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Preface to “Replication-Competent
Reporter-Expressing Viruses”

With the development of reverse genetics systems, recombinant viruses
expressing reporter fluorescent or bioluminescent genes represent an excellent
option to evaluate the dynamics of viral infection progression in both cultured
cells and/or validated animal models of infection. Expression of reporter proteins
allows for direct viral detection in vitro and in vivo, without the use of secondary
methodologies to identify infected cells. By eliminating the need of secondary
labeling, fluorescent or bioluminescence tractable replicating-compatible viruses
provide an ideal tool to monitor viral infections in real time, representing a
significant advance in the study of the biology of viruses, to evaluate vaccination
approaches, and to identify new therapeutics against viral infections using high-
throughput screening settings. In this Special Issue, we aim to review replication-
competent, reporter-expressing viruses belonging to different families, methods of
characterization, and applications to facilitate the study of in vitro and in vivo
viral infections. Contrasting advantages, we also seek to discuss disadvantages
associated with these reporter-expressing viruses. Finally, we will provide rational
future perspectives and additional avenues for the development, characterization,
and application of recombinant, reporter-expressing, competent viruses.

Luis Martinez-Sobrido
Guest Editor
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Fluorescent Protein-Tagged Sindbis Virus E2
Glycoprotein Allows Single Particle
Analysis of Virus Budding from Live Cells

Joyce Jose, Jinghua Tang, Aaron B. Taylor, Timothy S. Baker and Richard J. Kuhn

Abstract: Sindbis virus (SINV) is an enveloped, mosquito-borne alphavirus. Here
we generated and characterized a fluorescent protein-tagged (FP-tagged) SINV and
found that the presence of the FP-tag (mCherry) affected glycoprotein transport to the
plasma membrane whereas the specific infectivity of the virus was not affected. We
examined the virions by transmission electron cryo-microscopy and determined the
arrangement of the FP-tag on the surface of the virion. The fluorescent proteins are
arranged icosahedrally on the virus surface in a stable manner that did not adversely
affect receptor binding or fusion functions of E2 and E1, respectively. The delay in
surface expression of the viral glycoproteins, as demonstrated by flow cytometry
analysis, contributed to a 10-fold reduction in mCherry-E2 virus titer. There is a
1:1 ratio of mCherry to E2 incorporated into the virion, which leads to a strong
fluorescence signal and thus facilitates single-particle tracking experiments. We used
the FP-tagged virus for high-resolution live-cell imaging to study the spatial and
temporal aspects of alphavirus assembly and budding from mammalian cells. These
processes were further analyzed by thin section microscopy. The results demonstrate
that SINV buds from the plasma membrane of infected cells and is dispersed into the
surrounding media or spread to neighboring cells facilitated by its close association
with filopodial extensions.

Reprinted from Viruses. Cite as: Jose, J.; Tang, ].; Taylor, A.B.; Baker, T.S.; Kuhn, R.J.
Fluorescent Protein-Tagged Sindbis Virus E2 Glycoprotein Allows Single Particle
Analysis of Virus Budding from Live Cells. Viruses 2015, 7, 6182-6199.

1. Introduction

Alphaviruses are arthropod-borne viruses that cause frequent epidemics in
humans and other vertebrates. Sindbis virus (SINV) is the type member of the genus
Alphavirus that replicates in mammalian host and mosquito vector cells. It has a
positive-sense, single-stranded RNA genome of 11,703 nucleotides with a cap at
the 5" end and a 3’ poly(A) tail. Nonstructural proteins (nsP1-nsP4) are translated
from the 49S genomic RNA, whereas structural proteins capsid (CP), E3, E2, 6K,
and El are translated as a polyprotein from a 26S subgenomic RNA [1]. From
the structural polyprotein precursor, CP is autoproteolytically cleaved, exposing an
N-terminal signal sequence on E3 that translocates the glycoprotein precursor into the




endoplasmic reticulum (ER). In the ER lumen, signalase cleavage removes 6K from
pE2 (E3-E2) and E1 envelope proteins that are subsequently glycosylated and form
heterodimers. These glycoprotein heterodimers trimerize to form glycoprotein spikes
that are transported to the plasma membrane (PM) via the secretory pathway [2,3].
Furin cleavage followed by the release of E3 in the late Golgi primes the glycoprotein
spikes for subsequent fusogenic activation during cell entry [4]. CP binds genomic
RNA in the cytoplasm to form nucleocapsid cores (NCs). Subsequently, virus
particles bud from the plasma membrane (PM) where specific interactions between
CP and the cytoplasmic domain of E2 (cdE2) drive envelopment and budding of
virions [5].

SINV virions are spherical (~70 nm diameter) and contain 240 copies each of CP,
El1, and E2 arranged with icosahedral symmetry in a T = 4 lattice [6]. A host-derived
lipid bilayer membrane lies sandwiched between the outer glycoprotein shell and
the inner nucleocapsid core (NC) that encapsidates the genomic RNA. Virions also
contain sub-stoichiometric amounts of the small “6K” and “TF” proteins [7]. There
are two types of virus-induced membranous structures found in the infected cells:
type I and type II cytopathic vacuoles (CPV-I and CPV-1I) [8,9]. CPV-I (0.6 to 2.0 um
diameter) originates from endosomes and lysosomes and contains replication
spherules that are the sites of viral RNA synthesis [10]. CPV-II [11] originates from
the trans-Golgi network ~4 h post-infection (p.i.) [12,13] and contains the E1/E2
glycoproteins with numerous NCs attached to its cytoplasmic face [11,12,14]. Electron
tomography studies have revealed that the E1/E2 glycoproteins are arranged in a
helical array within CPV-II in a manner that resembles their organization on the viral
envelope [2]. CPV-IIs have been proposed earlier to be caused by over-loading of the
secretory pathway by the highly expressed viral glycoproteins [12]. Later it was also
suggested that CPV-IIs promote the intracellular transport of the glycoproteins from
the trans-Golgi network to the PM and also the transport of NCs to the site of virus
budding at the PM [2]. Subsequently, NC buds through the PM by forming specific
interactions with cdE2 [5,15]. The curvature of the preassembled NC, coupled with
regularly spaced, strong interactions between the NC and the cytoplasmic domains
of the E2 molecules, allows the membrane and embedded glycoprotein spikes to
encircle the NC to form enveloped, fully mature virus particles [6].

We and others have described fluorescent fusion proteins including CP [16],
E2 [17-20], and tetra cysteine-labeled structural proteins for virus entry and budding
studies [21]. Furthermore, generation of CPV-I in cells infected with Semliki
Forest virus has been demonstrated by live-cell imaging coupled with transmission
electron microscopy (TEM) [22]. Several imaging studies have utilized fluorescent
protein-tagged viruses and subviral particles in single-particle tracking to probe
virus entry and assembly. Fluorescently tagged derivatives of Gag-containing human
immunodeficiency virus (HIV)-1 virus-like particles were employed to demonstrate



assembly, budding, and release of particles from live cells [23]. Similar studies in
hepatitis B virus (HBV) have found that the incorporation of only a few fluorescent
protein-tagged envelope proteins is sufficient to generate functional, fluorescent
virions and subviral particles that enter HBV receptor-positive cells [24]. Furthermore,
cryo-electron microscopy (cryoEM) reconstructions have been utilized to determine
the organization of fluorescent proteins on purified virus particles. Using cryoEM
methods it has been previously shown that green fluorescent protein (GFP)-tagged
HBV core particles purified from a bacterial expression system retained icosahedral
structure and displayed GFP on its surface [25]. Likewise, a Herpes Simplex Virus 1
GFP-tagged UL17 minor capsid protein was used to determine its location in the
capsid vertex-specific component using cryoEM studies [26]. SINV with fluorescent
protein labels on the E2 envelope protein has been employed to study virus assembly
and budding in living cells. Previous correlative light and electron microscopy
studies using fluorescent SINV have provided information about alphavirus budding.
Such studies established that glycoprotein E2 is enriched on the PM in localized
patches that also contain other viral structural proteins, from which capsid protein
interacts with E2 protein for virus budding. This study also suggested that SINV
induces reorganization of the PM and cytoskeleton, leading to virus budding from
specialized sites [18].

In the current study we characterized the structural stability of an FP-tagged
virus and determined the arrangement of mCherry on the virus surface. We provide
evidence for the structural stability of the FP-tagged virus and demonstrate that
single-particle tracking can be employed to visualize SINV budding from live
cells. By employing FP-tagged virus to study virus spread in mammalian cells, we
observed that SINV buds from the PM and is associated with filopodial extensions
that assist in the dispersal of virions. Comparison of wild-type and budding negative
mutant viruses confirmed that fluorescent specks budding from filopodial extensions
of mCherry-E2 virus-infected cells are individual virions. By treating infected cells
with fusogenic low-pH media, we show that the nascent virions were able to fuse
to the PM of filopodial extensions of the infected cells, and we provide evidence for
the presence of virions on the outside of these filopodia. This FP-tagged virus can
be employed as a tool in high-resolution live and fixed cell imaging coupled with
other labeled host proteins and other components to study various aspects of the
alphavirus lifecycle.

2. Materials and Methods

2.1. Cells and Viruses

Baby hamster kidney fibroblast cells (BHK-15) obtained from the American
Type Culture Collection (ATCC) were maintained in minimal essential medium [27]



supplemented with 10% fetal bovine serum (FBS). All SINV ¢cDNA clones were
constructed using standard overlapping PCR mutagenesis from pToto64, a full-length
cDNA clone of SINV, as previously described [28]. Viruses were propagated in
BHK-15 cells at 37 °C in Minimum Essential Medium (MEM) supplemented with 5%
FBS in the presence of 5% CO, unless otherwise noted.

2.2. Construction and Characterization of FP-Tagged Virus and Mutants

Sequences that encode mCherry, with additional Ser residues at the N- and
C-termini, were cloned after Ser; of E2 replacing E2 Val,. Previously characterized
cdE2 mutations (400 YALyp /A3 and 416CCy17/A2) [5] and an E1 (G91D) fusion
loop mutation [29] were generated by overlapping PCR and were cloned into the
mCherry-E2 cDNA plasmid using BssHII-BsiWI restriction sites. The full-length WT
and tagged cDNA clones were linearized with Sacl, in vitro transcribed with SP6 RNA
polymerase, and transfected into BHK-15 cells as previously described [5]. Infectious
virus produced from the transfected cells was quantified by standard plaque assay
using medium over cells collected at 24 h post-electroporation. Plaque phenotypes
and virus titers were determined by comparing the mutant with WT Toto64 plaques.

2.3. One-Step Growth Curve Analysis

One-step growth analyses were performed as described previously to measure
growth kinetics of the mCherry-E2-tagged virus [5]. BHK-15 cells in 35-mm culture
dishes were infected with virus at a multiplicity of infection (MOI) of 5 for 1 h at
room temperature. Infected cells were washed extensively with MEM and incubated
further and culture media were harvested at every hour for 12 h. The amount of
infectious virus in the virus supernatant was quantified by titration on BHK cells.
All experiments were conducted in triplicate.

2.4. Quantitative Real Time RT-PCR

The number of virus particles released at different time points and total
RNA molecules in the media over infected cells were determined by qRT-PCR
as previously described [30]. RNA was extracted from virus supernatants using
the RNeasy kit (Quiagen, Valencia, CA, USA) according to the manufacturer’s
instructions. qRT-PCR was performed using the SuperScript III Platinum SYBR Green
One-Step qRT-PCR Kit (Invitrogen, Grand Island, NY, USA) with primers
5-TTCCCTgTgTgCACgTACAT-3' and 5'- TgAgCCCAACCAgAAgTTTT-3', which
bind to nucleotides 1044-1063 and nucleotides 1130-1149 of the SINV genome,
respectively. Amplification reactions were carried out in triplicate in 25 pL sample
volumes that contained a 5 pL aliquot of purified viral RNA [5]. Cycling conditions
were 4 min at 50 °C and 5 min at 95 °C, followed by 40 cycles of 5s at 95 °C and 1 min
at 60 °C. The number of molecules of viral RNA was determined using a standard



curve of the cycle threshold values (CT) determined by qRT-PCR versus the number
of molecules of in vitro transcribed genomic RNA using primers.

2.5. Flow Cytometry (FC)

Transport and cell surface expression of E2 in infected cells were assayed using
FC and anti-E2 antibody. BHK-15 cells were infected with an MOI of 5. The cells
were trypsinized at 6 h, 8 h, and 12 h post-transfection and resuspended in MEM
supplemented with 10% FBS. Cells were washed two times with PBS supplemented
with 1% FBS and incubated on ice for 1 h with a 1:50 dilution of anti-E2 127 monoclonal
antibody. The cells were washed subsequently three times with PBS (1% FBS) and then
incubated on ice in the dark for 30 min with a fluorescein-conjugated goat anti-mouse
secondary antibody. The cells were washed thrice with PBS (1% FBS) and suspended
in 500 puL of PBS and were analyzed on an FC500 flow cytometer (Beckman Coulter,
Indianapolis, IN, USA) with the Flow]o software package. Control staining was
performed with mock-transfected cells.

2.6. Virus Purification, Cryo-Electron Microscopy (cryoEM), and 3D Image Reconstruction

WT and mCherry-E2 viruses were purified according to standard virus purification
protocols. Briefly, cell culture supernatants from SINV or mCherry-E2-tagged
virus-infected BHK were collected at 12 h p.i. and the media were harvested and
clarified by centrifugation for 15 min at 9000 x g. Virus particles were pelleted
through a 27% sucrose cushion in a Beckman Ti-50.2 rotor at 38,000 rpm for 2 h. The
virus pellets were resuspended and loaded onto a 0 to 30% continuous iodixanol
gradient, in TNE (50 mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA), and centrifuged
at 38,000 rpm in a Beckman SW-41 rotor for 2 h. The virus band was extracted by
syringe and buffer exchanged using TNE buffer and the presence of the mCherry-E2
tag was confirmed by SDS PAGE analysis.

Small (3 pL) aliquots of the purified mCherry-E2-tagged virus were vitrified
for cryoEM via standard, rapid freeze-plunging procedures [31] on Quantifoil holey
grids (Quantifoil, Electron Microscopy Sciences, Hatfield, Pennsylvania, USA).
Grids were then loaded into a multi-specimen holder and inserted into an FEI
Polara microscope and maintained at liquid-nitrogen temperature. Micrographs
were recorded on a 4K? Ultrascan CCD (Gatan, Inc., Pleasanton, CA, USA) at a
nominal magnification of 51,000x under low-dose conditions (~15 e/ A2) with the
microscope operated at 200 keV and the objective lens defocused between 0.9 and
4.7 um underfocus. Micrographs that exhibited some astigmatism or specimen
drift were eliminated from the data set. Individual virus particles were boxed from
the remaining 103 micrographs with the program RobEM [32]. The Random model
computation method [33] was employed to generate an initial 3D map at ~25 A
resolution for the mCherry-E2 insertion mutant. This map was then used as the



starting model to initiate orientation and origin determinations for the full set of
9235 particle images using the AUTO3DEM program suite [33] to yield a final 3D
map at 11 A resolution. Graphical representations were generated with RobEM and
Chimera [34]. A SINV pseudo-atomic model [6] was used to fit and interpret the
mCherry-E2 virus reconstruction. The crystal structure of red fluorescent protein [35]
was used to model the densities not accounted for by the virus itself in the mutant.
Optimal fitting of the red fluorescent protein model was achieved by rigid body
refinement with the Fit in Map module of Chimera [34].

2.7. Live Cell Imaging

BHK-15 cells were seeded onto a four-chambered borosilicate cover glass
(Fischer Scientific, Pittsburgh, PA, USA) and infected with fluorescent virus at an
MOI of 50 at 25% confluence. Infected cells were imaged after media were replaced
with Opti-MEM I Reduced-Serum Medium (Invitrogen) at specified time points. Live
imaging-compatible stains were obtained from Invitrogen/Molecular Probes. These
included Hoechst stain (nucleus) and BODIPY FL C5 ceramide (Golgi stain) and were
used according to the manufacturer’s instructions in conjunction with mCherry-E2
virus. Fluorescent images were acquired at indicated temperatures using Nikon AIR
confocal microscope (Nikon, Melville, NY, USA ) with 60x, 1.4 numerical aperture
(NA) lens) using NIS Elements software (Nikon, Melville, NY, USA). Live imaging for
10-30 min periods was conducted using a heated 60 x oil immersion objective (1.4 NA)
in a live imaging chamber (Tokai Hit, Fujinomiya, Shizuoka Prefecture, Japan)
supplied with 5% CO, at 37 °C. The lasers and emission band passes used for imaging
were as follows: blue, excitation: 405 nm, emission: 425-475 nm; green, excitation:
488 nm, emission: 500-550 nm; red, excitation: 561 nm, emission: 570-620 nm.
Differential interference contrast images were collected from transmitted light along
with fluorescent images for colocalization of viral proteins in the cellular organelles.
NIS-Elements software was used for image acquisition and analysis. For generating
videos, live images were collected at frame rates ranging from 0.8 to 1 frames per
second (fps) for a time scale of 1-30 min, and time-lapse videos were generated from
the acquired images at a frame rate of 5-7 fps using Image] (NIH Bethesda, Maryland,
USA). To compare the size and fluorescent properties of purified mCherry-E2 virus,
purified virus was mixed with 0.1 pm diameter fluorescent microspheres (TetraSpeck
Beads, Invitrogen) and imaged on a cover glass using a Nikon A1R system with a
60x oil immersion objective (1.4 NA).

2.8. Immunofluorescence (IF) Analysis

IF analyses were performed on BHK-15 cells grown on glass coverslips. Primary
antibodies used in the experiments were Golgi-specific rabbit polyclonal anti-Giantin
(Abcam, Cambridge, MA, USA), SINV-specific rabbit polyclonal anti-E1, anti-CP



and mouse monoclonal anti-E2. Cells were fixed using 3.7% paraformaldehyde
for 15 min at room temperature and permeabilized using 0.1% Triton x 100 in
phosphate-buffered saline (PBS) for 5 min. The secondary antibodies used were
fluorescein isothiocyanate (FITC) or tetramethyl rhodamine (TRITC)-conjugated goat
anti-rabbit and goat anti-mouse antibodies [36] in PBS with 10 mg/mL bovine serum
albumin. Nuclei were stained using Hoechst stain (Invitrogen) according to the
manufacturer’s instructions. Images were acquired using a Nikon A1R-MP confocal
microscope at room temperature with a 60x oil objective and 1.4 NA. Images were
processed using the NIS Elements software (Nikon) and the brightness and contrast
were adjusted using nonlinear lookup tables.

2.9. Thin-Section Transmission Electron Microscopy (TEM)

BHK-15 cells infected with wild-type or mCherry-E2-tagged SINV at an MOI 5
were fixed at 6 or 12 h p.i. Cells were fixed for three days in 2.5% glutaraldehyde in
0.1 M sodium cacodylate buffer, embedded in 2% agarose, post-fixed for 90 min in
buffered 1% osmium tetroxide containing 0.8% potassium ferricyanide, and stained
for 45 min in 2% uranyl acetate. They were then dehydrated with a graded series of
ethanol, transferred into propylene oxide and embedded in EMbed-812 resin. Thin
sections were cut on a Reichert-Jung Ultracut E ultramicrotome and stained with
2% uranyl acetate and lead citrate [37]. Images were acquired in an FEI Tecnai G?
20 electron microscope equipped with a LaBg source and operated at 100 keV (Life
Science Microscopy Facility, Purdue University, West Lafayette, IN, USA).

3. Results

3.1. Construction and Characterization of mCherry-E2 SINV

FP-tagged SINV constructs have proved to be useful tools to detect replication
complexes (RCs) from infected cells and to study virus entry and budding [18,38].
The schematic of the mCherry-E2 construct generated for this study is shown in
Figure 1A.

The N-terminus of E2 is known to tolerate insertions [39]. Hence, we
cloned the sequence that encodes mCherry into the second residue following the
furin cleavage site between E3 and E2 as previously described by us [20] and
others [18-20]. We extensively characterized this mCherry-E2 virus and compared it
with wild-type (WT) SINV. One-step growth kinetic analyses of the mCherry-E2 virus
were performed and replication was found to be reduced by a one log equivalent
in virus yield compared to the WT virus (Figure 1B). To determine whether the
lower number of virus plaque-forming unit (pfu) observed in the growth kinetic
analysis was caused by a reduced specific infectivity, quantitative real-time reverse
transcription PCR (qRT-PCR) analysis of the number of RNA molecules released into



the media was performed (Figure 1C). This analysis showed a consistent reduction
in the number of RNA molecules released into the media compared to the WT virus.
Based on the calculated particle-to-pfu ratio at each time point (data not shown),
the specific infectivity of the mCherry-E2 virus was found to be comparable to
that of WT SINV. To further characterize the defect(s) of the mCherry-E2 virus,
we analyzed infected BHK cells by flow cytometry (FC) using monoclonal anti-E2
antibody (Figure 1D) and determined the surface expression of glycoprotein spikes
at 6, 8, and 12 h p.i. This revealed that the viral glycoproteins were transported
to the PM more slowly for the mCherry-E2 virus compared to the WT virus. Also,
fewer glycoproteins accumulated at the PM in the FP-tagged virus compared to the
WT virus. Indeed, when glycoprotein transport to the PM reached a maximum, the
level of mCherry-E2 only reached 65% of the WT E2. This defect in surface expression
is likely a consequence of slower folding of the glycoproteins caused by the mCherry
insertion, thus resulting in reduced virus production but no assembly defects.

As a component of the spike, the mCherry-E2 tag was packaged successfully
into particles. To confirm that mCherry was incorporated into particles, we purified
the mCherry-E2 virus and compared it with the WT virus by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis (Figure 2A). As
predicted, the mCherry-E2 protein was larger than the WT E2. Even though the
mCherry represents a large insertion in the E2 protein, the tagged virus particles
proved to be comparable in size and shape to WT SINV in micrographs of vitrified
(Figure 2B) as well as negatively stained samples (data not shown). Next we tested
the fluorescence of virus particles after red, green, and blue 100 nm TetraSpeck
fluorescent microspheres were mixed with purified mCherry-E2 virus and imaged
by confocal microscopy. This test confirmed that the mCherry-E2 virus was suitable
for single-particle tracking experiments (Figure 2C).
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Figure 1. Construction and characterization of mCherry-tagged virus. (A) Schematic
of wild-type (WT) and mCherry-E2 Sindbis virus (SINV) complementary DNA
(cDNA) clones; (B) One-step growth curve analysis of WT and mCherry-E2 virus
released from Baby Hamster Kidney fibroblast (BHK) cells. BHK cells were infected
with WT or mCherry-E2 viruses at a multiplicity of infection (MQI) of 5 and media
were changed every hour for 12 h and the rate of virus release (plaque-forming
unit (pfu) per ml per hour) was determined using standard plaque assays;
(C) Quantitation of the number of viral RNA molecules (corresponding to virus
particles released into the media) for WT and mCherry-E2 mutant viruses at 8, 10,
and 12 h. Total number of genome RNA molecules was determined by quantitative
real-time reverse transcription PCR (qRT-PCR) using a standard curve of known
amount of in vitro transcribed SINV RNA molecules; (D) Determination of E2
surface expression in BHK cells infected with WT or mCherry-E2 virus by flow
cytometry using anti-E2 monoclonal antibody at 6, 8, and 12 h post-infection (p.i).
Y-axis is represented by Gmean, which corresponds to the geometric mean of the
fluorescence data calculated by averaging the log of the fluorescence and the scale
value of that average in fluorescence units.
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Figure 2. (A) Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) analysis of purified WT and mCherry-E2 virus showing the size
difference of mCherry protein tagged to the E2 and WT E2 protein; (B) Cryo-electron
microscopy (CryoEM) of purified mCherry-E2 virus exhibiting uniform spherical
morphology; (C) Confocal merged image of purified mCherry-E2 virus mixed with
tetra speck beads (100 nm size fluorescent microspheres fluoresce in green, red, and
blue channels, seen as white dots when merged) demonstrating that the individual
virions can be observed by confocal live imaging.

3.2. mCherry-E2 SINV Assembles in a Manner Similar to that of WT Virus

The addition of mCherry (236 residues) at the N-terminus of E2 produced virus
particles of similar size and shape to native virions. Images of vitrified, FP-tagged
particles (Figure 2B) that revealed additional density features at the peripheries of
cryoEM reconstructions compared with native virions correlated directly with the
presence of mCherry (Figure 3).

FP-tagged particles exhibited additional morphological features on the outer
surface compared with the native virion, which we attribute to the mCherry moiety
(Figure 3A,C,E). The observation that moderate resolution three-dimensional (3D)
cryo-reconstructions could be computed from images of mCherry-E2-tagged particles
proved that they were uniform and stable analogous to native SINV (Figures 3E,F
and 4A,C). In native SINV, after pE2 is cleaved by furin, the N-terminus of E2 is
located at the surface of E2 [40]. Because the mCherry tag occurs at the N-terminus
of E2 and coincides with the location of the uncleaved E3, we generated an E3 model
for comparison (Figure 4B). The E3 model was built by fitting the E3 structure of
Chikungunya virus (CHIKV) [40] into the cryoEM reconstruction of an uncleaved
E3 mutant reconstruction. The location of mCherry density near the tip of the
glycoprotein spike (Figure 4C) was consistent with the position of the E2 N-terminus
and with E3. The mCherry tag is oriented such that it splays away from the E2
receptor binding domain and the E1 fusion peptide. Hence, its presence does not
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interfere with the infectivity of the mutant virus. However, given that the mCherry
tag wedges between adjacent spikes (Figures 3E and 4D), some small conformational
changes occur in the spikes and in the NC protein shell (Figure 3A,B).

Figure 3. Comparison of mCherry-E2 and WT virus cryoEM structures: (A) Central
section of mCherry-E2 virus showing extra densities marked in red compared to
WT virus; (B) Radial projection views at radius of 320 A show extra densities on
the surface of the mCherry-E2 virus (Panel C, highlighted in red) compared to
WT virus (D). Surface view, color-cued by radius (from cyan to pink to blue with
increasing radius) of the mCherry-E2 virus (E) reveals extra densities (colored in
red) compared to the WT virus (F). The scale bars represent 100 A.
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Figure 4. Comparison of mCherry-E2 and WT SINV spike structures. The
asymmetric unit of the icosahedral reconstruction is shown with five-, two-, and
three-fold axes labeled with a pentagon, oval, and triangle, respectively. The
El and E2 glycoprotein models in ribbon structures are colored red and green,
respectively. The N-terminal residue in each E2 is marked with a blue sphere and
the E2 receptor-binding domain represented by the surface structure is colored
green. (A) WT virus spike; (B) WT spike showing the location of E3 on the
glycoprotein spike by adding a ribbon structure of E3 (magenta) to the glycoprotein
model to show its potential location on the virus surface where the mCherry tag
is cloned; (C) mCherry-E2 virus spike with extra mCherry densities between the
spikes next to the N-termini of E2; (D) mCherry-E2 virus spike fitted with the
red fluorescent protein (RFP) dimer (rainbow-colored ribbon structure from N- to
C-termini) between two neighboring E2 subunits across the spikes.

3.3. SINV Budding Observed in Live Cell Imaging

BHK cells infected with WT or FP-tagged SINV were subjected to

immunofluorescence (IF) analyses using antibodies against giantin, E2, E1, and CP
(Figure 5). All structural proteins were located on the PM (Figure 5B,C,F) and
glycoproteins E1 and E2 were detected on filopodial extensions in both WT and
FP-tagged, virus-infected cells (Figure S1). The association of glycoproteins with
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the Golgi complex in virus-infected cells was studied using anti-Giantin antibody
(Figure 5A,D). In BHK cells infected with mCherry-E2 virus, glycoprotein-containing
vesicles (Figure 6-1) were transported to the PM (Videos S1A,B and S2A,B).
Time-lapse images of mCherry-E2 virus-infected BHK cells showed virus budding in
close association with filopodial extensions (Figure 6-2, Video S2A,B). Anterograde
trafficking of glycoprotein-containing vesicles to the PM was observed in BHK cells
where nascent virions were budding (Videos S1 and S2). Budded viruses were
released from filopodial extensions to the surrounding media (Figure 6-2). BHK cells
transfected with non-budding cdE2 mutant 4;4CCy17/AA (Video S3) show the lack
of particle budding from filopodial extensions despite glycoprotein transport to the
PM and filopodial extensions (Video S3).

Wild-type E2, Giantin Wild-type CP, E2 Wild-type E1, E2

Figure 5. Immunofluorescence (IF) analysis of WT (A-C) and mCherry-E2
virus-infected BHK cells (D-F) showing the distribution of viral proteins. Cells
infected with WT or mCherry-E2 viruses were subjected to IF analysis at 6 h p.i.
with antibodies against rabbit polyclonal Giantin (Golgi), rabbit polyclonal anti-CP,
rabbit polyclonal anti-E1, and mouse monoclonal anti-E2 primary antibodies
and labeled with fluorescein isothiocyanate (FITC)- or tetramethylrhodamine
(TRITC)-labeled goat anti-rabbit and goat anti-mouse secondary antibodies.
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Figure 6. Live imaging of mCherry-E2 virus. (6-1) Time-lapse images of
mCherry-E2 virus (panels A-E)-infected BHK cells exhibiting glycoprotein
transport to the PM and virus budding at 3 h p.i. mCherry-E2 virus particles
bud from the PM (white arrow) of infected cells. Selected images are shown from
supplementary Video S1A (http://dx.doi.org/10.5281/zenodo.34119). Panels (a—e)
indicate enlarged areas from panels (A-E) near the white arrow. Selected images are
shown from supplementary Video S1B (http://dx.doi.org/10.5281/zenodo.34119);
(6-2) Time-lapse images of mCherry-E2 virus budding from infected BHK cells
(panels A-E) at 6 h p.i. Glycoprotein-containing vesicles traffic to the PM
and virus buds from the PM. Budded viruses (white arrow) disperse from
filopodial extensions to the surrounding media. Images correspond to Video
S2A. Corresponding time-lapse images of enlarged area near the arrow are
shown in panels (a—e) below, corresponding to supplementary Video S2B
(http://dx.doi.org/10.5281/zenodo.34119). Arrow points to virus particle budding
from infected cells traveling along the filopodial extension (Figure 6-2 panels a—e);
(6-3) E2 glycoprotein (mCherry-E2; red) colocalizing with Golgi stain (panels
A-E) observed in live imaging with images from supplementary Video S5A
(http://dx.doi.org/10.5281/zenodo.34119). BHK cells were infected with
mCherry-E2 virus and stained with BODIPY FL C5 ceramide at 3 h p.i. and imaged
at 4 h p.i. Yellow color represents the colocalization of Golgi and mCherry-E2.
Glycoprotein-containing (panel B) vesicles originate from Golgi and are transported
to the PM. Enlarged areas of panels 6-3 A-E are shown in panels (a-e), and selected
images are from Video S5B; (6-4) Virus particles budding predominantly from
filopodial extensions present at the PM were dispersed into the media after treating
cells with pH 7 (panels A,B) for 15 min at 6 h p.i. When cells were imaged after low
pH (pH 5) treatment, budded virions that were outside the cell and on the filopodial
extensions stayed attached to the filopodia outside the cells and fused to the PM of
the filopodial extensions (panels C and D) while retaining red fluorescence (white
arrow). When cells were treated with pH 4 (panels E and F), the fluorescence was
lost from the virus particles that were fusing to the PM. However, the fluorescent
signal from the mCherry-E2 protein molecules present within the cell was not lost
after low pH treatment. Insets labeled B, D, and F represent enlarged rectangle
areas from representative panels A, C, and E on the left.

BHK cells transfected with an mCherry-E2 tagged E1 fusion loop mutant (G91D)
showed that particles released from transfected cells can enter uninfected neighboring
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cells, but they appear unable to fuse within the cell to initiate a productive infection
(Video S4). The association of mCherry-E2 with Golgi was analyzed in live imaging
using BODIPY FL C5 ceramide (Figure 6-3) which stains Golgi (Videos S5A and
S5B). Additionally, virus budding in close association with filopodial extensions and
fluorescent single-particle trafficking between two cells was observed (Figure 6-3
panels a—e and Video S5B) in the stained cells (green). Furthermore, low pH treatment
of FP-tagged, virus-infected BHK cells confirmed that the budded virions were
present outside the filopodial extensions. At neutral pH, viruses were present outside
the PM of filopodial extensions and were released into the media (Figure 6-4 panels
A and B). Low pH treatment of BHK cells infected with FP-tagged virus showed that
the budded virions retained the fluorescence and stayed attached to the filopodia
after fusing to the PM at pH 5 (Figure 6-4 panels C and D). When cells were treated at
pH 4, the fluorescent signals were lost from the fused virions on the filopodia as well
as the glycoprotein spikes present on the PM while the fluorescence was retained for
the mCherry-E2 present within the cells (Figure 6-4 panels E and F).

3.4. TEM Analysis of BHK Cells Infected with WT-SINV

Thin sections of BHK cells infected with WT SINV at 6 h p.i. (Figure 7A) and 12 h
p-i. (Figure 7B) and mCherry-E2 SINV at 6 h p.i. (Figure 7C) and 12 h p.i. (Figure 7D)
showed the presence of NCs, budding viruses, and released virions. CPV-IIs with
NCs attached to the outer lipid bilayers were seen in the cytoplasm (Figure 7B,D).
Virus budding occurred predominantly from the PM. When compared to 6 h p.i.,
CPV-IIs were abundant at 12 h p.i. (Figure 7B,D). Virus budding is associated with
filopodial extensions and filopodia were observed in mCherry-E2 virus-infected
BHK cells at 12 h p.i. (Figure S2). Overall, mCherry-E2 virus-infected cells were
indistinguishable from WT SINV-infected cells. CPV-II and virus budding from the
PM were observed from both types of virus-infected cells, suggesting that these
processes were not affected by the presence of the fluorescent protein tag on the
mCherry-E2 virus.
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Figure 7. Transmission electron microscopy (TEM) analysis of SINV-infected BHK
cells. BHK cells were infected with WT or mCherry-E2 virus at an MOI 5 and fixed
for TEM analysis at 6 h and 12 h. p.i. Cells infected with WT (panel A 6 h; panel B
12 h) and cells infected with mCherry-E2 (Panel C 6 h; panel D 12 h) viruses are
shown. Budding viruses (white arrowhead), and nucleocapsid cores (black arrows)
are marked. White arrows indicate type II cytopathic vacuoles (CPV-II). Scale bars
represent 200 nm.

