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ABSTRACT

Reverse genetic systems are widely used to engineer recombinant viruses with desired mutations. In response to the COVID-19 pandemic, four types of reverse
genetic systems have been developed for SARS-CoV-2: (i) a full-length infectious clone that can be used to prepare recombinant SARS-CoV-2 at biosafety level 3
(BSL3), (ii) a trans-complementation system that can be used to produce single-round infectious SARS-CoV-2 at BSL2, (iii) an attenuated SARS-CoV-2 vaccine
candidate (with deletions of viral accessory genes) that may be developed for veterinary use as well as for antiviral screening at BSL2, and (iv) replicon systems with
deletions of viral structural genes that can be used at BSL2. Each of these genetic systems has its advantages and disadvantages that can be used to address different
questions for basic and translational research. Due to the long genomic size and bacteria-toxic sequences of SARS-CoV-2, several experimental approaches have been
established to rescue recombinant viruses and replicons, including (i) in vitro DNA ligation, (ii) bacterial artificial chromosome (BAC) system, (iii) yeast artificial
chromosome (YAC) system, and (iv) circular polymerase extension reaction (CPER). This review summarizes the current status of SARS-CoV-2 genetic systems and
their applications for studying viral replication, pathogenesis, vaccines, and therapeutics.

1. Introduction

The ongoing global pandemic of coronavirus disease 2019 (COVID-
19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), has resulted in a significant crisis around the world, with more
than 600 million infections and greater than 6.5 million deaths as of
November 2022 (https://covid19.who.int/). In response to the
pandemic, tremendous efforts from industry, government, and
academia, has devoted to developing vaccines and therapeutics at
lightning speed. Within a year, mRNA vaccines from Pfizer/BioNTech
and Moderna were approved for emergency use in the USA, the fastest of
any previously developed vaccines (Ball, 2021; Walsh et al., 2020). Such
progress has been attributed to the development and implementation of
numerous experimental platforms. Among them, reverse genetic sys-
tems for engineering recombinant SARS-CoV-2 have played a significant
role in facilitating the development of the first-generation vaccines and
therapeutics.

SARS-CoV-2 belongs to the Coronaviridae virus family in the order of
Nidovirales. Besides SARS-CoV-2, several other coronaviruses can cause
infections and diseases in humans, including Severe acute respiratory
syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome

coronavirus (MERS-CoV), and four common cold coronaviruses, such as
229E, NL63, 0C43, and HKU1. Coronaviruses are positive-sense single-
strand RNA viruses with the largest viral genomes, ranging from 26.4 to
31.7 kb (V'Kovski et al., 2021). Like other positive-sense single-strand
RNA viruses, the SARS-CoV-2 genome is flanked by 5 and 3’ untrans-
lated regions (UTR) that contain cis-acting secondary RNA structures
essential for RNA synthesis. It contains a 5’ cap and a 3’ poly (A)-tail
(Fig. 1A). The first two-thirds of the viral genome from the 5'-end en-
codes open-reading-frame 1a (ORF1la) and ORF1b which are translated
into two polyproteins (ppla and pplb) by cellular translational ma-
chinery. These two polyproteins are further processed by two viral
proteases, papain-like protease (PLpro) and main-protease (Mpro) into
sixteen nonstructural proteins Nsp1l-Nspl6. These nonstructural pro-
teins form the replication complex where viral RNA synthesis takes
place. One-third of the 3’ terminal genome encodes four structural
proteins spike (S), membrane (M), envelope (E), and nucleocapsid (N),
as well as several accessory proteins ORF3a, ORF6, ORF7a, ORF7b, and
ORF8, as well as potentially ORF3b and ORF9b (Hu et al., 2021;
V’Kovski et al., 2021). The structural proteins make up the virion, and
the accessory proteins modulate the host response to facilitate viral
infection and pathogenesis (Kee et al., 2022; V' Kovski et al., 2021; Xia
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et al., 2020).

