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Abstract Cell-based reporter systems have facilitated studies of viral replication and patho-
genesis, virus detection, and drug susceptibility testing. There are three types of cell-based
reporter systems that express certain reporter protein for positive-sense single strand RNA
virus infections. The first type is classical reporter system, which relies on recombinant virus,
reporter virus particle, or subgenomic replicon. During infection with the recombinant virus or
reporter virus particle, the reporter protein is expressed and can be detected in real time in a
dose-dependent manner. Using subgenomic replicon, which are genetically engineered viral
RNA molecules that are capable of replication but incapable of producing virions, the
translation and replication of the replicon could be tracked by the accumulation of reporter
protein. The second type of reporter system involves genetically engineered cells bearing
virus-specific protease cleavage sequences, which can sense the incoming viral protease. The
third type is based on viral replicase, which can report the specific virus infection via detection
of the incoming viral replicase. This review specifically focuses on the major technical
breakthroughs in the design of cell-based reporter systems and the application of these systems
to the further understanding and control of viruses over the past few decades.

Keywords Positive-sense single strand RNA virus ((+) ssRNA virus) - Reporter system -
Recombinant virus - Replicon - Protease - Replicase
Introduction

Traditional diagnostic tools for positive-sense single strand RNA ((+) ssRNA) viruses, such as
the virus neutralization test or virus isolation, are regarded as “gold standards” for serological
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and virological investigations but are also time consuming and labor intensive [11, 21].
ELISA-related assays are relatively rapid, but they are not widely used due to the low
sensitivity [11]. Although nucleotide-based technologies, such as PCR and real time PCR,
are more sensitive and rapid, they are expensive as well as vulnerable to false positive results
arising from contaminated samples or other sources of contamination [11, 79]. Furthermore,
another disadvantage of ELISA-based and nucleotide-based assays is that neither can differ-
entiate infectious from noninfectious virus [11]. Therefore, rapid, specific live cell reporter
systems for these pathogens may play important roles in monitoring infectious diseases and in
virus research. The development of high throughput technologies and genetic screens have
enabled widespread use of live cell-based assays for rapid sample detection, screening assays
for evaluating antiviral agents and vaccines, and pathogenesis research over the past few
decades. In this review, we provide an up-to-date examination of the general principles and
applications of these live cell reporter systems (Fig. 1).

General Principles of Live Cell Reporter Systems
Classical Reporter Systems for (+) ssSRNA Virus

The first type of classical reporter systems was based on live recombinant virus carrying a
reporter protein, such as enhanced green fluorescent protein (EGFP), firefly luciferase (Fluc),
or secreted alkaline phosphatase (Fig. la and Table 1). To generate a recombinant virus, a
recombinant plasmid was constructed by fusing the reporter protein with the viral structural
protein or by inserting the coding sequence of reporter protein behind the 3’ terminus of the
viral structural protein gene [80]. Subsequently, the recombinant virus was rescued in cells
transfected with transcripts produced from the recombinant plasmid [80]. Similarly, based on
an infectious complementary DNA (cDNA) clone of Dengue virus (DENV), a recombinant
DENYV generating luciferase was developed by engineering the luciferase gene into the capsid-
coding region of an infectious cDNA clone [89]. Further studies indicated that the reporter
system can be used to measure neutralization and antibody-dependent enhancement activity
[71]. A classical swine fever virus (CSFV) stably expressing luciferase was developed by
inserting the luciferase gene into NP™ gene of CSFV [68]. The reporter virus enabled more
sensitive and convenient detection of NP protein expression and viral replication by a
luciferase assay than by traditional methods [68]. The CSFV NP was detectable as early as
4.5 h post infection [68]. Additionally, two Semliki Forest virus (SFV) constructs were
developed by inserting EGFP gene or Renilla luciferase (Rluc) gene into the virus replicase
open reading frame between nsP3 and nsP4 flanked by nsP2 protease-recognition sites [60,
75]. Subsequently, infectious SFV expressing detectable EGFP or Rluc upon infection were
obtained by electroporation of in vitro transcripts of the constructs [60, 75].

