotide copied
therefore 1.3 mutations would be expected to occur with
every replication of the influenza genome of -13kb. Qua-
sispecies are thought to act cooperatively with the aim of
facilitating viral persistence within hosts" ", Genetic
heterogeneity has been found important for poliovirus
pathogenesis as demonstrated by the ability of a geneti-
cally diverse, but not a homogenous, virus population for
invasion into the CNS"*, HIV genetic diversity may also
influence viral tropism and larger sequence diversity has
been associated with faster disease progressionms]. With
this in mind we are faced with a technological drawback;
the requirement of producing infectious clones for the
purpose of virus rescue also removes population hetero-
geneity that may play pivotal roles in pathogenesis. Over-
all, care should be taken in the selection of a consensus
sequence to produce infectious clones representative of
dominant and also subdominant vatiants.

CONCLUSION

Reverse genetic technologies have proven critical to study

the contribution of viral genetic factors to disease sever-
ity by enabling production of well-defined, recombinant
negative-sense RNA viruses, such as a mutant and wild-
type viruses, which can be compared for the purpose of
identifying chief virulence determinants in the context
of host-pathogen systems. For several negative-sense
RNA viruses effective rescue methods have been devel-
oped, which may be dependent upon either T7 or pol
I and @I transcriptional units. Furthermore, inclusion
of polymerase proteins or 5” and 3’ cleavage sequences
for correct vRNA processing may also be necessary for
rescue, although these conditions are optimized for each
virus and minigenome assays have proved useful for this
purpose.

Recombinant viruses, however, are produced by se-
lection of a consensus sequence that forms the basis of
the infectious clone and therefore recombinant viruses
are likely to constitute only the dominant viral species of
a potentially diverse natural virus population. Reduction
and alteration in viral heterogeneity, as a consequence of
reverse genetics, is a limitation not often taken into ac-
count in the context of pathogenesis studies. However,
with the advent of next generation sequence technolo-
gies for thorough characterization of virus populations
we stand in good stead to gather a better grasp of viral
heterogeneity in a field isolate and molecular biologists
may be capable of recapitulating diverse viral populations
via reverse genetics. Recent technologies such as Gibson

cloningmo] and barcoding virus populationsm” are likely
to enable researchers to produce heterogencous virus

populations that can be studied for characterization of
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the pathogenic potential of diverse viral populations,
with a particular focus on the importance of subdomi-
nant viruses for severe disease outcomes. Despite this
limitation, reverse genetics enables production of viruses
that may be utilized for various future applications such
as live-attenuated vaccines, mapping neural pathways in
the brain, oncolytic virus production and delivery of mi-
croRNAs as a therapy for viral infections.
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