A reverse genetic system is one of the most powerful tools in mo-
lecular virology by which the infectious recombinant virus can be
genetically manipulated from a complementary DNA (cDNA) clone of
the viral genome. However, the assembly of full-length cDNA clones for
Coronavirus has remained challenging due to the large viral genome, the
presence of bacteria-toxic elements, cryptic transcription, splicing,
recombination, and/or termination signals, which often result in dele-
terious mutations and/or deletions (Almazan et al., 2014; Aubry et al.,
2015). Before the full-length infectious cDNA clones were established,
the initial reverse genetic system for CoV was generated based on the
targeted RNA recombination strategy, which takes advantage of the high
rate of homologous RNA recombination in CoVs (Baric et al., 1990;
Kusters et al., 1990; Makino et al., 1986; Masters, 1999). However, this
approach relies on viral replication, and the requirement of virus pas-
sage, which limits its ability to easily manipulate mutations across the
entire genome, particularly the replication-related genes or lethal mu-
tations (Almazan et al., 2014). During the past two decades, with the
advance in modern molecular tools/reagents (restriction enzymes, high
fidelity polymerase, and bacterial/yeast artificial chromosome), several
creative approaches, including in vitro ligation (Scobey et al., 2013;
Yount et al., 2000, 2002, 2003), bacterial/yeast artificial chromosomes
(Almazan et al., 2000; Gonzalez et al., 2002), and circular polymerase
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extension reaction (Edmonds et al., 2013), have been taken to success-
fully generate infectious clones of positive-sense RNA viruses.
Leveraging on the accumulated knowledge and expertise, the reverse
genetic systems of SARS-CoV-2 have been rapidly established after the
outbreak. In this minireview, we summarize current strategies for
manipulating the infectious cDNA clones of SARS-CoV-2, which must be
rescued at biosafety level 3 (BSL3). We then discuss three types of
SARS-CoV-2 reverse genetic systems that can be adapted for use at BSL2,
including a trans-complementation system, an attenuated SARS-CoV-2
vaccine candidate, and a replicon system. Those BSL2-adapted systems
greatly expanded the accessibility to many researchers. We also compare
the pros and cons of each system, highlighting their utilities in corona-
virus biology and countermeasure development.

2. Invitro ligation-based SARS-CoV-2 reverse genetic system

The in vitro ligation-based strategy is to ligate multiple cDNA frag-
ments of viral genome by DNA ligase into a full-length cDNA in vitro,
which is used further as a template for synthesizing viral RNA by using
RNA polymerases, such as T7 or SP6 polymerase. The divided cDNA
fragments can be obtained through chemical synthesis, high-fidelity
polymerase chain reaction (PCR) or plasmids propagated in E. coli. By
eliminating the step of propagating the full-length ¢cDNA in bacteria,

Fig. 1. Diagrams for an infectious cDNA clone, a
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gene toxicity can be minimized and authentic viral sequences can be
obtained. This approach was first introduced by Rice et al. to make the
recombinant yellow fever virus (Rice et al., 1989). Since then, this
approach has also been widely used for generating full-length infectious
clones of many other RNA viruses, including coronaviruses (Becker
et al., 2008; Curtis et al., 2002; Yount et al., 2003).

Upon SARS-CoV-2 outbroke, we and others have adopted this old
“trick” to directionally assemble the full-length cDNA of the SARS-CoV-2
strain 2019-nCoV/USA_WA1/2020, which was isolated from the first
imported SARS-CoV-2 case in the USA (Hou et al., 2020; Xie et al.,
2020a). Fig. 1A outlines the rationale and construction process. Seven
consecutive fragments covering the entire SARS-CoV-2 genome were
obtained through reverse transcribed (RT)-PCR from the viral genome or
chemical synthesis. Two class IIS restriction endonucleases Bsal or Esp3I
were used because they can recognize asymmetric DNA sequences,
cleave outside their recognition sequences, and generate unique cohe-
sive overhangs. The unique cohesive ends of each fragment ensured a
one-directional, seamless assembly of the seven fragments with the
concomitant loss of the restriction enzyme sites. A T7 promoter and a
poly (A) tail of 29 bases were engineered at the 5’ and 3’ end of the viral
genome, respectively. The ligated full-length DNA was used as a tem-
plate for in vitro transcription by T7 RNA polymerase, resulting in 5
capped and 3’ polyadenylated full-length RNAs. Electroporation of these
RNA transcripts into Vero E6 cells led to the rescue of recombinant
SARS-CoV-2. Co-electroporation with the nucleocapsid RNA of
SARS-CoV-2 is often used to increase the efficiency of rescuing corona-
viruses (Curtis et al., 2002; Yount et al., 2002, 2003). Recovered infec-
tious viruses resembled the clinical isolate 2019-nCoV/USA_WA1,/2020
in forming plaque sizes and replication kinetics in cell culture. Using this
infectious clone system, we have systematically addressed several as-
pects of CoV, including the functional characterization of mutations in
Spike (Johnson et al., 2021; Liu et al., 2021, 2022bLiu et al., 2022b; Liu
et al., 2021; Plante et al., 2021), nucleocapsid (Johnson et al., 2022),
and accessory proteins (Kee et al., 2022). Also, our system was used to
develop a mouse-adapted SARS-CoV-2 for in vivo studies (Muruato et al.,
2021).