Another strategy of classical reporter systems utilizes a reporter virus particle (RVP)
(Fig. 1b). An RVP is a type of virus-like particle (VLP) composed of viral structural proteins
and a self-replicating replicon RNA containing a reporter gene [17, 63]. To obtain an RVP of
the West Nile virus (WNV), a red fluorescent protein gene was inserted into the WNV RNA
genome by replacing the C, prM, and E protein genes to generate a WNV replicon RNA [17,
51, 55]. Subsequently, the replicon RNA was transcribed in vitro and co-transfected into cells
with two DNA expression plasmids for viral C and prM/E proteins, and finally the RVP was
generated [17, 55]. In a new protocol for the preparation of RVPs, the replicon RNA was stably
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Fig. 1 Cell-based reporter systems for (+) ssSRNA virus infection. 4rrow indicates activation or promotion
during virus infection. P, viral promoter; A, viral protease cleavage site. a Reporter system based on
recombinant virus particles. Reporter gene is fused with viral structural protein or placing the reporter gene
cassette behind the 3' terminus of the viral structural protein gene. Then the recombinant reporter virus is rescued
and infected the target cells, and the reporter protein can be detected in the recombinant virus infected cells. b
Reporter system based on virus-like particle (VLP). The reporter gene was inserted into the viral genome by
replacing the structural genes to generate a replicon. The replicon RNA was transcribed in vitro and co-
transfected into the cells with expression plasmids for viral structural protein, and finally the RVP was generated.
Then, the target cells were infected with RVP and the reporter protein can be detected in the cells. ¢ Reporter
systems based on a viral subgenomic sequence. The reporter gene cassette controlled by viral promoter is
constructed. The replicon RNA is transcribed in vitro and transfected in to the cells. Then, the reporter protein can
be expressed and detected in the cells. d Protease-sensor reporter systems for (+) ssSRNA virus. Sequence of viral
protease cleavage site is fused with reporter gene. The expression cassette is transfected into the cells and stably
expressed in the cells. During the virus infection, the cleavage site is specifically cleaved by particular virus, and
the reporter protein can be detected in cells or in cells culture medium. e Replicase-sensor reporter systems for (+)
ssRNA virus. The reporter gene was regulated by specific viral RdRp in the defective replicon. Without the virus
infection, the replicon failed to express the reporter gene efficiently. However, when the cells were infected with
the specific virus, the viral RdRp was provided by the virus and the defective replicon was activated, resulting in
high-level expression of the reporter gene, which could be easily examined. R reporter protein, S structural
protein, NS non-structural protein, RV recombinant virus, RVP reporter virus particle, Pro Protease, Rep
Replicase, O quenching peptide

transfected and expressed in the cells [17]. Two plasmid DNA expression plasmids for viral C
and prM/E proteins were then co-transfected into the cells to package the replicon RNAs into
RVPs [17]. In these RVP systems, RVPs were capable of only one round of infection in
susceptible cells due to the lack of structural protein genes within the replicon RNAs [17, 87,
88]. However, RVPs are useful tools for the study of viral genome packaging and cellular
factors [87].

