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Several variants of concern (VOCs) have emerged since the WIV04 strain of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) was first isolated in January 2020. Due to mutations in the spike (S) protein, these
VOCs have evolved to enhance viral infectivity and immune evasion. However, whether mutations of the other
viral proteins lead to altered viral propagation and drug resistance remains obscure. The replicon is a nonin-
fectious viral surrogate capable of recapitulating certain steps of the viral life cycle. Although several SARS-CoV-2
replicons have been developed, none of them were derived from emerging VOCs and could only recapitulate viral
genome replication and subgenomic RNA (sgRNA) transcription. In this study, SARS-CoV-2 replicons derived from
the WIV04 strain and two VOCs (the Beta and Delta variants) were prepared by removing the S gene from their
genomes, while other structural genes remained untouched. These replicons not only recapitulate viral genome
replication and sgRNA transcription but also support the assembly and release of viral-like particles, as manifested
by electron microscopic assays. Thus, the S-deletion replicon could recapitulate virtually all the post-entry steps of
the viral life cycle and provides a versatile tool for measuring viral intracellular propagation and screening novel
antiviral drugs, including inhibitors of virion assembly and release. Through the quantification of replicon RNA
released into the supernatant, we demonstrate that viral intracellular propagation and drug response to remde-
sivir have not yet substantially changed during the evolution of SARS-CoV-2 from the WIV04 strain to the Beta
and Delta VOCs.

1. Introduction

Coronaviruses belong to the Coronaviridae family and harbor
positive-sense single-stranded RNA genomes ranging from 26 to 32
kilobases (kb) (Woo et al., 2010). For most coronaviruses, replication
and transcription of viral genome and genes are mediated by a
replication-transcription complex (RTC) encoded by ORF1ab. The core
component of RTC is RNA-dependent RNA polymerase (RdRp), which
is recognized as the most important target for anti-viral drug devel-
opment. The rest of the viral genome contains the genes encoding
structural proteins, including spike (S), envelope (E), membrane (M),
nucleocapsid (N), and genus-specific accessory proteins. The S protein
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mediates viral entry into host cells and is the primary target of
neutralization antibodies (Li, 2016). The E protein and M protein form
the viral envelope structure, and the N protein constitutes the nucle-
ocapsid. These three viral structural proteins are necessary for the
efficient assembly, trafficking, and release of virus-like particles
(VLPs) (Siu et al., 2008; Xu et al., 2020; Boson et al., 2021). After
coronaviruses enter host cells, the RTC is directly translated from
positive-sense full-length genomic RNA (+fgRNA). The RTC then cat-
alyzes viral genome replication into a negative-sense fgRNA
(—fgRNA), which subsequently serves as the template for synthesizing
the nascent positive-sense viral genome. RTC also catalyzes a discon-
tinuous transcription process and generates an array of subgenomic
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RNAs (sgRNAs), which are capped with an identical transcription
regulatory sequence leader (TRS-L) derived from the viral 5-un-
translated region (5-UTR). These sgRNAs are subsequently translated
into individual viral structural and accessory proteins (Fehr and
Perlman, 2015).

Coronavirus disease 2019 (COVID-19) is caused by severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) (Wu et al., 2020; Zhou
et al., 2020), the third deadly coronavirus after SARS-CoV, and Middle
East respiratory syndrome coronavirus (MERS-CoV), which caused se-
vere casualties in 2003 and 2012, respectively (Cui et al., 2019). Since
the WIV04 strain of SARS-CoV-2 was first isolated in January 2020 (Zhou
et al., 2020), several emerging variants have been reported, including the
Beta and Delta variants of concern (VOCs). Compared to the WIV04
strain, overwhelming evidence has shown that S protein mutations in
VOCs result in enhanced infectivity and reduced susceptibility to
neutralizing antibodies (Cele et al., 2021; Li et al., 2021; Wang et al.,
2021; Wibmer et al., 2021); however, whether other mutations of VOCs
lead to altered viral propagation and drug resistance to remdesivir
(RDV), the first FDA-approved SARS-CoV-2 RdRp inhibitor (Gordon
et al., 2020; Wang et al., 2020), remains unclear.