Moreover, using the same approach, fluorescent reporter (e.g. green
fluorescent protein gene, mNG) or luciferase genes (e.g. Nanoluciferase,
Nluc) were purposely engineered in place of ORF7 to generate reporter
SARS-CoV-2 (Xie et al., 2020a, 2020b, 2021), which has been used
extensively for neutralization studies of vaccinated or convalescent sera
(Kurhade et al., 2022; Xia et al., 2022; Zou et al., 2022a, 2022b) and
antiviral screening (Xie et al., 2020b). Using the mNG SARS-CoV-2, we
discovered several monoclonal antibodies against SARS-CoV-2 and
variants of concern (Fang et al., 2022; Ku et al., 2021a, 2021b, 2022).
Using the Nanoluciferase SARS-CoV-2, we identified chloroquine,
remdesivir, nelfinavir, rupintrivir, and cobicistat as the most selective
inhibitors (Xie et al., 2020b). In vitro ligation can overcome the difficulty
of propagation of viral genome in bacteria, and has very robustness in
rescuing recombinant viruses. However, this approach requires inten-
sive labor and good techniques in DNA and RNA preparation in vitro.

3. Bacterial artificial chromosome-based SARS-CoV-2 reverse
genetic system

Bacterial artificial chromosome (BAC)-derived plasmids are circular
self-replicating vectors capable of carrying inserts of up to 300 kb of
DNA sequence. It is suitable for cloning DNA fragments in large sizes
(Shizuya et al., 1992). In this system, a synthetic low-copy-number BAC
plasmid containing the strictly replication-controlled Escherichia coli
F-factor was used to propagate the viral genome (Shizuya et al., 1992).
During propagation in E. coli cells, only one or two copies of BAC
plasmids maintain per cell, which stabilizes the large DNA insertions and
minimizes the CoV sequence-associated toxicity (Adler et al., 2003).
This BAC plasmid-based reverse genetic system has been previously
established for other coronaviruses including SARS, MERS and
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HCoV-0C43 (Almazan et al., 2006, 2013; St-Jean et al., 2006). Unlike
the in vitro ligation approach, the BAC system could allow the propa-
gation of the full-length cDNA of the viral genome in a single plasmid.
Further, by coupling with the cytomegalovirus (CMV) immediate-early
promoter, the BAC can launch viral RNA transcription in permissive
cells after transfection, eliminating the RNA preparation steps. Using
this approach, multiple DNA fragments of the SARS-CoV-2 genome have
been successfully assembled into the BAC plasmid vector using standard
molecular biology techniques with unique restriction enzymes (Chiem
et al, 2021; Jin et al., 2021; Ye et al., 2020) (Fig. 2). In these
SARS-CoV-2 infectious cDNA clones, the CMV promoter is added to the
5" end of the SARS-CoV-2 genome. To ensure the correct processing of
viral RNA, the Hepatitis Delta virus ribozyme (HDVr) and bovine growth
hormone (BGH) or Simian virus (SV40) terminator sequence is engi-
neered at the 3’ terminus of the viral genome. Upon transfection into
Vero E6 cells, the full-length SARS-CoV-2 RNA is synthesized by the
cellular RNA polymerase II, leading to the rescue of recombinant
SARS-CoV-2 (Ye et al., 2020). The recovered SARS-CoV-2 from the BAC
system also exhibited similar growth properties and plaque sizes in cell
culture as those of the natural SARS-CoV-2 isolate (Chiem et al., 2021;
Jin et al., 2021; Ye et al., 2020). Alternatively, by using a T7 promoter,
the BAC system can be used to generate full-length viral RNAs in vitro,
allowing recovering recombinant SARS-CoV-2 after viral RNA trans-
fection (Fahnoe et al., 2022). Similarly, Chiem et al., and Rihn et al.,
generated reporter SARS-CoV-2 using BAC plasmid by engineering a
fluorescent reporter (Venus or mCherry) or luciferase gene (Nano-
luciferase) at ORF7, allowing the development of the high throughput
assays for antiviral screening (Chiem et al., 2021; Rihn et al., 2021).
Manipulation of the BAC-based reverse genetic systems is relatively
simple. However, viral gene-associated toxicity in bacteria during
mutagenesis studies is unpredictable. The whole viral sequence in the
plasmid should be confirmed by sequencing every time to avoid unde-
sired mutations during propagation in bacteria.