Although recombinant viruses can be infectious, the viruses expressing fluorescent proteins
tend to be attenuated due to the modification of their genomes [72]. Furthermore, many viruses
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are extremely virulent pathogens, such as the Middle East Respiratory Syndrome (MERS),
severe acute respiratory syndrome coronavirus (SARS-CoV), and CSFV, which can only be
handled in specialized laboratories of the highest biosafety level. To overcome these limita-
tions, viral subgenomic replicons were developed and have been proven valuable for measur-
ing the replication kinetics of replicon (Fig. 1c and Table 2). Self-replicating subgenomic
replicons are genetically engineered viral RNA molecules that are shorter than full-length viral
genomes and are capable of replication but incapable of producing virions [22, 29, 62, 70].
However, they can be packaged into viral particles if viral coat proteins are provided [62]. For
Flaviviridae viruses, such as CSFV, two self-replicating RNAs (replicons) were produced by
replacing the coding region for C to E2 of CSFV with the Rluc sequence or the coding region
for C to E1 with the Rluc-2A sequence [63]. Subsequently, the translation and replication of
the replicon RNAs could be followed by the accumulation of luciferase protein as well as by
detection of CSFV non-structural protein (NS) 3 production within the cells [63]. Similarly,
two kinds of replicons were constructed for WNV and DENV4 [3, 4]. One replicon encoded an
Rluc followed by an internal ribosome entry site (IRES) element for cap-independent trans-
lation of the open reading frame encompassing the carboxy-terminal sequence of the E protein
to the NS5 protein. The second replicon contained a luciferase gene, foot and mouth disease
virus 2A, and a neomycin phosphotransferase gene that allows establishment of a stable
mammalian cell line expressing the Rluc protein in the presence of the neomycin analog,
G418 [3, 4]. The stable replicon-expressing cell line has been used for cell-based screening and
determination of 50 % effective concentration (ECs,) values for antiviral compounds that
inhibited WNV replication [3, 4]. For hepatitis C virus (HCV), Lohmann and his colleague
established efficient cell culture systems, which were based on the self replication of
engineered HCV replicons [5, 6, 48]. The first one was developed by co-transfecting in
vitro-transcribed HCV bicistronic replicon RNAs with the analogous mutants carrying the
in-frame deletion of the NS5B polymerase active site [48]. The bicistronic replicons were
composed of the HCV-IRES, the neomycin phosphotransferase (neo) gene, the IRES of the
encephalomyocarditis virus, which directed translation of HCV sequences from NS2 or NS3
up to NS5B, and the 3'-untranslated regions (UTRs) [48]. However, most of these replicons
focused on HCV genotype 1b, until efficient RNA replication systems for genotype la [7, 64]
and genotype 2a [31] were established. Furthermore, to construct a tricistronic HCV replicon,
two sequential IRESs were used to initiate translation of humanized Rluc and HCV non-
structural genes along with an authentic HCV IRES that initiated translation of the neomycin
resistance gene [12]. The results demonstrated that the tricistronic replicon was efficient to
evaluate HCV infection [12]. For the Chikungunya virus (CHIKV), the replicon was con-
structed by replacing the structural gene of the virus with Gaussia luciferase (Gluc) gene [20].
And two helper plasmids, which contain the 5" and 3’ CHIKV replication signals and a
subgenomic promoter followed by either the capsid gene or the remaining structural proteins,
were constructed expressing either the CHIKV capsid protein or envelope proteins, respec-
tively [20]. By co-transfection of the replicon and the helper plasmids, the virus replicon
particles (VRPs) could be efficiently produced [20].

Protease-Sensor Reporter Systems for (+) ssSRNA Virus
Positive-sense single strand RNA virus genome encodes a large polyprotein precursor, which
will be cleaved into structural and non-structural proteins by the action of cellular and viral-

encoded proteases [13, 14, 32, 46]. Each virus with such a genome has a specific protease that
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recognizes a specific cleavage site of the polyprotein. Moreover, the cleavage of the
polyprotein by the viral protease is absolutely required for assembly of the viral replicase
[34], indicating that cleavage of the polyprotein depends on the particular virus infection and
that the viral protease cleavage site sequence is an ideal element to report the viral infection.
During the past few decades, a large number of virus-specific proteases and their cleavage sites
have been identified and used to design and engineer reporter cells for specific virus infections
(Fig. 1d and Table 3).