4. Discussion

Single-particle tracking and real-time live imaging provide powerful tools for
obtaining spatial and temporal resolution information. This contrasts with traditional
modes of TEM and super resolution light microscopy that provide high spatial
resolution but lack temporal resolution. In this study, we used live imaging coupled
with an FP-tagged viral protein to analyze temporal aspects of alphavirus assembly
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in mammalian cells. We generated an FP-tagged virus with mCherry fused to the
N-terminus of the E2 glycoprotein, which is known to tolerate insertions of the
immunoglobulin-binding domains of protein L [39] and fluorescent proteins [17-20].
In this study, mCherry was deemed to be an ideal tag based on its monomeric nature,
photostability, fast maturation, and resistance to low pH [41]. The mCherry tag has a
low pK, value of 4.5, and hence retains its fluorescence when it encounters the cellular
secretory pathway [42]. During maturation, E3 packs against the acid-sensitive region
of E2, which maintains the A and B domains of E2 and the B domain to cover the
E1 fusion loop, thus protecting the virus from premature fusion with other cellular
membranes [40]. After furin cleaves E3, acidification of the virus during entry causes
E2 domain B to move away from its neutral pH position and exposes the fusion
loop [4]. We have demonstrated that the mCherry tag did not adversely affect any of
these functions of E3 and E2.

We determined the 3D cryoEM structure of the mCherry-E2 virus to assess
the effects, if any, of the 236-residue insertion on the structural integrity of the
virus and its potential to alter the virus lifecycle. The cryo-reconstruction of the
mCherry-E2 virus at 11 A resolution revealed that the overall size of the virion and
the icosahedral arrangement of the E1, E2, and CP proteins remained essentially
unaffected despite the presence of the large FP insertion. The 240 copies of the
mCherry tag wedge tightly between neighboring spikes, and this arrangement
causes a slight rearrangement of the spikes as well as the nucleocapsid protein (NCP)
pentamers and hexamers and small conformational changes in the membrane bilayer.
This confirms our previous observation that minor conformational adjustments of the
viral glycoprotein spikes get transmitted radially to the NC via the strong interactions
that occur between the inner NC and the outer glycoprotein layers [6]. These small
alterations, coupled with the delay in surface expression of the viral glycoproteins
as demonstrated by flow cytometry analysis, contribute to the 10-fold reduction in
mCherry-E2 virus growth. However, the presence of the mCherry tag did not affect
the receptor binding or fusion functions of E2 and El1, respectively. The cryoEM
structure of the FP-tagged SINV also confirmed that there is a 1:1 ratio of mCherry
to E2 in every virion, which leads to a strong fluorescence signal and thus greatly
facilitates single-particle tracking experiments.

We examined mCherry-E2 SINV in live cell imaging primarily to demonstrate
virus assembly and budding in real-time using a FP-tagged virus that has been
characterized as structurally stable. At times as early as 3 h p.i. we detected budding
of FP-tagged virus particles from infected BHK cells, and we gleaned additional
information about virus budding and dissemination by examining virus budding
and entry mutants. By moving budding viral particles away from the PM of infected
cells, the filopodia may act to suppress superinfection, possibly by reducing the
re-attachment into the infected cells. As the first step to probe SINV entry and fusion
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in late endosomes and to study the mechanism of virus fusion, we generated a
G91D fusion loop mutation in E1, which abrogates low-pH-triggered fusion and
infection [43]. The mCherry-E2 with the G91D fusion loop mutation in E1 was
released from the transfected cells, but was unable to fuse and became trapped
presumably in the endosome after entry. Using cdE2-NC interaction-deficient,
non-budding mCherry-E2 mutants 409 YAL4p2 /A3 and 416CCy17/ A2 we show that
non-budding, FP-tagged cdE2 mutations are sufficient to stop fluorescent particle
budding from transfected cells. Additionally, using live imaging, we describe that
virus budding occurs at the PM for both wild-type and mCherry-E2 virus by the
interaction of surface glycoproteins that are transported to the PM via cytopathic
vacuoles. We characterized these cytopathic vacuoles using TEM, and live imaging
has shown that they contain E2 glycoproteins on their membranes. NCs were also
found on the outer membrane of these vacuoles by TEM analysis. As the virus
assembly sites are established on the PM, the budded virions utilize filopodial
extensions for spreading away from the infected cells.

Similar to the WT SINV, in the mCherry-E2 virus construct, the furin cleavage
occurs after the E3 coding sequence, but before mCherry-E2. Data from our virus
characterization and imaging experiments of the mCherry-E2 virus suggest that the
presence of mCherry after the furin cleavage site on pE2 does not cause significant
virus assembly and entry defects. While the E3 protein is cleaved in the Golgi
from pE2 to yield the mature E2 protein, E3 stays associated with Venezuelan
equine encephalitic virus (VEEV) even after furin cleavage, as evidenced from
the cryoEM structure of mature VEEV [44]. Although, in this structure, densities
could be attributed to the two alpha-helices of E3, due to disconnected densities, a
high resolution E3 density map was not obtained for the cryoEM map of mature
VEEV containing cleaved E3. Nevertheless, the observed E3 density decorating the
outermost portion of E2 above subdomains A and B was similar to the position of E3
in the pE2 cleavage-impaired, immature SINV mutant virus [45]. These observations
have suggested that E3 functions to maintain the relative orientation between E2
subdomains A and B, so as to protect the E1 fusion loop from premature exposure
to the host membranes [4,40]. However, E3 does not stay associated with mature
SINV after cleavage [6,40]. In our FP-tagged virus, the mCherry density is buried
between neighboring glycoprotein spikes and does not occupy the position of E3
over the E2 acid-sensitive region. We hypothesize that this property of the FP-tagged
virus is possibly because of the flexible linker region between E3 and E2 (between
E3 and mCherry in the FP-tagged virus) that allows sufficient movement of E3 to
still maintain its position on E2 to protect the acid-sensitive region of E2 during
glycoprotein maturation of the mCherry-E2 virus. Thus, our cryoEM structure
explains the unusual stability of the FP-tagged virus.
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The density map of the mCherry-E2 virus reveals strong density extending from
the N-terminus of E2 which is absent in the wild-type virus (Figure 4C). This density
of mCherry can be seen near the five-fold axis between adjacent spikes in a close-up
surface view of the virus. The shape and volume of the extra density closely fit the
red fluorescent protein (RFP) crystal structure of a dimer but come from two different
adjacent E2 molecules (Figure 4D) from two different spikes. Additionally, mCherry
appears to make several contacts with the glycoprotein spikes, possibly adding to
the stability of the tag. Similar observations were reported for a cryoEM density map
of HSV-1 with a GFP-labeled UL17 capsid protein where the freedom of movement
of the GFP tag was restricted due to the contact between the GFP tag and capsid
density that was sufficient to prevent delocalization of the tag density but without
abrogating formation of the capsid vertex-specific component heterodimer [26]. The
mCherry tag thus gives additional stability for the FP-tagged virus and explains
the accommodation of 240 copies of the mCherry molecule without increasing the
diameter of the particles.

Correlative light and electron microscopy (CLEM) studies using fluorescently
tagged SINV have indicated the importance of filopodial extensions as preferred
sites for alphavirus production, and they appear to mediate cell-cell virus particle
transfer [18]. By live imaging, Martinez et al. have shown that long cellular extensions
are involved in alphavirus cell-to-cell particle transfer [18]. Importantly, using
fluorescent SINV virions, we demonstrate single-particle budding that spread from
infected cells via filopodial extensions. Such virus budding was absent from cells
transfected with RNA from an FP-tagged, cdE2 budding mutant. Using live imaging
experiments that utilize FP-tagged viruses, we demonstrate that, in infected BHK
cells, fluorescent vesicles containing glycoproteins are transported to the PM. These
vesicles presumably originate from late Golgi and we provide evidence for the
association of glycoprotein E2 with Golgi using a live imaging-compatible Golgi stain.

In mammalian cells, the viral glycoproteins reside on the membranes of ER,
Golgi, CPV-II, and PM, and the virus eventually buds from the PM. We showed that
the released FP-tagged virus could be immobilized onto the PM of the infected cells
by low pH-mediated fusion at pH 5, confirming that the virus particles are outside
the cell. The budded virions that fuse to the PM lost their fluorescence when the
cells were treated at pH 4, which is below the pK, of mCherry. Along with the fused
virions, fluorescent glycoprotein spikes present on the PM also lost their fluorescence
whereas the mCherry-E2 molecules inside the infected cells were protected from
the low pH 4 treatment of the cell. Consistent with our previous findings [5,15], we
show that the interaction of NC with the cell-surface glycoproteins generates virions
that get propelled by the filopodial extensions, and we hypothesize that this process
facilitates viral dissemination while preventing superinfection. SINV attachment
factors such as heparan sulfate [46] and entry receptors such as NRAMP (divalent
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metal, ion transporter natural resistance-associated macrophage protein) [47] have
been shown to enhance viral infection. These host factors and the mechanism of
receptor-mediated endocytosis can be further investigated with this FP-tagged virus.
Exploiting the FP-tagged mutant viruses generated in this study in conjunction
with live imaging-compatible stains and labeled host proteins, high-resolution live
imaging studies are ongoing with an aim to understand the various molecular
interactions between viral glycoproteins and host proteins that are required for
productive alphavirus receptor binding, entry, and fusion. Such high-resolution
live imaging studies will provide new spatial and temporal information regarding
various steps in the alphavirus lifecycle.
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Efficient Co-Replication of
Defective Novirhabdovirus

Ronan N. Rouxel, Emilie Mérour, Stéphane Biacchesi and Michel Brémont

Abstract: We have generated defective Viral Hemorrhagic Septicemia Viruses (VHSV)
which express either the green fluorescent protein (GFP) or a far-red fluorescent
protein (mKate) by replacing the genes encoding the nucleoprotein N or the
polymerase-associated P protein. To recover viable defective viruses, r'VHSV-AN-Red
and rVHSV-AP-Green, fish cells were co-transfected with both deleted cDNA VHSV
genomes, together with plasmids expressing N, P and L of the RNA-dependent
RNA polymerase. After one passage of the transfected cell supernatant, red and
green cell foci were observed. Viral titer reached 107 PFU/mL after three passages.
Infected cells were always red and green with the very rare event of single red or
green cell foci appearing. To clarify our understanding of how such defective viruses
could be so efficiently propagated, we investigated whether (i) a recombination event
between both defective genomes had occurred, (ii) whether both genomes were
co-encapsidated in a single viral particle, and (iii) whether both defective viruses
were always replicated together through a complementation phenomenon or even
as conglomerate. To address these hypotheses, genome and viral particles have
been fully characterized and, thus, allowing us to conclude that rVHSV-AN-Red and
rVHSV-AP-Green are independent viral particles which could propagate only by
simultaneously infecting the same cells.

Reprinted from Viruses. Cite as: Rouxel, R.N.; Mérour, E.; Biacchesi, S.; Brémont, M.
Efficient Co-Replication of Defective Novirhabdovirus. Viruses 2016, 8, 69.

1. Introduction

The presence of defective interfering (DI) viral particles during replication
in infected cells is a well-known phenomenon in the virology field [1]. Genomes
of DI particles are deleted during the replication and can further replicate into
the infected cells only in the presence of co-infection with complete wild-type
helper virus. DI genomes are encapsidated into neo-particles and propagate by
interfering with wild-type virus replication [2]. Generally, the appearance of DI
is the result of cell infection at high multiplicity of infection [3]. During passages
in the cell culture of a mixture containing wild-type virus and DI particles, the
viral titers progressively decrease. One plausible explanation for this observation
is that the kinetics of replication of DI, due to the smaller size of the genome, is
faster than for wild-type virus. DI and helper virus exist for most of the virus
families including Novirhabdovirus, although they are understudied [4,5]. Apart

25




from DI, viral RNA genome may in some cases be rearranged. For the positive
strand RNA virus, that rearrangement is very frequent, mainly because, during
viral replication, RNA genome is naked in the cytoplasm and the RNA polymerase
may jump from one replicative genome to another one [6,7]. In contrast, for
negative strand RNA virus, recombination event has never been described, with a
single exception for Respiratory Syncytial Virus for which a co-infection with two
replication-competent viruses, knock-out for NS1/NS2 and G genes, resulted in
the generation of a virus with a rearranged genome [8]. A number of papers have
described recombination events for another negative-strand RNA virus, Newcastle
Disease Virus [9-16], however, these descriptions are controversial since in several
examples these recombination events are only artificial and due to errors in the
deposited Genbank sequences [17]. Finally, as it has been described mainly for
Measles Virus, in some cases, a single virus particle may encapsidate more than
one genome and stably propagate the different genomes [18,19]. This might be due
to the pleomorphic structure of Paramyxoviruses. In contrast, viruses belonging
to the Rhabdovirus family like Vesicular Stomatitis Virus or rabies virus and
Novirhabdovirus present a rigid bullet shape containing a single RNA molecule [20].
Novirhabdovirus like the Viral Hemorrhagic Septicemia Virus (VHSV) are fish
rhabdovirus infecting a large spectrum of fish species, mostly trout, thus replicating
at low temperatures. The genome of Novirhabdovirus is about 11 Kbases consisting
of a negative sense single-stranded RNA molecule which encodes five structural
proteins, the nucleoprotein N, a polymerase-associated P protein, the matrix M
protein, a unique G glycoprotein and the large L RNA-dependent RNA polymerase.
In addition, located between the G and L genes, Novirhabdovirus genomes present an
additional short gene encoding a non-structural NV protein which has been shown to
be involved in the viral pathogenicity [21,22]. As demonstrated by reverse-genetics,
only N, P and L proteins are needed for formation of transcriptionally active
rhabdovirus nucleocapsids [23]. In the current study, we have generated by reverse
genetics two recombinant replication-defective Novirhabdoviruses, deleted each for
a gene essential for the replication encoding either the N or the P protein. Thus,
VHSV-derived cDNA genomes have been engineered such as the N or P genes have
been exchanged with reporter genes encoding the green fluorescent protein (GFP) or
the red monomeric mKate protein, respectively [24,25]. The aim of this study was to
investigate if a complementation phenomenon allowing efficient replication of both
defective VHSV might exist.
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2. Materials and Methods

2.1. Cells and Virus

Recombinant wild-type like VHSV designated rVHSV [26] and rVHSV-GFP
(see below) were propagated in monolayer cultures of Epithelioma papulosum cyprinid
(EPC) cells at 14 °C as previously described [27]. Virus titers were determined by
plaque assay on EPC cells under an agarose overlay (0.35% in Glasgow’s modified
Eagle’s medium-25 mM HEPES medium supplemented with 2% fetal bovine serum
and 2 mM L-glutamine). At 5-7 days post-infection, cell monolayers were fixed with
10% formol and stained with crystal violet. Recombinant vaccinia virus expressing
the T7 RNA polymerase, vTF7-3 [28], was kindly provided by B. Moss (National
Institutes of Health, Bethesda, MD, USA).

2.2. Recovery of r'VHSV-GFP

A plasmid construct pVHSV-dtTomato containing VHSV-derived genomic cDNA
with an additional dtTomato gene (Clontech) between N and P VHSV genes [26]
was digested with Spel/SnaBI restriction enzymes to remove and to replace the
dtTomato gene with the GFP gene derived from the pMAX-GFP expression plasmid
(Amaxa). The rVHSV-GFP was rescued following transfection of pVHSV-GFP
together with pT7-N, pT7-P and pT7-L into vIF7-3-infected EPC cells as previously
described [26]. All the restriction enzymes are from Thermo Fisher Scientific
(Villebon-sur-Yvette, France).

2.3. Plasmid Constructs Encoding Defective VHSV-Derived cDNA Genomes

A pVHSV plasmid construct containing the full length VHSV-derived genomic
cDNA [26] was used as a DNA matrix to amplify by PCR two DNA fragments
Sacll/Psil (containing the N gene) and Psil/Mfel (containing the P gene); using pairs
of primers SACPSIF/SACPSIR and SPEMFEF/SPEMFER, respectively (Table 1).

Both DNA fragments were cloned into a pJet1.2 (Thermo Fisher Scientific). Spel
and SnaBI restriction enzyme sites were introduced at the start and stop codons,
respectively, of the N and P genes by site-directed mutagenesis using QuikChange®
Site-Directed Mutagenesis Kit (Agilent, Les Ullis, France) and specific primers
SPEMUTN and SNABIMUTN (for N) and SPEMUTP and SNABIMUTP (for P)
(Table 1). Each of the mutagenized DNA fragments were digested with Spel/SnaBI
restriction enzymes to remove N and P genes and exchanged them by mKate and
GEFP genes, respectively. Sacll/Psil and Psil/Mfel DNA fragments containing either
mKate or GFP genes were reintroduced back into two separate pVHSV constructs
leading to pVHSV-AN-Red and pVHSV-AP-Green plasmids, respectively.
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Table 1. Primer sequences used in the study.

Primer Name  Primer Sequence (5’to 3’)

VHSCDNA GTATCATAAAAGATGATGAGTTATGTTACAAGGG
VHSPCRF GTTGAACACAGAGTCATATCTCATAATCG
VHSPCRR GGTGGAGACACGGTCCTCATCATTGGACGTGAGG
PJETFOR CGACTCACTATAGGGAGAGCGGC
PJETREV AAGAACATCGATTTTCCATGGCAG
VHSNF GATGACGACTACCCCGAGGACTCTGAC
SACPSIF CTCCACCGCGGTAATACGACTCACTATAGG
SACPSIR GCTTTGATCAAAGAGAAATTCTTATAATCGTGCCG
PSIMFEF CGGCACGATTATAAGAATTTCTCITTG
PSIMFER GGCCTGCCACAATTGCCTTGACCACC
SPEMUTN CGTTGAACAAAAGAACTCAGTACTAGTATGGAAGGAGGAATTCGTGCAGCG
SNABIMUTN  CGACTACCCCGAGGACTCTGACTAATACGTACTCCCGTCTCATAACCAACATAG
SPEMUTP GACAAACACTGAGATACTAGTATGGCTGATATTGAGATGAGCGAGTCC
SNABIMUTP  CGATCAAGGCGGAGCTGGACAAGCTAGAGTAGTACGTACACAACGCATCACAC

2.4. Recovery of Defective rVHSV Expressing mKate and GFP Genes

pVHSV-AN-Red and pVHSV-AP-Green plasmid constructs (1 pg each) were
transfected into vIF7-infected EPC cells together with pT7-N, pT7-P and pT7-L as
previously described [26]. One week later, cell supernatant was used to infect fresh
EPC cells. Three days post-infection cells were observed under UV-light microscope
(Leica, Nanterre, France).

2.5. Plaque Purification

Recombinant VHSV-AN-Red and VHSV-AP-Green were titered under an
agarose overlay as described above. At 6 days post-infection, plaques were observed
under UV-light microscope. Plaques appearing exclusively red or green were
recovered by aspiration with micropipette and resuspended in 200 pL 2% complete
medium before EPC cells infection. Complete medium (2%) was added after infection
and cells were incubated at 15 °C until apparition of cytopathic effect.

2.6. RT-PCR on Plaque-Purified Viruses

Genomic viral RNA was extracted from infected-cell supernatant after
total cytopathic effect using the QIAamp Viral RNA Purification Kit (QIAGEN,
Courtaboeuf, France) according to the manufacturer’s instructions. Viral RNA was
then reverse-transcribed using Reverse Transcriptase IV (Thermo Fisher Scientific)
with VHSCDNA primer and then amplified by PCR using primers VHSPCRF and
VHSPCRR (Table 1). PCR products of roughly 1800 and 2300 nucleotides (nt) for
rVHSV-AN-Red and for rVHSV-AP-Green RNA genomes, respectively, were purified
with PCR Purification Kit (QIAGEN) following the manufacturer’s instructions and
cloned into pJetl.2 (Thermo Fisher scientific). Positive clones were selected and
subjected to sequencing with PJETFOR, PJETREV and VHSNF primers (Table 1).
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2.7. Purification of rVHSV and rVHSV-AN-Red + rVHSV-AP-Green Particles on
Sucrose Gradient

All the viruses were mass produced in EPC cells and supernatants of the infected
cells were clarified by low speed centrifugation (4000 rpm 15 min). Supernatants
(35 mL) were first concentrated by ultracentrifugation in a SW28 Beckman rotor
(Beckman Coulter, Villepinte, France) at 25,000 rpm for 90 min at 4 °C, resuspended
in cell culture medium without fetal serum and then loaded on a 25% sucrose
cushion in TEN buffer 1x (10 mM Tris-HCl1 pH 7.5, 150 mM NaCl, 1 mM EDTA
pH 8). After ultracentrifugation at 36,000 rpm in a SW41 Beckman rotor (Beckman
Coulter, Villepinte, France) for 4 h at 4 °C, viral pellets were resuspended in 100 pL of
TEN, loaded onto a 15%—45% discontinuous sucrose gradient, and ultracentrifuged
overnight at 25,000 rpm in a Beckman SW55 rotor (Beckman Coulter) at 4 °C. Unique
bands of purified viral particles were collected, diluted in TEN and pelleted by
ultracentrifugation in a SW41 Beckman rotor at 25,000 rpm for 90 min at 4 °C. Final
pellets were resuspended in TEN (60 pL) and stored at —80 °C until further use.

2.8. Virus Preparation and Electron Microscopy Observations

As above, rVHSV, rVHSV-AN-Red + rVHSV-AP-Green and rVHSV-GFP were
mass produced in EPC cells, clarified by low centrifugation at 4000 RPM for 15 min
and were ultracentrifugated at 25,000 rpm in a SW28 Beckman rotor (Beckman
Coulter) for 90 min at 4 °C. Pellets were carefully resuspended in TEN buffer in
appropriated volume to obtain 100 fold concentration rate. Four microliters of purified
viruses were added to a Formvar-coated EM grid (300 meshs), incubated 5 min and
then contrasted with 1% aluminium molybdate pH: 8 for 20-30 s. All steps were
performed at room temperature. The grids were observed using a transmission
electron microscope HITACHI HT7700 (Elexience-France, Verrieres-le-buisson, France)
operated at 80 kV. Microphotographies were acquired with a charge-coupled device
CCD camera 8 million pixels and analyses were done with Hitachi HT7700-associated
program (Advanced Microscopy Techniques Corp, Woburn, MA, USA). Viral particles
were measured with for length and width (nm) and data were represented by scatter
plots (Graphpad Prism 5) with statistical Tukey’s Multiple Comparison Test analysis.

3. Results

3.1. Recovery of Defective Recombinant Viral Hemorrhagic Septicemia Virus

Following EPC cell infection with vTF7 and transfection of the two
plasmid-constructs pVHSV-AN-Red (mKate) and pVHSV-AP-Green (GFP) together
with the helper expression plasmids pTI7-N, pT7-P and pT7-L, the cell
supernatant (P0) was used to infect fresh EPC cells. Three days later, when cells were
observed under UV-light microscope, a large number of red and green cell foci could
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be seen, the vast majority of them being yellow after overlapping of Red and Green
fluorescence, although the intensity of each signal was variable from one infected
cell to the other (Figure 1). Comparison of the panels A and B clearly emphasizes
that infected cells are always both green and red.

Figure 1. Observation under UV-light microscope of defective rVHSV-infected
cells. EPC cells were infected with the supernatant PO from vIF7-3-infected cells
transfected with pVHSV-AN-Red and pVHSV-AP-Green plasmid together with
pT7-N, pT7-P and pT7-L. Infected cells were observed under UV-light microscope
at wavelength of 509 nm for green fluorescence (A) and 633 nm for far-red
fluorescence (B). Overlapping picture of green and red infected-cell foci (C).

When supernatant of infected cells (P1) was further passaged several times,
a similar observation was made, except for the appearance of some cell foci
exclusively Red or Green (see below). The rescue of replication-defective viruses
rVHSV-AN-Red + rVHSV-AP-Green was a very efficient process since for three
out of four independent transfection assays the recovery of recombinant viruses
was successful.

3.2. Genome Characterization of Virus from Red and Green Infected-Cells

Supernatant of rVHSV-AN-Red- and rVHSV-AP-Green-infected cells was
collected and viral genomic RNA was extracted and served to amplify using specific
primers by RT-PCR part of the genomes containing either mKate or GFP genes
(Figure 2A).

As a positive control, the initial pVHSV-AN-Red and pVHSV-AP-Green plasmid
constructs were used as DNA template and amplified by PCR with the same primers
as above. Analysis on agarose gel of the PCR and RT-PCR products indicated that
the expected size for the PCR products of 1761 nt and 2280 nt for rVHSV-AN-Red
and rVHSV-AP-Green, respectively, have been amplified (Figure 2B). That evidenced
that a mix of the initial defective RNA genomes were still present in the viral RNA
extracted from the infected-cell supernatant and also that no apparent genome
rearrangement has occurred.

30



IVHSV [

| —
A rVHSV-AN-Red |:. |:||n| L I]
[ —— |

rVHSV-AP-Creen | |

=

- 0

Figure 2. Schematic representation of the various recombinant VHSV genomes and
RT-PCR products analysis. A schematic representation of rVHSV, rVHSV-AN-Red
(mKate), rVHSV-AP-Green (GFP) or rVHSV-GFP genomes is shown. Part of
the genomes containing mKate or GFP genes was amplified through RT-PCR
with specific primers (Table 1). The black line above genomes indicates the
parts of the genomes amplified (A). Agarose gel analysis of the PCR or RT-PCR
products amplified from either the plasmid constructs pVHSV-AP-Green (1)
and pVHSV-AN-Red (2) or from supernatant of yellow infected-cell foci (3),
respectively (B). M: DNA molecular weight marker (ThermoFisher scientific).

3.3. Characterization of Red and Green Cell Foci

As indicated above, after three to five passages, some infected cell foci were
exclusively Red or Green (Figure 3).

These cell foci were plaque purified under agarose, visualized under UV-light
microscope and isolated by picking them and propagated in 24-well plaques.
That confirmed that indeed some infected cells after observations under UV-light
microscope were exclusively Red or Green. Supernatant of these infected cell cultures
were collected and viral genomic RNA was extracted and used to amplify by RT-PCR,
as above, part of the genomes containing the mKate or GFP genes. Analysis of
agarose gel of the PCR products showed as above that two products of 1761 nt and
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2280 nt have been amplified, indicating that the two distinct viral genomes (AN and
AP) were present. The nucleotide sequencing of these purified RT-PCR products
indicated that several mutations leading to non-conservative amino acid changes
appeared in the mKate and GFP genes (Table 2).

A

Figure 3. Fluorescence of Red or Green infected-cell foci on same field. At
passage five, EPC cells were infected with rVHSV-AN-Red + rVHSV-AP-Green
(m.o.i = 0.0001). Three days later, the same field of infected cells was examined for
Red and Green fluorescence. Some of the infected cell foci appeared exclusively
Red (A) or Green (B). A counting, mean of two independent experiments, of the
monochromatic infected cell foci indicated an estimate of 9.6% of the total foci.

Table 2. Amino acid changes observed in fluorescent proteins in Red and Green
plaque purified viruses.

Red Plaque-Purified rVHSV-AP-Green Clone F60L/Y211H (GFP)
Virus rVHSV-AN-Red Clone -

Green Plaque-Purified rVHSV-AP-Green Clone -
Virus rVHSV-AN-Red Clone L116P/V120A /F127L/11755/Y179H/Y195H/Y231H (mKate)

These mutations may explain that although being co-infected with the two
rVHSV-AN-Red + rVHSV-AP-Green, some cells appeared exclusively Green or Red.
To ascertain that these mutations leaded up to deleterious effect on the reporter
protein fluorescence, both mutated mKate and GFP genes were cloned into a
CMV-driven eukaryotic expression vector (ThermoFisher Scientific) and transfected
into fish cells. Two days later when transfected-cells where examined under UV-light
microscope, no fluorescence could be observed in contrast to the cells transfected
with non-mutated reporter genes. That demonstrated that the mutations observed in
both reporter genes completely abolished the fluorescence of the expressed proteins.

3.4. Viral Particles Content and Morphology

To further characterize the defective rVHSYV, supernatant of infected cells was
loaded on sucrose cushion as described in Materials and Methods. Protein contents
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of the resuspended virus pellets were analyzed through separation on a 4%-12%
SDS-PAGE. Following Coomassie-blue staining, a similar viral protein pattern could
be observed between rVHSV and the mix of rVHSV-AN-Red + rVHSV-AP-Green
(Figure 4A).
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Figure 4. SDS-PAGE analysis and purification on sucrose gradient of recombinant
VHSV. Semi-purified rVHSV and rVHSV-AN-Red + rVHSV-AP-Green on 25%
sucrose cushion were analyzed through protein separation onto a 4%-12%
SDS-PAGE (A). After Coomassie blue staining, a similar viral protein pattern
for rVHSV (panel 1) and VHSV-AN-Red + rVHSV-AP-Green (panel 2) could be
observed. On the right part, name of VHSV proteins (L, G, N, P and M) are
indicated; M: molecular weight marker (ThermoFisher scientific). Discontinuous
15%-45% sucrose gradients were loaded with semi-purified viral stocks (B). After
ultracentrifugation, unique bands, sedimenting at the same position in the gradient
(red line), were visible for rVHSV (1) and rVHSV-AN-Red + rVHSV-AP-Green (2).

To compare the density of the viral particles rVHSV-AN-Red + rVHSV-AP-Green
to rVHSV, aliquots of semi-purified virus on sucrose cushion were loaded on a
discontinuous sucrose gradient. Figure 4B shows that although less material is present
for rVHSV-AN-Red + rVHSV-AP-Green compared to rVHSV, those particles sedimented
at the same position in the gradient, indicating that density of rVHSV-AN-Red +
rVHSV-AP-Green and rVHSV was equal. As above, analysis on SDS-PAGE of the viruses
contained in the sucrose gradient bands revealed a similar pattern of viral proteins
between rVHSV and mixture of rVHSV-AN-Red + rVHSV-AP-Green. In addition, we
showed that sucrose gradient-purified rVHSV-AN-Red + rVHSV-AP-Green were still
infectious when used to infect EPC cells (Figure 5).
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Figure 5. Infection of EPC cells with sucrose gradient-purified recombinant
viruses. EPC cells in 24-well plates were infected (m.o.i. = 1) with rVHSV or
rVHSV-AN-Red + rVHSV-AP-Green purified on sucrose gradient (see Figure 4B).
Infected cells were observed two days post-infection either under phase-contrast
(rVHSV and rVHSV-AN-Red + rVHSV-AP-Green, A and B, respectively) or UV-light
microscope (rVHSV-AN-Red + rVHSV-AP-Green, C). Overlapping of Red and
Green fluorescence is presented showing that majority of the infected cells were
yellow (Red + Green).

Semi-purified viruses were analyzed through electron microscopy observation.
rVHSV-AN-Red + rVHSV-AP-Green were compared to the rVHSV but also to
a non-defective rVHSV expressing the GFP (rVHSV-GFP) from an additional
expression cassette in the viral genome (see Materials and Methods). The size
of the genome of the rVHSV-GFP is increased of 750 nt compared to rVHSV, from
11,165 to 11,915 nucleotides. For rhabdovirus, the size in length of the particle
increases proportionally to the size of the genome [29,30]. Figure 6A shows electron
microscopy pictures of rVHSV, rVHSV-AN-Red + rVHSV-AP-Green and rVHSV-GFP.
While rVHSV and rVHSV-AN-Red + rVHSV-AP-Green appear similar in size, the
rVHSV-GFP seems to be larger, reflecting the larger size of the genome.

To indeed confirm this observation, individual viral particles were measured
in length and in width. As shown in Figure 6B, rVHSV and rVHSV-AN-Red +
rVHSV-AP-Green are strictly similar in size while rVHSV-GFP is significantly
larger. That observation reinforced the idea that individual rVHSV-AN-Red and
rVHSV-AP-Green particles contain a single RNA genome having the expected size
in length.
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Figure 6. Electron microscopy observations of various recombinant VHSV.
Recombinant rVHSV, rVHSV-GFP, rVHSV-AN-Red + rVHSV-AP-Green were
semi-purified onto a 25% sucrose-cushion as described in Materials and Methods.
Aliquots (5 uL) of the various recombinant viruses were deposited on Formvar-coated
EM grid (300 meshs). Following staining with 1% aluminium molybdate, grids were
observed with HITACHI HT7700 electron microscope at 25,000 x (Bar = 200 nm) (A).
Recombinant rVHSV and rVHSV-AN-Red + rVHSV-AP-Green are morphologically
indistinguishable while rVHSV-GFP appeared larger in size. Individual recombinant
viral particles were measured in length and in width (B). Data were represented
by scatter plots (Graphpad Prism 5) with statistical Tukey’s Multiple Comparison
Test analysis. Groups that are not significantly different from each other are noted
ns (p > 0.05), whereas those that are significantly different are noted ** (p < 0.01)
or *** (p < 0.001).