4. Yeast artificial chromosome-based SARS-CoV-2 reverse
genetic system

Compared to bacteria, yeast is less sensitive to toxic viral elements
and has a higher capacity to maintain large segments of DNA (Ketner
et al., 1994). In addition, yeast can efficiently recombine overlapping
DNA fragments in vivo, which led to the development of a technique
called transformation-associated recombination (TAR) cloning (Kou-
prina and Larionov, 2008). In TAR cloning, DNA fragments containing
overlapping sequences at the ends along with linearized TAR vector are
transformed into yeast where recombination occurs among homologous
regions of all the fragments and linearized TAR vector, resulting in a
circular yeast artificial chromosome (YAC) containing the full-length
cDNA of the viral genome. Fuelling by synthetic biology, this system
has been successfully used to rapidly reconstruct diverse RNA viruses,
including members of the Coronaviridae, Flaviviridae, and Pneumoviridae
families (Thi Nhu Thao et al., 2020). Specifically for SARS-CoV-2, Thao
et al. used this approach to reconstruct SARS-CoV-2 within a week (Thi
Nhu Thao et al., 2020). Briefly, the cDNA of the SARS-CoV-2 genome
was divided into 12 overlapping DNA fragments, which are either syn-
thesized or amplified by RT-PCR from viral RNA from an isolate of a
Munich patient (BetaCoV/Germany/BavPatl/2020) (Fig. 3). T7 pro-
moter was fused to the 5° end of the viral genome and a cleavage site
(Pacl) was engineered immediately after the polyA tail, which allows the
transcription of an authentic full-length viral RNA by T7 polymerase in
vitro. Overlap sequences for the TAR vector pvVC604 were included in the
primers that amplified the 5'- and 3'-end fragments. Transformation of
all DNA fragments along with linearized TAR vector into yeast
S. cerevisiae led to the assembly of the full-length cDNA clone based on
homologous recombination. After selection, there were over 90% posi-
tive clones, indicating a remarkably efficient assembly in yeast. Purified
YACs were linearized using Pacl and subjected to in vitro transcription
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Fig. 2. BAC-derived SARS-CoV-2 reverse genetic
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Fig. 3. YAC-derived SARS-CoV-2 reverse genetic
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using T7 RNA polymerase to generate capped viral genomic RNA. The
resulting RNAs were electroporated together with an mRNA that en-
codes the SARS-CoV-2 N protein into BHK-21 cells. After seeding elec-
troporated cells on Vero E6 cells, the culture efficiently rescued
infectious SARS-CoV-2. GFP reporter viruses were also generated by
inserting the reporter gene in-frame of ORF7a. Similar viral replication
was detected for the parental SARS-CoV-2 isolate and recombinant
SARS-CoV-2 on Vero E6 cells; however, the replication of the GFP re-
porter virus was reduced compared with the wild-type recombinant
virus. The rapidity and applicability of this approach make this system
attractive for rapidly responding to any other emerging virus threats.
However, the accuracy in generating site mutations through recombi-
nation in yeast should be carefully examined.