Replicons are viral surrogates that harbor a complete set of viral genes
and are involved in viral genome replication but lack some essential
structural genes, resulting in a loss of infectivity. Being replication-
competent but infection-defective, replicons are widely used as a safe
tool for studying viral propagation and antiviral drug screening. For
many coronaviruses, including SARS-CoV and MERS-CoV, replicons have
already been developed (Almazan et al., 2014).

For SARS-CoV-2, none of the reported replicons were derived from
emerging VOCs. In addition, most of them were constructed by simul-
taneously removing the S, M, and E genes from the viral genome (Xia
et al., 2020; Furutani et al., 2021; He et al., 2021; Kotaki et al., 2021;
Nguyen et al., 2021; Wang B et al., 2021; Zhang QY et al., 2021; Zhang Y
et al., 2021; Liu et al., 2022; Tanaka et al., 2022; Zhang et al., 2022).
Although these replicons successfully recapitulated viral genome repli-
cation and sgRNA transcription, they failed to simulate other viral
propagation steps, such as virion assembly and release, due to the
absence of major viral structural genes. In this study, we prepared
SARS-CoV-2 replicons for the WIV04 strain and two VOCs by removing
the S gene from the viral genome. For the first time, we demonstrated
that replicon-derived VLPs could be assembled and released into the
supernatant. By quantifying the replicon RNA in the supernatant, we
showed that viral intracellular propagation and drug response to RDV
have not yet substantially changed during SARS-CoV-2 evolution from
the WIV04 strain to the Beta and Delta VOCs.

2. Materials and methods

2.1. Viruses, cell lines, chemical reagents, and biosafety

The SARS-CoV-2 WIV04 strain (IVCAS 6.7512) (Zhou et al., 2020),
the Beta VOC (IVCAS 6.7552) (Meng et al., 2021), and the Delta VOC
(IVCAS 6.7585) were obtained from the Microorganisms & Viruses
Culture Collection Center, Wuhan Institute of Virology, Chinese
Academy of Sciences. HEK-293T cells and Vero E6 cells were main-
tained in Dulbecco's modified Eagle's medium (HyClone, Logan, UT,
USA) supplemented with 10% or 2% fetal bovine serum (Invitrogen,
Darmstadt, Germany) at 37 °C. HEK-293T cells were transfected with
replicons using Lipofectamine 3000 (Invitrogen, Darmstadt, Germany)
according to the manufacturer's protocols. Vero E6 cells were infected
with SARS-CoV-2 at a 0.01 multiplicity of infection following standard
infection protocols. RDV was purchased from Selleck (Houston, TX,
USA). All experiments involving live viruses were performed in the
biosafety level-3 (BSL-3) facility at Wuhan Institute of Virology, CAS.
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2.2. One-step isothermal assembly of SARS-CoV-2 replicons

The viral genome, excluding the indicated viral genes, was amplified
into five terminally overlapping cDNA fragments by reverse-transcription
PCR (RT-PCR) using a HiScript III 1st Strand cDNA Synthesis Kit
(Vazyme, Nanjing, China). The relative locations of each primer used to
amplify the viral cDNA clone are diagramed in Fig. 1A. To accommodate
the viral ¢cDNA clone into a bacterial artificial chromosome (BAC),
several genetic elements were introduced into a previously described
BAC vector pGF (Hou et al., 2016) by using the ClonExpress Ultra One
Step Cloning Kit (Vazyme). These elements (from 5’ to 3') included a
CMV promoter, a hepatitis delta virus self-cleaving ribozyme (HDVrbz),
and a bovine growth hormone gene polyA signal (bGHpA). The modified
BAC vector was linearized by PCR using the primer pair SHM-R/3HM-F.
Viral cDNA amplicons and the linearized BAC vector (Fig. 1A) were
concentrated by precipitation in 70% ethanol supplemented with 0.3
mol/L sodium acetate. Equal molar (0.05 pmol) concentrated DNA
fragments were then assembled by the NEBuilder HiFi DNA assembly kit
(NEB, MA, USA) according to the manufacturer's protocols.