4. Discussion

In the current study, we have shown that under particular conditions,
defective Novirhabdovirus could efficiently propagate together in cell culture. For
successful replication, those defective Novirhabdovirus need to be complemented
for the lacking proteins, like in the current study the nucleoprotein N and the
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polymerase-associated P protein. To investigate if that was indeed feasible, we
have generated defective recombinant VHSV expressing reporter genes, mKate a far
red-fluorescent protein and GFP a green fluorescent protein easy to observe under
UV-light microscope. Previous attempts to rescue defective rVHSV using stable clone
cell lines expressing viral N or P proteins always failed. As a defective virus cannot
by itself replicate, helper virus is needed. Thus, to generate helper virus, we reasoned
that if we could provide in a single cell, defective viral genomes deleted from the
N or the P genes, the defective genomes will complement each other. To achieve
that, two VHSV-derived cDNA genomes were constructed—pVHSV-AN-Red and
pVHSV-AP-Green—in which the N and P genes are replaced by mKate and GFP
genes, respectively. Thanks to the reverse genetics system previously established
in our laboratory [26] when the two plasmid constructs were transfected into fish
EPC cells, yellow overlapping red and green cell foci could be visualized under
UV-light microscope. This observation, potentially indicated, that recombinant
defective r'VHSV-AN-Red + rVHSV-AP-Green have been generated and were able to
replicate and to express the reporter genes. Titer of these dual recombinant viruses
was around 107 PFU/mL (two log lower than the rVHSV). More interestingly, these
recombinant defective viruses could be propagated and passaged in cell culture up
to seven times, without a decrease in viral titers and infected-cells were still mainly
yellow (Red + Green) with the exceptions of some infected cell foci exclusively
Red or Green. To explain how this very efficient complementation phenomenon
leading to the propagation of two defective recombinant virus expressing a reporter
gene could be possible, we speculated three main hypotheses: (i) a recombination
event leading to a rearranged viral genome in a single particle has occurred;
(ii) two defective genomes encapsidated in a single viral particle; (iii) two distinct
recombinant viruses (AN and AP) always co-infect and replicate together into the
same cells. To address these questions, a series of assays aiming to genetically
and morphologically characterize the defective recombinant VHSV expressing the
Red and Green fluorescent proteins. While the recombination is a well-known and
frequent phenomenon during replication of positive-sense RNA virus, it is extremely
rare and even non-existent for Mononegavirales. A single study on Respiratory
Syncytial Virus (RSV) described the appearance of rearranged viral RNA genomes
following experimental cell infection with two-defective but replication-competent
recombinant RSV [8]. It was a very rare event since only in one out of six
co-infection assays a rearranged genome was generated. Thus, to investigate whether
a recombination event might explain the successful recovery of rVHSVs able to
co-express Red and Green fluorescent proteins simultaneously in the same cell, viral
RNA genomes were extracted from infected-cell supernatant and characterized. The
successful amplification through RT-PCR with primers localized at the beginning of
the viral genome and in the M gene leading to two PCR products of the expected sizes
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strongly suggested that no recombination event during viral replication has occurred.
That has also been confirmed by the nucleotide sequencing of each of the PCR
product reflecting that the initial defective genomes’ organization was maintained
during passages of r'VHSV-AN-Red + rVHSV-AP-Green in cell culture. At that step, it
became clear that the permanent co-expression of Red and Green fluorescent proteins
during the virus passages in cell culture was not the result of a recombination
phenomenon between both defective viral genomes. Another possible explanation
for the effective co-existence of both rVHSV-AN-Red and rVHSV-AP-Green could
be that instead of having two distinct viruses each containing a defective genome,
particles containing two genomes are produced. That has been observed, for example,
for Measles virus in which mutated and wild type genomes are present in the
same viral particle [18,19]. To solve this question, two studies have been conducted
aiming to characterize the viral particles. If two genomes (Red and Green) are
co-encapsidated in a single particle, those particles should sediment at a different
position in a sucrose gradient compared to particles containing a single genome.
The observation that rVHSV and rVHSV-AN-Red + rVHSV-AP-Green sedimented
similarly at the same position in the gradient, reinforced the hypothesis that each
of the rVHSV-AN-Red and rVHSV-AP-Green particles contains a single genome.
Also, this observation excluded the possible explanation that these viruses replicated
while being associated and forming conglomerates. Anyway, the hypothesis of
conglomerates as infectious entities has been invalidated by infecting cells with viral
supernatants before and after sonication. No significant decrease of the viral titer
was observed after sonication. Viruses extracted from the purified bands from the
sucrose gradient were shown to be as infectious as non-purified viral supernatant,
confirming that extracted band corresponded to rVHSV-AN-Red + rVHSV-AP-Green.
To try to get more evidence for that “single genome” hypothesis, rVHSV-AN-Red +
rVHSV-AP-Green particles were visualized by electron microscopy, allowing also to
measure those viral particles. Morphologic appearance was strictly similar between
rVHSV, VHSV-AN-Red + rVHSV-AP-Green and the size of the various particles
identical with the exception of rVHSV-GFP. The size of rVHSV-GFP is larger in terms
of length as its genome was increased in size by the addition of the GFP expression
cassette. Together, these observations lead to the conclusion that the two defective
recombinant rVHSV-AN-Red + rVHSV-AP-Green are co-replicating together through
co-infection of the same cell. During the course of this study, we observed the
appearance of infected cell foci which were either exclusively Red or Green. It was
demonstrated that both rVHSV-AN-Red and rVHSV-AP-Green still co-replicated
but expression of either Red or Green fluorescent proteins was abolished due to
the introduction of deleterious mutations. In conclusion, in the current study, we
showed for the first time, to our knowledge, that two defective Novirhabdovirus can
very efficiently co-infect and co-replicate in the same cell and produce progenies at
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high titer. It will be of interest in future studies to use those recombinant viruses to
infect their natural host, rainbow trout, and to follow whether these viruses are still
pathogenic and whether they continue to co-replicate in the animal.

5. Conclusions

In the current work, we clearly demonstrated for the first time, that two
defective negative strand RNA viruses can co-replicate and produce progenies at
high titer. This phenomenon is independent from recombination or co-encapsidation
events. If ever these recombinant defective viruses are shown to be attenuated in
fish, this approach could represent an attractive alternative for the development of
live-attenuated vaccine.
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Recombinant Pseudorabies Virus (PRV)
Expressing Firefly Luciferase Effectively
Screened for CRISPR/Cas9 Single Guide
RNAs and Antiviral Compounds

Yan-Dong Tang, Ji-Ting Liu, Qiong-Qiong Fang, Tong-Yun Wang, Ming-Xia Sun,
Tong-Qing An, Zhi-Jun Tian and Xue-Hui Cai

Abstract: A Pseudorabies virus (PRV) variant has emerged in China since 2011 that
is not protected by commercial vaccines, and has not been well studied. The PRV
genome is large and difficult to manipulate, but it is feasible to use clustered, regularly
interspaced short palindromic repeats (CRISPR)/Cas9 technology. However,
identification of single guide RNA (sgRNA) through screening is critical to the
CRISPR/Cas9 system, and is traditionally time and labor intensive, and not suitable
for rapid and high throughput screening of effective PRV sgRNAs. In this study,
we developed a recombinant PRV strain expressing firefly luciferase and enhanced
green fluorescent protein (EGFP) as a reporter virus for PRV-specific sgRNA screens
and rapid evaluation of antiviral compounds. Luciferase activity was apparent as
soon as 4 h after infection and was stably expressed through 10 passages. In a proof
of the principle screen, we were able to identify several PRV specific sgRNAs and
confirmed that they inhibited PRV replication using traditional methods. Using
the reporter virus, we also identified PRV variants lacking US3, US2, and US9 gene
function, and showed anti-PRV activity for chloroquine. Our results suggest that the
reporter PRV strain will be a useful tool for basic virology studies, and for developing
PRV control and prevention measures.

Reprinted from Viruses. Cite as: Tang, Y.-D.; Liu, J.-T.; Fang, Q.-Q.; Wang, T.-Y,;
Sun, M.-X.; An, T.-Q.; Tian, Z.-].; Cai, X.-H. Recombinant Pseudorabies Virus (PRV)
Expressing Firefly Luciferase Effectively Screened for CRISPR/Cas9 Single Guide
RNAs and Antiviral Compounds. Viruses 2016, 8, 90.

1. Introduction

Pseudorabies virus (PRV) belongs to the Herpesviridae family [1,2] and is the
etiological agent of pseudorabies (PR), also known as Aujeszky’s disease. PR causes
substantial economic losses to the global swine industry [1], but has been largely
controlled for at least 30 years using the Bartha-K61 vaccine. However, a novel PRV
variant has emerged in China, and the Bartha-K61 vaccine has failed to provide
complete protection [3-6]. Full-length genomic sequencing demonstrated that the
PRV variant causing the outbreak belonged to a novel genotype [7]. Given the
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urgency of the outbreak and the need for a new vaccine, additional studies of PRV
variants are critical.

Due to its large genome, PRV has been manipulated for basic virology studies
using homologous recombination (HR) [8] or bacterial artificial chromosome (BAC)
techniques [9]. Both traditional methods have considerable drawbacks. For example,
the frequency and efficacy of the expected recombination by HR is quite low; and
BAC mutagenesis is only available for virus isolates for which a useful BAC has been
produced. Therefore, CRISPR/Cas9 can be applied to new isolates as they emerge in
nature, with the only delay being the need to have sequence data for design of guide
RNAs. In addition, inserting drug selection markers or parts of BAC plasmids into
the viral genome may affect viral function [10]. However, genetic manipulation is
essential for identifying gene function and for vaccine development.

With the development of alternative technologies such as zinc-finger
nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) and
CRISPR/Cas9 [11,12], genome editing has become significantly less complicated.
These approaches use a nuclease to specifically target a gene, cleaving the DNA to
induce double-stranded breaks at the target site. The DNA break triggers cellular
DNA repair mechanisms, including error-prone non-homologous end joining (NHE])
and homology-directed repair (HDR) [13]. Customizing gene disruption using either
ZFNs or TALENSs requires the design of specific proteins to target each dsDNA
site [14,15], which requires several weeks and is labor and time intensive. However,
gene knock out or gene knock in recombinants can be obtained within a short
period by simply transfecting the CRISPR/Cas system, which is both efficient and
convenient [16-18].

The CRISPR/Cas9 system—derived from the bacterial adaptive immune
system—has been used to successfully edit many viruses [18-21]. One key factor
affecting DNA editing using the CRISPR/Cas9 system is effective screening for
single guide RNAs (sgRNAs), which has to be validated by amplified fragment
length polymorphism (AFLP), T7 endonuclease I assay (T7E1), surveyor mismatch
cleavage assays, or DNA sequencing. These methods are time consuming, laborious,
and minimally sensitive [22]. The PRV genome contains a high GC content, which is
challenging for PCR amplification. Therefore, all of the traditional approaches are
suboptimal for effectively screening for PRV sgRNAs.

Here, to address the shortcomings inherent in screening for PRV sgRNAs, we
have taken a novel approach and use a PRV containing firefly luciferase to validate
PRV-specific sgRNA screening. We then applied the reporter virus to develop novel
inactivated PRV strains and to demonstrate its utility in antiviral screening assays.
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2. Materials and Methods

2.1. Cell Lines and Viruses

Vero cells and MARC 145 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; GIBCO, Grand Island, NY, USA). All culture media was
supplemented with 10% heat-inactivated fetal bovine serum (FBS, GIBCO, Life
technologies) and antibiotics (0.1 mg/mL streptomycin and 100 IU/mL penicillin).
The PRV HeN1 strain (GenBank accession number: KP098534.1) was described
previously [5,7]. PRRSV HulN4 strain (GenBank accession number: EF635006.1).

2.2. Generation of the HR Plasmid and CRISPR/Cas9 sgRNA Plasmids

The HR plasmid was constructed in the pcDNA3.1 (+) expression vector
(Clontech, PaloAlto, CA, USA). First, pcDNA3.1 (+) was digested using Pmel to
remove the multiple cloning site (MCS) between it (from Afl II to Apa I). Then, site
mutagenesis was utilized to insert the 5’ BamHI and 3’ NotI sites that flank the
neomycin resistance gene. In addition, sites for EcoRI, Sall, and Xhol were created
followed by an SV40 poly(A) signal sequence. Next, BamHI and NotI were used to
remove the EGFP gene from the pEGFP-N1 plasmid (Clontech, PaloAlto, CA, USA)
and used to replace the neomycin gene (Tang-EGFP vector). The firefly luciferase
gene was then amplified from the pGL3-Basic vector (Promega, Madison, WI, USA)
and cloned into the Tang-EGFP vector between the Nhel and Pmel sites. The right and
left homologous arms were cloned from the PRV HeN1 strain by PCR and inserted
between the CMV promoter and SV40 poly (A) signal. The final plasmid was termed
the Tang-Luc-EGFP-HR vector. sgRNAs involved in this study were designed using
the online CRISPR Design Tool [23], and target the gE, US2, US3 and US9 genes open
reading frames. A human codon-optimized SpCas9 and the chimeric guide RNA
expression plasmid PX330 were gifts from Feng Zhang [17,24]. The PX330 plasmid
was digested using Bbsl (Thermo scientific fermentas, Waltham, MA, USA) and the
CRISPR/Cas9 constructs were constructed. All of the constructs in this study were
verified by sequencing. The primers used are provided in Table 1.
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Table 1. Sequences of the Primers and sgRNAs Utilized in this Study:.

Primers and sgRNAs Sequences
5-CTTTTGCAAAAAGCTCCCGGGATCCTGTATATCCATTTTCG-3

CreBamHI 5-CGAAAATGGATATACAGGATCCCGGGAGCTTTTTGCAAAAG-3'
CreNotl 5/-GGATGATCCTCCAGCGGCCGCATCTCATGCTGGAG-3
reNot 5/-CTCCAGCATGAGATGCGGCCGCTGGAGGATCATCC-3

5/-CTTATCATGTCTGAATTCCGTCGACCTCTAGCTCGAGCTTGG-3'
CreEcoRI Xhol

5-CAAGCTCGAGCTAGAGGTCGACGGAATTCAGACATGATAAG-3

Lucif 5-CACGCTAGCCACCATGGAAGATGCCAAAAAC-3/
uclierase 5/-AGCTTTGTTTAAAC TTACACGGCGATCTTGCCGC-3'

5'-ACAAGATCTCCGGTCCGTAGCCTCCGCAGTA-3

HR L arm 5-ACAACGCGTCGAAGCTCGGCCAACGTCATC-3'
HRR 5-CCGGAATTCGGGCCGTGTTCTTTGTGGC-3
arm 5-CGGCTCGAGACTCGCTGGGCGTCTCGTTG-3'
o RNAEL 5-CACCGGGGCAGGAACGTCCAGATCC-3'
8 & 5'-AAACGGATCTGGACGTTCCTGCCCC-3/
W RNAUS3.1 5/ -CACCGCCCCGACGAGATCCTGTACT-3
8 5-AAACAGTACAGGATCTCGTCGGGGC-3'
5'-.CACCGGAGATCATCATCGACGGCGA-3'
sgRNA-US3-2 5'-AAACTCGCCGTCGATGATGATCTCC-3'
5/ -CACCGGAGATCATCATCGACGGCGA-3'
sgRNA-US3-3 5/-AAACTCGCCGTCGATGATGATCTCC-3/
RNAUSO1 5-CACCGACCGTGGTCACGCTGATGGA-3'
8 5'-AAACTCCATCAGCGTGACCACGGTC-3'
5/-CACCGGGGCGCATCCCCGCCTTCGT-3
sgRNA-US2-2 5-AAACACGAAGGCGGGGATGCGCCCC-3/
5 -CACCGGGCGCACCCGGACCTGTGGA-3
sgRNA-US2-3 5/-AAACTCCACAGGTCCGGGTGCGCCC-3
e RNAUS9.1 5-CACCGCGACGTCCTGCTGGCCCCCA-3!
5 5'-AAACTGGGGGCCAGCAGGACGTCGC-3'
5-CACCGGCCAGCAGGACGTCGGCGGC-3/
sgRNA-US9-2 5-AAACGCCGCCGACGTCCTGCTGGCC-3!
/ /
SGRNA-US9-3 5-CACCGGGGGTCCCTTGGGGGCCAGC-3

5-AAACGCTGGCCCCCAAGGGACCCCC-3

2.3. Recombination and Purification of the Luciferase Tagged PRV

The PRV HeN1 genome was extracted as previously described [7,25]. Vero cells
were co-transfected with 1ug of the PRV genome, 1 ug of cas9 plasmid gRNA-gE1,
and 3 ng of the Tang-Luc-EGFP-HR plasmid using the X-tremeGENE HP DNA
transfection reagent (Roche, Basel, Switzerland) according to the manufacturer’s
instructions. Forty-eight hours post transfection, the cells were collected and then
subjected to three freeze-thaw cycles. Recombinant PRV was purified from the
cell lysates by plaque purification (EGFP + selected) in Vero cells overlaid with 1%
low-melting point agarose and 2% FBS in DMEM. After 10 rounds of purification, all
of the plaques were EGFP+ upon examination by fluorescent microscopy.
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2.4. In Vitro Growth Properties

Viral titers were determined by plaque forming unit (PFU) or the 50% tissue
culture infection dose (TCIDsp) in Vero cells. To compare the growth kinetics of
the parental and EGFP expressing viruses, Vero cells were infected with wild type
PRV HeNT1 or recombinant PRV-Luc-EGFP at a dose of 200 TCIDs(. The cells were
collected at 24, 48, 72, and 96 h post infection (hpi), and the viral titer was determined
by PFU or TCIDsy at the time points indicated.

2.5. Transfection and Western Blot

Cells were transiently transfected with the indicated plasmids using the X
tremeGENE HP DNA transfection reagent (Roche, Basel, Switzerland) according to
the manufacturer’s instructions. Forty-eight (48) hpi, the cells were collected and
washed once with PBS, and then lysed in RIPA Lysis Buffer containing a protease
inhibitor cocktail (Roche, Basel, Switzerland). The proteins in the cell lysates were
separated by SDS-PAGE, transferred to PVDF membranes (Millipore, Milford, MA,
USA), and probed with the indicated antibodies for detection.

2.6. CRISPR/Cas9 sgRNA Screening and Antiviral Assay

The CRISPR/Cas9 plasmids were transfected into Vero cells, and 12 h later the
cells were infected with 0.01 multiple of infection(MOI) PRV HeN1 or PRV-Luc-EGFP.
The expression levels of the indicated proteins were assessed at the indicated
time points post infection by Western blot, or luciferase activity was measured
using the luciferase assay system (Promega, Madison, WI, USA). For the antiviral
assay, monolayers of 90% confluent Vero cells in 12-well plates were treated with
Cyclosporine A (CsA) (Beyotime, Jiangsu, China) or chloroquine (Sigma, St. Louis,
MO, USA) for 4 h and then infected with PRV HeN1 or PRV Luc-EGFP. The effects
of the antiviral compounds were determined based on viral protein expression and
luciferase activity as described above. For CsA inhibit porcine reproductive and
respiratory syndrome virus (PRRSV) assays, MARC 145 cells were infected with 0.1
MOI PRRSV HuN4 strain and incubated 12 h at 37 °C. Cells were fixed with 80%
ethanol for 30 min and stained with SR-30 FITC conjugated mAb (Rural Technologies,
Brookings, SD, USA) for 3 h. and images were acquired with a fluorescent microscope.
The effect of CsA and chloroquine on cell viability was determined by Trypan Blue
staining (Sigma, St. Louis, MO, USA).

3. Results

3.1. PRV-Luc-EGFP was Successfully Constructed

As glycoprotein E (gE) is unnecessary for PRV replication in vitro [26,27], we
chose this region to insert the firefly luciferase gene. First, plasmids were constructed

45



containing both firefly luciferase and EGFP flanked by homologous arms designated
Tang-Luc-EGFP-HR vector (Figure 1A). To generate the recombinant viruses, Vero
cells were transfected with the purified PRV HeN1 genome, Tang-Luc-EGFP-HR,
and gRNA-gE1 (a gE specific CRISPR/Cas9 construct that was used to improve the
efficiency of the HR, our unpublished data). Forty-eight (48) hpi, the viruses were
collected and plaque purified. After 10 rounds of purification, the expression of
EGFP was confirmed by fluorescence microscopy (Figure 1B) and firefly luciferase
expression was confirmed by luciferase activity (Figure 1C). The luciferase activity
was detected as early as 4 hpi and reached a higher level at 36 h (Figure 1C). To
determine whether the expression of firefly luciferase and EGFP influenced the
replication of the PRV-Luc-EGFP virus, one-step growth curves were performed
for PRV-HeN1 and PRV-Luc-EGFP. We found that PRV-Luc-EGFP replicated
significantly slower than PRV-HeNT1 (Figure 1D). We also evaluated the stability
of the recombinant virus, and found that the luciferase activity from PRV-Luc-EGFP
was stable through at least 10 passages (Figure 1E).

Cas9 cutting site -,
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Figure 1. Cont.
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Figure 1. Construction and identification of PRV-Luc-EGFP. (A) Schematic showing
the recombination sites used to modify the PRV genome and insert the Tang
Luc-EGFP-HR donor vector using the CRISPR/Cas9 system; (B) Representative
image showing the plaque assay for PRV-Luc-EGFP purification. The left panel
shows fluorescent green plaque formation after seven rounds of plaque purification.
The right panel shows the same area in bright field; (C) Luciferase expression in
Vero cells at different time points post infection with PRV-Luc-EGFP (0.1 MOI);
(D) One-step growth curve of the recombinant virus (PRV-Luc-EGFP; green)
compared to the parental virus (HeN1; red); (E) Stability of PRV-Luc-EGFP.
Luciferase activity was measured from passage 1 through passage 10.

3.2. PRV-Luc-EGFP Was an Effective Tool for CRISPR/Cas9 sgRNA Screening

To test whether PRV-Luc-EGFP could be used to screen for sgRNA, we designed
and constructed several CRISPR/Cas9 constructs that were specific for US3, US2, and
US9, respectively (Table 1). In short, effective CRISPR/Cas9 constructs would disrupt
the PRV genome and inhibit viral replication, thereby decreasing luciferase activity.
To test the designed sgRINAs, Vero cells were transfected with the CRISPR/Cas9
constructs, infected with PRV-Luc-EGFP 12 h later, and then luciferase activity was
measured 24 hpi. As shown in Figure 2A, the sgRNAs US3-L3, US2-3, and US9-2
significantly reduced the amount of luciferase activity. To confirm the reduction
in viral replication, we also assessed the effects of the sgRNAs on viral protein
expression by Western blot. Consistent with the luciferase assay results, the cells
transfected with the sgRNAs US3-L3, US2-3, and US9-2 had significantly decreased
levels of US3 (Figure 2B). DNA breaks trigger the NHE] repair pathway, which
sometimes result in the introduction of crippling mutations and then inactivates
gene expression. We next tested whether the sgRNAs would inactivate specific
PRV genes. PRV-HeN1 treated with US3-L1, US2-3, and US9-2 was collected for
plaque purification. Five (5) purified plaques were randomly selected to determine
whether they had been inactivated based on US3 expression, and of these 60% (3/5)
had reduced or no US3 expression (Figure 2C). No disruption was observed in
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the gl proteins, indicating the target specificity of sgRNA (Figure 2C). One of the
plaques lacking US3 expression (plaque 4) was sequenced and found to be lacking
two base pairs in the US3 region (Figure 2D). PRV strains lacking expression of
US2 and US9 were generated using similar methods (Figure 2E,F). These results
indicated that PRV-Luc-EGFP was a powerful tool for effectively screening for
CRISPR/Cas9 sgRNA.

B -actin

Figure 2. Cont.
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CCCGACGAGCGTCTCGAACCCGGCCGCCGACGTCCTGCTGGCCCCACAAGG: HeN Del-Us9

Insertion

Figure 2. Effective sgRNA screening using PRV-Luc-EGFP and identification of PRV
strains with the US3, US2, or US9 genes inactivated. (A) sgRNA screening using
PRV-Luc-EGFP. Cas9 constructs and a vector control were transfected individually
into Vero cells. Twelve (12) h later, the cells were infected with PRV Luc-EGFP
and 24 hpi luciferase activity was detected; (B) Representative image showing
US3 expression by Western blot in PRV-HeNT1 infected cells screening the same
panel of sgRNAs as in (A); (C) Representative image showing US3 and gl expression
in five randomly selected plaques that were treated with sgRNA US3-L3 by
Western blot. Inactivated viruses were identified based on lack of US3 expression
(e.g., plaque 4). Sequencing was used to confirm that the viruses considered
inactivated had non-function genes for US3 (D); US2 (E); and US9 (F). The images
in A, B and C show representative results from three independent experiments.

3.3. Evaluating the Antiviral Activity of Chloroquine and CsA

There are very few antiviral compounds that are effective against PRV in vitro

and none in vivo. Thus, an effective in vitro assay for screening antiviral compounds
against PRV would likely contribute to controlling PR. Therefore, as proof of principle,
we evaluated the antiviral effects of chloroquine and CsA using PRV-Luc-EGFP
and confirmed the results with PRV HeN1. Vero cells were pretreated for 4 h
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with chloroquine or CsA and then infected with PRV-Luc-EGFP for 24 h. The
luciferase activity decreased in a dose dependent fashion with increasing chloroquine
(Figure 3A-C).

In contrast, CsA did not have any inhibitory activity against PRV-Luc-EGFP
(Figure 4A). Consistent with this, PRV HeNl infection was not inhibited by
CsA (Figure 4B,C). We simultaneously used PRRSV as a positive control for the
antiviral effects of CsA. Using a FITC conjugated antibody directed against the N
protein in PRRSV, CsA powerfully inhibited PRRSV replication (Figure 4D). Taken
together, these results indicated that PRV-Luc-EGFP was a useful tool for screening
antiviral compounds.

A B

HeN1: - + + + + +
o CQ(uM): 0 0 5 10 20 50

MOI = 0.01 MOl =0.01

cQ s0uM

—1000pm

Figure 3. Chloroquine inhibits PRV replication. (A) Chloroquine inhibits PRV
Luc-EGFP replication. Vero cells were pretreated with the indicated amounts of
chloroquine and 4 h later infected with PRV-Luc-EGFP (0.01 MOI). After 24 h
luciferase activity was evaluated; Chloroquine inhibits PRV HeN1, which is
detected by gl expression (B); and CPE (C). The images show representative results
from three independent experiments.
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Figure 4. Cyclosporin A (CsA) has no effect on PRV replication. (A) Vero cells were
pretreated with the indicated amounts of CsA and 4 h later were infected with
PRV-Luc-EGFP (0.01MOI). After 24 h, luciferase activity was evaluated; (B) Vero
cells were pretreated with the indicated amounts of CsA and 4 h later were infected
with PRV HeNT1 (0.01MOI). After 24 h, gl expression was evaluated by Western blot
(representative image); (C) Representative images showing the cytopathic effect
of HeN1 on Vero cells pretreated with different amount of CsA; (D) Marc145 cells
were pretreated with the indicated amounts of CsA and then infected with 0.1 MOI
PRRSV. Twelve (12) hpi, the N protein was detected by immunofluorescence. The

images show representative results from three independent experiments.

4. Discussion

Genetic manipulation of large, complex DNA viruses such as PRV is critical
for understanding their biology and developing novel control strategies. Therefore,
in this study, we developed a novel PRV strain expressing firefly luciferase for use
as a tool in future studies. Luciferase expression was detectable as early as 4 hpi,
suggesting that the reporter virus will be able to shorten assay time for antiviral
screens and improve the assay sensitivity. In addition, when PRV genomes were cut
by the CRISPR/Cas9 system, the luciferase expression was inhibited, indicating
that the reporter virus is a powerful tool for identifying PRV specific sgRNAs,
which will help us edit PRV genome more feasible. Finally, using the reporter
virus, we successfully developed US2, US3, and US9 inactivated PRV strains, and
demonstrated that chloroquine inhibits PRV replication, whereas CsA does not.
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The CRISPR/Cas9 system has many distinct advantages as a genome editing
tool including being both efficient and convenient compared to other methods [16-18].
We have previously utilized the DNA breaks caused by the CRISPR/Cas9 system
that inhibit PRV replication to develop the g~ /gl~/TK™ PRV strain to screen for
PRV sgRNA using plaque formation assays or Western blot; however, these methods
require 3—4 days (our unpublished data revised in Virology). The current luciferase
based reporter system yields results in a much shorter timeframe (4 h), allowing
a more rapid pace of vaccine development and basic research. For large genome
viruses, the CRISPR/Cas9 system was a usable tool to insert foreign reporter genes
in the genome as well [18,21].

Chloroquine is a 9-aminoquinoline that is well-known for antimalarial activity
and antiviral activity against some viral infections [28]. Exposure to a low
intracellular pH is required for successful entry of many viruses. Chloroquine exerts
direct antiviral effects by inhibiting pH-dependent steps of the virus lifecycle for
some members of the flaviviruses, retroviruses, and coronaviruses [28]. Chloroquine
has been showed to inhibit herpes simplex virus type 1 (HSV-1) replication [29],
and may inhibit PRV may by same mechanisms, but this remains to be confirmed.
CsA is a fungal metabolite that exerts profound effects on the immune system and
is potentially a selective immuno-suppressive agent [30]. The antiviral effects of
CsA originate from inhibiting virus replication by blocking cyclophilins, which are
beneficial for some viruses [31,32]. CsA has been reported to inhibit replication of
Human Immunodeficiency Virus-1 [33], Hepatitis C Virus [34,35], PRRSV, and Equine
arteritis virus [31]. With regard to herpes viruses in particular, CsA has been shown
to inhibit HSV-1 replication [36,37]. Interestingly, in our study, CsA did not show
any inhibitory activity against PRV in Vero cells. The lack of antiviral CsA-mediated
antiviral activity may be because PRV replication is not associated with cyclophilins
in Vero cells.

In conclusion, we developed a luciferase tagged PRV, which was a powerful
tool for screening for sgRNA and antiviral compounds. The reporter virus likely has
utility for basic research into emerging PRV variants, and developing virus control
and prevention measures.
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Development of a Triple-Color
Pseudovirion-Based Assay to Detect
Neutralizing Antibodies against
Human Papillomavirus

Jianhui Nie, Yangyang Liu, Weijin Huang and Youchun Wang

Abstract: Pseudovirion-based neutralization assay is considered the gold standard
method for evaluating the immune response to human papillomavirus (HPV)
vaccines. In this study, we developed a multicolor neutralization assay to
simultaneously detect the neutralizing antibodies against different HPV types.
FluoroSpot was used to interpret the fluorescent protein expression instead of flow
cytometry. The results of FluoroSpot and flow cytometry showed good consistency,
with R? > 0.98 for the log-transformed ICsy values. Regardless of the reporter
color, the single-, dual-, and triple-color neutralization assays reported identical
results for the same samples. In low-titer samples from naturally HPV-infected
individuals, there was strong agreement between the single- and triple-color assays,
with kappa scores of 0.92, 0.89, and 0.96 for HPV16, HPV18, and HPV58, respectively.
Good reproducibility was observed for the triple-color assay, with coefficients of
variation of 2.0%—41.5% within the assays and 8.3%-36.2% between the assays. Three
triple-color systems, HPV16-18-58, HPV6-33-45, and HPV11-31-52, were developed
that could evaluate the immunogenicity of a nonavalent vaccine in three rounds
of the assay. With the advantages of an easy-to-use procedure and less sample
consumption, the multiple-color assay is more suitable than classical assays for large
sero-epidemiological studies and clinical trials and is more amenable to automation.

Reprinted from Viruses. Cite as: Nie, J.; Liu, Y.; Huang, W.; Wang, Y. Development of
a Triple-Color Pseudovirion-Based Assay to Detect Neutralizing Antibodies against
Human Papillomavirus. Viruses 2016, 8, 107.

1. Introduction

Cervical cancer is the second most frequently diagnosed cancer and the third
leading cause of cancer death among women in developing countries [1], and is
strongly associated with high-risk human papillomavirus (HPV) infection. To date,
more than 200 HPV genotypes have been identified [2], among which 15 are classified
as high-risk types (HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73, and
82) [3,4]. HPV vaccines are an effective prophylactic strategy implemented in many
countries, and a bivalent HPV type 16/18 vaccine (Cervarix®) and a quadrivalent
HPV type 6/11/16/18 vaccine (Gardasil®) have been licensed for use [3,5]. In clinical
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trials, the vaccines have shown almost 100% efficacy against precancerous lesions
associated with the vaccine HPV types, which account for 70% of cervical cancer
cases worldwide [3]. In 2014, a nonavalent HPV vaccine, Gardasil 9, directed against
HPV6, 11, 16, 18, 31, 33, 45, 52, and 58, was approved by the U.S. Food and Drug
Administration (FDA), increasing the potential prevention of cervical cancer from
70% to 90% [6].

In HPV vaccinology and epidemiology, serological testing methods are used
to analyze the antibody levels in naturally infected or vaccinated individuals. A
variety of methods have been developed for testing antibody levels, including the
competitive Luminex®
multiplex immunoassay (VLP-MIA) [8], and the in situ purified glutathione
S-transferase L1-based MIA (GST-L1-MIA) [9]. Depending on the preselected
monoclonal antibody, the cLIA results are interpreted to the overlapping epitopes,
which might not predict the in vivo protection well when the dominant antibodies in
some serum samples are not the selected epitopes. VLP-MIA and GST-L1-MIA detect
the total VLP-specific antibodies, which include some non-neutralizing antibodies,

immunoassay (cLIA) [7], the virus-like-particle (VLP)-based

and might therefore overestimate the efficacy of the vaccine.

Although the level of protection afforded by neutralizing antibodies has not
been determined, neutralizing antibodies are accepted as the primary mediator of
a vaccine’s potency. The HPV life cycle is strictly dependent on the differentiation
stage of the host cell [10]. Native HPV virions cannot be produced in conventional
culture, and it is almost impossible to detect neutralizing antibodies using authentic
virions, especially in large-scale analyses of naturally infected or vaccinated cohorts.
The cotransfection of mammalian cells with two HPV capsid genes, L1 and L2,
together with a reporter plasmid produced high infectious titers of pseudovirions,
which presented surface conformational epitopes similar to those of the native
virions [11]. The pseudovirion-based neutralization assay (PBNA) is recognized
as the gold standard method for the analysis of the functional humoral immune
response to HPV. Several PBNAs have been developed using different reporter
genes, including fluorescent reporter genes (such as enhanced green fluorescent
protein (EGFP) [12,13]), or chemiluminescent reporter genes (such as secreted alkaline
phosphatase (SEAP) [12] and Gaussia luciferase (Gluc) [14,15]). The infected status of
the target cells in the PBNA is detected using fluorescent microscopy and/or flow
cytometry (FCM) for EGFP and with a chemiluminescence reader for SEAP and GLuc.
Because the interpretation with microscopy is subjective and the procedure for FCM
is laborious, the EGFP method has not been widely used. Although the SEAP- and
GLuc-based method can enhance the throughput to a certain extent, the throughput
is still lower than that of MIAs [7,16], which can simultaneously quantitate antibodies
directed against different HPV types. Recent advances in fluorescent reporter genes
and the ELISPOT reader allow the simultaneous detection of several differently
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colored fluorescent proteins [17]. Using these innovations, we have established a new
multicolor PBNA to simultaneously quantify the neutralizing antibodies directed
against different types of HPV.