system. The genome structure of SARS-CoV-2 fol-
lowed by schematic representation of twelve over-
lapping DNA fragments used to clone SARS-CoV-2
into YAC vector pVC604. Length is not to scale.
Fragments 1 and 12 had overlapping sequences for
the YAC vector pvC604. T7 promoter was fused to the
5’ end of the viral genome and a cleavage site (Pacl)
was added after the poly(A) sequence at the 3’ end.
Transformation of SARS-CoV-2 genome fragments
along with linearized pvC604 vector in yeast leads to
whole-genome assembly in vector through homolo-
gous end recombination. Purified YAC plasmid DNA
is linearized using Pacl and subjected to in vitro
transcription. The resulting RNAs were electro-
porated into BHK1 cells which are plated on Vero E6
cells, leading to the rescue of infectious SARS-CoV-2.
T7, T7 promoter; L, leader sequence; ORF, open-
reading frame; E, envelope glycoprotein gene; M,
membrane glycoprotein gene; N, nucleocapsid gene;
PA, poly-A tails. Figure adapted and modified from
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5. Circular polymerase extension reaction-based SARS-CoV-2
reverse genetic system

Circular Polymerase Extension Reaction (CPER) has just recently
become another attractive strategy to generate infectious clones of vi-
ruses (Edmonds et al., 2013; Setoh et al., 2015). In this approach, the
full-length cDNA of the viral genome and a linker fragment containing
the promoter, poly(A) signal, and ribozyme sequence are fused and
amplified by high-fidelity PCR. This novel bacterium-/yeast-free
method has also been successfully adopted to establish the SARS-CoV-2
infectious clone (Fig. 4) (Amarilla et al., 2021; Torii et al., 2021). Spe-
cifically, six fragments were amplified directly from viral cDNA (viral
RNA was used as a template to generate first-strand cDNA) that
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Fig. 4. CPER derived SARS-CoV-2 reverse genetic
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stream of the 3’ polyA tail of the viral genome, followed by an SV40
polyA signal for efficient transcription termination. A spacer sequence
was added to separate the functional elements in the linker fragment
(Fig. 4). To facilitate DNA circularization, an overlapping sequence was
added in the linker fragment at both ends to facilitate recombination
with fragments 1 and 6 (Fig. 4). After a single CPER reaction using a
high-fidelity DNA polymerase, a circular DNA containing the full-length
SARS-CoV-2 cDNA was assembled. Viruses were rescued by directly
transfecting CPER reaction without any purification into either HEK
293T, which was later cocultured with Vero E6, or ACE2-expressing HEK
293T cells. Rescued viruses showed similar biological characteristics as
parental WT viruses. The reporter virus was also constructed by
replacing codons for amino acids 14-108 of ORF7a with a fluorescent
protein (ZsGreen) gene. Using a similar approach, Torri et, al. Intro-
duced the sfGFP and HiBiT luciferase gene into SARS-CoV-2 (Torii et al.,
2021). The ability to easily and rapidly manipulate such a large viral
genome by CPER makes it very attractive for fast rescuing
positive-strand RNA viruses. However, the efficiency and accuracy in
obtaining the desired point mutations in the viral genome during PCR
should be examined.

CPER reaction
transfection
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6. Other strategies for constructing a SARS-CoV-2 reverse
genetic system

Melade and colleagues described a simple method to generate in-
fectious SARS-CoV-2 based on infectious subgenomic amplicon (ISA)
technology without the need for reconstruction of the complete genomic
c¢DNA (Melade et al., 2022). In this approach, the whole genome of
SARS-CoV-2 was de novo synthesized through eight overlapping frag-
ments. A CMV promoter and HDVr followed by SV40pA sequences were
engineered at the 5" end of the first fragment, and the 3’ end of the last
fragment, respectively. These synthetic subgenomic viral fragments
were used as templates for PCR amplification and directly transfected
into BHK-21 cells. Inside the BHK-21 cells, RNA polymerase II drives
viral RNA transcription and HDVr/SV40pA facilitates transcription
termination with RNA maturation, splicing, and polyadenylation. Five
days after transfection, supernatants were passaged onto Vero E6 cells
and infectious viral particles were successfully obtained after two pas-
sages. This approach is simple in DNA manipulation but required
additional viral passage and viral sequence confirmation, which is not
suitable for mutagenesis studies on replication-defective mutations.