2.3. Preparation of replicon-derived VLPs in the supernatant

Replicon-derived VLPs were harvested following a protocol previ-
ously described (Alexander et al., 2020), with minor modifications.
Briefly, approximately 3 x 107 HEK-293T cells were transfected with 90
pg of replicon plasmids. At 48 h post-transfection (hpt), viral superna-
tants were harvested and clarified by centrifugation at 3,000 xg for 20
min at 4 °C. The resulting viral supernatants were then adjusted to a final
concentration of 100 mmol/L MgSO4, 50 mmol/L Tris-HCl, and 10%
(v/v) polyethylene glycol-6000. After incubation for 2 h at 4 °C with
gentle agitation, viral supernatants were centrifuged at 3,000 xg for 20
min at 4 °C. The supernatants were then discarded, and the pellet was
resuspended in 0.5 mL of 1 x TE buffer.

2.4. Transmission electron microscopy (TEM) assay

Replicon-transfected HEK-293T cells were harvested, fixed, dehy-
drated, embedded, and sectioned as previously described (Zhou et al.,
2020). The concentrated VLPs were fixed with 1% glutaraldehyde and
attached to a carbon-coated 200 mesh copper grid, followed by negative
staining with 1% sodium phosphotungstic acid. All the samples were
subjected to TEM with an FEI Tecnai G2 TEM (Hillsboro, OR, USA) at
200 kv.

2.5. Quantitative PCR (qPCR)

Viral RNA in the supernatant of virus-infected cells or replicon-
transfected cells was extracted by TRIzol-LS reagent (Invitrogen) ac-
cording to the manufacturer's protocols. The RNA concentration was
measured using a NanoDrop One UV-Vis spectrophotometer. All the RNA
samples were digested with DNAsel (Vazyme) to remove possible DNA
contamination. Two micrograms RNA were subjected to qPCR assay
using One-step qRT-PCR probe Kit or Taq Pro HS Universal Probe Master
Mix (Vazyme) with primers and probes targeting orfl1ab or N (China CDC
2019-nCoV ORFlab/N detection kit). Sequence information of all
primers and TagMan probes used in this study are listed in Supplemen-
tary Table S1.

2.6. Half-maximal inhibitory concentration (ICsq) and statistical analysis
The qPCR data were analyzed using the two-tailed unpaired t-test. A P

< 0.05 was considered statistically significant. The viral response to RDV
was represented as the value of the half maximal inhibitory concentra-
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Fig. 1. Construction of the SARS-CoV-2 replicons. A diagram of the replicon construction. Vero E6 cells were infected with the three SARS-CoV-2 strains or variants. At
48 h post-infection, total RNA was extracted and served as a template for RT-PCR. Five primer pairs (1F/6195R, 6099F/12296R, 12188F/18407R, 18281F/21622R,
and 25266F/29870R) were used to amplify the cDNA clone of the viral RNA genome and generated five fragments (F-1-F-5; F-3' indicates F-3 without the RdRp
coding sequence and F-5' indicates F-5 without the viral sequence prior to the N gene). Viral cDNA amplicons were assembled into a pGF vector between a CMV
promoter and an HDVrbz through a one-step isothermal assembly. The relative locations of the important primers used in this study are labeled (arrowhead).
B Restriction assay of the replicon plasmids. The replicon plasmids were extracted from E. coli EPI300. Approximately 3 pg of each replicon was digested by Ncol.
The resulting restriction fragments were separated by gel electrophoresis (1% agarose) and compared to a computer-generated gel simulation. The expected sizes of
PRep-WIV04 restriction fragments were 19,076-, 8257-, 3710-, 3697-, 2793-, 1439-, 626-, 435-, 373-bp in length; for pRep-Beta, the sizes were 19,076-, 8257-, 4083-,
3697-, 2793-, 1439-, 626-, 435-bp; for pRep-Delta, the sizes were 19,112-, 8257-, 3915-, 3697-, 1439-, 626-, 373-bp; for pRep-mini, the sizes were 19,067-, 8257-,
5211-, 1439-, 626-bp; for pRep-Ctrl, the sizes were 16,679-, 8257-, 3710-, 3697-, 2793-, 1439-, 626-, 435-, 373-bp.

tion (ICsp), which was calculated by GraphPad Prism software with a
nonlinear regression algorithm.