2. Materials and Methods

2.1. Cells, Plasmids, Serum Samples, HPV Antibody Standards, and HPV Vaccines

The 293FT cell line (Invitrogen, Carlsbad, CA, USA) was maintained in
growth medium (high-glucose Dulbecco’s modified Eagle’s medium with 10%
fetal bovine serum, 1% penicillin- streptomycin solution, 1% nonessential amino
acids, 2% HEPES). HPV L1/L2 expressing plasmids (p16LLw [18], p18LLw [12],
p6LLw2 [19], p11Lw [20], p11§w [21], p31sheLL [22], p45sheLL [23], p52LLw [24] and
pS8LLw [22]) and the red fluorescent protein (RFP) reporter plasmid pRwB [25] were
kindly provided by John Schiller (National Cancer Institute, Bethesda, MD, USA).
E2-CFP (Clontech, Mountain View, CA, USA) expresses the E2-crimson fluorescent
protein (CFP). The EGFP reporter plasmid was constructed by inserting the EGFP
gene into the pCDNA3.1 vector (Invitrogen, Carlsbad, CA, USA), as described
previously [26].

2.2. Serum Samples

Naturally HPV-infected serum samples were selected from a large number of
samples from a blood bank (Shanghai RAAS Blood Products Co. Ltd, Shanghai,
China). Fifty post-vaccinated human serum samples that had been collected
in a phase I clinical trial of a bivalent HPV16/18 vaccine, produced in Pichia
pastoris (ClinicalTrials.gov ID: 2011L01085) were kindly provided by Shanghai Zerun
Biotechnology (Shanghai, China). Written informed consent was obtained from
all donors. Mouse sera were collected from mice intraperitoneally administered a
candidate nonavalent HPV vaccine (Innovax, Xiamen, China). Rabbit serum samples
were collected from rabbits immunized with a monovalent vaccine kindly provided
by Qiming Li (National Vaccine and Serum Institute, Beijing, China), as described
previously [15]. This study was approved by the Institutional Animal Care and
Use Committee of the National Institutes for Food and Drug Control, China. All
animals were housed and maintained in accordance with the relevant guidelines
and regulations.

2.3. Preparation and Titration of HPV Pseudovirions

HPV pseudovirions were produced in 293FT cells using a previously described
method, with modification [11,27].  Briefly, 293FT cells were cotransfected
with HPV-L1/L2-expressing plasmids together with a reporter plasmid, using
Lipofectamine 2000 (Invitrogen), according to the manufacturer’s instructions.
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The cells were harvested 48 h post-transfection and suspended in Dulbecco’s
phosphate-buffered saline (Invitrogen) supplemented with 0.5% Triton X-100, 0.1%
Benzonase® (Sigma-Aldrich, St. Louis, MO, USA), 0.1% Plasmid-Safe ATP-Dependent
DNase (Epicentre, Madison, WI, USA), and 1/40 volume of 1 M ammonium sulfate.
The pseudovirions were matured by incubating the cell lysates overnight at 37 °C.
The lysates were then transferred to an ice bath for 5 min and the NaCl concentration
was adjusted to 0.85 M. The lysates were clarified by centrifugation at 5000x g for
10 min. The three types of pseudovirions (expressing reporter protein EGFP, RFP, or
E2-CFP) were stored as aliquots at —80 °C until titration.

The pseudovirion stocks were titrated as follows: 293FT cells were trypsinized and
placed in the inner wells of 96-well tissue culture plates at 1.5 x 10* cells /100 uL/well
for 3-6 h before the pseudovirions were added. Each type of pseudovirion was
prediluted 100-fold, and nine serial five-fold dilutions were prepared. After
incubation for 72 h at 37 °C under 5% CO,, the percentages of fluorescence-positive
cells and fluorospots were determined with FCM (BD, Franklin Lakes, NJ, USA)
and an ImmunoSpot reader (CTL, Shaker Heights, OH, USA). The pseudoviron
titers were defined as 50% tissue culture infective dose (TCID50), calculated with the
Reed-Muench method [28].

2.4. Pseudovirion-Based Neutralization Assay

Once the pseudovirion titer had been determined, the neutralizing antibody
titers of the sera were determined with a PBNA, as in previous studies [12,13,
15]. Briefly, 293FT cells were placed in 96-well flat-bottom cell culture plates
at 15,000 cells/well with 100 pL of growth medium and incubated for 3-6 h
before the pseudovirions were added. The pseudovirion stocks were diluted to
4000-6000 TCID50/mL [13]. The diluted pseudovirions (60 puL) and serially diluted
sera (60 puL) were mixed in 96-well round-bottom plates and placed on ice for 1 h.
The pseudovirion-serum mixtures (100 pL) were transferred into cell culture plates
preseeded with 293FT cells, and incubated for 68-72 h. After incubation, the numbers
of fluorospots were counted with the InmunoSpot reader. The serum neutralization
titers were defined as the 50% maximal inhibitory concentration (ICs), calculated
with the Reed-Muench method [28].

3. Results

3.1. Selection of Fluorescent Proteins

To select the appropriate fluorescent proteins for the multiplex PBNA, 293FT
cells were transfected with different fluorescence-expressing plasmids: AmCyanl
(blue), EGFP (green), enhanced yellow fluorescent protein (EYFP; yellow), REP (red),
and E2-CFP (far red). The cells were scanned with different excitation and emission
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wavelengths using ImmunoSpot (CTL, Shaker Heights, OH, USA). Only EGFP,
RFP, and E2-CFP were detected with unique excitation-emission wavelength pairs.
Therefore, the three reporter plasmids were cotransfected with the HPV structural
genes to generate pseudovirions producing different colors (Figure 1). No mutual
interference was observed with the specific excitation-emission wavelength pairs
used to detect the pseudovirions.

HPV16-EGFP HPV18-RFP HPV58-CFP

wu 009/0LS wu 02s/08y

wu 0£9/0€9

Figure 1. Fluorescence of three fluorescent proteins under different excitation and
emission filters. The excitation and emission filter wavelengths for row 1 were
480 nm and 520 nm, respectively. For row 2, the excitation and emission filter
wavelengths were 570 nm and 600 nm, respectively. For row 3, the excitation and
emission filter wavelengths were 630 nm and 670 nm, respectively.

3.2. Correlation of the FluoroSpot and FCM Results

The classic GFP-pseudovirion assay was detected using the FCM [12]. To
compare the results of FluoroSpot and FCM, 293FT cells were transfected with
an HPV16 or HPV18 structural genes, together with the reporter gene EGFP
or RFP, to yield four pseudovirions: HPV16-EGFP, HPV18-EGFP, HPV16-RFP,
and HPV18-RFP. The 293FT cells were then infected with the serially diluted
pseudovirions and detected with FluoroSpot and FCM 72 h post-infection. The
FluoroSpot counts and the percentages of positive cells correlated well, with R? > 0.97
(Figure 2A-D). The neutralizing antibodies against HPV16-EGFP and HPV18-RFP
in 50 post-vaccination human serum samples were detected with both FluoroSpot
and FCM. The log-transformed ICs values showed good consistency, with R? > 0.98
(Figure 2E,F).
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Figure 2. Correlation between FluoroSpot and FCM analyses of EGFP- and
RFP-PBNA. (A-D) Correlation of the Fluorospot counts and FCM-percentage
of positive cells when tested for HPV16-EGFP, HPV18-EGFP, HPV16-RFP and
HPV18-RFP, respectively; (E,F) correlation of the 1g(IC50) values for Fluorospot
counts and FCM-percentage of positive cells when tested for HPV16-EGFP
and HPV18-RFP, respectively; (G H) the titration of three serum samples (H,
M, and L with high, medium, and low neutralizing antibody titers collected
from the dual-valent vaccine clinical tiral) against HPV16-EGFP and HPV18-RFP,
respectively. The sensitivity parameters used in these assay was 215.

3.3. Impact of the Sensitivity Parameter on the Interpretation of the FluoroSpot Results

The sensitivity of the FluoroSpot counts can be adjusted by changing the
sensitivity parameter. Too high a sensitivity could yield high background and
low specificity, whereas too low a sensitivity might miss specific spots. To identify
the optimal sensitivity parameter, 293FT cells were infected with HPV16-EGFP,
HPV18-EGFP, HPV16-RFP, or HPV18-RFP and detected with different sensitivity
parameters (150-250), and the results were compared with the FCM results. The linear
correlation R? increased initially and then decreased as the sensitivity parameter
increased (Figure 3). The correlation was most easily disturbed by altering the
sensitivity parameter for pseudovirions containing EGFP. Only when the sensitivity
parameter was 200-230, the R? reached more than 0.99. For the pseudovirions
expressing RFP, R? > 0.99 when the sensitivity parameter was 180-250. Therefore,
215 was used as the optimal sensitivity parameter for this assay. At this sensitivity,
300 and 400 fluorescent spots were detected for EGFP and RFP, respectively, if the
rate of positive cells reached 15%, which was the most suitable pseudoviral dose for
FCM [13].
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Figure 3. Effect of the sensitivity parameter on the correlation between the
FluoroSpot and FCM results.

3.4. Comparison of Single- and Dual-Color PBNA

To determine whether the reporter protein affects the PBNA results, green
(EGFP) and red (RFP) HPV16 pseudovirions were tested against rabbit sera
immunized with HPV16. The almost totally overlapping inhibition curves yielded
similar ICsy values for HPV16 with both reporter proteins (Figure 4A). A similar
phenomenon was observed for HPV18 (Figure 4B). To investigate whether the mixed
pseudovirions affected the PBNA results, the same serum samples were tested
with two dual-color pseudovirion combinations (HPV16-EGFP + HPV18-RFP and
HPV16-RFP + HPV18-EGFP) (Figure 4C,D). The similar inhibition curves and ICs
values indicated that there was no distinct difference between these two combinations.
The results for dual-color PBNA were also consistent with those for single-color
PBNA (Figure 4). In addition, no cross-talk was observed between HPV16 and
HPV18 in all the PBNAs.

3.5. Comparison of Single- and Triple-Color PBNA

To further improve the throughput of the PBNA, a third color (CFP: far red) was
introduced to the assay. Nine kinds of pseudovirions were prepared: HPV16-EGFP,
HPV16-RFP, HPV16-CFP, HPV18-EGFP, HPV18-RFP, HPV18-CFP, HPV58-EGFP,
HPV58-RFP, and HPV58-CFP. The differently colored pseudovirions and different
combinations of pseudovirion were tested against pooled serum samples from mice
immunized with a nonavalent (HPV6/11/16/18/31/33/45/52/58) HPV candidate
vaccine. The similar inhibition curves suggest that there were no significant
differences between the single-color PBNA and triple-color PBNA in testing HPV16,
HPV18, and HPV58 (Figure 5).
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Figure 4. Comparison of single- and dual-color PBNA in detecting inhibition
rates. (A) Single-color HPV16 and HPV18 pseudovirions were tested against
mono-valent HPV16 vaccine immunized rabbit serum; (B) Single-color HPV16 and
HPV18 pseudovirions were tested against monovalent HPV18 vaccine immunized
rabbit serum; (C) Dual-color HPV16 and HPV18 pseudovirions mixtures were
tested against monovalent HPV16 vaccine immunized rabbit serum; (D) Dual-color
HPV16 and HPV18 pseudovirion mixtures were tested against monovalent HPV18

vaccine immunized rabbit serum.

The single-color and triple-color PBNA were also compared using different
kinds of samples, including sera from naturally infected humans, sera from
immunized mice, and WHO International Standards for antibodies. For HPV16,
HPV18, and HPV5S, the coefficients of variation (CVs) were 18-34%, 16-51%, and
28-43%, respectively (Table 1). The HPV16 standard specifically neutralized HPV16
in the triple-color PBNA, with ICsg values of 118, 97, and 55, respectively, which
are similar to those reported previously [29]. The HPV18 standard specifically
neutralized HPV18 in the triple-color PBNA, with ICsy values of 801, 1027, and
628, which are similar to those reported previously [14]. Most importantly, no
cross-reaction was observed in the triple-color PBNA, confirming the consistency

between the triple- and single-color PBNAs.
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Figure 5. Comparison of single- and three-color PBNAs against HPV16, HPV1S,
and HPV58. (A) Comparison of single- and three-color PBNAs for HPV16;
(B) Comparison of single- and three-color PBNAs for HPV18; (C) Comparison
of single- and three-color PBNAs for HPV58. 16-E: HPV16 pseudovirion packaged
with the EGFP reporter gene; 16-R: HPV16 pseudovirion packaged with the RFP
reporter gene; 16-C: HPV16 pseudovirion packaged with the CFP reporter gene;
16E-18R-58C: HPV16 EGFP + HPV18 RFP + HPV CFP; 16R-18C-58E: HPV16 RFP +
HPV18 CFP + HPV58 EGFP; 16C-18E-58R: HPV16 CFP + HPV18 RFP + HPV58
EGFP. The sample tested contained mixed sera from mice immunized with a
candidate nonavalent HPV vaccine.

Table 1. Comparison of the single- and three-color PBNAs in detecting antibody titers.

Sample
Pseudovirion A B C D E
16E 113 967 5025 99 <40
16P 95 1945 8608 109 <40
16C 75 1225 5786 75 <40
HPV16  16E-18P-58C 93 1016 5866 118 <40
16P-18C-58E 74 1328 7039 97 <40
16C-18E-58P <40 761 4381 55 <40
cv 18% 34% 25% 25% 0%
18E 120 16,957 15,630 <40 826
18P 80 5641 14,820 <40 824
18C 78 6875 13,912 <40 674
HPV18  16E-18P-58C 102 6500 15,366 <40 801
16P-18C-58E 98 11,296 5106 <40 1067
16C-18E-58P 98 18,427 9519 <40 628
cv 16% 51% 34% 0% 19%
58E 103 1778 8799 <40 <40
58P 121 2029 7422 <40 <40
58C 93 1098 3077 <40 <40
HPV58  16E-18P-58C 76 1395 3686 <40 <40
16P-18C-58E 189 952 10,764 <40 <40
16C-18E-58P 115 1608 7599 <40 <40
cv 34% 28% 43% 0% 0%

A, B: Human sera obtained from naturally infected individuals; C: Serum sample from
mice immunized with the candidate nonavalent HPV vaccine; D: WHO Anti-HPV16
serum standard (National Institute for Biological Standards and Control (NIBSC) code:
05/134); E: WHO Anti-HPV18 serum standard (NIBSC code: 10/140).
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Because the antibody titers are low in individuals naturally infected with HPV,
the agreement between the single- and triple-color PBNAs can be assessed most
stringently with this kind of sample. Samples from 48 individuals naturally infected
with HPV were used in both assays for HPV16, HPV18, and HPV58, using an ICsg of
40 as the cut-off value. The sero-status assighment of the samples with the two assays
is cross-tabulated in Table 2. For each of the three HPV genotypes, the agreement
rates in qualitative analyses were greater than 95.8% (HPV16, 95.8%; HPV18, 95.8%;
and HPV58, 97.9%). The kappa scores between the two assays were 0.92, 0.89, and
0.96 for the three HPV types, respectively, suggesting good agreement between the
two assays.

Table 2. Agreement between the single- and triple-color PBNAs in a naturally
infected cohort.

Triple-Color PBNA

Single-Color PBNA HPV16 HPV18 HPV58
— + Total - + Total - +  Total

— 26 0 26 35 0 35 29 1 30

+ 2 20 22 2 11 13 0 18 18

Total 28 16 48 37 11 48 29 19 48
Agreement (%) 95.8 95.8 97.9
Negative Predictive Value (%) 92.9 94.6 100
Positive Predictive Value (%) 100 100 94.7
Kappa score 0.92 0.89 0.96

3.6. Reproducibility of the Triple-Color PBENA

To determine the reproducibility of the three-color PBNA, three samples for
each type were tested: two from naturally infected individuals (H16.1, H16.2 for
HPV16; H18.1, H18.2 for HPV18; H58.1, H58.2 for HPV58) and one from a rabbit
immunized three times with the corresponding monovalent HPV vaccines (R16
for HPV16, R18 for HPV18, R58 for HPV58). Each serum was tested nine times
in three independent runs (Figure 6). When the serum titers were calculated, the
intra-assay and inter-assay coefficients of variation were 2.0%—41.5% and 8.3%-36.2%,
respectively, indicating good reproducibility.

3.7. Triple-Color PBNA for HPV6-33-45 and HPV11-31-52

A nonavalent HPV vaccine targeting HPV6/11/16/18/31/33/45/52/58
(Gardasil 9; Merck) was approved by the U.S. FDA in 2014 [6]. To test all nine HPV
types, another two triple-color pseudovirion mixtures were examined, HPV6-33-45
and HPV11-31-52. Three serum samples from mice immunized with different
amounts of the nonavalent vaccines were used to test the consistency between the
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single-color and triple-color PBNAs. Good concordance was observed between the
single- and triple-color PBNAs for both the HPV6-33-45 assay and the HPV11-31-52
assay (Figure 7). The neutralizing antibody profiles were detected for the samples
immunized with the nonavalent vaccine with three runs of the assay using the
triple-color PBNA.
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Figure 6. Reproducibility of the triple-color PBNA. R16, R18, and R58 were
rabbit serum samples immunized with corresponding mono-valent HPV vaccines.
Hie.1, H16.2, H18.1, H18.2, H58.1, and H58.2 were serum samples from naturally
infected individuals.
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Figure 7. Comparison of the single- and triple-color PBNA for HPV6-33-45
and HPV11-31-52 PBNAs. (A) Comparison of the single- and triple-color
PBNA for HPV6-33-45; (B) Comparison of the single- and triple-color PBNA
for HPV11-31-52. Three serum samples from mice immunized with different
amounts of the nonavalent vaccines were tested using single-color and triple-color
PBNAs, respectively.
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4. Discussion

Neutralizing antibodies are considered the primary protective mechanisms for
most prophylactic vaccines, and PBNA is considered the gold standard method for
evaluating the immune response raised against HPV vaccines [12,14,30]. However,
PBNA is not widely used in clinical trials or sero-epidemiological analysis because it
is laborious and complex. To date, a series of optimized PBNAs has been developed
and the throughput of PBNAs has been improved to some extent [14]. However,
compared with antibody-binding detection assays, especially the multiplex cLIA
based on Luminex, the PBNA procedures require considerable simplification. In
this study, a new assay based on a fluorescent reporter gene was developed as an
economical and easy-to-use method for simultaneously comparing the neutralizing
antibodies raised against different HPV types.

FluoroSpot, which is used in the ELISPOT assay, allows the analysis of single
cells secreting several cytokines [31]. Here, FluoroSpot directly detected target cells
infected with the HPV pseudovirion, without cell digestion or the addition of further
substrates. The detection time was less than 5 min for a 96-well plate. The traditional
detection strategy for fluorescent proteins is fluorescent microscopy and/or FCM.
The results of the EGFP-based pseudovirion infection assay showed good consistency
between the FCM and FluoroSpot detection methods. When the single-color method
was extended to include multiple colors, any possible cross-interference of the
different reporters had to be considered. For example, YFP can be detected by
the EGFP wavelength pair. Furthermore, the specificity of the assay decreases
with decreasing wavelengths. For example, cell debris and unexpected fibers will
present nonspecific blue light at the wavelengths used for the blue fluorescent protein
reporter, which is therefore unsuitable for this assay.

Although the mechanisms have not been fully revealed, cross-protection has
been observed with bivalent and quadrivalent vaccines [32-34]. Therefore, to
avoid the detection of false positives, the mixed pseudovirions should be distantly
phylogenetically related. HPV16 and HPV18, which belong to the alpha 9 and
alpha 7 genotypes, respectively, were selected for the dual-color combination. Based
on this principle, closely related HPV types were assigned to different combinations.
Therefore, for the immunological analysis of the nonavalent vaccine, mixtures
HPV16-18-58, HPV6-33-45, and HPV11-31-52 were used to avoid cross-reaction.

To date, neutralizing methods have been used in few clinical HPV vaccine trials.
Instead, antibody binding is used as a surrogate index for the immune response. The
coating antigens and principles of detection differ completely between these two
types of assays. No comparison data for different clinical trials are available. Placebo
controls cannot be used in future clinical studies, especially for the development
of second-generation vaccines. Therefore, the development of high-throughput
easy-to-use protection-related PBNAs is urgently required for future clinical trials.
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5. Conclusions

Three triple-color PBNAs, HPV16-18-58, HPV6-33-45, and HPV11-31-52, were
developed to evaluate a nonavalent vaccine. This multicolor PBNA provided rapid
and precise profiles of the protection-related immune response in vaccine-immunized
or naturally infected cohorts. The new assay has advantage over the FCM assay for
the easy-to-use procedure, which shortens the detection time from more than 3 h to
5 min for 96-well plate. Even compared to the recently developed high-throughput
Gluc-based assay [15], triple-color assay only needs one third of the detection time
and sample quantity for the same sample evaluation. With the development of
fluorescent reporter proteins and the FluoroSpot technology, more colors for PBNA
might become available to improve the analysis of immune responses in the future.
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Abbreviations

PBNA Pseudovirion-based neutralization assay

HPV Human papillomavirus

us United States

FCM Flow cytometry

FDA Food and Drug Administration

cLIA Competitive Luminex® immunoassay

VLP Virus-like particle

VLP-MIA Virus-like particle-based multiplex immunoassay
GST-L1-MIA Glutathione S-transferase L1-based MIA

EGFP Enhanced green fluorescent protein

GLuc Gaussia luciferase

SEAP Secreted alkaline phosphatase

HEPES 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid
RFP Red fluorescent protein
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E2-CFP E2-crimson fluorescent protein

WHO World Health Organization
NIBSC National institute for Biological Standards and Control
YFP Yellow fluorescent protein
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Dengue Virus Reporter Replicon is a
Valuable Tool for Antiviral Drug
Discovery and Analysis of Virus
Replication Mechanisms

Fumihiro Kato and Takayuki Hishiki

Abstract: Dengue, the most prevalent arthropod-borne viral disease, is caused by
the dengue virus (DENV), a member of the Flaviviridae family, and is a considerable
public health threat in over 100 countries, with 2.5 billion people living in high-risk
areas. However, no specific antiviral drug or licensed vaccine currently targets DENV
infection. The replicon system has all the factors needed for viral replication in cells.
Since the development of replicon systems, transient and stable reporter replicons, as
well as reporter viruses, have been used in the study of various virological aspects of
DENYV and in the identification of DENYV inhibitors. In this review, we summarize the
DENV reporter replicon system and its applications in high-throughput screening
(HTS) for identification of anti-DENV inhibitors. We also describe the use of this
system in elucidation of the mechanisms of virus replication and viral dynamics
in vivo and in vitro.

Reprinted from Viruses. Cite as: Kato, F; Hishiki, T. Dengue Virus Reporter
Replicon is a Valuable Tool for Antiviral Drug Discovery and Analysis of Virus
Replication Mechanisms. Viruses 2016, §, 122.

1. Introduction

Dengue virus (DENV), which includes four serotypes (DENV1-4), is transmitted
to humans by Aedes mosquitos and is the etiological agent of dengue fever and
dengue hemorrhagic fever [1]. DENV causes an estimated 50-100 million cases of
dengue fever, 500,000 cases of severe dengue (dengue hemorrhagic fever/dengue
shock syndrome (DHF/DSS)), and more than 20,000 deaths each year in tropical
and subtropical regions, representing a considerable public health threat in over
100 countries worldwide [2]. However, there are still no specific antiviral drugs or
licensed vaccines against DENV infection.

DENV is an enveloped, positive-strand RNA virus belonging to the genus
Flavivirus in the family Flaviviridae. Several other flaviviruses, including Japanese
encephalitis virus (JEV), yellow fever virus (YFV), West Nile virus (WNV), tick-borne
encephalitis virus (TBEV), and Zika virus (ZIKV), also are significant human
pathogens [3,4]. The DENV genome consists of approximately 11 kb, containing
one large open-reading frame (ORF). This viral RNA encodes a polyprotein that is
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processed by cellular and viral proteases into three structural proteins (capsid (C),
pre-membrane (prM), and envelope (E)), which form the virus particle, and seven
nonstructural (NS) proteins (NS1: essential for RNA replication, NS2A: inhibition of
interferon signal, NS2B: cofactor of NS3 protease, NS3: protease and helicase activity,
NS4A: induction of membrane rearrangements, N54B: inhibition of interferon signal,
and NS5: methyltransferase and RNA polymerase activity, inhibition of interferon
signal). These NS proteins are responsible for replication of the viral genome but are
not detectable in viral particles [4]. The ORF is flanked by highly structured 5'- and
3'-untranslated regions (UTRs), which play regulatory roles in translation of the viral
proteins and viral RNA genome replication. In DENV and other flaviviruses, the
presence of complementary sequences at the ends of the genome mediates long-range
RNA-RNA interactions [5]. DENV RNA displays two pairs of complementary
sequences (CS) required for genome circularization and viral replication [6,7]. The
downstream 5’ CS pseudoknot (DCS-PK) elements enhance viral RNA replication by
regulating cyclization [8].

The replicon system contains gene elements necessary for autonomous
replication of the genome in cells. Expression of viral genes by replicon systems has
been established in a number of positive-strand RNA viruses, such as Sindbis virus,
poliovirus, Semliki Forest virus, human rhinovirus 14, coronavirus, and hepatitis C
virus, and in various flaviviruses, including Kunjin virus, DENV, WNV, YFV, and
TBEV [9-19]. In this review, we describe a replication-competent DENV subgenomic
and full-length replicon system composed of reporter genes. This technology has
improved dramatically in recent years and can be used for the screening of antiviral
compounds and analysis of virus replication mechanisms.
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Figure 1. Schematic model of the dengue virus (DENV) life cycle. DENV particles
bind to host cell factors and then enter the cell by clathrin-mediated endocytosis.
After trafficking to endosomal compartments, envelope protein-mediated fusion
of viral and cellular membranes occurs with changes in pH, allowing disassembly
of the virus particles and release of single-stranded viral RNA into the cytoplasm,
where translation occurs. The viral RNA is then translated to a polyprotein, which
is processed by host cellular and viral proteases. Nonstructural (NS) proteins then
replicate the viral RNA. Viral particle assembly occurs on the membrane of the
endoplasmic reticulum (ER), and particles then bud into the ER as immature virus
particles. During egress of the progeny virus particle through the secretory pathway,
pre-membrane (prM) protein is cleaved by the cellular serine protease furin. Mature
virus particles are released into the extracellular space. The red inset indicates the
putative membrane topology of the viral proteins. TGN: trans-Golgi network.

2. DENV Life Cycle
DENYV attaches to cells via interactions between the E proteins of viral particles
and cellular factors, including heparan sulfate, mannose receptor, dendritic cell
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(DC)-specific intercellular adhesion molecule 3-grabbing nonintegrin (DC-SIGN),
and T-cell immunoglobulin and mucin domain (TIM) and Tyro3, Axl, and Mer (TAM)
family proteins, on the target cell [20]. After binding, DENV is internalized into
cells via clathrin-mediated endocytosis and traffic into the endosomal compartment,
in which the low pH induces structural changes in the E protein, resulting in
viral membrane fusion. The positive-stranded viral RNA is then released into
the cytoplasm. The DENV genome is a single-stranded positive-sense RNA that
functions as mRNA and is subsequently translated by the cell machinery, thus
generating viral proteins in the endoplasmic reticulum (ER). DENV genome RNA
replication is performed in a structure enclosed by a virus-induced intracellular
membrane, called the replication complex (RC); the RC contains viral proteins, viral
RNA, and host cell factors [21,22]. The assembly of DENV particles occurs in the
ER, and the virions bud into the ER as immature virus particles that incorporate
60 trimeric spikes of the prM and E proteins. These immature virus particles are then
transported through the trans-Golgi network (TGN). During egress, prM is cleaved
by the cellular serine protease furin. Thereafter, infectious mature virus particles are
released into the extracellular space (Figures 1 and 2).

DENV genome (~11kb), positive single strand RNA
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Figure 2. Schematic diagram of the DENV genome. The single-stranded viral RNA
is translated by cap-dependent initiation scanning of the 5'- untranslated region
(UTR). The translated polyprotein is processed by cellular and viral proteases
into three structural proteins (capsid (C), pre-membrane (prM), and envelope (E)
proteins) and seven NS proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5).
C, prM, and E proteins constitute the components of viral particles, whereas NS1-5
proteins function in the replication of RNA viral genome.
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3. Subgenomic Reporter Replicon (Transient Expression of NS Proteins)

Subgenomic replicon systems including the coding region of NS proteins (NS1
to NS5) and the cis-acting element in the 5'- and 3’-UTR, which are needed for
viral RNA translation and replication, are able to self-replicate in cultured cells.
These replicon systems can be safely used to study many aspects of virus replication
because of the lack of structural genes necessary for the production of virus particles.
Consequently, subgenomic replicons are suitable for examination of viral genome
replication independently of the process of viral particle assembly.

The DENV replicon system described by Pang and colleagues does not contain
a reporter gene for analysis of the level of DENV RNA replication [16]. To improve
this system, researchers have developed new replicon systems (Figure 3b) [23-32].
Among them, DVRep, which harbors a firefly luciferase (Fluc) gene to replace
the structural proteins [28]. The C-terminal 24 amino acids of the E protein,
corresponding to the transmembrane (TM) domain, were included in the system
to maintain the topology of the viral protein NS1 inside of the ER compartment.
The luciferase was fused to the N-terminal 34 amino acids of the C protein, which
contained the cis-acting element of 11 nucleotides complementary to the 3’ CS [33,34].
Furthermore, to ensure appropriate cleavage of luciferase from the viral polyprotein,
foot-and-mouth disease virus (FMDV) 2A protease cleavage sites were introduced
between the C-terminus of luciferase and the beginning of the TM domain of the
E protein (Figure 3b, upper panel) [35]. After transfection of replicon RNA into BHK-21
and C6/36 cells, DVRep RNA translation and amplification could be monitored by
measurement of luciferase activity. Moreover, an RNA element was identified in the
3’- UTR that differentially modulates viral replication in mosquito and mammalian
cells in this replicon system.

Puig-Basagoiti et al. developed two types of subgenomic replicons [29]. One
replicon contained a Renilla luciferase (Rluc) gene, which was substituted with
the viral structure genes (DEN-1 Rluc-Rep). The other replicon was a FMDV 2A
cleavage sequence inserted into the C-terminal of the luciferase of DEN-1 Rluc-Rep
(DEN-1 Rluc2A-Rep). After transfection of DEN-1 Rluc-Rep RNA into BHK-21
cells, only a single luciferase peak was observed during the initial 10 h, and no
further luciferase activity was detected up to 96 h. In contrast, after transfection of
DEN-1 Rluc2A-Rep RNA into BHK-21 cells, two luciferase peaks were observed; the
first peak was observed during the initial 10 h, and the second peak was observed
after 10 h. These results suggested that the first luciferase peak may represent
the translation of input RNA, whereas the second peak may represent viral RNA
replication. Similar observations regarding the importance of the FMDV 2A sequence
for cleavage between luciferase and the C-terminal fragment of the E protein were
reported by Alvarez and co-workers [28].
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Figure 3. Schematic diagram of DENV reporter replicons. (a) Structure of the
complete DENV genome; (b) subgenomic reporter replicons that are used for
transient replication assays; (c) selectable subgenomic reporter replicons. The
RNA supports stable expression of reporter and nonstructural (NS) proteins;
(d) full-length reporter replicons that produce infectious viral particles. Reporter
genes: Renilla (Rluc), firefly (Fluc), or Gaussia luciferase (Gluc) or green fluorescence
protein (GFP); cleavage site: foot-and-mouth disease virus (FMDV) 2A or ubiquitin
cleavage sequence; IRES: internal ribosome entry site; DrugR: drug-resistance gene.

Generally, a replicon is established by transfection of in vitro transcribed RNA.
However, some reports have described DNA-based replicons, in which transcription is
controlled by a cytomegalovirus (CMV) promoter prepared from Venezuelan equine
encephalitis virus (Alphavirus), porcine reproductive and respiratory syndrome virus
(Arterivirus), WNV, and DENV [36-39]. Leardkamolkarn et al. also successfully
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developed four types of subgenomic replicons, in which the GFP reporter gene
was inserted into the structural region [31]. The DNA-based replicon is stable
compared with RNA-based constructs, and the DNA-based replicon can be directly
transfected (without in vitro transcription). Therefore, DNA-based replicons are
simple and convenient to use for examination of the mechanism of DENV replication
and for high-throughput screening (HTS) of anti-DENV compounds. Recently, we
developed a DNA-based transient DENV-1 replicon encoding the Gluc reporter
gene [32]. Gaussia is smaller than firefly or Renilla luciferase and generates a stronger
signal [40]. Thus, as a major advantage of our system, Gaussia luciferase activity can
be analyzed in culture medium, without the requirement for cell lysis.

4. Subgenomic Reporter Replicon Cells (Stable Expression of NS Proteins)

Stable viral replicating systems, called replicon cells, enable continuous viral
RNA replication in cell culture through introduction of a drug-resistance gene into
the viral genome. DENV replicon cells are useful tools for analysis of the replication
mechanisms of the DENV genome; however, such cells are not suitable for HTS
of anti-DENV agents. Therefore, researchers modified this system to introduce a
reporter gene and to develop an appropriate assay system that could be used to
analyze the amount of DENV RNA in cells by measuring reporter activity, such as
luciferase or GFP [29,30,39,41-44].

The reporter within the DENV replicon contained Rluc ubiquitin, a selectable
neomycin-resistance (1e0) gene, and an encephalomyocarditis virus (EMCV) internal
ribosome entry site (IRES) fragment; this was substituted for the viral structural
genes to construct a replicon fragment that retained the 37 N-terminal amino
acids of the C protein and 31 C-terminal amino acids of the E protein [29]. After
transfection of the DENV replicon RNA into Vero cells, the replicon polyprotein
driven by the DENV 5-UTR and EMCV IRES was processed through cellular and
viral protease-mediated cleavage, resulting in individual Renilla luciferase, neomycin
phosphotransferase II conferring resistance to various aminoglycoside antibiotics,
and NS proteins. The transfected cells were selected by geneticin treatment, allowing
continuously replicating replicon cells to survive. Examination of the established
cells demonstrated that viral proteins were expressed in all cells. Additionally, high
levels of Renilla luciferase activity were maintained more than four months.