Another strategy for constructing reverse genetic systems of RNA
viruses is using the vaccinia virus vectors (Smith and Moss, 1983). It has
been previously used for the generation of several recombinant coro-
naviruses, including HCoV-229E, MHV, SARS-CoV, and bat coronavirus

. Rescue of infectious
. ——— SARS-CoV-2

N system. The complete genome of SARS-CoV-2 is
covered by six overlapping DNA fragments. A linker
fragment containing a CMV promoter is engineered
F6 upstream of the 5" UTR. A sequence representing pA,
HDVr, and SV40 pA signal is engineered downstream
of the 3’ UTR. Linker and SARS-CoV-2 genome frag-
ments are assembled in the CPER reaction. CPER re-
action products are transfected in HEK 293T cells to
rescue infectious SARS-CoV-2. ORF, open-reading
frame; E, envelope glycoprotein gene; M, membrane
glycoprotein gene; N, nucleocapsid gene; CMV,
Cytomegalovirus promoter; pA, polyA tail; HDVr,
hepatitis delta virus ribozyme; SV40 pA, SV40 polyA;
UTR, untranslated region. Figure adapted and modi-
fied from (Amarilla et al., 2021).

IBV (Coley et al., 2005; Thiel et al., 2001; van den Worm et al., 2012).
However, it has not been reported for SARS-CoV-2, probably due to its
additional cloning steps and requirement of homologous recombination
for site-directed mutagenesis in the vaccinia vector (Britton et al., 2005).

7. BSL2-adapted SARS-CoV-2 reverse genetic systems

SARS-CoV-2 is a BSL3 pathogen. The limit of the BSL3 facility
hampered the accessibility of above mentioned full-length infectious
clones, which constrain their wide use by many researchers. Therefore,
BSL2 adapted SARS-CoV-2 reverse genetic system is highly demanded.

To fulfill this gap, we initially established a non-virulent trans-
complementation system that recapitulates authentic viral replication at
BSL2 settings (Zhang et al., 2021a). In this system, we first removed the
E and ORF3 genes from the SARS-CoV-2 genome (named AORF3-E
SARS-CoV-2) to abolish the ability of virion production (Fig. 1B). Sec-
ond, we established a cell line Vero-ORF3-E that stably expresses E and
ORF3 proteins. Through trans-complementation by ORF3 and E in the
Vero-ORF3-E cells, large amounts of infectious AORF3-E SARS-CoV-2
could be produced. However, these AORF3-E SARS-CoV-2 can only
cause single-round infection without further spreading in normal cells
where ORF3 and E proteins are lacking. In addition, the transcriptional
regulatory sequence (TRS) of the AORF3-E SARS-CoV-2 was mutated
from the WT ACGAAC to CCGGAT to avoid TRS-mediated recombina-
tion (Graham et al., 2018; Yount et al., 2006). The AORF3-E
SARS-CoV-2 is highly attenuated in hamsters and mice without causing
any mortality and morbidity. Further, we engineered an mNG gene in
the AORF3-E SARS-CoV-2 genome to facilitate high throughput
neutralization and antiviral assays (Fig. 1B). Given the high attenuation,
this trans-complementation system can be performed at BSL2 for high
throughput antiviral testing.

Later, we developed a second generation of BSL2-adapted SARS-CoV-
2 reverse genetic system. This system allows generating attenuated
SARS-CoV-2 mimicking authentic viruses that could cause multiple
rounds of infection in permissive cells (Liu et al., 2022c). This approach
is based on the knowledge that SARS-CoV-2 accessory proteins are not
essential for viral replication but can modulate replication and patho-
genesis (Chen et al., 2022; Timilsina et al., 2022; Xia et al., 2020; Zandi
et al., 2022). Deletion of accessory genes (ORF3678) would attenuate
viral infection in immune-competent cells. In addition, the WT TRS was
mutated to further attenuate viral replication and avoid recombination
in generating reverted SARS-COV-2. Indeed, the resulting mutant vi-
ruses AORF3678 SARS-CoV-2, compared to WT SARS-CoV-2, replicated
much less in primary human airway cultures but still robustly in
interferon-deficient Vero E6 cells (Liu et al., 2022c). Moreover,
AORF3678 SARS-CoV-2 was highly attenuated in both the hamster and
K18-hACE2 mouse models. Such high safety profile and robustness of
replication in cell culture suggest AORF3678 SARS-CoV-2’s potential as
a surrogate tool for studying SARS-CoV-2 biology at BSL2. Further,
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through engineering an mNG reporter into this live-attenuated virus,
high-throughput neutralization, and antiviral testing can also be per-
formed at BSL2.