Of these viral proteases, the NS3/4A protease of HCV became an attractive target
for the development of reporter systems for HCV infection. One strategy involved the
fusion of EGFP to secreted alkaline phosphatase (SEAP) through the NS3/4A protease
recognition sequence, Delta4AB [26, 37, 38, 41]. During HCV infection, the fused
protein can be cleaved by the protease, and SEAP will be secreted into the extracel-
lular culture medium. This strategy made it possible to monitor NS3/4A activity and
replication of HCV genomic RNA inside mammalian cells by measuring SEAP levels
in the culture medium [26, 37, 38, 41]. In another strategy, the recombinant caspase 3
(rCasp3) was used as the specific substrate of the NS3/4A protease; the endogenous
cleavage sites in the procaspase 3 molecule were substituted with decapeptides
specific for the NS3/4A protease cleavage [43]. After HCV infection, the activation
of rCasp3 depended on its specific cleavage by the NS3/4A protease and resulted in
apoptosis of the HCV-infected cells [43]. Additionally, Tanaka and his colleagues
established an indicator cell system in which the transcriptional factors Gal4-TBP and
human immunodeficiency virus type 1 (HIV-1) Tat protein were utilized [77]. The
chimeric Tat and Gal4-TBP transcription factors, both containing the HCV NS3/4A
cleavage sequence of a mitochondria-resident IPS-1, were manipulated to be localized
in the endoplasmic reticulum. Upon infection with HCV, the transcription factors were
efficiently cleaved by HCV protease, migrated into the nucleus and activated the
reporter gene under the tandem promoter [77].

Another protease is the NS3 protease of CSFV. We previously developed a dark-to-
bright reporter cell for CSFV infection [11]. This assay was based on a novel reporter
cell stably expressing EGFP fused in-frame to a quenching peptide via a special
recognition sequence of the CSFV NS3 protease [11]. Without the CSFV infection,
Although EGFP can be expressed in the reporter cell, chromophore maturation of
EGFP in the reporter cells was inhibited by the C-terminal quenching peptide of
EGFP [56]. However, when the cells were infected with CSFV, the recognition
sequence of the CSFV NS3 protease was specifically cleaved by the protease, and
the quenching peptide was released from the protein. Subsequently, the EGFP can
undergo conformational rearrangement allowing maturation of the chromophore and
gain of fluorescence, making the cell a dark-to-bright reporter of CSFV infection [11,
56].

Similarly, a DENV-specific reporter system was created that utilized the viral protease
cleavage site resulting in nuclear localization of GFP in DEN V-infected cells [54]. The reporter
system was based on a plasmid-containing protease cleavage site of the DENV-2 genome
tagged with the SV40 NLS (nuclear localization sequence) and EGFP [54]. During DENV or
RVPs infection, EGFP is transferred from the cytoplasm to the nucleus. The reporter system
was shown to be effective in detecting infection of cells by all four DENV serotypes as well as
by low-passaged viral strains [54]. Furthermore, these systems are also valid for the detection
of VLPs, VRPs, or RVPs, and even constructs that can produce the protease RNAs.
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Replicase-Sensor Reporter Systems for (+) ssSRNA Virus

Positive-sense single strand RNA virus genome also encodes a RNA-dependent RNA poly-
merase (RdRp), which catalyzes synthesis of viral RNA and is considered as another target for
virus detection and eradication [1, 2, 78]. Generally, the reporter gene was regulated by
specific viral RdRp in the defective replicon (Fig. 1¢). Without the virus infection, the replicon
failed to express the reporter gene efficiently. However, when the cells were infected with the
specific virus, the viral RdARp was provided by the virus and the defective replicon was
activated, resulting in high-level expression of the reporter gene, which could be easily
examined [44].

For alphaviruses, such as Sindbis virus (SINV), a stable cell line, BHKSINLuc2, containing
a luciferase gene under the control of the SINV subgenomic RNA promoter, was established
[58]. This cell line expressed high levels of luciferase activity during infection with SINV and
provided a sensitive assay for titering the virus [58]. Moreover, a species-specific insect cell-
based system for detecting wild-type SINV infection was developed, which produced SINV
minigenome containing a virus inducible promoter and a fluorescent gene [72]. During the
virus infection, the fluorescent gene was specially induced and expressed in the cells [72]. In
another system, replicon-defective plasmids derived from the SINV were constructed by
replacing the structural genes of SINV with reporter genes and deleting 1139 bp in the NS 4
gene of the virus [44]. Upon infection with the virus, the viral components induced expression
of the reporter genes in the cells transfected with the replicon-defective plasmid [44].