Some researchers have conducted studies in which the luciferase gene is
replaced with the enhanced green fluorescent protein (EGFP) gene for construction
of DENYV replicon cells [41,42,44]. In this replicon assay system, readouts are easy
to monitor by measurement of the fluorescence intensity of living cells. Indeed,
Leardkamolkarn et al. carried out HTS and identified new anti-DENV compounds
using this DENV replicon system.
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5. Virus-like Particles

In recent years, single-round infectious virus-like particles (VLPs) that express
reporter genes have been used widely as tools for studying several flaviviruses,
including YFV and WNYV [45,46]. VLPs are composed of an RNA reporter replicon
genome that is packaged into virus particles by the viral structural proteins (C, prM,
and E proteins) when provided in trans. The VLPs exhibit a structure similar to that
of infectious live virus particles and can be used to study the entry and replication
steps of the viral life cycle.

Qing et al. confirmed that DENV-VLPs are susceptible to the neutralizing
antibody 4G2, which recognizes the fusion loop of domain II of the E protein, and
to the anti-DENV compound NITD008, which is a nucleoside inhibitor of DENV
RNA-dependent RNA polymerase (RdRp) [47-49]. Validation and optimization of
VLPs for HTS of DENV inhibitors in a 384-well format yielded consistent, strong
signals. Moreover, consistent with previous studies, they also found that the infectivity
of VLPs was influenced by temperature [50]. Furthermore, Mattia et al. demonstrated
the usefulness of VLPs for identification and measurement of neutralizing antibodies
in human serum samples against all four DENV serotypes in large-scale, long-term
studies [51].

6. Full-Length Reporter Replicon

The use of subgenomic replicon systems has improved our knowledge of
the mechanisms of DENV replication; however, the genomic sequences used in
these systems exhibit large deletions in the structural region (C, prM, and E coding
sequences). Therefore, the subgenomic replicon cannot be used to examine several
virus life cycle steps, such as entry, assembly, and release, or to identify antiviral
agents targeting structural proteins. To overcome this limitation, researchers have
developed full-length replicon systems [26,27,31,52-54]. Mondotte and colleagues
first reported the development of a full-length reporter infectious virus, DV-R, and
described the roles of two glycans in the E protein during DENV infection [53]. In
this construct, the Rluc gene was introduced into the 3’-UTR of the DENV genome,
with translation dependent on the EMCV IRES. After transfection of DV-R RNA
into BHK-21 cells, the genome becomes self-replicative, resulting in production
of infectious virus, although the DV-R RNA is longer than that of the parent
strain, whereas growth curve analysis indicated that DV-R replication decreased
in comparison with that of the parent strain; indeed, the titers at 24 and 48 h were
significantly lower than those of the parent strain. Furthermore, DV-R infection is
suppressed by heparin, an entry inhibitor, and replication abolished by an adenosine
analog, also known as viral polymerase inhibitor. Therefore, DV-R provides a useful
tool for investigating all steps of the virus life cycle.
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Leardkamolkarn et al. generated a full-length (FL) replicon, FL-DENV /GFP, in
which the GFP gene was inserted into the DENV genome between C and prM coding
sequences [31]. However, infectious virus was not detectable in the cell culture
supernatant, although GFP expression was detected in cells transfected with replicon
RNA. Additionally, the amount of intracellular viral RNA was significantly decreased
compared with that in the parent strain. These results suggested that GFP insertion in
the viral RNA genome in this position affected the amplification of the virus genome
and the infectivity of virus particles.

Reporter viruses are unstable; indeed, reporter genes are often deleted after a
few rounds of viral replication [55]. To overcome this limitation, a DENV strain stably
expressing luciferase, Luc-DENV, was developed. In this construct, the N-terminal
38 amino acids of the C protein were fused to the Rluc gene, and an FMDV 2A
cleavage sequence was introduced into the 5-UTR of DENV. After transfection of the
Luc-DENV RNA transcript into BHK-21 cells, the viral titer from culture supernatants
was lower than the parent virus [27]. To investigate the stability of Luc-DENYV,
researchers passaged the virus in Vero cells five times. As a result, luciferase
activity was increased from the third to fifth rounds of passage compared with
that during the first two rounds of passage virus. Furthermore, researchers showed
that adaptive mutation in the NS4B gene could enhance viral RNA replication in a
cell type-specific manner.

Schoggins et al. reported two types of full-length reporter replicons, which
included luminescent or fluorescent reporters within the viral genome [52]. The
first 25 amino acids of DENV C protein were repeated and introduced upstream
of the reporter gene (Fluc or GFP), which was fused to a sequence encoding the
FMDYV 2A cleavage site. Both DENV constructs produced infectious viruses in
culture supernatants through the in vitro transcribed RNA of the DENV reporter
construct introduced into Vero cells. Interestingly, the infectious viral productivity
of DENV-GFP was lower than that of the parent DENV strain. Furthermore,
serial passage of the virus in the cell culture supernatant results in reduced
GFP fluorescence, suggesting that the GFP gene was unstable during the DENV
life cycle. Similarly, Zou et al. also reported that the Rluc incorporated into
the full-length DENV genome was stable, whereas the GFP gene incorporated
into the full-length DENV genome was unstable [27]. These results suggested
that certain RNA elements within the GFP gene may interfere with DENV
replication, thereby resulting in deletion of GFP during replication of GFP-DENV.
Despite this limitation, the GFP-expressing replicon system still provides benefits
for the study of DENV. For example, the replication level can be quantified by
live-cell fluorescence imaging, a technique that provides rapid, simple screening.
Furthermore, using this GFP-DENV replicon system, it is possible to use
fluorescence-activated cell sorting (FACS) to measure and sort cells. Indeed, several
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antiviral effectors have been identified from an interferon-stimulated gene library
using DENV-GFP.

For the DENV-Fluc, susceptibility to the well-characterized anti-DENV
inhibitors mycophenolic acid (MPA), NITD008, and type I and III interferons is
similar to that of parent DENV in Huh?7 cells [49,56]. Interestingly, researchers further
used this DENV-Fluc in an in vivo mouse model, together with substitution of a single
amino acid mutation in NS4B, in order to examine the virulence of this mutation,
which has been shown to enhance viral RNA synthesis in mice [57]. After infection of
AG129 mice, which lack interferon-«, -3, and -y receptors, bioluminescence imaging
data showed that DENV localizes predominantly to lymphoid- and gut-associated
tissues [58-60]. This observation is consistent with the results of another study
on non-reporter DENV-infected AG129 mice. Furthermore, the use of DENV-Fluc
has been used to demonstrate susceptibility to the anti-DENV compounds MPA
and NITD008 and to neutralizing antibodies in AG129 mice. These results suggest
that DENV-Fluc could provide a platform for screening and assessment of antiviral
compounds and for analysis of DENV pathogenesis in living animals.

7. Conclusions and Perspectives

The development of novel biological assays is required to continue
advancements in the discovery of anti-DENV agents and to improve our
understanding of the mechanism of DENV replication. Conventionally, anti-DENV
activity is analyzed using infectious live virus. For example, quantification of the
amount of infectious virus by plaque assay, observation of cytotoxic effects, or
determination of viral RNA by reverse transcription polymerase chain reaction
(RT-PCR). However, these assays are low throughput and cannot be used easily to
screen large compound libraries. The development of the DENV replicon cell culture
system is one of the most significant advances in DENV basic research and antiviral
discovery. In recent years, exploitation of replication-competent reporter-expressing
transient replicon systems, replicon cells, and single-round infectious particles
has led to additional advancements in the field of DENV research. Furthermore,
full-length reporter viruses are also useful tools for screening of inhibitors that
affect all steps of the DENV life cycle and for examination of the mechanism of
DENV replication and pathogenesis in vivo and in vitro. These model systems will
further expand our understanding of virus-host interactions, viral pathogenesis, and
immunological responses to DENV infection, thereby facilitating the development of
drugs and vaccines.
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Applications of Replicating-Competent
Reporter-Expressing Viruses in Diagnostic
and Molecular Virology
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Libao Xie, Weike Li, Razim Ali and Hua-Ji Qiu

Abstract: Commonly used tests based on wild-type viruses, such as immunostaining,
cannot meet the demands for rapid detection of viral replication, high-throughput
screening for antivirals, as well as for tracking viral proteins or virus transport in
real time. Notably, the development of replicating-competent reporter-expressing
viruses (RCREVs) has provided an excellent option to detect directly viral replication
without the use of secondary labeling, which represents a significant advance
in virology. This article reviews the applications of RCREVs in diagnostic and
molecular virology, including rapid neutralization tests, high-throughput screening
systems, identification of viral receptors and virus-host interactions, dynamics of
viral infections in vitro and in vivo, vaccination approaches and others. However,
there remain various challenges associated with RCREVs, including pathogenicity
alterations due to the insertion of a reporter gene, instability or loss of the reporter
gene expression, or attenuation of reporter signals in vivo. Despite all these
limitations, RCREVs have become powerful tools for both basic and applied virology
with the development of new technologies for generating RCREVs, the inventions of
novel reporters and the better understanding of regulation of viral replication.

Reprinted from Viruses. Cite as: Li, Y,; Li, L.-F; Yu, S.; Wang, X.; Zhang, L.; Yu, ].; Xie, L.,
Li, W,; Ali, R;; Qiu, H.-J. Applications of Replicating-Competent Reporter-Expressing
Viruses in Diagnostic and Molecular Virology. Viruses 2016, 8, 127.

1. Introduction

The commonly used tests based on wild-type viruses, such as immunostaining,
are often time-consuming and labor-intensive. Furthermore, these methods cannot
meet the demands for high-throughput screening (HTS) of antivirals, rapid, sensitive
and quantitative detection of neutralizing antibodies (NAbs), visual tracking of viral
proteins or viruses in vitro and in vivo and other fields of virology.

Replicating-competent reporter-expressing viruses (RCREVs) are one type of
artificially modified viruses that not only retain the viral genetic characteristics but
also possess the new properties of the reporter genes, which represent a useful tool
for quantitative analysis of viral replication and tracking viral protein transport in
both living cells and animals.
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2. Technologies for the Generation of Replicating-Competent
Reporter-Expressing Viruses (RCREVs)

To date, advances in technologies enable the generation of RCREVs, which have
been successfully applied in diagnostic and molecular virology.

2.1. Reverse Genetics Technologies

Currently, reverse genetics systems for many viruses have been
well-established [1-13], providing powerful tools for generating RCREVSs. Since some
viruses possess a large genome, they usually permit a large extrinsic genetic insertion
without impairing viral replication. For example, vaccinia virus (VACV) contains a
192 kb genome, capable of accepting up to 25 kb insertion [14]. However, for most
RNA and some DNA viruses containing a small-sized genome, a recurring difficulty
in generating RCREVs is the genetic instability, especially for a larger reporter gene.
For some viruses with a segmented RNA genome, the insertion of a large reporter
gene into the genome is difficult or even impossible to achieve.

2.2. Reporters in RCREVs

Commonly used reporters in RCREVs include fluorescent proteins, such
as enhanced green fluorescent protein (EGFP) (green), GFP mutants (enhanced
cyan fluorescent protein (ECFP) (blue), mCherry (red) and Venus (yellow)),
far-red fluorescent reporters (red fluorescent protein (RFP), Katushka 2, dTomato
and DsRed)), near-infrared fluorescent proteins (iRFPs) and tetracysteine (TC);
bioluminescent reporters, such as firefly luciferase (Fluc), Renilla luciferase (Rluc) and
Gaussia luciferase (Gluc); in addition to other reporters, such as neomycin-resistance
gene (NeoR) and Cre recombinase. These reporters are mainly used to rapidly
quantify viral replication and track viral proteins or viruses by living imaging in vitro
and in vivo. However, different reporters may have different influences on the
biological properties of various viruses, and the loss of the reporter gene expression
is a significant concern for some RCREVs. Therefore, choosing a suitable reporter is
a critical decision on designing RCREVs. For the planned applications, the reporters
with a smaller size may be a promising option due to their minimum effects on
the viral biology. For example, the Rluc gene (933 bp) is better than the Fluc gene
(1653 bp) and has a minimal influence on the growth of the engineered classical
swine fever virus (CSFV) expressing the reporters [15,16].

2.3. Reporters Expressing Strategies

Various strategies associated with the reporter gene expression have been
developed. An extensively used expression strategy is to fuse the reporters to one of
the viral proteins. For instance, the Rluc activities from engineered CSFV carrying
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the Rluc fused to the viral NP™ protein were detected [15]. A nonessential viral
gene can be replaced with a reporter gene to generate a reporter virus. In addition,
the Cre-LoxP recombination is widely used to control reporter gene expression
in cell cultures or animal models. Notably, reporters can be expressed from an
additional transcriptional unit (ATU), in which a reporter gene is generally flanked
by highly conserved gene start-and-stop signals. For instance, GFP was expressed as
a separate protein from the ATU in the recombinant peste des petits ruminants virus
(PPRV) [17]. Furthermore, the reporters can be expressed separately by introduction
of an internal ribosome entry site (IRES) or foot-and-mouth disease virus (FMDV)
2A self-cleaving peptide (2A) (LLNFDLLKLAGDVESNPG|P), which is able to
undergo self-cleavage allowing simultaneous expression. For example, recombinant
alphaviruses expressing a separate Fluc by 2A-mediated cleavage were successfully
used to screen viral receptors [18].

Since the properties of RCREVs and the stability of reporter genes may vary
among different strategies, the selection of expression strategy is another principal
consideration on designing RCREVs for specific applications. Notably, the same
strategy might lead to different effects on the growth of the same virus due to the
distinct insertion site. For example, a recombinant respiratory syncytial virus (RSV)
expressing a reporter protein from an ATU upstream of NS1 displayed negligible
attenuation in cell cultures [19], whereas the RSV expressing a reporter from an ATU
inserted between F and G genes was significantly attenuated in cell cultures [20].
Additionally, the use of 2A peptide to achieve expression of a separate reporter
might constitute a promising approach as 2A peptide is small and can readily
be self-cleaving while minimizing the possibility of the loss of functions of the
viral proteins.

3. Applications of RCREVs in Serum-Virus Neutralization Tests

The neutralization immunofluorescence test (NIFT) is currently a gold standard
for the detection of NAbs against many noncytopathogenic viruses. However, NIFT
is labor-intensive and time-consuming due to the necessary incubation and staining
procedures. It would be convenient to use RCREVs to detect NAbs directly without
immunostaining. There are many successful applications of RCREVs harboring
EGFP, Rluc or Fluc in the rapid neutralization tests [17,21-25].

For viruses causing slight or no cytopathic effects (CPEs) in cultured cells, the
EGFP reporter can be chosen to generate RCREVs for quantifying NAbs with higher
specificity through direct observation of EGFP fluorescence. Due to the structural
characteristics of EGFP, the fluorescence of EGFP fused to a viral protein may be
attenuated or quenched. Therefore, EGFP should be separated from the viral protein
by introduction of an ATU, IRES or 2A sequence when constructing the RCREVs.
Owing to the simple assaying for Gluc activity compared with the Fluc, Rluc and
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other bioluminescent reporters, it is advantageous to determine the neutralizing
antibody titers based on Gluc-expressing viruses.

Notably, attenuated RCREVs can also be applied for rapid neutralization tests
due to high sensitivity and operational simplicity for detection of the reporters.

4. Application of RCREVs in Screening Systems

Antiviral compounds, interferon-stimulated genes (ISGs) or small interfering
RNAs (siRNAs) have potential applications in the treatment of many diseases. The
traditional screening methods of them are developed by a cell-based HTS, in which
the treated cells were observed under a microscope for the inhibitory activity of
the compounds for CPEs [26], enzyme-linked immunosorbent assay (ELISA) [27] or
fluoresces-linked immunosorbent assay [28]. Using these approaches, the scientists
have screened and identified a series of small antiviral molecules or inhibitors [29,30].
However, the traditional methods based on wild-type viruses are inefficient for
antiviral screening.

To overcome this problem, RCREVs have been applied for the purpose of
antiviral screening, because RCREVs can target the complete virus life cycle and
offer a higher throughput of antiviral screening than traditional assays. RCREVs
represent powerful screening tools for identifying antiviral compounds against
various highly pathogenic viruses [31-34]. For example, a high-throughput assay
for Zaire EBOV has been established using the recombinant EBOV expressing the
EGFP reporter gene [31]. Interestingly, reporter viruses in combination with other
approaches, such as RNAi, have been applied to screen anti-CSFV ISGs [15], which is
time- and cost-effective. Importantly, RCREVs with slightly reduced growth ability
compared with the wild-type viruses can also be applied for screening antiviral ISGs.
In addition, RCREVs can be used for siRNAs HTS with high efficiency. For instance,
a reporter CSFV expressing the Fluc gene has been used to screen antiviral siRNAs
efficiently [16]. Recently, a recombinant EBOV carrying a luciferase reporter was
used to screen siRNAs with higher screening efficiency than the wild-type virus [25].

However, there are some problems associated with RCREVs in HTS applications.
First, the interference of compound fluorescence may occur when screening antivirals
using fluorescent reporter-expressing viruses. Second, the antiviral effects of screened
out antivirals by RCREVs need to be verified with the parental viruses. Furthermore,
the antiviral effects may be different between RCREVs and the wild-type viruses due
to the occasionally inclusive fluorescence signals for the wild-type viruses in indirect
immunofluorescent assay (IFA) and higher sensitivity for RCREVs in Fluc/Rluc
activity assay. Third, RCREVs are not ideal tools for screening of antivirals targeting
specific step(s) of viral infection, since RCREVs can undergo a complete virus life
cycle. For example, currently, a set of ISGs against hepatitis C virus (HCV), yellow
fever virus (YFV), West Nile virus (WNV), Chikungunya virus (CHIKV), Venezuelan
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equine encephalitis virus (VEEV) and human immunodeficiency virus (HIV-1) have
been documented, but their exact antiviral step(s) remain(s) unknown [35-38]. A
practical challenge lies in the explanations of their antiviral mechanisms for antiviral
ISGs screened by RCREVs. Despite these limitations, the following strategies
may address some of the above issues. Fluc, Rluc and other bioluminescent
reporters provide a viable alternative to fluorescent reporters in HTS assays for
drug discovery [39]. This facilitates the development of highly sensitive, cell-based
reporter assays [40], eliminates the problem of compound fluorescence [41], and
possesses several advantages such as high reliability, convenience and adaptability
to HTS assays. Remarkably, primary HTS followed by validation using traditional
assays based on the parental viruses will greatly aid the discovery of novel antivirals
against infectious diseases. Finally, the use of replicons or pseudoparticles would
help to identify the step(s) of the viral life cycle as the potential targets of antivirals.

5. Applications of RCREVs in Basic Research

5.1. In Identification of Cellular Receptors/Membrane Proteins

Identification of cellular receptors facilitates understanding of the mechanisms
of virus entry into host cells [42,43]. Moreover, the receptors are regarded as promising
targets for development of novel antivirals [44—47]. While reporter-expressing
pseudoparticles are widely used to screen viral receptors [48,49], RCREVs carrying
Fluc [18,50], GFP [51] or NeoR [52] as new useful tools have been applied for screening
of viral receptors (Table 1). Since RCREVs can infect the cells with multiple life cycles
in contrast to pseudoparticles, more false-positive receptors may be screened. In spite
of these few limitations, RCREV:s are still powerful tools to screen viral receptors in
combination with unsusceptible cells and cDNA library derived from susceptible
cells [51,52] or a set of siRNAs against a number of genes encoding cell membrane
proteins [18,50] (Table 1).

Table 1. Cellular receptors screened by representative RCREVs.

Screened Cellular

Reporters Viruses Expression Strategies Receptors Proteins
Classical swine fever Fusion with Laminin receptor
virus (CSFV) a viral protein (LamR) [50]
Firefly luciferase (Fluc) Introduction of Fuzzy homolqg (FUZ)
. foot-and-mouth and tetraspanin
Alphaviruses . . .
disease virus membrane protein

2A-enconding sequence ~ TSPANY [18]

Porcine reproductive and

] Fusion with
respiratory syndrome

a viral protein

Green fluorescent

protein (GFP) CD163 [51]

virus (PRRSV)
Neomycin resistance Equine infectious anemia ;I:I;(Ziczil;:izizl()f Equine lentivirus
gene (Neo®) virus (EIAV) receptor 1 (ELR1) [52]

transcriptional unit
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5.2. Virus Tracking and Live Imaging in Vitro and in Vivo

With the development of reverse genetics systems, RCREVs provide an ideal
tool for monitoring the dynamics of viral infection progression in vitro and in vivo
due to eliminating the need for secondary labeling, which represents a significant
advance in the study of the biology of viruses (Table 2).

RCREVs carrying a GFP reporter gene have been successfully used for tracking
viral protein(s) or viral infection in vitro and in vivo [53-56], which indicates that the
GFP reporter gene is suitable for generating RCREVs to track viral proteins either
in cell cultures or animal models. Furthermore, GFPs in RCREVs can be expressed
efficiently in rodent brain for a long time [57] and show lower autofluorescence in
the tissue [56]. Therefore, GFP may be a promising option when RCREVs are used to
study the infection of viruses replicating in the brain. Additionally, an engineered
virus expressing the split-green fluorescent protein (split-GFP) in the presence of cell
lines expressing the complementing GFP can facilitate the tracking of viral infection
in living cells [58].

Compared with the most commonly used EGFP tag, the TC tag enables
the fusion protein to fluoresce more quickly, with a minimum risk of disrupting
the overall structure and function of the targeted protein [59]. The TC-labeling
technology has led to successful tracking of the nonstructural or structural proteins of
diverse viruses [60-65]. However, since the TC-tag technology contains a biarsenical
labeling process [66,67], the engineered replication-competent TC-tagged viruses are
not suitable for tracking viral protein in vivo.

In addition, recombinant canine distemper virus (CDV) expressing dTomato
was used to investigate the routes of virus spread in vivo [56]. A fully functional
recombinant pneumonia virus of mice (PVM) with Katushka 2 has been developed
to track infection of target cells in vivo [68]. Compared with far-red GFP-like proteins,
iRFP has a substantially higher signal-to-background ratio in a mouse model due to
its infrared-shifted spectra [69,70]. Interestingly, the Cre recombinase as a reporter is
used to generate RCREVs for visualizing virus infection in engineered cell lines or
transgenic animals harboring a loxP-flanked fluorescent marker upstream of another
otherwise silenced fluorescent reporter [71].

Recently, several influenza viruses expressing fluorescent proteins of different
colors (“Color-flu” viruses expressing ECFP, EGFP, Venus or mCherry) or a toolbox
of influenza A and B reporter viruses were generated to facilitate the study of viral
infection in in vivo models. Whole-mount images of transparent lung tissues were
obtained using a fluorescent stereomicroscope [72-76]. In addition, bioluminescent
and fluorescent dual-reporter Marek’s disease viruses are engineered to track
viral replication in cell cultures or animal models [77]. In the future, “color” or
dual-reporter viruses will be powerful tools to analyze viral infection at the cellular
level in vivo to better understand the pathogenesis of various viruses.
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Table 2. Applications of representative RCREVs in virus tracking and live imaging

in vitro and in vivo.

Reporters

Viruses

Tracking and Live Imaging

Green fluorescent

Influenza virus

Dynamics of virus infection
progression in mice [53]

Herpes simplex virus (HSV)

Compartmentalization of
protein by autofluorescent

protein (GFP) particles [54]
Borna disease virus (BDV) In rodent brains [57]
Canine distemper virus (CDV) I'{ou'tes of virus spread
in vivo [56]
Vesicular stomatitis virus (VSV)  Intracellular transport [55]
Dynamic imaging of M protein
Vesicular stomatitis virus (VSV)  and virus uncoating in infected
cells [60]
Visualization of NS1 protein
Influenza A virus nuclear import in virus-infected
Tetracysteine (TC) cells in real time [61]
Classical swine fever virus .
(CSFV) Nucleus import and export [62]
Hepatitis C virus (HCV) Virus particle assembly [63]
Human immunodeficienc Viral component
virus (HIV) y complexes [64] de novo HIV
production [65]
ECFP, EGFP, Venus, RFP,

mCherry, NanoLuc and
Gluc split-GFP,
Cre recombinase

Influenza A /B virus

Viral infection in vitro or in
lung tissues [58,71-76]

Katushka 2

Pneumonia virus of

Tracking of viral infection of

mice (PVM) target cells in vivo [68]
iRFPs Adenovirus In mouse model [69]
. . . Routes of virus
dTomato Canine distemper virus (CDV) spread in vivo [56]
EGFP+Rluc/Gluc Marek’s disease virus (MDV) Tracking of viral replication

in vitro and in vivo [77]

Notably, reporters fused with viral proteins are very suitable for investigating
the localization and distribution of the proteins in infected living cells. RCREVs
will help advance virus-related live-imaging studies in vitro and in vivo, which allow
localization of the infection and tracking of changes in the distribution of viruses in

animals in real time.
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5.3. In Identification of Virus-Host Interactions

Elucidating various aspects of pathogen-host interactions is essential for the
comprehensive understanding of pathogenesis. Compared with the most frequently
used techniques for mapping of virus-host interactions, the approaches based on
RCREVs can recapitulate the virus life cycle [78]. Split-Gluc (Glucl and Gluc2) has
been applied for identification of virus-host interactions. For example, a recombinant
influenza virus carrying a Glucl-tagged polymerase subunit is used to infect the
cultured cells expressing a pool of Gluc2-tagged cellular proteins involved in
nucleocytoplasmic-transporting pathways for confirming virus-host interactions [79].
In addition, split-GFP reporter has huge potential in this application. However, the
reporter activity based on the interactions of RCREVs with the cellular proteins may
not be detected due to the interference of the space structure.

6. Other Applications

The RCREVs are also useful in modified live vaccines containing genetic
markers, which have been developed for many viruses by inserting EGFP as a
positive marker [80-82]. For example, a genetically marked recombinant rinderpest
vaccine expressing GFP has been developed [81]. In addition, a recombinant
GFP-tagged PRRSV containing a deletion of an immunogenic epitope, in accompany
with the diagnostic tests (GFP- and epitope-based ELISAs), enables serological
differentiation between the marker virus-infected animals and those infected with
the wild-type virus [82]. A recombinant viral hemorrhagic septicemia virus (VHSV)
harboring RFP gene was utilized to evaluate VHSV-based viral-vectored vaccines [83].
More recently, the marker vaccine vSMEGFP-HCLV3’UTR in the context of the CSFV
Shimen strain was generated by inserting EGFP to create a positive marker [84].

For those viruses causing CPEs, RCREVs can be used as an intermediate to
generate and purify expected variants. For example, a novel gE-deleted pseudorabies
virus (PRV) was obtained by gE/gl-deleted virus expressing EGFP [85]. In addition,
Katushka 2 as a reporter was used to evaluate a novel reverse genetic system of
RSV [19].

Interestingly, oncolytic recombinant viruses harboring reporter genes have
been developed and applied for the disease progression tracking and accurate
visualization of tumor burden [14]. Since oncolytic viruses selectively infect as
well as replicate within cancer cells, the recombinant oncolytic viruses expressing
reporter genes, particularly for far-red fluorescent proteins, will be a promising
option for real-time monitoring of viral infection in cancer tissues [14].

While RCREVs harboring a reporter fused to a viral protein are the most
suitable for studying the localization of the protein in infected cells, RCREVs
carrying separate reporters are useful for other basic research purposes. For example,
the preferential translation of viral RNAs over host RNAs during VSV infection
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has been demonstrated by the EGFP reporter expressed from the recombinant
VSV [86]. Recently, the contribution of EBOV proteins in modulating dendritic
cells (DC) maturation was investigated using the recombinant virus carrying
EGEFP [87]. Furthermore, unique profiles of RFP expression acquired from thousands
of co-infected cells with viable and defective viruses showed how the interference of
defective viruses acts at multiple steps of infection [88].

7. Limitations and Prospects

Firstly, a practical challenge for some viruses lies in not allowing the insertion
of reporter genes. As we stated above, it is difficult to insert a reporter gene into the
genome of influenza viruses. Despite the challenge, reporter-expressing influenza
viruses have been developed and applied in basic science [58,61,71-76]. To address
the question, there are three necessary considerations, including the reporter protein
itself, expression strategy, and structure of the viral protein. For example, the
loop/linker regions are usually chosen to insert the TC tag based on the structure of
NS1 of influenza viruses [61].

Although RCREVs have been developed and applied in vitro and in vivo, one
question arises regarding the expression stability of the reporter gene in RCREVs
during the viral replication in vitro and in vivo [53,89]. One potential consequence of
RCREVs’ attenuation is the purging of the inserted reporter from the viral genome.
In this regard, we need to better understand the mechanism of regulation of viral
genome replication and gene expression [90,91], the association between structure
and function of viral proteins, as well as the application of novel reporters such as
NanoLuc due to its small size [92].

One of the biggest challenges is that RCREVs are possibly attenuated and
may not accurately reflect natural infections [93,94], which partially limits the
applications of the RCREVs, especially in vivo. Replacement of currently used
expression strategies may be a promising approach to overcoming this problem.
As an example, IRES or 2A peptide-encoding sequence has been used to express
separately the reporter from viral protein [71,95]. Importantly, the use of split-GFP
or split-luciferase may not compromise viral replication competency due to their
smaller sizes [58,79]. However, whether these reporter viruses will be attenuated
in vivo needs further investigation in the future. More recently, it has been reported
that after mouse adaptation, influenza virus H5N1 expressing the Venus reporter
gene became more pathogenic to mice and the Venus gene was more highly and
stably expressed [96], which may be another promising avenue that maintains the
pathogenicity of the reporter viruses.

Luciferase imaging uses the luciferases to catalyze reactions that produce visible
light in vivo at body temperature, which is used to determine the sites of virus
replication, monitor viral dissemination in real time [97]. However, there are many
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caveats in the process of obtaining accurate luciferase imaging [98]. For example, the
reporter signal from RCREVs is attenuated when in vivo imaging in tissues. Despite
these limitations, luciferases will still become major reporters for in vivo imaging
in real time in the future as they have a number of advantages compared with the
fluorescent reporters, such as no intrinsic autoluminescence. In addition, iRFPs are
in high demand for in vivo imaging, which exhibit high brightness in mammalian
cells and tissues and are suitable for long-term studies with multicolor imaging.
Finally, in view of the advantages and disadvantages of different reporters, there
seems no universal reporter for various applications. Fortunately, ever-increasing
novel reporters, including GFP mutants, “red-shifted” analogs of luciferase, variants
of luciferase and novel luciferase NanoLuc, can be chosen to design RCREVs for
specific purposes. Moreover, the dual-reporter RCREVs may be widely used to
address the scientific questions. Although reporter-based assays require costly
automated imaging equipment, the detection of the reporter gene expression could
be also performed with inexpensive, small and simple-to-use equipment, such as a
PCR device based on the development of the technologies discussed in this article.

8. Conclusions

RCREVs have proved themselves to be powerful tools for applied and basic
sciences. Despite their limitations, RCREVs have many more far-reaching benefits
in virus research: a genome-wide RNAIi screening for host factors required for
virus replication, identifying antivirals against viral infections using HTS settings,
monitoring viral infections in vitro and in vivo in real time, or evaluating vaccination
approaches, as well as detecting antiviral NAbs.
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Engineering Hepadnaviruses as
Reporter-Expressing Vectors: Recent
Progress and Future Perspectives

Weiya Bai, Xiaoxian Cui, Youhua Xie and Jing Liu

Abstract: The Hepadnaviridae family of small, enveloped DNA viruses are characterized
by a strict host range and hepatocyte tropism. The prototype hepatitis B virus
(HBV) is a major human pathogen and constitutes a public health problem,
especially in high-incidence areas. Reporter-expressing recombinant viruses are
powerful tools in both studies of basic virology and development of antiviral
therapeutics. In addition, the highly restricted tropism of HBV for human
hepatocytes makes it an ideal tool for hepatocyte-targeting in vivo applications
such as liver-specific gene delivery. However, compact genome organization and
complex replication mechanisms of hepadnaviruses have made it difficult to engineer
replication-competent recombinant viruses that express biologically-relevant cargo
genes. This review analyzes difficulties associated with recombinant hepadnavirus
vector development, summarizes and compares the progress made in this field both
historically and recently, and discusses future perspectives regarding both vector
design and application.

Reprinted from Viruses. Cite as: Bai, W.; Cui, X.; Xie, Y.; Liu, J. Engineering
Hepadnaviruses as Reporter-Expressing Vectors: Recent Progress and Future
Perspectives. Viruses 2016, 8, 125.

1. Introduction

Hepadnaviridae is a family of small, enveloped DNA viruses with notable hepatic
tropism, especially in mammals, and transmission is achieved predominantly through
parenteral routes [1,2]. The viral genome consists of partially double-stranded,
relaxed circular DNA (rcDNA) that is produced through a process involving a reverse
transcription step similar to retroviruses [2,3]. These features led to the classification
of hepadnaviruses under group VII (dsDNA(RT) or pararetrovirus) in the Baltimore
system, along with certain similar DNA viruses infecting plants.

Hepadnaviruses usually have highly-restricted host ranges and have traditionally
been classified into two genera based on host specificity [4,5]. Orthohepadnaviruses
infect mammals, with members including the prototype hepatitis B virus (HBV)
of humans, woolly monkey hepatitis B virus (WMHBYV), woodchuck hepatitis
virus (WHYV), and ground squirrel hepatitis virus (GSHV), etc. Avihepadnaviruses
infect various domesticated and wild birds, with members including the prototype
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duck hepatitis B virus (DHBV), as well as heron hepatitis B virus (HHBV), efc. In
recent years, the advent and advances of next-generation sequencing and other
metagenomics technologies have enabled the discovery of new HBV-like viruses that
infect hosts previously not known to be affected by hepadnaviruses, such as bats [6]
and fish [7]. In addition, analyses of whole genome sequencing data have also led
to the discovery of endogenous hepadnaviral sequences in genomes of avian [8-10]
and reptilian [11] species, suggesting a family history spanning millions of years. In
light of these recent discoveries, hepadnaviruses, including extant and now extinct
ones, are obviously far more diverse than previously understood and the taxonomy
may well be expanded and modified in the future.