Lastly, complementary to virus reverse genetic systems, replicon has
been developed for many RNA viruses as an important BSL2 kit (Bar-
tenschlager, 2002; Khan et al., 2020; Khromykh and Westaway, 1997;
Shi et al., 2002; Xie et al., 2016). Replicons are self-amplifying viral RNA
that lacks structural proteins but contains all viral proteins and RNA
elements essential for viral RNA synthesis, making it a safe and attrac-
tive alternative to full-length infectious cDNAs, especially for BSL3 vi-
ruses, because no infectious viral particles can be produced during
replicon replication in cell cultures. Moreover, by coupling fluorescent
or luciferase reporters with antibiotic-resistant genes, stable cell lines
containing non-cytopathic selectable reporter replicons can be obtained
(Bartenschlager, 2002; Xie et al., 2016). The replicon cell lines have
been recognized as a crucial toolkit in drug discovery for high
throughput screening (Bartenschlager, 2002). Therefore, there is of
great need for the SARS-CoV-2 replicon system for developing antivirals
in response to the COVID-19 pandemic.

We reported previously a transient SARS-CoV-2 replicon using an in
vitro ligation approach (Xia et al., 2020; Xie et al., 2020a). In this
replicon, viral structural proteins (S, E, and M) and accessory genes
(ORF3a, ORF3b, ORF6, ORF7a, ORF7b, and ORF8) were replaced by a
gene cassette of Renilla luciferase (Rluc), foot-and-mouth disease virus
2A (FMDV-2A), and neomycin phosphotransferase under the control of
the TRS of the deleted S gene. After electroporating this replicon RNA
into Huh-7 cells, replicon replication can be monitored by examing the
luciferase signals. This replicon was further proved suitable for
screening antivirals (e.g., Remdesivir and chloroquine) against
SARS-CoV-2. More SARS-CoV-2 replicon systems were reported using
multiple construction approaches. Using a similar in vitro ligation
approach, Kotaki et al. developed independently a transient replicon
containing HiBiT-tag sequence based on a clinical SARS-CoV-2 isolate
from Japan (Kotaki et al., 2021; Xie et al., 2020a). Zhang et al. devel-
oped a BAC-vectored SARS-CoV-2 replicon with secreted Gaussia lucif-
erase (Zhang et al., 2021b). He et al. also developed a BAC-vector
SARS-CoV-2 replicon with both luciferase and GFP reporter and
further applied it for high throughput compound screening in
semi-automated settings (He et al., 2021). Ricardo-Lax et al. reported
the YAC-derived SARS-CoV-2 replication (Ricardo-Lax et al., 2021).

Generating a stable cell line harboring non-cytopathic SARS-CoV-2
replicon had proven challenging for us and many other groups, likely
due to the intrinsic toxicity/cell stress caused by viral replication and
translated protein(s) that mess up host transcription and translation
(Finkel et al., 2021). Most recently, Liu et al. managed to generate a
stable baby hamster kidney (BHK-21) cell line harboring non-cytopathic
replicons of SARS-CoV-2 (Liu et al., 2022a). They introduced Nspl
K164A/H165A mutations into the SARS-CoV-2 replicon that we con-
structed using in vitro ligation approach. The resulting replicon con-
taining NanoLuc and Neomycine-resistant genes
(SARS-CoV-2-Rep-NanoLuc-Neo-Nsp1K164A/H165A) were electro-
porated into BHK-21-NPDox-ON cells (nucleoprotein is expressed in a
doxycycline-inducible manner) followed by selection in the presence of
antibiotics G418. It’s reported that these two Nspl mutations
(K164A/H165A) could ablate Nspl’s interaction with host ribosome
(Narayanan et al., 2008; Schubert et al., 2020), resulting in less
Nspl-mediated cytotoxicity (Lapointe et al., 2021; Schubert et al., 2020;
Yuan et al., 2020). With this modification, Liu et al. could recover the
stable SARS-CoV-2 replicon cell lines after G418 selection only on
BHK-21 cells but not on Huh7.5.1 cells (Liu et al., 2022a). Interestingly,
Ricardo-Lax et al. failed to select a stable cell line containing the
YAC-derived SARS-CoV-2 replicon with the Nspl K164A/H165A mu-
tations in both Huh-7.5 and BHK-21 cells. In contrast, Tanaka et al.
successfully obtained a stable VeroE6 cell line that harbors the BAC
plasmid-derived SARS-CoV-2 replicon without introducing any muta-
tions into the SARS-CoV-2 genome (Tanaka et al., 2022), arguing
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different cell backgrounds and multiple adaptive mutations may be
necessary. These two stable SARS-CoV-2 replicons have been proven
effective in screening inhibitors against SARS-CoV-2 replication.