3. Results
3.1. SARS-CoV-2 replicons constructed by one-step isothermal assembly

The assembly products were extracted from bacterial transformants
and digested by the Ncol endonuclease. The resulting restriction frag-
ments were separated by gel electrophoresis and compared to a
computer-generated gel simulation (Fig. 1B). A closer examination
revealed that each restriction band of pRep-WIV04 appeared to be
slightly lower than its counterpart of pRep-Beta and pRep-Delta (Fig. 1B).
A possible explanation is that more BAC replication intermediates of
higher molecular weight were present in the endonuclease digestion
products of pRep-Beta and pRep-Delta than that of pRep-WIV04. The
constructs with correct restriction patterns were further verified by
Sanger sequencing. The mutations in the two VOC-derived replicons are
summarized in Supplementary Table S2.

Replicons with a single S gene deletion were designated as pRep-
WIV04 (derived from the WIV04 strain), pRep-Beta (derived from the
Beta VOC), and pRep-Delta (derived from the Delta VOC). A mini
replicon lacking S, E, M and all the accessory genes was designated as
pRep-mini (Fig. 1A). A negative control replicon with S and RdRp dual
deletion was designated as pRep-Ctrl (Fig. 1A). Both pRep-mini and
pRep-Ctrl were derived from the WIV04 strain.
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3.2. Replicon recapitulation of viral genome replication and sgRNA
transcription

To investigate whether the S-deletion replicons could still produce
infectious virions, supernatants from HEK-293T cells transfected with all
the constructed replicons were collected and incubated with fresh Vero
E6 cells. After 48 h, the infected cells were collected and subjected to
gPCR assay. All the samples were below the detection threshold, indi-
cating that the S-free replicons cannot produce infectious virions.

Since the replicon vector is controlled by a CMV promoter, +fgRNAs
can be produced by either viral RdRp or cellular RNA polymerase II. In
contrast, the —fgRNAs are solely produced by viral RdRp and serve as
the template for RARp-dependent viral genome replication. To explore
whether the assembled replicons could recapitulate viral genome
replication of their parental viruses, we attempted to detect replicon-
derived —fgRNAs. HEK-293T cells were transfected with replicons,
and Vero E6 cells were infected with their parental viruses. Total RNA
was extracted as the template for reverse transcription. An oligonu-
cleotide hybridized with the negative-sense ORFlab (20674F,
diagramed in Fig. 1A) was used as a gene-specific primer to prime
reverse transcription, thus ensuring that only RdRp-transcribed
—fgRNA could be converted into cDNA. An anti-sense primer
(21555R, diagramed in Fig. 1A) was paired with 20674F to amplify a
fragment of fgRNA-derived cDNA. RT-PCR amplicons from pRep-
WIVO04-, pRep-Beta-, pRep-Delta-, and pRep-mini-transfected cells or
their parental virus-infected cells were 882 bp in length, whereas no
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specific amplicon could be amplified from pRep-Ctrl (Fig. 2A). The
amplicons were further verified by Sanger sequencing, indicating that
the pRep-WIV04, pRep-Beta, pRep-Delta, and pRep-mini could suc-
cessfully recapitulate the viral genome replication of their parental
viruses.

As they are capped with TRS-L, sgRNAs are the characteristic tran-
scriptional products of SARS-CoV-2. To test whether the replicons could
recapitulate the transcription step of their parental viruses, we attempted
to detect the replicon-derived sgRNA. HEK-293T cells were transfected
with replicons, and Vero E6 cells were infected with their parental vi-
ruses. A sense primer (TRS-L-F) was designed to anneal with the TRS-L
region of SARS-CoV-2, and an anti-sense primer was designed to
anneal with the 3’-end of the N gene (29533R). The PCR extension time
was adjusted according to the N gene length, thus ensuring that only
sgRNAs encoding N protein could be specifically amplified. RT-PCR
amplicons from replicon-transfected cells and parental virus-infected
cells were all about 1.3 kb in length, whereas no specific amplicon
could be detected in pRep-Ctrl-transfected cells (Fig. 2B). Sequence
analysis of the sequenced amplicons revealed that all the replicon-
derived sgRNAs contained a common TRS-L sequence at their 5' ends,
followed by the N gene sequences (Fig. 2C), indicating that the pRep-
WIV04, pRep-Beta, pRep-Delta, and pRep-mini could successfully reca-
pitulate the sgRNA transcription step of their parental viruses.