Among extant hepadnaviruses, orthohepadnaviruses productively infect only
hepatocytes of the liver, whereas DHBV has been shown to additionally infect certain
other cell types of the liver and non-liver organs [3]. Hepato-tropism has been
considered the result of tissue-specific distribution of both receptor(s) required for
viral entry and transcription factors required for viral expression [12,13]. Accordingly,
liver pathologies including hepatitis are major manifestations of symptomatic
hepadnaviral infections in both human and animals [1,3]. However, as hepadnavirus
infection is neither cytopathic nor cytolytic, hepatitis is generally considered a
consequence of the activated host immune response against infected hepatocytes.

HBV is a major human pathogen and constitutes a severe public health problem
in high-incidence areas [5,14]. HBV infection of adults is usually asymptomatic or
manifests as self-resolving acute hepatitis, while a small percentage of patients fail
to clear the virus and become infected for life. Vertical transmission of HBV from
infected mothers to neonates typically results in asymptomatic chronic infection
accompanied by immunotolerance towards HBV, which would be broken in later
life leading to active hepatitis. Chronic HBV infection is associated with higher risks
of cirrhosis and hepatocellular carcinoma (HCC) [1]. Although extensive adoption
of preventive HBV vaccine has drastically reduced incidence of new infections, the
World Health Organization estimated that HBV chronically infects ~240 million
people worldwide and causes about 600,000 related deaths annually [14].

Duck/DHBV and woodchuck/WHYV have been used as model systems of HBV
infections for decades, and have helped significantly in understanding hepadnavirus
virology and developing anti-HBV therapeutics [15]. However, chronic DHBV
infection is not associated with liver cirrhosis or HCC in ducks, while WHV-related
HCC is mechanistically much more homogenous than HBV-associated human
HCC [3], underlining the fact that HBV and human or humanized animal systems
are required for studying various important aspects of HBV pathogenesis.

Reverse genetic systems were established for HBV as well as DHBV decades
ago and have become standard tools in studies of viral functions as well as
virus-host interactions. In contrast, owing to certain characteristics in genome
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organization and life cycle (see next section), development of reporter-expressing
virus systems based on hepadnaviruses has met with far less successes than many
other virus families. Nevertheless, recombinant hepadnavirus vector systems could
serve as powerful tools for both studying fundamental questions in hepadnavirus
virology and evaluating clinical interventions for chronic HBV infection, as have
been demonstrated by other recombinant virus systems. In addition, the highly
restricted host range and hepato-tropism of HBV makes it a uniquely ideal
tool for hepatocyte-targeting applications, such as liver-specific therapeutic gene
delivery. This review attempts to summarize difficulties associated with recombinant
hepadnavirus vector development and progress made historically and recently, and
discuss future perspectives in this field regarding both vector design and application.

2. Genome Organization and Life Cycle of Hepadnaviruses

This section will briefly describe aspects of hepadnavirus virology that most
pertains to recombinant virus development. For a more detailed discussion of current
understandings in this field, readers are referred to comprehensive reviews published
recently [3,12,16].

All extant hepadnaviruses have a genome length of ~3.0-3.4 kb and nearly
identical, highly-compact genome organization (Figure 1). The orthohepadnavirus
genome contains four overlapping ORFs that encompass the entire genome: preC/C
ORF encodes the nucleocapsid protein C (core, HBcAg) and an N-terminally extended
secreted form called e antigen (HBeAg) using two distinct start codons; P ORF
encodes the viral polymerase; preS1/preS2/S ORF encodes three co-terminal forms
of viral envelope protein named small (S), middle (M), and large (L) surface antigen
(HBsAg) that are translated from three distinct start codons; X ORF encodes the
X protein (HBx) that plays multiple functions in the viral life cycle and virus-host
interactions. Compared to orthohepadnaviruses, avihepadnaviruses harbor a preS/S
OREF, instead of preS1/preS2/S, that only encodes two forms of co-terminal envelope
proteins, and avihepadnaviral P and preC/C ORFs overlap each other, lacking
a conventional X ORF in between (Figure 1A). In addition to overlapping ORFs,
hepadnaviral genomes also contain multiple cis-acting elements essential for various
steps of the viral life cycle: promoters (Cp, Spl, Sp2, and Xp) and enhancers (Enl
and EnlI) for transcription, epsilon (encapsidation) signal for initiation of reverse
transcription and capsid packaging, direct repeats 1 and 2 (DR1 and DR2) for
polymerase translocation during genome replication, etc.
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Figure 1. Schematic representation of genome organization of HBV and DHBV
and major recombinant (D)HBV vector designs. Terminally-redundant wild-type
genomes are shown to reflect the circularity and 1.0 copy of each genome is marked
out beginning at the start codon of preC(pC)/C ORF. ORFs are represented by
boxes and ORFs destroyed in recombinant vectors are depicted using dotted lines.
Promoters (Cp, Spl, Sp2, and Xp) and enhancers (En, Enl, Enll) are represented
by arrows pointing in the direction of transcription. Cis elements required for
replication and encapsidation are also depicted. ¢, encapsidation signal. A(n),
polyadenylation signal. DR, direct repeats. (A) Wild-type DHBV genome and
recombinant DHBV design: I, cargo gene replaces S ORF in-frame and destroys the
overlapping P ORF. (B) wild-type HBV genome and recombinant HBV designs: I,
cargo gene is inserted in-frame with P ORF within spacer region, upstream of preS1
OREF. P ORF may or may not be terminated depending on cargo. II, cargo gene is
inserted in a deletion in polymerase spacer in-frame with preS1/preS2 ORF, without
terminating the overlapping P OREF. II, derivative of II. The cargo gene replaces
the central part of prematurely-terminated C OREF, followed by IRES upstream of
P ORF with a maximized deletion in the spacer region that retains polymerase
activity but destroys preS1/preS2 ORF. 1III, the cargo gene replaces central part
of C ORF and may or may not be expressly fused to the remaining N-terminal
of preC/C, depending on the design. IV, IRES units are introduced to separate
de-overlapped C and P ORFs. No viral ORF is obliterated. V, the cargo gene
replaces S ORF in-frame and destroys the overlapping P ORE. VI, the cargo gene
replaces the central and C-terminal of C OREF, destroying the overlapping P ORF.
Arrows indicate insertion sites. Vector designs with obliterated C and/or P ORFs
require trans-complementation of the obliterated proteins for genome replication.
Vector designs with obliterated envelope ORFs require trans-complementation of
envelope proteins for production of progeny virus.
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Mature, infectious hepadnavirus virions contain the rcDNA genome and enter
hepatocytes through interactions between large surface antigens and specific cellular
receptor(s). Once inside, the viral capsid releases its genome contents into nucleus,
where rcDNA is converted into covalently-closed circular DNA (cccDNA) that
then serves as a transcription template for all viral RNA species. Both core and
viral polymerase are translated from the same transcript, termed pregenomic RNA
(pgRNA), which also serves as a template for genome replication. Most notably, for
wild-type viruses, nascent polymerase co-translationally binds to the epsilon signal
at the 5 terminal of its own pgRNA in cis, and initiates reverse transcription using an
internal, conserved tyrosine residue as a primer for negative-strand DNA synthesis.
A vital translocation step then follows, with the polymerase-primer “jumping” from
the 5 terminal to the 3’ terminal of pgRNA, which involves the DR1/DR2 direct
repeat sequences at both termini. Packaging of the pgRNA /polymerase complex
by viral core proteins is essential for productive genome replication and eventual
formation of progeny rcDNA. Capsids containing newly-formed rcDNA then obtain
host-derived membranes containing viral envelope proteins to produce progeny
viruses and exit through budding at the ER. Alternatively, capsids are rerouted to
the nucleus and the released rcDNA are converted into cccDNA to increase the level
of transcription templates.

3. Hepadnavirus-Specific Difficulties for the Design and Development of
Viral Vectors

Characteristic peculiarities in the genome organization and life cycle of
hepadnaviruses pose specific difficulties and problems for efforts aimed at engineering
recombinant hepadnavirus vectors.

First of all, genome sizes of wild-type viruses very likely represent the maximum
limit that could be tolerated by the viral replication and packaging mechanisms.
This has been demonstrated by in vitro experiments using artificially-created
longer-than-wild-type genomes [17], and is possibly also reflected in a general lack
of natural over-size insertion mutants reported in the literature. The viral capsid can
also be expected to impose an intrinsic restriction on the size of genome that could
be packaged within, along with the associated polymerase. Furthermore, studies
of hepadnaviral reverse transcription mechanisms have revealed that efficiency
of proper polymerase translocation giving rise to correct replication products
deteriorates when the distance between 5’ and 3’ DRs exceeds the wild-type genome
length [17,18].

Secondly, although initiation of reverse transcription of pgRNA could be
mediated in trans by polymerase translated from other mRNA, the efficiency has
been shown to be far inferior to that initiated in cis by polymerase translated from
pgRNA [19]. Such tight coupling of polymerase translation with genome replication
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dictates that recombinant genome needs to encode a functional polymerase for
it to be able to replicate with a wild-type level of efficiency and subsequently
produce applicable quantities of recombinant virions. Given that coding sequences
of wild-type polymerase make up ~75% of the hepadnavirus genome, very limited
space is available for engineering purposes if polymerase ORF is to be left untouched,
heavily restricting cargo capacity. On the other hand, obliterating polymerase ORF
would markedly free up more space for cargo sequences, but at the expense of
replication competence.

Thirdly, orthohepadnaviruses encode an X protein (HBx) that has been shown
to be capable of playing a myriad of functions in virus-host interactions in vitro
and/or in vivo [20]. Most notably, HBx is apparently a key stimulator of both
cccDNA-directed transcription and, indirectly via the regulation of pgRNA synthesis,
genome replication [21]. HBx does not appear to be packaged into HBV virions and
experiments in vitro have demonstrated that HBV mutants lacking functional HBx
OREF could not establish or sustain productive infection in susceptible cells [22,23].
Therefore, for a recombinant HBV to be optimally active in infected cells, intact HBx
ORF is most likely required. Fortunately, since the entire length of HBx is overlapping
with other vital elements of HBV genome (Figure 1), HBx ORF can be easily left
untouched in recombinant HBV vector design.

Intrinsic peculiarities of hepadnavirus virology not only impose the above
challenges for the design and engineering of recombinant virus vectors, but they also
make testing of these vectors technically difficult. For example, the envelopment of
hepadnaviral capsids appears to be a highly-specific process that, in distinct contrast
to some other enveloped viruses like poxviruses and lentiviruses, does not normally
incorporate membrane proteins other than the corresponding hepadnaviral envelope
proteins. This makes it highly difficult to create pseudotyped hepadnaviruses that
could be tested on cells of non-liver origin. Consequently, testing of recombinant
hepadnavirus vectors have to rely on hepatocytes that support infection by wild
type hepadnavirus.

For the prototype avihepadnavirus DHBYV, effective infection in vivo of ducklings
and in vitro of either primary duck hepatocytes or the chicken hepatoma-derived
LMH cell line have been commonly used [3,15]. For HBV, however, stably
reproducible infection in vivo has only been demonstrated for certain higher primates,
especially chimpanzees [15,24], which are economically and ethically prohibitive for
routine experiments. Alternatively, chimeric immunodeficient mice harboring human
primary hepatocytes can be used to simulate HBV infection in vivo [25,26], but in the
absence of normal immune functions, virus-host interactions are not fully reflected.
In vitro, primary human and tree shrew hepatocytes [27], hepatoma-derived HepaRG
cells [28] and, recently, liver cell lines stably transfected with the HBV receptor NTCP
(Na*-taurocholate cotransporting polypeptide) [29], have been used. Although
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these systems support HBV infection with varying efficiencies, so far only primary
infection can be achieved, without demonstrable secondary infection by progeny
viruses. For WHYV, although woodchucks can be routinely infected using viruses
prepared from naturally- or experimentally-infected animals, efficient production of
infectious virus in vitro has yet to be achieved.

4. Hepadnavirus-Derived Viral Vectors

It was more than 25 years ago when the first work dealing with recombinant
hepadnaviruses was published [30]. Since then, attempts at engineering usable
hepadnavirus vectors have been made repeatedly, with varying degrees of success.
Due to its obvious clinical relevance, most efforts have targeted HBV. This section
will summarize historical and recent progresses by describing and comparing vector
designs validated by sufficient experimental data (Table 1).

As discussed in the previous section, reverse transcription of hepadnaviral
PgRNA is far more efficient if it is initiated in cis by polymerase translated from
the same pgRNA. Most researchers, therefore, have opted to retain polymerase
expression in their vector design in the hope of achieving higher replicative
competence. Recombinant hepadnavirus designs are, therefore, divided into two
categories according to whether functional polymerase is encoded by the vector or
needs to be complemented in trans, and discussed respectively.

4.1. Vectors that Encode Functional Polymerase

Characterization of hepadnavirus polymerase functions revealed early on that it
is made up of four structurally and functionally distinct domains: an N-terminal TP
(terminal priming) domain that is responsible for catalyzing the priming of negative
strand DNA synthesis after binding to pgRNA epsilon in cis, a spacer or tether
domain that joins the neighboring domains, an RT (reverse transcription) domain
that synthesizes both negative and positive strands of the progeny viral genome,
and an RH (RNaseH) domain that degrades pgRNA after negative-strand DNA is
synthesized [3]. Among the polymerase domains, the spacer is the least conserved
and predicted to be the least structurally ordered. Most likely, it only functions as a
physical linker or hinge.
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4.1.1. Vectors that Use Polymerase Spacer Region for Cargo Insertion

While examining the ability of DHBV polymerase to tolerate mutations and
insertions at various locations, Chang et al. found that insertion of coding sequences
for bacterial protein A (369 nt) without termination codon in-frame into the spacer
region, between preS and S in the overlapping ORF, did not abolish polymerase
activity and self-sufficient replication of the resultant recombinant genome [30].
The cargo ORF carried its own start codon, making it theoretically possible for
preS/S mRNA and probably also pgRNA to translate protein A fused to the
C-terminal half of polymerase, in addition to full-length polymerase with protein A
sequences embedded in the spacer region, but this former type of fusion protein was
apparently not translated to detectable levels in transfected cells. Since the preS/S
OREF is interrupted by cargo insertion, the recombinant genome would require
trans-complemented envelope proteins to form mature progeny virions. Although
this early work was not a study devoted to recombinant HBV and recombinant virion
production was not tested, the results showed that polymerase spacer is a viable
cargo insertion site for engineering self-replicating recombinant hepadnavirus.

The first comprehensive study of recombinant hepadnavirus was published
by Chaisomchit et al. in 1997 [31] with a design scheme similar to the work by
Chang et al. The authors proposed recombinant HBV as “more efficient means for
gene delivery to the liver” compared to retroviral and adenoviral vectors. They
first tested the possibility by inserting coding sequences for HIV Tat protein (267 nt)
without a stop codon in-frame into the polymerase spacer, between the Sp1 promoter
and preSl1 start codon in the overlapping ORF (Figure 1B, design I). This insertion
site was located more upstream and closer to the TP domain compared to the protein
A insertion site in the previous work. HBV polymerase with Tat sequences inserted
in spacer was functional and replicated recombinant genome at efficiencies that were
1.5%—4% of wild-type HBV. As only P OREF is affected, the recombinant genome
does not require trans-complementation of viral structural proteins and enveloped
recombinant virions could be detected in transfection supernatants, but only at
very low levels. Infectivity of recombinant virions was not tested. Tat-induced
transcription activation of promoters could be detected in transfected cells, and
it was shown that Tat fused to C-terminal part of polymerase could be translated
from Sp1 transcribed mRNA. This pioneering study demonstrated with compelling
evidence that polymerase spacers could tolerate fairly long insertions at the cost of
replication efficiency.

Both of these two early studies used similar design that inserted cargo genes into
polymerase spacer of wild-type genomes. Our lab also made an attempt to harness
the polymerase spacer as an insertion site to develop recombinant HBV vectors for
hepatocyte-specific delivery of reporter and functional genes. However, instead
of wild-type HBV, we based our design on a clinically-isolated, highly-replicative
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HBV mutant that harbors a large in-frame deletion of 207 nt in the polymerase
spacer [37]. The mutant does not encode functional envelope proteins due to the
partial loss of preS1 ORF and non-sense mutations in S ORF, and the polymerase
contains a 69 amino acid deletion in the spacer region. However, the mutant
replicates more efficiently than the wild-type, and when trans-complemented with
functional envelope proteins, produces mature enveloped progeny viruses also
more efficiently than the wild-type. We inserted terminated ORF encoding the
N-terminal activation domain of HIV Tat (207 nt) into the deletion in the polymerase
spacer, but unlike the previous two studies, the inserted ORF was in-frame with
preS1 so as not to be expressed fused to polymerase, and multiple synonymous
mutations were used to avoid terminating the overlapping P ORF (Figure 1B,
design II). The recombinant HBV replicated and produced progeny virions with
efficiencies comparable to the wild-type, and Tat expression driven by Sp1 could be
detected using reporter assay. The polymerase spacer deletion in the mutant was
then maximized to increase cargo capacity and we obtained a vector with a 384 nt
in-frame deletion that replicated as efficiently as the parental mutant. The vector
could tolerate insertions of up to 675 nt and still retain wild-type-level replicative
competence, as long as P ORF is not interrupted. We demonstrated that recombinant
HBV carrying synonymously-mutated sequences encoding DsRed infected PTH
with high efficiency. Moreover, we showed that the vector could carry and express
functional RNA in infected PTH, which was the first report of recombinant HBV
delivering non-protein cargo. Naturally, the major limitation of this design is that
cargo sequences must not introduce stop codons in P ORF, which is often difficult
and sometimes impossible.

4.1.2. Vectors that Use Core Region for Cargo Insertion

Inserting cargo sequences into polymerase spacer while keeping the resultant
polymerase active is inherently difficult. Consequently, other published designs
in this category chose to avoid changing P ORF. On the hepadnaviral genome, all
cis-acting sequence elements required for genome replication and packaging are
clustered closely together between the C-terminal part of polymerase and N-terminal
of core, with the remaining part of polymerase taking up almost all of the rest
of genome space (Figure 1). The only segment of the genome that is apparently
replaceable without affecting P ORF or cis elements is the middle part of C ORF
(~350 nt) between epsilon packaging/polyadenylation signals and the start codon
of P ORFE.

In an attempt to test recombinant HBV as a potential liver-targeting delivery
vector, Wang et al. examined a series of HBV deletion mutants, one of which allowed
the replacement of the central part of C ORF with a short terminated ORF encoding
Flag tag (48 nt) that was inserted in-frame with the preceding N-terminal of
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C OREF (Figure 1B, design III) [32]. The recombinant genome could replicate at levels
much lower than wild type when trans-complemented with core, and produced
recombinant virions that infected PHH with low efficiency. The Flag tag is expected
to be expressed as a C-terminal fusion to the remaining N-terminal of e and ¢
antigens. However, extending the Flag tag with C-terminal addition of full-length or
truncated GFP sequences resulted in a loss of replicative competence. In a similar
study roughly coinciding with this work, Yoo et al. replaced the same part of
C ORF with GFP-encoding sequences (~720 nt), without specifying whether the
insertion was in-frame with C or whether it carried its own start and stop codons.
Replication efficiency of this recombinant HBV was about 3% of wild-type HBV in the
presence of trans-complemented core expression [33]. However, no marked increase
in genome size was observed in Southern blot as should be expected. Enveloped
virions were demonstrated in co-transfection supernatants at significantly reduced
levels compared to the wild-type. Recombinant virions infected primary human
hepatocytes and questionably, also HepG2, and resulted in detectable fluorescence in
infected cells.

These two studies demonstrated that the central part of C ORF is also a viable
choice as cargo insertion site, but the reported insertions severely affected replication
competence. In wild-type HBV, both core and polymerase are translated from pgRNA.
Multiple mechanisms have been shown to be involved in translation initiation of the
downstream P ORF, including leaky scanning and ribosome re-initiation [41], and
sequences upstream of polymerase start codon significantly affect the translation
efficiency of polymerase and consequently, replication efficiency of the genome.
In light of this, inefficient expression of polymerase might be responsible, at
least partially, for the low replicative competence observed in the two studies
discussed above. In a study aimed at liver-targeting delivery of immunogenic
peptides, Deng et al. attempted to alleviate this problem by optimizing sequences
surrounding HBV polymerase start codon according to Kozak’s rules [34], while
replacing the upstream central part of C ORF with sequences encoding a polyepitope
peptide (180 nt) in a fashion similar to the design of Wang et al. above. The
recombinant HBV apparently replicated better than wild-type HBV in the presence
of a trans-complemented core, and in a follow-up study, mature virions infectious
for primary tupaia hepatocytes (PTH) were demonstrated to be produced at levels
lower than the wild-type [35]. Expression of the cargo peptide, however, was only
shown using plasmid or recombinant adenovirus as delivery vectors [34,35].

An alternative approach to enhancing polymerase translation is to make it
independent of upstream sequences by inserting an internal ribosome entry site
(IRES) before its start codon. In the work by Wang et al. [35], the overlapping part of
C/P ORFs was duplicated to create non-overlapping C and P ORFs. ORF encoding
blastidicin resistance protein (BsdR, 399 nt) or GFP (720 nt) with a termination
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codon at the 3’ end was then inserted between C and P ORFs, and short IRES units
were used to separate the three (Figure 1B, design IV). Since all viral ORFs are still
present, such a design requires no trans-complementation of wild-type HBV proteins.
Recombinant HBV harboring the shorter BsdR replicated and produced progeny
virions with efficiencies generally comparable to wild-type HBV, but insertion of
the longer GFP resulted in severely reduced replication and nearly undetectable
progeny virus secretion. As duplication of part of C ORF increases the genome
size beyond that of the wild-type, even without cargo insertion, inability to harbor
long insertions is not surprising. Infectivity of the recombinant virus was then
demonstrated using HepaRG cells. An analogous strategy has been used in our lab
(submitted) to improve the previously-described vector with a maximized deletion
in polymerase spacer [37]. A short artificial IRES was placed before the start codon
of P ORF containing the maximized deletion in spacer, and cargo sequences replaced
the central part of C ORF (Figure 1B, design II'). Unlike the above studies, cargo
protein genes carried own start and stop codons and upstream remaining C ORF was
terminated to avoid expressing cargo genes as fusions to the remaining N-terminal
of core. Recombinant HBV harboring fluorescent and bioluminescent reporters of
375-747 nt replicated, in the presence of trans-complemented core, with varying
efficiencies that were mostly comparable to the wild-type, depending on the length
and type of the insertion. Enveloped progeny viruses were obtained by providing
wild-type core and envelope proteins in trans to recombinant genomes and infectivity
of recombinant viruses harboring protein or RNA genes was demonstrated using
PTH. Compared to its parental vector, the switch to C ORF for insertion allowed freer
choice of cargo sequences, while the inheritance of replication-enhancing deletion
in polymerase ORF and isolation of polymerase translation through introduction of
IRES provided acceptable replication efficiencies for most of the tested cargos.

4.2. Vectors that Do Not Encode Functional Polymerase

Theoretically, since all cis-acting sequence elements required for genome
replication and packaging are located between the C-terminal part of the polymerase
and N-terminal of the core (Figure 1), cargo sequences can be inserted anywhere, or
replace any segment(s), on the rest of hepadnavirus genome, if polymerase expression
does not need to be retained by the recombinant vector. Such vectors would have
maximal capacity for harboring cargo sequences. However, all except one of the few
reports on vectors belonging to this category chose to use the S or P ORF for cargo
insertion, fairly distant from those cis-acting elements, which might be beneficial by
minimizing interference of their functions by cargo sequences.

In their pioneering work on recombinant HBV vectors, Chaisomchit et al. also
tested a non-replicative version of their design by replacing the un-terminated in-frame
Tat insertion in polymerase spacer with a terminated in-frame insertion of ZeoR (372 nt)
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(Figure 1B, design I) [31]. Self-sufficient replication of the recombinant genome was
expectedly obliterated, and even with trans-complemented polymerase, replication
was only 1.5%-3% of wild-type HBV, which is similar to the replicative vector with
non-terminated Tat insertion. Virion formation and infection were not examined.

Later, in the hope of achieving delivery of therapeutic genes to hepatocytes,
Protzer et al. developed DHBV and HBV vectors that have most of the S ORF replaced
with GFP or duck interferon coding sequences in-frame (Figure 1A, design I and
Figure 1B, design V) [17]. The overlapping P ORF is prematurely terminated by
the cargo sequences. Recombinant viruses infectious for primary duck or human
hepatocytes (PDH and PHH) could be obtained from transfection supernatants, if
trans-complemented with both polymerase and envelope proteins. Notably, the
authors showed that a recombinant DHBV-expressing duck interferon was able to
inhibit co-infecting wild-type DHBV in PDH infection assay, which constituted
the first demonstration of the therapeutic value of recombinant hepadnavirus.
Following up on this work, Untergasser ef al. attempted to improve the vector
from the safety perspective of potential gene therapy applications by prematurely
terminating all viral ORFs in the vector so that the recombinant HBV would express
only the cargo gene product [38]. Since there was no significant change to the
vector design, recombinant HBV harboring GFP or renilla luciferase (942 nt) were
obtained when trans-complemented wild-type HBV proteins, and the virions infected
PHH and expressed the cargo genes. In addition, stronger, exogenous promoters
were tested in replacement of Sp2 in the hope of enhancing cargo gene expression,
but although recombinant viruses infectious for PHH were produced, enhanced
expression was not demonstrated using infection assay. Similar design was used
by Liu et al. in a later study also aimed at liver-targeting delivery of therapeutic
genes [39]. The authors replaced S ORF in-frame with sequences encoding GFP or
RFP, and observed reduced replication compared to wild type HBV in the presence
of trans-complemented HBV proteins. GFP expression by recombinant virions in
infected HepaRG was demonstrated.

Recently, Nishitsuji et al. [40] reported a system allowing quantitative detection
of HBV infection in vitro based on a polymerase-negative design of recombinant HBV
that uses C ORF for cargo insertion, instead of polymerase or S ORF, as done in the
previous designs in this category. However, in contrast to vectors that use C ORF
as insertion site in the first category, they replaced the entire C ORF downstream of
epsilon packaging/polyadenylation signals (562 nt), including the part overlapping
with the N-terminal of P ORF, thus destroying polymerase expression (Figure 1B,
design VI). Recombinant HBV harboring the NanoLuc reporter (513 nt) could be
produced when trans-complementation of core and polymerase were provided
and infection of human hepatocytes and NTCP-transfected hepatoma cell lines
was demonstrated.
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4.3. Comparison of Vector Designs from the Perspective of Potential Applications

Potential in vitro applications of recombinant hepadnavirus vectors include the
study of fundamentals of hepadnavirus life cycle, most notably entry into target cells
and formation of initial cccDNA from the incoming virus genome. At the same time,
reporter-expressing recombinant hepadnaviruses would facilitate the development of
drug screening and evaluating systems. In vivo, recombinant hepadnaviruses could
form the basis of hepatocyte-targeting therapeutic interventions for liver-afflicting
conditions, including HBV-related and non-HBV-related hepatitis, cirrhosis, and
HCC, as well as life-threatening diseases not directly involving liver, such as
type I diabetes. Reporter-expressing recombinant HBV would be useful for
characterizing hepatotropism, sustenance, and biosafety of such therapeutics before
in vivo applications could be attempted.

Different applications of recombinant virus vectors sometimes have different
requirements regarding the vectors, in addition to functions of the cargo gene.
For instance, for therapeutic interventions targeting chronic hepatitis B patients
using recombinant HBV expressing interferon or HBV-targeting siRNA precursors,
continuous high activity of a recombinant virus is only desirable while wild-type HBV
is active in co-infected hepatocytes, but not thereafter. In contrast, sustained activity
of recombinant HBV capable of surviving hepatocyte propagation and turnover,
regardless of the presence or absence of wild-type HBV, is desired when, for example,
using insulin-expressing recombinant HBV for treating type I diabetes.

Features of the recombinant hepadnavirus vector designs reviewed above
are summarized in Table 2 with a focus on their capabilities of self-sufficient
replication and progeny virus production. Recombinant hepadnaviruses encoding
both functional core and polymerase proteins [31,36,37] are expected to be able to
replicate their genomes and expand intranuclear cccDNA pools resulting in sustained
high expression of cargo genes in infected cells, irrespective of wild-type co-infection.
Consequently, such vectors would persist in infected hepatocytes and are, therefore,
ideal for in vivo applications targeting non-HBV-related life-long diseases, and for
studies where highly-sensitive detection of infection is desired. Progeny recombinant
viruses will also be produced if core- and polymerase-producing recombinant viruses
also encode functional envelope proteins [31,36]. This would theoretically allow
secondary infection by progeny recombinant viruses of surrounding susceptible cells,
further enhancing the level and continuity of cargo gene expression.

Loss of functional core and/or polymerase expression makes the majority of
recombinant vectors incapable of replication, and consequently, progeny production,
without co-infecting wild-type virus (Table 2). These vectors would likely persist
with low activity and no expansion in mono-infected cells, but would start replication
and progeny virus production, giving rise to enhanced cargo gene expression
and expanded infection by recombinant virus, if the infected cells are to be
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super-infected with wild-type virus. Activity of recombinant virus will recede along
with wild-type virus, if and when the latter is under control. Such activation by the
wild-type makes these vectors ideal for therapeutic applications targeting infection

by wild-type viruses.

Table 2. Comparison of recombinant hepadnavirus vector designs.

Representative Obliterated cccDNA Pool Pi?i%zgy
. . . 1
Publication(s) OREF(s) Expansion Production 2
Chai hit et al., 1997 [31
E;Iz):;e;ui ) 3013 [36][ I None Self-sufficient  Self-sufficient
Hong et al., 2013 [37] S Self-sufficient ~ Requires help
Wang et al., 2002 [32]
Yoo et al., 2002 [33] . .
Deng et al., 2009 [34] C Requires help ~ Requires help
Wang et al., 2014 [35]
Bai et al. (submitted) C/S Requires help  Requires help
Chaisomchit et al., 1997 [31] P Requires help ~ Requires help
Protzer et al., 1999 [17] . .
Chang et al., 1990 [30] P/S Requires help ~ Requires help
Nishitsuji et al., 2015 [40] P/C Requires help  Requires help
Untergasser ef al., 2004 [38] All Requires help ~ Requires help

Liu et al., 2013 [39]

1 vectors with functional C and P ORFs are expected to be able to replicate self-sufficiently
and form additional cccDNA in infected cells which would, in turn, result in higher
cargo gene expression. 2 vectors retaining all functional viral ORFs are expected to be
able to replicate self-sufficiently and produce infectious progeny recombinant viruses,
which would in turn result in infection of additional susceptible cells. Requires help:
trans-complementation of obliterated proteins by a co-infecting wild-type virus is required
for indicated functions.

5. Future Perspectives on Recombinant Hepadnavirus Vector Design

Minimal requirements for hepadnavirus genome replications include cis
elements on pgRNA (Figure 1), functional core in cis or in trans, and functional
polymerase preferably expressed in cis. Designs that do not retain functional
polymerase on the recombinant genome theoretically would allow much freer choice
of cargo length and insertion site. However, published studies in this category have
not demonstrated such potential, and are generally limited to using fairly short cargo
genes to replace viral ORF (Table 1). It is possible that future work on such vectors
will liberate additional viral genome space and sites for cargo insertions, and enable
the design of recombinant viruses harboring larger genes or multiple small genes to
provide better or more complex functionalities.
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Recombinant hepadnavirus designs that retain functional polymerase have
inherently limited capacity for cargo insertions. Even with non-inactivating deletions
in polymerase spacer [37], 600-700 nt is very likely the maximum cargo length
that is practical for HBV. The capacity will be further reduced if functional core
is also to be retained [31,36]. However, the relative ease of recombinant virus
production and expected higher expression of cargo genes in infected cells compared
to polymerase-negative designs make such designs a favored choice in most
cases. Finding or engineering small-sized cargo genes with experimentally- or
clinically-important functions will be the key to making these vector designs more
relevant to the field.

6. Future Perspectives on Applications of Recombinant Hepadnavirus Vector

Work on developing recombinant hepadnavirus vectors has been going on for
two decades and there have been more than ten designs with varying degrees of
similarity and innovation (Table 1). Some of the studies characterized the cargo
capacity, replication, progeny virus production and infectivity in fairly great detail
and convincingly demonstrated the usability of the corresponding vector, at least
when used with the tested cargo. A couple of studies went further and showed the
huge potential of such vectors for possible therapeutic applications in vivo [17,37].

Admittedly, compared to other more commonly used recombinant viral vector
systems, such as retrovirus/lentivirus, poxvirus, adenovirus, and adeno-associated
virus vectors, progress in the development and application of recombinant
hepadnaviruses both in vivo and in vitro has been much slower and less fruitful.
Nevertheless, lack of strict hepatotropism makes the other recombinant virus vectors
intrinsically inferior to hepadnavirus vectors for hepatocyte-targeting applications.
Moreover, for potential applications in chronic HBV-infected patients, recombinant
HBYV is minimally affected by vector-targeting immune reactions, in distinct contrast
to other virus vectors. Needless to say, for studying basic virology of hepadnaviruses,
only recombinant hepadnaviruses are irreplaceable tools for obtaining meaningful
results. So far, however, studies that actually take advantage of the reported
recombinant hepadnavirus vector systems to address unanswered virological
questions and unmet clinical demands have been rare and mostly restricted to labs
that originally developed the systems. The reasons behind such apparent lack of
application are manifold.

Firstly, large-scale preparation of recombinant viruses is a very cumbersome
process, especially for poorly replicative constructs. The use of stronger promoter,
such as CMV promoter, instead of native Cp promoter to drive pgRNA transcription
could enhance, to a limited degree, the production of progeny viruses. In
future, identifying and counteracting cellular mechanisms restricting hepadnaviral
replication might give rise to novel production systems. The necessity of providing
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trans-complementation of viral proteins for most designs further complicates
production and may also incur the risk of wild-type contamination through
homologous recombination [38], the mitigation of which would require extensive
synonymous mutations. Engineering stably-transfected cell lines that continuously
produce recombinant viruses at acceptable levels in the supernatants will significantly
boost adoption and application of recombinant hepadnavirus vectors.