Lastly, it should be noted that BSL2-adapted reverse genetic systems
could not completely resemble authentic viruses The replicon system
contains only the steps of viral translation and RNA synthesis; the trans-
complemented system only launches single-round infection on normal
cells, which lacks the step of viral assembly and release. The live-
attenuated AORF3678 SARS-CoV-2 can cause multiple rounds of infec-
tion in vitro but with slower replication kinetics. Additionally, ORF3678-
mediated host response and pathogenesis are excluded. Therefore,
caution should be taken on critical findings from BSL2-adapted reverse
genetic systems. The authentic viruses would serve as the last step to
validate the findings from BSL2-adapted systems.

8. Conclusions

The success of the rapid development of SARS-CoV-2 genetic systems
is attributed to many years of previous research. Table 1 summarizes the
advantages and disadvantages of the different genetic systems. These
genetic systems have provided complementary tools to address different
research questions. The ability to manipulate the SARS-CoV-2 genome
has allowed researchers to gain insights into virus/host interactions and
pathogenesis (Johnson et al., 2022; Vu et al., 2022), immune escape
mutations (Kurhade et al., 2022), and the development of reporter

Table 1
Advantages and disadvantages of different reverse genetics system of SARS-CoV-
2.

SARS-CoV-2 Pros Cons
Reverse Genetics
System

e Labour intensive

e Require good techniques
and additional steps of
DNA/RNA preparation.

e The multi-plasmid system
can eliminate the effect of
bacteria-toxic elements in the
viral genome.

e Multiple mutations across

the genome can be generated

simultaneously.

e High robustness in

recovering recombinant

viruses.

Bacterial artificial o The single plasmid system
chromosome allows the introduction of
(BAC) large DNA sequences in

bacteria while minimizing

their instability

o Relatively easy

manipulation and production

of the cDNA clone.

o No in vitro transcription is

required if using a CMV

promoter.

In Vitro Ligation

o Toxicity or instability is
unknown when new
mutations are introduced.
e Multiple steps of cloning
may be required for
mutagenesis if unique
restriction sites are
unavailable.

Yeast Artificial © Highly tolerant of viral ® Good techniques in yeast
Chromosome element-mediated toxicity or  culture and plasmid
(YAQ) instability. manipulation.
o No restraint of unique e Whole-genome
restriction sites for cloning sequencing is usually
and mutagenesis. required to verify the viral
o Higher assembly efficiency =~ c¢DNA.
of homologous end
recombination in TAR
cloning.
o Single plasmid system.
Circular Polymerase e Easy DNA manipulation o The risk of unwanted
Extension and mutagenesis as plasmid mutations during high-

Reaction (CPER) and RNA preparation can be fidelity PCR exists.

avoided. e Longer time is needed to
e No DNA plasmid instability ~ recover the infectious
issue. viruses after transfection.

Additional viral passages
may be needed.
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assays for testing antiviral drugs (Xie et al., 2020b) and antibody
neutralization (Zou et al., 2022b).

Despite the success of knowledge advancement driven by the reverse
genetic system, the research community must take extra caution when
making recombinant SARS-CoV-2 with new properties, particularly
those that may expand host species, enhance viral pathogenesis, or
resistant to clinically approved antiviral therapies or vaccines. Regula-
tion and oversight should be placed to achieve the best benefit/risk
management, which can only be achieved by robust communications
among researchers, principal investigators, institutional biosafety com-
mittees, and government regulatory and funding agencies.
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