Another replicase-sensor reporter system based on a bicistronic reporter plasmid, designat-
ed as (+)Fluc-(—)UTR-Rluc, was constructed by comprising the Fluc gene and the Rluc gene in
reverse orientation flanked by both negative strands of the HCV 5'- and 3'- UTRs, in which
Fluc and Rluc proteins are regulated by host polymerase and functional NS5B polymerase,
respectively [39]. Then, the bicistronic plasmid was stably transfected into baby hamster
kidney-21 (BHK-21) cells to generate the BHK-NS5B-FRLuc reporter cell line, which can
be used to simultaneously measure cellular toxicity and intracellular RdRp activity [39]. This
system is specific for the HCV RdRp activity assay and the inhibitor evaluation.

General Applications of Live Cell Reporter Systems
Reporter Systems Aimed at Virus Infections and Pathogenesis

Cell based reporter systems, combined with other genetic and proteomic approaches including
RNA interference, microarray, and two-dimensional gel electrophoresis coupled with MALDI-
TOF/TOF identification, have shown promise as a strategy for research on virus infections and
pathogenesis. In general, the recombinant virus or RVP can mimic the virus life cycle and the
reporter protein can serve as an indirect readout, thus the functions of the viral proteins and
interactions of the proteins can be elucidated by measuring the reporter protein activity.
Furthermore, the translation and replication of subgenomic replicon RNAs could be followed
by the accumulation of luciferase protein in the cells.

Using the reporter systems, it was demonstrated that the CSFV core protein can regulate
CSFV RNA synthesis by enhancing CSFV RNA-dependent RNA polymerase (NS5B) activity
in a virus species-specific manner [45]. Further studies indicated that residues 21-99 of the
core protein were required for enhancement of NS5B activity [45]. NS3, NS5A, and NS5B of
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CSFV are replication-associated proteins. However, these proteins also play an important
role in internal ribosome entry site (IRES)-mediated translation of CSFV. CSFV NS3 is a
multifunctional protein possessing serine protease, RNA helicase, and nucleoside
triphosphatase (NTPase) activities [81]. The RNA helicase activity of NS3 could pro-
mote viral and cellular translation, whereas the protease domain of NS3 interacted with
NS5B to enhance viral translation [81]. In contrast, the NS5A protein had an inhibitory
effect on IRES-mediated translation, while the NS5B proteins suppressed the inhibitory
effect of NS5A on viral translation by binding residues 390-414 located in the C-
terminal half of NS5A [69]. Amino acids K399, T401, E406, and L413 of NS5A and
aa 63-72, aa 637—653, and the highly conserved GDD motif of NS5B were necessary for
the interaction between NSSA and NS5B [69, 82]. Furthermore, the 3’ terminal sequence
harbored the positive and negative regulatory elements to control the IRES-mediated
translation of CSFV [25]. The negative cis-acting element was the 3'-end hexamer
CGGCCC sequence [25]. Moreover, mutations within IRES affected the translation
initiation efficiency of CSFV [19]. NP™ of CSFV was not only involved with virus
RNA translation in the cytoplasm [27] but also counteracted double-stranded RNA-
mediated apoptosis and IFN-a/f3 induction [65]. Further studies elucidated that interfer-
on synthesis can be prevented by inhibiting transcription and promoting degradation of
interferon regulatory factor 3 (IRF3) via the zinc-binding ability of viral NP™ [33, 73].
NP also redistributed to mitochondria and peroxisomes to inactivate IRF3 and inhibit
apoptosis [28]. In addition, NP™ influenced the innate immune response at local sites of
virus replication in pigs and contributed to the pathogenicity and viral replication of
CSFV [76].