Secondly, infection systems for HBV used to be tedious and costly to establish
and use, especially for in vivo applications. The identification of NTCP receptor for
HBV and demonstration that NTCP-overexpressing hepatoma cell lines supporting
wild-type and recombinant HBV infection no doubt represent a significant advance
in this respect [29]. With the advent and general availability of easier-to-handle
in vitro HBV infection systems, like HepG2/NTCP [29], interest in and applications
of viable recombinant hepadnavirus vectors can be expected to grow. It is also
possible that with further understanding of HBV infection mechanisms, which
could be significantly promoted by the use of reporter-expressing recombinant HBV,
transgenic mice supporting HBV infection might be eventually obtained. In addition,
advances in WHYV reverse genetics might also enable the development of recombinant
WHYV vectors usable in this important model of HBV.

Thirdly, most reported recombinant hepadnavirus vectors have been
demonstrated using only one or two cargo genes (Table 1) and only our lab’s work
has used non-protein cargos [37]. Such limited demonstration of recombinant
hepadnaviruses’ capability does not help in attracting potentially interested
researchers. There are, of course, inherent restrictions on possible choices of cargo
genes (see previous sections), but extensive and in-depth characterization of existing
vectors for their ability to deliver commonly used, as well as novel cargo sequences
with relevant functions, will surely encourage and facilitate wider applications of
recombinant hepadnaviruses in both laboratory and clinical settings.

Last, but not least, integration of hepadnavirus sequences into hepatocyte
genomes is often detected in chronically-infected subjects and has been linked, at least
in some studies, to HCC development [1-3]. Unlike retroviruses and lentiviruses,
integration of viral genome into a host chromosome is not a necessary step in
hepadnavirus life cycle, and probably represents an opportunistic event during
the long-term presence and activity of hepadnaviruses in hepatocytes. Unfortunately,
fairly limited information is available on the integration mechanisms, as well as
preferred integration sites or lack thereof. Similarly, a potential link to HCC has also
been proposed for HBx protein without detailed understanding of the underlying
molecular details [1,20]. These constitute a major safety concern for any potential
in vivo applications of recombinant HBV for subjects not chronically infected with
HBV. Further understanding of hepadnavirus integration and HBx functions, which
could be aided by studies using recombinant hepadnaviruses in vivo and in vitro,
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might eventually enable more realistic evaluation of the associated risks and allow
recombinant HBV-mediated gene delivery to be applicable to more patients.
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Use of Reporter Genes in the Generation of
Vaccinia Virus-Derived Vectors

Sally Al Ali, Sara Baldanta, Mercedes Fernandez-Escobar and Susana Guerra

Abstract: Vaccinia virus (VACV) is one of the most extensively-studied viruses of
the Poxviridae family. It is easy to genetically modify, so it has become a key tool for
many applications. In this context, reporter genes facilitate the study of the role of
foreign genes introduced into the genome of VACV. In this review, we describe the
type of reporter genes that have been used to generate reporter-expressing VACV
and the applications of the recombinant viruses obtained. Reporter-expressing VACV
are currently employed in basic and immunology research, in the development of
vaccines and cancer treatment.

Reprinted from Viruses. Cite as: Ali, S.A.; Baldanta, S.; Fernandez-Escobar, M.;
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1. Introduction

Since the first description of recombinant DNA techniques, many advances have
been achieved in the field of molecular biology and genetic modification. Currently,
there is a wide variety of tools that allow the genetic modification of animals, plants,
bacteria and viruses [1-4]. The genetic modification of viruses has become one of
the best strategies for introducing nucleic acids into different cells, tissues or even
in in vivo models, given the high transfection efficiency and ease of carrying it out,
compared to chemical or physiological methods [5,6].

After the description of recombination events in cells infected with vaccinia
virus (VACV) and through recombinant DNA technology [7,8], VACV has become
a suitable model for the generation of recombinant virus vectors [9]. At first, the
main purpose for introducing foreign genes into virus genomes was basic research
about the biology of the viruses both in vitro and in vivo. However, with the latest
technical advances and the higher understanding of the VACV viral cycle, virus
genetic modification is getting a wider spectrum purpose. Thus, they can also be
used for the development of vaccines or as oncolytic agents. This review aims to
highlight the main aspects of the genetic modification of VACV and the generation
and application of reporter-expressing virus in this model.

2. Biology of VACV

VACV is the prototype member of the Poxviridae family, so most research of
poxvirus has been focused on its use [10]. VACV is a large DNA double-stranded
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virus, with a complex envelope. It was the live vaccine used to eradicate smallpox
and nowadays is also used as a viral vector for recombinant vaccines and cancer
therapy [9,11]. The VACV genome is one of the largest of all DNA viruses, with a
size of 190 kbp and about 250 encoding genes [12]. The genome has a high genetic
compaction, with a few intergenic and small non-coding regions. The coding regions
are continuous, thereby not given to splicing [13,14].

VACYV have a complete replicating cycle inside the cytoplasm of the host cell,
even though it is a DNA virus (Figure 1) [10]. This fact determines the genetic
characteristics of the virus, being completely independent of the replication and
transcription machinery of the host cell. Once the virion infects the host cell, the viral
core is uncoated, and nearly 100 early viral genes are transcribed [15,16]. Early genes
produce the required enzymes for catalyzing the viral core breakdown, viral DNA
replication and the modulation of the host antiviral response [17]. Viral DNA begins
to replicate inside the infected host cell using viral enzymes at 3 h post-infection.
As soon as the viral replication starts, transcription of downstream genes encoding
for regulatory proteins that induce the expression of the late genes occurs. Late
genes encode for proteins and enzymes required for the assembly of new viral
particles. After DNA and all viral proteins are synthesized, the process known as
morphogenesis begins, which results in the formation of the new virions [18,19].
These can be retained inside the cell until cellular lysis or released to the environment
by other mechanism [10,18].

Early genes
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genes
/ transcription

Core
Uncoatmg rephcanon / Late genes
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Trans-Golgi
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Figure 1. Diagram representative of the VACV infection cycle. The different steps
of the VACYV cycle are indicated.
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3. VACV as a Vector

Several features of the biology of VACV make it suitable for its use as a vector in
biological experiments, vaccine design or cancer therapy. The complete cytoplasmic
replication of VACYV facilitates the expression of foreign genes inserted in the viral
genome and its detection or isolation [20,21]. Usually, bacterial or non-mammalian
viral vectors fail to make the expressed proteins to perform its full activity as antigens.
However, VACV has the ability to transcribe its genes using its own transcription
factors and enzymes. That means that if a foreign gene is inserted directly to a VACV
promoter element, it will be transcribed with foreign proteins reaching high levels
of expression in the infected cell. Moreover, this replication cycle is an appropriate
model for molecular and genetic investigations of cis and trans factors that are
mainly required for gene expression [12,22]. Furthermore, since VACV remains in the
cytoplasm, the risk of insertional mutagenesis and oncogenesis, the main problems
encountered in gene therapy using integrative viruses, disappears. In some cases,
patients treated with retroviral vectors have developed cancer years after they have
been treated [5,23].

VACV can replicate in different cell lines, primary cell cultures, and also grows
in several animal species, such as mice, guinea pigs, rabbits, etc. [10]. This broad
host range allows infection of cell lines with recombinant viruses for large-scale
expression of heterologous proteins, which reduces its cost in comparison to other
production systems [21,24]. Additionally, VACV enables high production titers, so it
is an advantage in the manufacturing of a large amount of vaccines [6].

Although the VACV genome is large and compact, it can tolerate the deletion
of certain viral sequences and the insertion of exogenous genetic material [25]. A
VACV vector has a transgene capacity of approximately 25-30 kb, higher than other
viral vectors, including adeno-associated virus (4.5 kb), adenovirus (8-10 kb) and
retrovirus (7-8 kb) [4]. Thus, VACV is an excellent candidate vector in the design of
polyvalent vaccines with antigens from several pathogens or different antigens from
the same pathogen [9,26].

Finally, as far as its use as a vaccine vector is concerned, VACV is clearly
immunogenic effective, strong evidence being the eradication of smallpox in 1980 [11].
VACYV is also safe and easy to inoculate, since it can be administrated intradermally
or with an air gun without medical training. In some organisms, it has been found
that it can cause problems by preexisting immunity, but the probability of having
post-vaccination complications, such as progressive VACV infection or encephalitis,
is significantly low[27]. Nowadays, due to the better knowledge of the VACV biology
and the immune response generated after vaccination, vaccines based on this virus
are becoming safer [9]. In addition, it is important to remark that VACV vectors are
very stable and can be lyophilized and kept frozen for several years, facilitating its
transport and storage [23].
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4. Design Considerations in the Generation of VACV Vectors

To get recombinant VACV expressing foreign genes, the main method used
is homologous recombination (Figure 2) [28]. First, it is necessary to construct a
plasmid that contains the gene or transgene of interest. After that, the cells have
to be infected with the virus and subsequently transfected with the plasmid that
contains the transgene. An alternative method could be used, employing two viruses,
one defective for some genes and one wild-type acting as a helper [4,29]. For both
methods, the recombinant viruses are produced by homologous recombination inside
the infected cell.
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Figure 2. Construction of recombinant VACV vectors by homologous recombination.
FG represents the foreign gene and M represents the marker gene and TK: thymidine
kinase gene. Adapted from [28].

Another way to generate recombinant viruses is the method described by
Falkner and Moss [30], denominated transient dominant selection (TDS), which
allows the introduction of site-directed mutations into the VACV genome. Generally,
the recombinant viruses obtained by this method are rescued by metabolic selection,
using the guanine phosphoribosyltransferase gene (gpt) from Escherichia coli as a
marker. The presence of the protein encoded by gpt allows the recombinant viruses
to grow in the presence of mycophenolic acid, xanthine and hypoxanthine [31].
Subsequently, after this first metabolic selection, a second recombination event must
occur to eliminate the selection marker, maintaining the mutation introduced into
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the VACV genome (Figure 3) [32]. In contrast to the method described above, in
the TDS technique the marker should not be flanked by homologous regions of the
VACYV genome [30]. Alternatively, puromycin resistance could be used as a selection
marker in TDS, increasing the recombinant viruses’ generation efficiency [33].
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Figure 3. Construction of recombinant VACV vectors by the transient dominant
selection (TDS) technique. FG represents the foreign gene and M represents the
marker gene. R and L represent the right and left flanking regions of the TK gene in
the plasmid, and R’ and L’ represent the same regions of the TK gene in the VACV
genome. Adapted from [33].

Two important aspects to be considered when obtaining recombinant poxvirus
are the VACV genome insertion sites and the reporter genes introduced.

4.1. VACV Genome Insertion Sites

The VACV genome has about seven known insertion sites where foreign genes
can be inserted (Figure 4) [13]. The insertion site choice depends mainly on the
future application of the recombinant viruses. It may also be important in the later
selection of the recombinant viruses obtained. For instance, inserting the gene of
interest in the thymidine kinase (TK) locus confers a detectable phenotype (TK-): the
recombinant viruses are able to grow in the presence of 5-bromo-2’-deoxyuridine
(BrdU), a synthetic analog of thymidine [28,34]. Another important site of insertion
that allows a subsequent selection is the VACV hemagglutinin (HA) gene as the
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recombinant viruses can be easily recognized by their disability to bind erythrocytes
in a hemagglutination test [35-37].

VACYV has five more places of insertion: the BamHI site of the HindIII-F DNA
fragment [38]; the VACV growth factor gene (VGF), located in both inverted terminal
repeats (ITRs) [39]; the N2 and M1 genes located on the left side of the VACV
genome [40]; the M1 subunit of the ribonucleotide reductase (RR) gene in the HindIII-I
DNA fragment [41]; and the A27L gene encoding the 14 kDa fusion protein, in the
large HindIII-A DNA fragment [42]. It is noteworthy that some strains of VACV have
only one copy of VFG, such as VACV Lister variants [33]. Recombinant production
using these insertion sites, although successfully occurring, requires the use of a
marker gene or other strategies for later selection of the recombinant viruses. Due
to these limitations, the TK gene is the most common site of insertion in the VACV
genome [5]. Some authors have used temperature-sensitive VACV strains, allowing
the recombinant viruses to be selected in culture at 40 °C [43]. However, the most
common way for an easy identification of recombinant viruses is the use of reporter
genes as selectable markers, which will be discussed in Section 4.2 [44].
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\ 20 \?0 60 80 \ 100 \ 120 140 \ 160 180 Kbp
RR TK

VGF N2, M1 14K

Figure 4. Scheme of the insertion sites in the VACV genome. The diagram of the
VACV genome with the HindIII restriction sites is shown, including the location
of the different insertion sites. BarnHI: BamHI site of the HindIII F fragment; HA:
hemagglutinin gene; VGF: VACV growth factor gene; N2: N2 gene; M1: M1 gene
encodes the large subunit of ribonucleotide reductase (RR); TK: thymidine kinase
gene; A27L: gene that encodes the 14 kDa fusion protein; ITRs: inverted terminal
repeats. Adapted from [13].

In spite of the promoter or the regions between the promoter and coding region,
the insertion site also influences foreign gene expression and virus virulence [13,23,25].
Insertion into the TK, VGF, RR or A27L genes has an impact on viral replication in vivo,
but not in vitro [25,45]. Moreover, the method described in Figure 2 requires the use of
special cell lines or mutagenic selective agents, such as TK-/- cell lines and BrdU [30].
For this reason, different strategies and new insertion sites are being studied to ensure
the correct expression of the transgenes in vitro and in vivo [25,33,46,47].
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4.2. Reporter-Expressing Viruses

Reporter-expressing viruses are recombinant viruses expressing a reporter
gene [48]. In some cases, the reporter gene is located downstream of a viral
promoter, to study biological pathways or, fused with other viral or foreign genes.
As reporter genes are expected to be easily detected, they are the best indicators for
screening successfully recombinant viruses. The reporter gene should be chosen
considering the non-endogenous activity in the cell type, tissue or organism used
to culture the viruses [44]. Reporter genes have additional applications in vitro and
in vivo, as the reporter gene acts as a substitute of the gene of interest. Moreover,
reporter genes facilitate the use of tissue-specific and pathway-specific promoters,
as well as regulatory promoter elements as biomarkers for a particular event route.
Furthermore, it is important that the existence of the reporter gene should not affect
the normal physiology and general characteristics of the transfected cells [48-50].
Table 1 presents an overview of the reporter genes commonly used in the generation
of recombinant VACV.

Table 1. Reporter genes commonly used in the generation of recombinant vaccinia

virus (VACV).
Reporter Gene Origin Product Detection Reference
. Thin-layer
CAT Escherichia coli i?el?rﬁgfl};fee r;:;: chromatography [51,52]
Y autoradiography, ELISA
LacZ Escherichia coli {3-galactosidase Colorimetry [53]
Gus Escherichia coli f3-glucuronidase Cf(l)lonmetry or [54]
uorescence
GEP Aeqt'wrea victoria Green ﬂuo'rescent Fluorescence [50,55]
(jellyfish) protein
LUC or Photinus pyralis . .
luxCDABE (firefly) and bacteria Luciferase Luminescence [56,57]

ELISA: enzyme-linked immunosorbent assay.

4.2.1. Chloramphenicol Acetyltransferase

CAT was the first reporter gene used in transcriptional assays in mammalian
cells. CAT is an enzyme from Escherichia coli that detoxifies the antibiotic
chloramphenicol, which inhibits protein synthesis in bacteria [58]. Particularly,
CAT links acetyl-coenzyme A (acetyl-CoA) groups to chloramphenicol, preventing it
from blocking the 50 S ribosomal subunit. This gene is not found in eukaryotes, so
eukaryotic cells do not present any basal CAT activity [44]. The reaction catalyzed
by CAT can be quantified using fluorogenic or radiolabeled substrates, such as
3H-labeled acetyl-CoA and '*C-labeled chloramphenicol. CAT can be detected either
by thin-layer chromatography, autoradiography or enzyme-linked immunosorbent
assay (ELISA) [51].
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There is a strong link between CAT gene transcript levels and enzymatic activity,
which is easy to quantify. Thus, CAT has become a suitable reporter gene for
investigating transcriptional elements in a wide variety of experiments implicating
animal and plant cells, as well as viruses [51]. There are some disadvantages of
using the CAT system, such as the higher amount of cells required when compared
to other assays, like the luciferase assay (detailed in Section 4.2.5). In addition, the
CAT system is not suitable for use with weakly-expressed genes and CAT promoter
activity quantification takes longer than other reporter systems [52]. Finally, this
reporter gene has another important limitation due to the use of radioisotopes [44].

4.2.2. 3-Galactosidase

The first study using lacZ as a reporter gene was published in 1980, and since
then, it has become one of the most commonly-used reporter genes in molecular
biology [49]. Although [3-galactosidase catalyzes the cleavage of the disaccharide
lactose to form glucose and galactose, it recognizes several artificial substrates, which
has promoted its use as a reporter gene [58]. Thus, 3-galactosidase can hydrolyze
substrates such as ortho-nitrophenyl beta-galactoside (ONPG), 5-bromo-4-chloro-
3-indolyl beta-D-galactopyranoside (X-Gal) and 3,4-cyclohexenoesculetin beta-D-
galactopyranoside (S-Gal), resulting in a yellow, blue or black product precipitate,
respectively [53,59]. Furthermore, expression of the lacZ gene can be stimulated with
isopropyl beta-D-thiogalactopyranoside (IPTG), which is a highly stable synthetic and
non-hydrolyzable analog of lactose [49].

One of the applications of the lacZ reporter gene is the selection of transformed
bacterial colonies. The recombinant (white) and non-recombinant (blue) bacteria
are discriminated based on the interruption of the lacZ gene by the insert DNA or
gene of interest using X-Gal as a substrate [53]. Other uses are the visualization
of the (3-galactosidase expression in transfected eukaryotic cells or the selection of
the recombinant virus by viral plaque screening [60]. Finally, lacZ is used to detect
(3-galactosidase activity in immunological and histochemical experiments [44]. One
of the main advantages of using this reporter gene system is its low cost, since it
does not require specific devices to detect the colorimetric reaction or to identify
its expression.

4.2.3. p-Glucuronidase

Another Escherichia coli-derived hydrolyzing enzyme gene that lends a reporter
assay is GUS. The p-glucuronidase protein catalyzes the breakdown of complex
carbohydrates, such as glycosaminoglycans. This reporter gene system has been
widely used in transgenic plants, and it has also been successfully used in mammalian
cells for VACV recombinant virus selection [54]. For the 3-glucuronidase (GUS) assay
4-methylumbelliferyl beta-D-glucuronide (MUG) or 5-bromo-4-chloro-3-indolyl
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beta-D-glucuronide (X-Gluc) can be used as substrates. They respectively lead
to a fluorogenic or a blue product after cleavage [61,62]. Monitoring 3-glucuronidase
activity through a GUS assay allows the determination of the spatial and temporal
expression of the gene of interest [63].

4.2.4. Florescent Proteins

The most known fluorescent protein is green fluorescent protein (GFP), which
was cloned from the species of jellyfish Aequorea victoria. Because of the great
impact of fluorescent proteins in molecular biology applications, the Nobel Prize
in Chemistry 2008 was awarded to Osamu Shimomura, Martin Chalfie and
Roger Y. Tsien for the discovery and development of GFP [64,65]. GFP is the most
used reporter gene; however, genetic engineering has developed a wide variety of
color mutants, such as red fluorescent protein (RFP) or yellow fluorescent protein
(YFP) among others [49].

Fluorescent proteins tolerate N- and C-terminal fusions to a wide-range of
proteins, have been expressed in most known cell types and are used as a non-harmful
fluorescent marker in living cells and organisms. The use of fluorescent proteins
allows a variety of applications: cell lineage tracker , reporter for gene expression
assays or measure of protein-protein interactions. Additionally, cell-fixation is not
needed to examine its expression, and the probability of artifacts is quite small
compared to immunocytochemical methods which require cell fixation [44]. One of
the disadvantages of these proteins is their size. Therefore, in some cases, they can
affect the in vivo function of fused proteins or genes of interest. Nevertheless, one
limitation of using GFP is its low sensitivity [66], another is that its signal cannot be
exogenously amplified [50].

4.2.5. Luciferases

The first luciferase (LUC), from the firefly Photinus pyralis, was cloned in 1980
and LUC has been widely used as a reporter gene. Later, it was also described in
bacteria and dinoflagellates [44]. Luciferases are enzymes that catalyze a chemical
reaction resulting in the production of light. Firefly luciferase oxidize the D-luciferin,
in the presence of oxygen and adenosine triphosphate (ATP) as the energy source.
As in 3-Galactosidase assays, an exogenous substrate is needed, and it may be a
disadvantage [49]. In other systems, such as the luciferase identified in bacteria
(luxCDABE operon), the enzyme catalyzes the oxidation of long-chain aldehydes
and flavin mononucleotides (FMNH>) in the presence of oxygen to yield green-blue
light [67]. Although in bacteria this operon encodes all components necessary for
light emission, it is limited in mammalian cells. Therefore, the exogenous substrate
has to be added to improve the reaction [56]. Besides the different substrates required,
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each luciferase system is categorized by having specific kinetics, with a particular
detection and sensitivities that require adjusting the experimental design [58,67].

The use of luciferase is extremely widespread in biological systems studies
and includes cell proliferation assays, protein folding/secretion analyses, in vivo
imaging and control of in vivo viral spreading [57,67-69]. The main advantage of
using this system is its high sensitivity when compared to other systems, such
as CAT. Additionally, the LUC system is more direct, rapid and suitable when it
comes to weakly-expressed genes, and it can be used to quantify gene activity. One
disadvantage of the LUC system is the requirement of ultrasensitive charge-coupled
device (CCD) cameras to detect gene expression [56].

5. Applications of Reporter-Expressing Viruses

5.1. In Vitro Applications

Reporter-gene assays have helped the pox virologists in basic research, for
example for the study of the location, structure and function of many VACV proteins
during the infection cycle and their interaction with proteins of the host cell [44,70]. As
shown in Dvoracek and Shors [63], the GUS reporter gene was used for deleting the
DO9R viral protein and selecting the recombinant viruses, with the aim to understand
the role of this protein in the viral life cycle. In addition, the lacZ gene has typically
been used mainly for the selection of recombinants [71]. Moreover, several studies
have reported the different transgenes’ insertion points and VACV promoters in
which the recombinant virus production was enhanced. These studies are essential
for improvement of the development of vaccines based on recombinant VACV [62,72].

On the other hand, fluorescent markers such as the GFP, YFP or luciferase
are also useful for labelling VACV replicative strains. These viruses have allowed
the study of processes like the input and output morphogenesis in virus-infected
cells [68,69,73-76]. In these studies, fluorescence of certain viral proteins allows us
to study their interaction with other viral or cellular proteins [77]. Furthermore,
VACYV is a clear example of how viruses have developed strategies to evade the
immune response [78]. In this field, the generation of recombinant VACV with
reporter genes is also useful to discern the molecular mechanism by which VACV
proteins manipulate the immune system of the host. Thus, in Unterholzner et al. [79],
the generation of a GFP-labeled recombinant VACV revealed that the C6 viral protein
acted as an immunomodulatory agent, blocking the expression of type I interferon.

Another major application of reporter-expressing VACVs is the design of
high-throughput assays. The generation of lacZ or GFP expressing recombinant
virus can be used to optimize antibody neutralization assays [71,80].

Lastly, VACV and reporter genes have been used to study proteins from other
viruses, particularly RNA viruses, such as influenza or severe acute respiratory
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syndrome-associated coronavirus (SARS-CoV) [81]. To genetically modify these
viruses, RNA must be reverse transcribed to cDNA, since this is particularly unstable
in plasmids, making VACV a good tool for functional studies of proteins from such
viruses [82].

5.2. In Vivo Applications

There are several in vivo applications for recombinant reporter-expressing
viruses. For example, in virulence studies, the use of labeled viruses allows us
to follow the viral pathogenicity and detect in which organs the viral replication and
dissemination occur [70,76]. For example, Zaitseva et al. [69] used the recombinant
VACV Western Reverse strain (WR)-LUC to analyze the viral spread in vivo for
several days reducing the number of mice used. Moreover, VACV is an effective
enhancer for both humoral and cell-mediated immunity; it is used as a vector to study
the immune system and the expression of proteins’ antigenicity of other pathogens.
Furthermore, VACYV is used to explore the immunopathological mechanisms, to
know which epitopes or antigens presented by a pathogen have the ability to induce
the host-immune response, and to demonstrate the specific role of a particular antigen
during the pathogenic process [13,83,84].

Despite the examples mentioned above, the most common uses of recombinant
VACYV in vivo are the production of prophylactic vaccines and treatments against
cancer [4,85]. Table 2 shows some of the vaccines based on VACV, with the reporter
gene and the insertion site employed indicated in each case. In these vaccines,
VACV acts as a vector capable of delivering antigens from other organisms [23].
While in many recombinant vaccines a viral antigen has been inserted, some of
them have also been developed against bacteria [86] or protists [34,87,88]. These
vaccines simulate infection by the pathogen from which the antigens are and elicit
the immune response, by producing antigens for different pathogens. In several
vaccines, mainly against human immunodeficiency virus (HIV) or influenza, genes
of immunomodulatory cytokines are added for coexpression with the antigen,
improving the immunogenicity of the vaccines [23,89,90]. As summarized in Table 2,
most of the transgene insertion sites are within the TK or the HA genes, making the
selection of recombinants easier, as explained above. However, in several vaccines,
besides using this strategy, a reporter gene is used as well. The use of reporter genes
facilitates the preliminary tests of the vaccine on animal models. Moreover, especially
in vaccines used in animals, the reporter gene makes it possible to distinguish
between vaccinated and infected animals [48]. For example, VACV has been used for
nearly twenty years to eradicate rabies from wildlife as an oral-based vaccine. In this
case, the recombinant VACV expresses the rabies virus glycoprotein and has been
used to vaccinate raccoons, red foxes, skunks and coyotes in the United States and
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Europe. This battle has successfully purged rabies in some parts of Europe and the

United States [91].

Table 2. VACV-derived vaccines.

Features
Pathogenic Agent Antigen Reference
Site of Insertion Reporter Gene
Env TK or HA gene LacZ, LUC [90,92]

HIV Env (TAB 13) HA gene LacZ [35]
RT Not mentioned LacZ [93]

HBsAg TK gene or BamHI site  Not mentioned [38,94,95]
" . PreS2-S TK gene Not mentioned [96]
Viral Hepatitis B virus LS TK gene Not mentioned [97]
MS TK gene Not mentioned [98]

gD TK gene or BamHI site Not mentioned [38,99,100]

Herpes simplex virus 1 gB Not mentioned Not mentioned [101,102]
G Not mentioned Not mentioned [103]
Influenza HA TK gene Not mentioned [104]
Mi, NS},’ANP’ PB1, TK gene Not mentioned [105]
Plasmodium yoelii Circumsporozoite TK gene LacZ [34]
Protist Plasmodium knowlesi Sporozoite antigen TK gene Not mentioned [88]
Plasmodium falciparum S antigen TK gene Not mentioned [87]
Leishmania infantum LACK TK and HA gene LacZ and GUS [106]
Animal Echinococcus E95 antigen TK gene LacZ [107]

granulosus
. Brucella abortus 18-kDa antigen TK gene LacZ [86]
Bacterial

Streptococcus pyogenes M protein TK gene Not mentioned [108]

Another application for VACV vectors is in cancer treatment, known as oncolytic
virotherapy [26]. This is the use of replication-competent viruses to selectively attack
and destroy cancer cells, without harming healthy host cells [109]. Examples of
recombinant VACV used are summarized in Table 3. A promising study is the use
of oncolytic VACV as a vector for the human sodium iodide symporter (1NIS) gene in
prostate cancer therapy, which has been demonstrated to restrict tumor growth and
to increase survival in mice [110]. VACV is also a promising therapeutic agent for
pancreatic cancer [85], cholangiocarcinoma [111] and colorectal cancer [112]. It is
worth mentioning that many of the viral vectors developed to treat tumors have
several common characteristics. Generally, VACV oncolytic vectors have a deletion
in the TK gene, essential for the pyrimidine synthesis pathway, which forces the
virus to replicate in cells displaying a high amount of nucleotide pools, enhancing
the viral tropism to cancer cells. Others have a deletion in the VGF gene, preventing
non-infected cells from proliferation [109]. Furthermore, as in the development of
vaccines, viral vectors are “armed” with genes that enhance the antitumor activity,
the virus tropism or the immunoreactivity, to promote better tumor destruction,
such as granulocyte-macrophage colony-stimulating factor (GM-CSF) or erythropoietin
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genes (enhanced virus; Table 3). Another particular feature is that many of these
recombinants carry reporter genes, and thus viral replication can be monitored by
non-invasive imaging methods [68,69,76,113].

Table 3. Oncolytic vaccinia virus (VACV) developed for cancer treatment.

Features
Virus Target Cancer Reference
. Additional
Inactive Genes
Genes
Initial virus
Melanoma,
hepatocellular R LacZ and
JX-594 carcinoma, colorectal TK inactive, GM-CSF (112,114]
cancer
Colorectal cancer,
5 prostate cancer, TK, HA and GFP, LacZ and
GLV-1h68 salivary gland F14.5L inactive Gus (111]
carcinoma
wDD Sarcomas, TK and. VGF cD [115,116]
neuroblastoma inactive
Enhanced virus
GLV-1h153 Pancreatic cancer GLV-1h68 expressing hNIS [110]
GLV-1h210 Lung cancer GLV-1h68 expressing hEPO [117]
vvDD-SR-RFP Sarcomas, TK and VGF CD, RFP, SR [118]
neuroblastoma inactive

6. Limitations of VACV Vectors

The main limitation of using VACV as a vector is the short-term gene expression,
since it is a lytic virus killing the infected cells. Thus, gene expression will not
last for more than 12-24 h post-infection [13,109]. Additionally, although for some
applications it is an advantage, since VACV replicates completely in the infected cell
cytoplasm, it is hard to use VACV to engineer nuclear gene replacement [23]. The
other main disadvantage is the limited immunogenicity in individuals vaccinated
against smallpox. This pre-existing immunity reduces the effectiveness of vaccines
based on VACYV, although some trials have overcome this problem by mucosal
vaccination with vaccinia vectors [5]. The VACV safety profile should be considered
because it has progressive complications especially with immunocompromised
individuals [11]. These limitations primarily affect in vivo applications of VACV
recombinants in vaccine development, so several attenuated strains of VACV are
being generated [9].
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7. New Perspectives

As for other viruses, the development of vaccines or oncolytic therapies based
on VACV requires the understanding of its pathogenesis and biology. Despite
improvements in the vectors’ design, such as the use of different promoters or
insertion sites, homologous recombination has been almost exclusively the way
to obtain VACV recombinants [45]. Homologous recombination requires the
use of markers or reporter genes for selecting recombinants, which offers many
disadvantages. Apart from the physical space needed for the marker gene, which
is limited in therapeutic virus, the use of certain markers can introduce mutations
or generate artifacts that are only found after an analysis of the generated virus.
Sometimes, these problems cannot be detected in vitro, but are very important to
overcome when these vectors are used in vivo on animal models [46,48].

In recent years, some strategies have been developed to avoid these risks
using markers, or at least to remove them from the final recombinant VACV. Rice
and colleagues [45] described a double selection method to improve the selection
of recombinant VACV, so that a reporter or marker gene is not necessary. A
helper virus is used to rescue a recombinant VACV and is subsequently grown in
non-permissive cells to the helper virus; allowing the selection of a large percentage
of recombinant virions. However, the method that has certainly had an enormous
importance in the modification of genomes is the clustered regularly interspaced
short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) system.
Briefly, the CRISPR/Cas9 system consists of an endonuclease (Cas9) employing a
guide RNA to generate a break in a target place of the genome, later to be repaired,
either randomly or precisely using a specifically designed “restful” template [119].
The effectiveness of this system has been proven in different organisms, including
viruses, such as herpes simplex virus (HSV) [120], hepatitis B virus (HBV) [121] and
HIV [76]. Currently, this technique is starting to be used also in VACV [47]. For
example, this system has achieved the deletion of VACV virulence genes, such
as A46L and NIL. A46L and NIL are VACV intracellular proteins that inhibit
nuclear factor-kappa B (NF-kB) activation, so it is undesirable that they were
present in VACV vectors with therapeutic purposes [78]. Furthermore, given the
efficiency of the method, “reparative” vectors with excisable marker genes have been
designed. Therefore, recombinant viruses are effectively isolated, but eventually, the
marker gene is eliminated [46]. Given the simplicity of recombinant VACV by the
CRISPR/Cas9 system generation, an exponential increase of applications with better
markers for basic research or without selectable markers for clinical application is
expected [119,120].
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8. Concluding Remarks

In conclusion, the development of recombinant viruses is a promising therapeutic
advance in the biomedical field. In this sense, the use of reporter-expressing VACVs
has become a fundamental tool for a number of applications, in basic research, vaccine
design and cancer therapy. As many of these trials are still experimental, more

information is required regarding the side effects of the viral treatment. Continuing
efforts are necessary to develop new reporter-expressing VACVs that are safer and
more effective for future therapies.
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Marburg Virus Reverse Genetics Systems
Kristina Maria Schmidt and Elke Miihlberger

Abstract: The highly pathogenic Marburg virus (MARV) is a member of the Filoviridae
family and belongs to the group of nonsegmented negative-strand RNA viruses.
Reverse genetics systems established for MARV have been used to study various
aspects of the viral replication cycle, analyze host responses, image viral infection,
and screen for antivirals. This article provides an overview of the currently
established MARV reverse genetic systems based on minigenomes, infectious
virus-like particles and full-length clones, and the research that has been conducted
using these systems.