Using the reporter system for DENV, it was demonstrated that the 3’ UTR, NS1, NS3,
and NS5 were essential for viral RNA replication and translation. RNA replication of
DENV required an RNA-RNA-mediated circularization of the viral genome, and the 5’ and
3’ UTRs formed several additional RNA elements that were involved in the regulation of
translation and RNA replication [18]. The first 84 nt in the 3" UTR comprised a variable
region (VR), which could be further divided into a 5'-terminal hypervariable region (HVR)
and a 3’'-terminal semi-variable region (SVR) [74]. The VR was important for DENV
replication and was associated with the accumulation of DENV RNA in mammalian cells
[74]. The core region of the 3'-UTR of DENV RNA can form two dumbbell structures (5'-
and 3'-DBs) and four pseudoknots, which were required not only for RNA replication but
also for optimal translation [52]. The NS3 protein contained an N-terminal serine protease
region joined to an RNA helicase by an 11-amino acid linker [50]. The linker region
conferred flexibility to the NS3 protein that was required both for polyprotein processing
and RNA replication [49, 50]. Furthermore, the host factor p100 can interact with the 3’
UTR to facilitate viral RNA replication [42]. Two NLSs within the central region of NS5
(‘aNLS’ and ‘DNLS’) can be recognized by the importin /3 and importin 31 nuclear
transporters, respectively, leading to NS5 nuclear accumulation [61]. Moreover, the het-
erogeneous ribonucleoprotein (hnRNP) C1/C2 interacted with NS1 to participate in viral
RNA synthesis [15, 57]. During the viral assemblying, the mature capsid protein of DENV
accumulated on the surface of ER-derived lipid droplets in the cytoplasm [66]. In addition,
DENV can induce low levels of interferon regulatory factor 3 and NF-kB activation by
blocking the TLR-triggered ERK-NF-kB activation, thus leading to reduced cytokine
production [9, 10]. Additionally, the dynamics of DENV infection in mice revealed that
the virus localized predominantly to lymphoid and gut-associated tissues [67].
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Reporter Systems Focused on Antiviral Research

Cell-based reporter systems also represent rapid, low cost, and high throughput assays for
antiviral agent and antibody evaluation.

Replicon systems were useful for anti-viral drug development. Many anti-HCV compounds
targeting NS3/4A, NS5A, or NS5B have been screened by using the HCV replicon systems,
which are now available with sustained virological response up to 100 % in the majority of
patients [23]. Recently, Pan and his colleagues developed a NS3/4A protease-based reporter
assay, which was not only suitable for efficiently assessing HCV infection, but was also useful
for high throughput screening of anti-HCV agents [59]. In this system, virus replication/
infection in the cells could be quantitatively indicated by measuring the SEAP activity in
the cell culture medium [59]. Similarly, a dual reporter system for WNV based on a
subgenomic replicon encoding Rluc and neomycin phosphotransferase was generated [47].
Incubation of the reporting cells with a known WNV inhibitor decreased luciferase activity as
well as the replicon RNA level. The efficacies of the inhibitors, as measured by the depression
of luciferase activity in the reporting cells, were comparable to those derived from authentic
viral infection assays, indicating that the reporting cell line can be used as a high throughput
assay for anti-WNV drugs [47]. For DENV, another severe mosquito-borne viral pathogen,
neither a vaccine nor an antiviral therapy is currently available to treat the disease [40]. By
using cell-based reporter systems, several compounds were identified as potential antiviral
agents. Two novel flavones, PMF and TMF, were discovered to have DENV-inhibitory
properties [35, 36]. One effective compound of 14,400 small-molecule chemicals was found
to suppress viral RNA replication [24]. A doxorubicin derivative, SA-17, can inhibit DENV
replication in the very early stages of the viral replication cycle with an ECsy of 0.52
+0.31 uM [30]. Furthermore, nucleoside inhibitors targeting viral polymerases have proved
promising for the development of drugs against viruses [40]. It has been reported that a
nucleoside analog, 2'-C-methylcytidine (2CMC), exerted specific anti-DENV RNA polymer-
ase activity in DENV subgenomic RNA replicon and infectious systems as well as in suckling
mice models, with a 50 % inhibitory concentration (ICso) value of 11.2+0.3 uM [40].
Moreover, BP2109 and BP13944 were identified as small-molecule inhibitors of the DENV
NS2B/NS3 protease using a stable cell line harboring an efficient luciferase replicon of DENV
[84-86]. Further studies elucidated that BP2109 inhibited replication and viral RNA synthesis
by interacting with the central hydrophilic portion of the NS2B cofactor with an ECs, of 1.03
+0.09 uM, while BP13944 targeted the NS3 protease with an ECsy of 0.17+£0.01 uM [84,
85]. In addition, 17 new compounds were discovered as NS2B-NS3 protease inhibitors with
ICs¢ values ranging from 7.46£1.15 to 48.59£3.46 uM, and 8 compounds belonging to two
different scaffolds were active to some extent against DENV based on luciferase reporter
replicon-based assays [16]. Additionally, amodiaquine (AQ) inhibited DENV?2 infectivity with
ECsp and ECqq values of 1.08+0.09 uM and 2.69+0.47 uM, respectively, and inhibited viral
RNA replication with an ECs, value of 7.41+1.09 uM in the replicon-expressing cells [8].
Both p-hydroxyanilino and diethylaminomethyl moieties were important for AQ to inhibit
DENV?2 replication and infectivity [8].