Reprinted from Viruses. Cite as: Schmidt, K.M.; Miihlberger, E. Marburg Virus
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1. Introduction

1.1. Epidemiology

The Filoviridae family is subdivided into three distinct genera, Marburguvirus,
Ebolavirus and Cuevavirus. The genus Marburguirus includes a single species,
Marburg marburquirus, which is represented by two distinct viruses, Marburg virus
(MARV) and Ravn virus (RAVV) [1]. Both MARV and RAVV cause a severe
hemorrhagic disease in humans and susceptible animals [2]. The first reported
MARV outbreak took place in Marburg and Frankfurt, Germany and Belgrade,
Yugoslavia (now Serbia) in 1967, nine years prior to the first emergence of the
better-known ebolaviruses, and was caused by infected African green monkeys
imported from Uganda. Seven (22%) of the 31 infected patients succumbed to the
disease (reviewed in [3]). All consecutive marburgvirus episodes and outbreaks were
traced back to sub-Saharan Africa. The so far largest MARV outbreak took place in
Uige, Angola with 252 affected patients, many of them children, and a devastating
case fatality rate of 90% [4,5]. This striking difference in survival rates between the
1967 MARV outbreak in resource-rich Europe, where the patients received aggressive
medical treatment, and resource-poor Angola with suboptimal treatment options
supports the observation during the most recent Ebola virus (EBOV) outbreak in
West Africa that high-resource intensive care measurements significantly improve
disease outcome [6]. However, other parameters, including transmission route and
differences in the virulence of the viral strains might also have accounted for the
observed differences in case fatality rates.
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Similar to ebolaviruses, human-to-human transmission of MARV mainly occurs
via body fluids and requires close contact to infected patients or deceased. Sexual
transmission was reported during the 1967 MARV outbreak (for review see [3]). Due to
the severity of the disease and the lack of treatment and vaccination options, work with
MARYV and RAVYV is restricted to biosafety level (BSL) 4 facilities.

Filoviruses are zoonotic viruses. Strikingly, almost all primary marburgvirus
infections in humans were traced back to caves inhabited by bats, and it was
possible to isolate live MARV and RAVYV viruses from the common Egyptian fruit bat
(Rousettus aegyptiacus (R. aegyptiacus)) [7-13]. The marburgvirus bat isolates mirror
the genetic diversity found in human isolates [10]. R. aegyptiacus bats experimentally
infected with MARV did not show obvious signs of disease. Although viral titers
determined from body fluids and tissues of the infected animals were generally
moderate, oral and rectal shedding was observed in some, but not all, of the studies
and could be a possible route of infection of humans [14-16]. However, MARV was
not transmitted from experimentally infected to susceptible in-contact bats [17].

1.2. Virus Structure and Genome Oganization

1.2.1. Viral Proteins

This article only provides a brief overview of the MARV proteins and their
functions. For a more detailed description see [3,18].

The filamentous MARV particles consist of a host cell-derived membrane, seven
viral proteins and the nonsegmented negative-sense RNA genome. The single surface
protein, glycoprotein (GP), is inserted into the viral membrane [19]. GP is required for
attachment, receptor binding and fusion, and enhances budding (reviewed in [20,21]).
After synthesis in the endoplasmic reticulum (ER) and during its transport to the cell
membrane, GP is cleaved in the trans-Golgi network in two subunits, GP; and GP,
which are covalently linked [22]. While GP; mediates attachment to the cell surface
and receptor binding [20], membrane-bound GP, contains the fusion domain [23]. In
addition to its function in viral entry and budding, GP plays an important role as
target protein for the development of antiviral therapeutics, including therapeutic
monoclonal antibodies, and vaccines [24-28].

The viral protein (VP) 40 is a typical viral matrix protein and mediates
budding [29-31]. In contrast to EBOV VP40 (eVP40), MARV VP40 (mVP40)
antagonizes the Janus kinase/Signal Transducer and Activator of Transcription
(JAK/STAT) signaling pathway and plays a crucial role as a virulence factor in host
adaptation [32-36].

The helical MARYV ribonucleoprotein complex, or nucleocapsid, is composed
of five viral proteins, nucleoprotein (NP), VP35, VP30, large protein (L) and VP24,
and the viral RNA. VP24, a viral protein unique to filoviruses, is loosely attached
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to the nucleocapsid [37,38]. VP24 is involved in viral particle release, possibly in
nucleocapsid maturation, and might also play a role in the regulation of viral genome
replication [39,40]. Recently, it has been shown that MARV VP24 (mVP24) competes
with the nuclear transcription factor erythroid-derived 2 (Nrf2) for binding with
Kelch-like ECH-associated protein 1 (Keapl), a negative regulator of Nrf2. This
leads to the constitutive activation of the anti-oxidative stress response, including
the expression of cytoprotective genes, in MARV-infected cells [41,42]. Intriguingly,
EBOV VP24 (eVP24) does not bind to Keapl.

Both the MARV genomic and antigenomic RNAs are encapsidated by NP. NP is
the driving force for nucleocapsid formation. It self-assembles along the viral RNA and
interacts with the other nucleocapsid proteins either directly or via protein linkers to form
the nucleocapsids [37,38,43,44]. MARV NP (mNP) is also involved in the recruitment
of cellular components of the endosomal sorting complexes required for transport
(ESCRT) to support intracellular transport and budding of viral particles [45-47].

VP35 is a multifunctional protein involved in nucleocapsid formation, viral RNA
synthesis, and the suppression of antiviral responses. It interacts with NP and seems
to play an important role in chaperoning the formation of the NP-RNA complex.
Recent crystal structure analyses revealed that EBOV VP35 (eVP35) contains an
intrinsically disordered region that prevents EBOV NP (eNP) oligomerization and
releases RNA from eNP-RNA complexes [48,49]. Although comparable structural
analyses are not yet available for MARV VP35 (mVP35)-NP-RNA complexes, it is
conceivable that similar encapsidation strategies may apply. Besides its function as
a structural nucleocapsid component, VP35 is a polymerase cofactor and, together
with L, forms the viral RNA-dependent RNA polymerase complex. VP35 binds to
both NP and L and connects L to the NP-RNA complex [38,50]. L is the enzymatic
subunit of the polymerase complex [3,18,51]. VP35 is not only required for viral
replication and transcription, it also interferes with the host innate immune response
by blocking retinoic acid-inducible gene 1 (RIG-I)-like receptor-mediated type I
interferon (IFN) induction. mVP35 can bind to double-strand RNA (dsRNA), and the
integrity of its dSRNA binding domain is essential for its antagonistic properties [52-56].

The function of the nucleoprotein VP30 in the MARV replication cycle is poorly
understood. Although it is tightly associated with the nucleocapsid complex, it is
dispensable for proper nucleocapsid formation [37,38,57]. In contrast to EBOV VP30
(eVP30), which is a transcription activator and significantly enhances transcriptional
activity in an EBOV minigenome system [58,59], MARV VP30 (mVP30) is not essential
for efficient transcription of MARV minigenomes and has only moderate effects
on minigenome-driven reporter gene expression [40,60,61]. However, rescue of
full-length MARV clones was only successful in the presence of VP30 indicating an
important role of mVP30 during the MARYV replication cycle [62]. This observation
was supported by a small interfering RNA (siRNA) study, in which downregulation
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of VP30 in MARV-infected cells strongly reduced viral protein amounts [63]. Despite
the obvious functional differences observed in the minigenome systems, mVP30
and eVP30 are structurally closely related. This close relationship is reflected by
functional similarities. Thus, mVP30 was able to enhance transcription in an EBOV
minigenome system, albeit with reduced efficiency [58]. Vice versa, rescue of MARV
full-length clones was also successful when mVP30 was replaced by eVP30 [62]. In
summary, mVP30 is an essential component of the MARYV replication cycle, but its
function is less well studied than that of its EBOV counterpart.

1.2.2. Genome Organization

The nonsegmented negative-sense RNA genome of MARV is about 19 kb in
length and contains seven monocistronic genes encoding the seven viral proteins
(Figure 1, top). Each gene is flanked by conserved gene start (GS) and gene
end (GE) signals which are recognized by the viral polymerase as the sites of
transcription initiation and termination. The genes are either separated by intergenic
regions of variable length or they overlap [3,51,64,65]. Regulatory cis-acting
elements containing the promoter regions are located at the 3’ and 5 ends of the
genome (Figure 1, top). These regions are the leader (3’ end of the negative-sense
genome) and the trailer (5’ end of the genome). The leader of the MARV Musoke
isolate is 48 nucleotides (nts) in length and contains the first promoter element
of the bipartite replication promoter. The second promoter element is located
within the 3’ untranslated region (negative-sense orientation) of the NP gene [66].
The transcription promoter is also located in the leader but is not mapped yet.
The trailer region contains the complementary replication promoter which is used to
produce genomes from the positive-sense antigenomic RNA template.

MARV transcription follows the stop-start model postulated for all
nonsegmented negative-sense (NNS) RNA viruses [67]. The viral polymerase
enters the genome at a single transcription promoter located within the leader and
scans the genome until it reaches the GS signal of the first gene where it initiates
transcription. The nascent mRNA is capped by the polymerase complex immediately
after transcription initiation. The polymerase moves along the template until it
recognizes a GE signal, leading to transcription termination. Using an unusual
stuttering mechanism, the polymerase adds a poly-A tail to the nascent mRNA
strand. It then scans for the next GS signal to initiate transcription of the following
gene. If the polymerase complex falls off the template, it has to re-enter the genome
at the transcription promoter located in the leader. This sequential transcription leads
to an mRNA gradient with the 3’ proximal genes being more frequently transcribed
than the 5 proximal genes [65].
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Figure 1. Scheme of the Marburg virus (MARV) genome (top) and the
minigenome (bottom) in negative-sense orientation. Coding regions of the seven
MARYV genes are shown as grey boxes in the genome. The homologous proteins
of other nonsegmented negative-sense (NNS) RNA viruses are indicated above
the genome. In the minigenome, the viral genes are replaced by a single reporter
gene, which is flanked by the MARYV leader and trailer regions, the nontranslated
region of the nucleoprotein (NP) gene containing the gene start (GS) signal, and the
nontranslated region of the large protein (L) gene containing the gene end (GE)
signal. Black lines, leader and trailer regions; gray lines, intergenic regions; white
bars, nontranslated regions; white arrow heads, GS signals; black bars, GE signals;
blue box, reporter gene.

During genome replication, the viral polymerase binds to the bipartite
replication promoter and generates a full-length complementary copy of the genome,
the antigenome. The GS and GE signals are ignored when the polymerase is in
replication mode. The antigenome in turn serves as the template for the production
of viral genomes (Figures 2 and 3). Both genome and antigenome are encapsidated
by the nucleocapsid proteins. This is not the case for the viral mRNAs [3,18,51,60].
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Figure 2. MARYV replication cycle. MARV attaches to the surface of target cells by
binding to attachment factors (1); following endocytosis (2); glycoprotein subunit
GP; is cleaved by endosomal proteases (3) facilitating binding to Niemann-Pick C1
(NPC1); the entry receptor (4); fusion is mediated in a pH-dependent manner
by glycoprotein subunit GP,. Following release of viral nucleocapsid into
the cytosol (5); transcription of the viral genome takes place (6); mRNA is
subsequently translated by the host cell machinery (7); synthesis of GP takes
place at the endoplasmic reticulum (ER) and undergoes multiple post-translational
modifications on its way through the classical secretory pathway (8); positive
sense antigenomes are synthesized from the incoming viral genomes (9); these
intermediate products then serve as templates to replicate new negative-sense
genomes (10); after cleavage in the Golgi, GP is transported to multivesicular
bodies (MVB) and to the cell membrane where budding takes place preferentially
from filopodia (11); nucleocapsids and viral protein (VP) 24 are also recruited to
sites of viral budding (12); which is mainly driven by VP40 (13); figure and modified
legend from [3].
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Figure 3. MARYV reverse genetic systems. (a) Minigenome system; (b) infectious
virus-like particles (iVLP) system; and (c) rescue system. In all systems, cells are
transfected with the expression plasmids for the nucleocapsid proteins (NP, VP35,
VP30, large protein (L)). For the iVLP system, the expression plasmids for GP, VP40
and VP24 are also included to facilitate budding. Viral proteins, which are not
essential for the respective system, are bracketed. The T7 RNA polymerase (T7),
which is required for the expression of the minigenome (mg), the full-length
antigenome (fl antigenome) and, depending on the plasmid backbone, for the
expression of the support proteins, can be provided by using T7-expressing
cells, infection with T7-expressing viruses or by transfecting a T7 expression
plasmid. (ab) Minigenomic or (c) antigenomic cDNA is transcribed by T7
resulting in negative-sense minigenomic RNA or positive-sense fl antigenomic
RNA. Encapsidation is mediated by the expressed viral nucleocapsid proteins.
(a,b) The minigenome is replicated via a positive-sense mini-antigenome
intermediate. Transcription of the minigenome leads to reporter gene expression;
(c) The fl antigenome serves as the template for the production of viral genomic
RNA which in turn is the template for viral mRNA as well as antigenome
production. (b,c) In the iVLP and rescue systems, viral particles are released from
the transfected cells. The iVLPs contain minigenome RNA, while the rescue system
leads to the production of infectious MARYV particles.
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1.3. Replication Cycle

A detailed description of the MARV replication cycle is provided in [3]. In
brief, uptake of MARV particles is mediated by GP (Figure 2). Following initial
GP-mediated attachment to various cell surface proteins, the viral particles are
endocytosed (reviewed in [20,68]). It is likely that macropinocytosis plays a crucial
role in MARV entry as this mechanism was identified as a major uptake pathway for
EBOV particles [69,70]. Endosomal cleavage of GP; by host cell proteases is required
for binding to its receptor, the endosomal protein Niemann-Pick C1 (NPC1) [71-74]
Fusion with the cellular membrane is preceded by a pH-dependent structural
rearrangement of the GP, subunit which contains the fusion peptide [23,75]. After
fusion of the viral and cellular membranes, the nucleocapsids are released into
the cytoplasm where transcription and replication of the viral genomes take place
(Figure 2). The viral monocistronic mRNAs are translated by cellular machinery to
produce viral proteins. The newly synthesized viral genomes (and antigenomes) are
encapsidated by the nucleocapsid proteins and assemble to large, highly ordered
structures in the cytoplasm of the infected cells, the so-called inclusions [43,76,77].
These inclusions are believed to be the sites of viral genome replication and
nucleocapsid maturation [37]. Mature nucleocapsids are transported along actin
filaments from the inclusions to the sites of budding by exploiting components of the
ESCRT complex, including tumor susceptibility gene 101 (Tsg101) [45-47]. Budding
of viral particles is mainly mediated by VP40 and occurs internally at multivesicular
bodies and at the plasma membrane preferentially from filopodia [29,77-80].
Viral particle release is enhanced by NP, GP and VP24 [39,45,46,81]. Studies on
MARYV budding in different cell models suggest that cell-type specific components
determine whether the viral particles are released from the apical or the basolateral
membrane [82-84].

2. MARV Reverse Genetics Systems

Per definition, reverse genetics is the functional analysis of genes by examining
the phenotypic effects of targeted gene alterations. Reverse genetics systems
have been successfully developed for numerous NNS RNA viruses of the order
Mononegavirales [85,86]. This powerful technology has been used to address questions
regarding all aspects of the viral infection, including viral genome replication,
pathogenesis, and virus-host interactions. In addition, reverse genetics systems
have been instrumental for the development of vaccines and antiviral screening
assays (reviewed in [86]). In contrast to positive-sense RNA viruses, whose genome
is used as an mRNA and is sufficient for virus particle formation when transfected
into cells, the minimal infectious unit for NNS RNA viruses is the ribonucleoprotein
complex, in which the viral RNA is encapsidated by the viral ribonucleoproteins
before it can serve as a functional template to initiate viral transcription and genome
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replication (reviewed in [85-87]). Because neither the genome nor the antigenome
of NNS RNA viruses can be used as an mRNA to generate viral proteins, the viral
proteins required for viral transcription and genome replication have to be provided
in trans.

Reverse genetics approaches for NNS RNA viruses range from minigenome
systems to replicons, infectious virus-like particles (iVLPs) and full-length rescue
systems. Since targeted genetic manipulation of viral RNA genomes is not possible
yet, a tremendous advantage of all these systems is that the reverse transcribed
c¢DNA copy of the RNA genome allows for the insertion of mutations and additional
transcription units (ATUs; e.g., reporter genes). The first reverse genetics system
established for filoviruses was the MARV minigenome system [60]. The different
established MARV reverse genetics systems are summarized in Table 1 and described
in the following overview.

Table 1. List of Marburg virus (MARV) reverse genetics systems.

System Isolate Used For Publications

Defining the role of viral proteins in transcription and
replication, genus-specificity of viral proteins in
minigenome Musoke replication/transcription, amount and ratio of nucleocapsid [50,58,60,66,88-90]
proteins, functional studies of nucleocapsid proteins,
analyzing cis-acting elements and their genus-specificity

Optimization of system with codon-optimized support
plasmids, establishing high throughput antiviral screening

minigenome 371Bat assay, analyzing immune modulatory functions of [(546191]
viral proteins
Release and infectivity of iVLPs, titration of support
iVLP Musoke plasmids for iVLP assay, genus-specificity of viral proteins in [30,36,40,92-94]

budding, testing of neutralizing antibodies, defining the role
of viral proteins in the viral replication cycle, host adaptation

Role of VP30 for virus replication, analyzing cis-acting

rescue system Musoke elements, live-cell imaging, transport and release of [36,46,62,66,77,80,
. . . 95,96]
nucleocapsids, assembly of viral envelope, host adaptation
rescue system 371Bat Host response and immune modglatory activity, establishing [54,61,01]
high throughput antiviral screening assay
rescue system Ebola virus Rescue of Ebola virus with MARV Musoke support plasmids [97]

Mayinga

2.1. Minigenome Systems

Minigenomes are truncated versions of the viral genome as described below.
The first cDNA-based minigenome system for NNS RNA viruses was generated
for vesicular stomatitis virus (VSV) in the Ball and Wertz laboratories in 1992 [98].
The development of an exclusively cDNA-based minigenome system for NNS RNA
viruses was hampered for a long time by the requirement of precise minigenome ends
to initiate replication and transcription by the viral polymerase complex. To overcome
this issue, Pattnaik and colleagues came up with an elegantly designed plasmid
containing a VSV minigenome. In this plasmid, the minigenome was inserted

157



immediately downstream of the T7 RNA polymerase promoter leading to the
generation of discrete 5’ ends (negative-sense orientation) when the minigenome
was transcribed by the T7 RNA polymerase in transfected cells. To generate precise
3’ ends, the hepatitis delta virus (HDV) ribozyme sequence was inserted downstream
of the minigenome sequence. Following T7 RNA polymerase-mediated transcription
of the minigenome-ribozyme hybrid RNA, the ribozyme sequence was removed
through its autocatalytic cleavage activity thereby generating exact 3’ minigenome
ends [98-100]. This elegant approach led to a tremendous boost in generating reverse
genetics systems for NNS RNA viruses including MARV [85].

The first MARV minigenome system was generated in the Miihlberger laboratory
based on A. Ball’s vector p 2.0 in which the MARV minigenome sequence was
inserted between the T7 RNA polymerase promoter and the HDV ribozyme [60,98].
To our knowledge, all subsequently generated MARV minigenomes follow a
similar design [61]. The minimal requirement for replicating minigenomes is the
possession of the replication promoters at both minigenome ends [60]. Transcribing
minigenomes also need the transcription promoter located at the 3’ end of the
minigenome (negative-sense orientation) and virus-specific GS and GE signals
flanking each gene [60,66]. The viral genes are removed and replaced by one
(monocistronic minigenomes) or more (polycistronic minigenomes) non-viral genes,
usually reporter genes. Reporter gene expression is an easy readout for successful
minigenome transcription and replication.

In the first generation of monocistronic MARV minigenomes, the reporter gene
was flanked by 106 nts of the 3’ end of the MARV genome and 439 nts of the 5’
end of the genome. The 3’ end of the minigenome preceding the reporter gene
spans the leader, the NP GS signal and the 3’ non-translated region of the NP gene
(negative-sense orientation). The bipartite replication promoter of MARYV is contained
within this sequence [66]. The 5" end of the minigenome downstream of the reporter
gene consists of the 5 non-translated region of the L gene, the L GE signal and the
trailer region of the viral genome. Reporter gene transcription is driven by the GS
signal of NP for initiation and the GE signal of L for termination [60] (Figure 1).

Variations of this minigenome design include replacing the leader region
with a copy-back trailer region, inserting the minigenome in positive-sense
orientation [60], generating chimeric MARV /EBOV minigenomes [66] and extending
the monocistronic minigenome to bicistronic MARV minigenomes by inserting
two reporter genes separated by a MARV-specific intergenic region [90]. In
addition, minigenomes with different reporter genes have been generated, including
chloramphenicol acetyltransferase (CAT), firefly luciferase (fLuc; Miihlberger,
unpublished), Renilla luciferase (rLuc), Gaussia luciferase (gLuc), green fluorescent
protein (GFP) and Cypridina luciferase (cLuc) [40,60,61,90,91]. The rLuc and gLuc
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reporter minigenome systems have the potential to be used as high-throughput
antiviral screening platforms [40,91].

All recombinant MARV replication and transcription systems follow the same
basic approach. The MARV minigenome plasmid is transfected along with the
plasmids encoding the nucleocapsid proteins NP, VP35, and L which are the minimal
requirement for MARV minigenome replication and transcription [60] (Figure 3a). In
contrast to the Ebola virus minigenome assay [58], the nucleocapsid protein VP30
is not required for efficient transcription in the MARV minigenome system [60],
although addition of VP30 moderately enhanced minigenome activity [40] and led
to an increase of GFP-positive cells in a GFP-based MARV minigenome system [61].
However, VP30 is essential for the rescue of MARV from full-length cDNA clones
(see Section 2.3). Initial transcription of the minigenome by the T7 RNA polymerase
takes place in the cytoplasm. There are different approaches to provide the T7 RNA
polymerase in trans, including (i) expression from a plasmid encoding the T7 RNA
polymerase under the control of a eukaryotic promoter (e.g., pCAGGS-T7 [101]);
(if) use of a cell line constitutively expressing the T7 RNA polymerase (e.g., the baby
hamster kidney cell line BSR-T5/7 [102]); or (iii) infection with a recombinant vaccinia
virus encoding the T7 RNA polymerase (MVA-T7) [103].

The T7 RNA polymerase-derived minigenome RNA is then used as a template
for transcription and replication by the newly synthesized nucleocapsid proteins
(Figure 3a). There are different ways to express the support proteins: the nucleocapsid
proteins genes are either transcribed by the T7 RNA polymerase in the cytoplasm [60]
or by the cellular RNA polymerase II in the nucleus of the transfected cells [40,
61]. It is conceivable that the MARV mRNAs contain cryptic splice sites which
can be targeted by the spliceosome when transcription takes place in the nucleus,
leading to unwanted splicing events and consequently, reduced protein expression.
This issue can be overcome using codon-optimized constructs in which putative
cryptic splice sites are eliminated [104]. Using codon-optimized support plasmids
significantly increased reporter gene expression in a MARV minigenome system and
was instrumental for the successful recovery of full-length MARYV clones [61,91].

Minigenome systems are particularly well suited to dissect cis-acting genetic
elements, including replication and transcription promoters, transcription start
and stop signals, intergenic regions and RNA editing signals. The MARV
minigenome has been used to analyze cis-acting signals involved in viral transcription
and replication [58,60], to map the replication promoter and to characterize the
genus-specificity of cis-acting signals in chimeric MARV /EBOV minigenomes [66].
Further, chimeric minigenomes were used to compare the impact of the intergenic
regions of the MARYV isolates Musoke and Angola on transcriptional activity [90].

In addition to cis-acting functions, MARV minigenome systems have been used
to analyze trans-acting factors relevant for minigenome transcription and replication.
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This includes determining the protein requirement for replication and transcription
and optimizing the amount and ratio of the support plasmids [40,60,61]. The optimal
protein amounts may vary and have to be adapted to each system, especially the
ratio of NP to VP35, which has been found to be very critical [60]. Functional studies
of the nucleocapsid proteins have been instrumental to map NP phosphorylation
sites critical for minigenome activity and protein binding domains on VP35 involved
in the formation of a functional nucleocapsid complex [50,88,89,92].

2.2. Infectious VLP Systems

To overcome the limitations that minigenome systems are restricted to
replication and transcription, other systems to model multiple steps of the viral
life cycle have been developed. Expression of VP40 in the absence of other viral
proteins leads to the formation and release of VLPs that are structurally similar to
MARYV particles and can incorporate GP [105,106]. The iVLP system combines the
VLP approach with the minigenome system.

The first iVLP system for MARV was published by the Becker laboratory in
2010 [40]. In this system, multiple steps of the MARV replication cycle including
replication/transcription, morphogenesis, budding, and infection of target cells can
be examined (Figure 3b). In contrast to VLPs, the iVLPs contain nucleocapsids that
are able to mediate replication and transcription (Figure 3b). To generate iVLPs,
cells are transfected with the minigenome plasmid along with expression plasmids
for all viral proteins and the T7 RNA polymerase. Expression of the viral proteins
leads to the formation of iVLPs containing nucleocapsids. The iVLPs are released
from the cell by budding and can be used to infect naive target cells. A second
replication cycle can only be mediated by this system if the target cells express the
viral nucleocapsid proteins [40,92,94]. Similar to the minigenome system, NP, VP35
and L, but not VP30, were essential for iVLP formation. iVLP formation was further
strictly dependent on the expression of VP40 and was increased in the presence of GP,
whereas VP24 did not affect iVLP formation [40]. Titration experiments to optimize
the system revealed that higher amounts of VP40 and VP24 had a negative impact
on viral replication and/or transcription. While the release mechanism of iVLPs
appeared to be similar to that of MARV particles from infected cells, the morphology
and length of these iVLPs and their nucleocapsid cores varied, which influenced
their infectivity [40]. Chimeric iVLPs composed of different combinations of EBOV
and MARV components revealed a strict genus-specific interaction of VP40 with
nucleocapsids, while VP40 tolerated GP from a different filovirus genus [94]. Further
functional studies using the iVLP system include the characterization of viral proteins,
protein domains and post-translational modifications crucial for various steps of the
viral replication cycle [30,92,93]. This system has also been used to analyze the role of
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VP40 in host adaptation [36] and to determine neutralization titers of MARV-specific
antisera [40].

2.3. Rescue Systems

The first rescue of NNS RNA viruses entirely from cDNA was achieved for
rabies virus by the Conzelmann laboratory in 1994 [107]. Their approach was based
on generating full-length positive-sense antigenomes from plasmid DNA instead of
negative-sense genome transcripts. Rescue of recombinant NNS RNA viruses from
c¢DNA requires de novo formation of replication-competent nucleocapsids using the
T7 RNA polymerase derived-genomic (or antigenomic) RNA and the nucleocapsid
proteins. In unsuccessful approaches that used the negative-sense RNA genome,
the mRNAs of the support proteins (N, P, and L) might hybridize to the primary
transcript of the T7 polymerase-derived genomic RNA, preventing the assembly
of the genome into nucleocapsid complexes. The new approach, starting with the
full-length positive-strand transcript, overcame this issue because the antigenome
and the nucleocapsid protein mRNAs are in the same orientation and cannot
hybridize. Despite ongoing efforts to develop rescue systems based on negative-sense
full-length viral RNA, only few laboratories were successful using this approach. In
addition, the established negative-sense RNA rescue systems were much less efficient
compared to the respective positive-sense RNA approach [108,109]. As of date, rescue
systems have been established for multiple members of the Rhabdo-, Paramyxo-, Borna-
and Filoviridae families, and the list is still growing (reviewed in [85,86]).

The first MARV rescue system was published by the Miihlberger laboratory
in 2006 using the positive-sense approach [62]. The cDNA encoding the MARV
Musoke antigenomic RNA was inserted into an expression vector under the control
of the T7 RNA polymerase promoter followed by the HDV ribozyme and a T7
RNA polymerase termination motif. Concomitantly with synthesis by the T7 RNA
polymerase, the MARV antigenome is encapsidated by the viral support proteins,
forming the nucleocapsid which is used as a template for the synthesis of the
negative-sense genomic RNA (Figure 3c). Nucleocapsid complexes containing the
genomic RNA are the templates for synthesis of the viral mRNAs and the antigenomic
RNA. Since all viral proteins are expressed from the viral genome, all steps of the
viral replication cycle, including particle formation and budding, are mediated.
Successful rescue was achieved by transfecting T7 RNA polymerase-expressing cells
with plasmids encoding NP, VP35, L, and VP30 along with the full-length antigenome
plasmid (Figure 3c). In contrast to the minigenome and iVLP systems, VP30 was
essential for virus rescue [62]. To our knowledge, recombinant MARV (rMARV)
systems have been established in three laboratories [61,62,95]. In contrast to the
minigenome and iVLP systems, the rescue system can only be used in a BSL-4 setting
because infectious MARYV is generated. Rescue of IMARV can be challenging and
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was significantly improved by using codon-optimized support plasmids for the
expression of the viral support proteins [61,91]. Attempts to rescue MARV from
negative-sense genomic RNA were not successful [61].

Recombinant NNS RNA viruses, including MARY, are useful tools to study
multiple aspects of the viral replication cycle, host-virus interactions, immune
responses, and host adaptation mechanisms. Furthermore, they have been used
in translational approaches for vaccine development and oncolytic therapy [110].
There are two main approaches of how recombinant NNS RNA viruses can be
modified: (i) targeted mutagenesis of viral genes for functional analyses or to
generate attenuated vaccine candidates; (ii) insertion of ATUs to image infection
or to generate vectors for the expression of foreign genes (e.g., vaccine candidates,
oncolytic viruses) [110,111]. rMARV clones have been generated by both approaches.

2.3.1. Targeted Mutagenesis of IMARV

The MARV full-length system was used to verify the function of cis-acting
elements located within the viral replication promoter, which had originally been
identified using the minigenome system [66]. It was also used to analyze the
function of viral proteins involved in replication and transcription, including VP30
and L [61,62]. Functional studies on viral entry and particle release revealed that
truncations of the cytoplasmic domain of GP led to growth defects and impaired
entry [96]. Mutational analysis of a late domain motif within MARV NP, which is
involved in the recruitment of the ESCRT protein Tsg101 [45], has provided insights
into the role of NP in the transport of nucleocapsids to the sites of budding [46].
The filovirus rescue systems have also been used to study genus-specificity of the
support plasmids. MARV was rescued using eVP30 as a support plasmid [62],
and EBOV was successfully rescued using all four MARV support proteins (NP,
VP35, VP30, L) [97]. Intriguingly, EBOV minigenomes were not replicated and
transcribed using MARYV support proteins [58], illustrating the sensitivity of the
full-length rescue system that leads to autonomous viral replication and transcription
after the jump-start transfection, using the viral proteins produced from the viral
genomes. Targeted mutagenesis of viral proteins was further used to study the impact
of adaptive mutations in the VP40 gene of guinea pig-adapted MARV and revealed
increased fitness and higher infectivity in guinea pig cells infected with rMARV
containing the adaptive mutations in the VP40 gene [36]. A bat-derived rMARV
carrying mutations in the IFN inhibitory domain of VP35 was used to confirm the
immunosuppressive functions of VP35 in the context of viral infection [54].

2.3.2. rMARYV Containing ATUs

Insertion of a gene encoding a fluorescent protein into the MARV genome
has been used as a strategy to visualize viral infection. The first MARV construct
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(Musoke isolate) expressing a foreign gene contained the GFP gene as an independent
transcription unit inserted between the VP35 and VP40 genes. To do this,
the intergenic region between the VP35 and VP40 genes was mutated to an Avrll
restriction site which was used to insert the GFP gene flanked by MARV-specific GS
and GE sequences. The rescued virus showed slightly reduced replication kinetics
in Vero cells compared to the MARV Musoke wild type. This might be attributed
to a decrease in downstream gene expression due to the insertion of an ATU [77].
rMARV-GFP was used to detect virus-infected cells using live-cell imaging. It was
observed that viral spread occurred mainly through cell-to-cell contact and from
cell protrusions, and was promoted by viral replication in actively dividing cells.
Intriguingly, GFP accumulated in MARV-derived inclusions in the infected cells [77].
The same strategy was used to insert a second copy of the MARV VP40 gene fused
to the red fluorescent protein (RFP) gene into the Avrll restriction site, leading
to the expression of a fluoresecentVP40 fusion protein in addition to unlabeled
VP40 [80]. This virus was used for high resolution live-cell imaging studies to
analyze the transport of MARV nucleocapsids to the sites of budding. Imaging of
single nucleocapsid particles was achieved by providing VP30 fused to GFP in trans.
This dual-color live-cell imaging approach allowed for simultaneous visualization of
the nucleocapsids and VP40 in infected cells. It was shown that the nucleocapsids
are transported along actin filaments to the plasma membrane where they associate
with VP40 to be released from filopodia [80].

ATUs have also been inserted in rMARYV clones based on the 371Bat isolate.
371Bat rMARY, in which the GFP gene was inserted between the NP and VP35 genes,
grew to similar titers as the wild type virus in Vero cells, but was attenuated in
primary human macrophages [61]. Similar to the GFP-containing MARV Musoke
clone [77], the expression levels of viral genes located downstream of the ATU were
decreased in cells infected with 371Bat rMARV-GFP [61]. Compared to wild type
virus, infection with 371Bat rMARV-GEFP elicited an increased inflammatory response
in primary human macrophages. As a possible explanation for this observation,
Albarino and colleagues suggested that the ability of the GFP-containing virus
to counteract antiviral responses might be perturbed by the decreased expression
levels of viral immune suppressors, such as VP35 and VP40 [61]. Bat-derived
rMARYV expressing gLuc from an ATU inserted between the NP and VP35 genes was
generated to establish a high-throughput screening platform to test antivirals [91].

3. Conclusions

The various MARV reverse genetics systems have considerably contributed to
our current understanding of the MARYV replication cycle, MARV-host interactions,
host specificity, pathogenesis, and antiviral treatment options. While the rescue
systems result in the production of genetically engineered virus which can be used
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for all kinds of infection studies, including live-cell imaging approaches, they are
restricted to a BSL-4 setting. Model systems that can be used to study various aspects
of the MARV replication cycle under BSL-2 conditions because they do not lead to the
production of infectious MARYV include minigenome and iVLP systems. Although
these model systems have certain restrictions compared to the rescue system, they
are highly beneficial due to the lower biosafety level requirements. Despite the
threat that filovirus disease poses to global public health, MARY, and to an even
larger extent RAVYV, are severely under-investigated, and there are many gaps in our
understanding of MARV and RAVYV infections. It is, therefore, desirable that the
availability of MARV reverse genetics systems will stimulate more research activity
on these important emerging pathogens.
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