In the context of virus disease control, a reliable, high throughput tool for antibody or
vaccine evaluation is also important to allow for an understanding of the impact of neutralizing
antibodies on disease progression and vaccine efficacy [53]. A virus reporter system has
emerged as a promising strategy for antibody and vaccine evaluation. A reporter system using
DENV RVPs was used to measure neutralizing antibodies in human serum samples against all
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four DENV serotypes [53]. The results showed that DENV RVPs yielded serotype-
specific responses and reproducible neutralization titers that were in statistical agreement
with plaque reduction neutralization test (PRNT) results [53]. Similarly, a stable Rluc
reporter system for DENV (Luc-DENYV) was developed for measuring neutralization and
antibody-dependent enhancement activity [71]. A luciferase value analysis using various
known DENV-specific monoclonal antibodies and clinical samples from infected animals
and individuals showed good repeatability and a linear correlation with conventional
plaque-based assays [71]. Additionally, a rapid system to produce chimeric single-round
infectious particles (SRIPs) of Flaviviruses was developed using a Japanese encephalitis
virus subgenomic replicon plasmid [83]. The SRIPs of DENV-1 were evaluated as
antigens for functional antibody assays [83]. As a result, a significant correlation was
shown between antibody titers obtained using SRIPs and those obtained using DENV-1
antigens, indicating that SRIPs can be used as an alternative antigen in functional
antibody assays [83]. A VRP-based neutralization assay for CHIKV infection was
established using Gluc as readout [20]. The VRPs could be produced efficiently in the
BHK-21 cells by co-transfecting of the CHIKV replicon expressing Gluc and the helper
RNAs [20]. Subsequently, the infection with VRPs was measured via Gluc secreted into
the supernatant, and the CHIKV-neutralizing antibodies could be determined within a
day by the assay without the need of using infectious CHIKV [20].

Cell-based reporter systems are also well suited for use in clinical examinations and
epidemiological surveillance [44]. The subgenomic reporter RNA systems developed by Steel
and his colleagues were relatively species specific and allowed for rapid and simple visual
detection of the wild-type viruses in mosquito cells [72]. Moreover, the replicon-defective
reporter gene assay could detect a variety of Alphaviruses from tissue cultures with a limit of
detection between one and ten (plaque-forming unit) PFU for SINV while other RNA viruses,
such as the Japanese encephalitis virus and Tahyna virus, displayed negative results with this
system [44].

Conclusions and Future Perspectives

Cell-based reporter systems have enhanced our understanding of the molecular mechanisms of
virus replication and pathogenesis as well as virus interactions with host cells. They also
provide platforms for virus detection and drug susceptibility testing (Table 4). However, there
are still several issues with these systems that need to be further explored. First, not all
positive-sense single strand viruses have a successful cell-based reporter system. One future
challenge will be the generation of a sensitive cell-based reporter system for detecting or
tracking emerging viruses and pathogenic viruses that are currently not cultivable. Second,
viruses are highly variable and undergo frequent mutation, so new reporter systems for these
viruses need to be developed that can identify mutations and serotypes more efficiently and
accurately. Additionally, future challenges will lie in optimizing cell-based reporter systems for
high throughput screening of antiviral agents.
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