3.3. Replicon recapitulation of virion assembly and release

To the best of our knowledge, all the currently studies reporting
SARS-CoV-2 replicons did not address whether they could recapitulate
virion assembly and release, the final steps of the viral life cycle. Two

TRS-L
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WIV04-derived replicons, pRep-WIV04 and pRep-mini, were transfected
into HEK-293T cells. At 24 hpt, viral contents were subjected to a TEM
assay. In pRep-WIVO04-transfected cells, spherical particles, which were
approximately 100 nm in diameter and with electron-dense materials,
were present in the lumen of small vesicles beneath the cell membrane
(Fig. 3A). The morphological and spatial patterns of the spherical parti-
cles were in consistence with those of SARS-CoV-2 virions (Eymieux
et al., 2021a, 2021b), and implied that they were replicon-derived VLPs.
In contrast, no such particles could be found in the cells transfected with
pRep-mini (Fig. 3B), indicating that the presence of E and M in the
replicon was necessary for VLP formation and that pRep-WIV04 could
recapitulate virion assembly of its parental virus. Actually, this conclu-
sion is in accordance with a previous report that M and E play an essential
role in VLP formation (Xu et al.,, 2020). To investigate whether
replicon-derived VLPs could be released, the viral contents in the su-
pernatant of pRep-WIV04-transfected cells were concentrated and sub-
jected to TEM. Negatively strained VLPs were readily found (Fig. 3C),
implying that pRep-WIV04 could also support the recapitulation of virion
release of its parental virus.

Taken together, our evidence suggests that the S-deletion replicon
could serve as a versatile tool to recapitulate virtually all the post-entry
steps of the SARS-CoV-2 life cycle, including viral genome replication,
sgRNA transcription, virion assembly, and release.

3.4. Comparison of viral intracellular propagation among SARS-CoV-2
variants

Since we demonstrated that the VLP derived from the S-deletion
replicon could be released into the supernatant, we therefore attempted
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Fig. 2. The replicon recapitulates viral genome replication and sgRNA transcription. Vero E6 cells were infected with the three SARS-CoV-2 strains or variants, and
HEK-293T cells were transfected with the indicated replicon plasmids. Total RNA was extracted from both the infected and transfected cells and served as the template
for RT-PCR. To detect —fgRNA, reverse transcription was primed with 20674F, and the resulting cDNA was amplified with the primer pair 20674F/21555R (A). To
detect the sgRNA encoding the N protein, reverse transcription was primed with oligo(dT), and RT-PCR amplified the resulting cDNA with the primer pair TRS-L-F/
29533R (B). The abovementioned RT-PCR amplicons were subjected to Sanger sequencing, and a common TRS-L motif and a fusion site were identified in all the

sequenced samples (C).
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to measure viral propagation by quantifying replicon RNA packed in the
released VLP.

Replicons were transfected into HEK-293T cells. At 6, 12, 24, 48, and
72 hpt, the supernatants were collected, and total RNA was extracted and
subjected to qPCR using a China CDC 2019-nCoV ORFIab detection kit.
Extracellular replicon RNAs (ERR) derived from pRep-Ctrl and pRep-mini
remained below the detection threshold at all time points (Fig. 4A). This
phenotype demonstrated that although replicon RNA derived from pRep-
mini could be detected intracellularly as shown in Fig. 2, it failed to be
released into the supernatant. As a contrast, ERR derived from pRep-
WIV04, pRep-Beta, and pRep-Delta, were readily detected and simulta-
neously increased and decreased with similar kinetics without significant
differences (Fig. 4A). Replicon RNA thus appears to be packed in and
released with VLP as ERR, since VLP-deficient pRep-mini failed to
generate detectable ERR. In addition, the presence of ERR suggested that
VLPs derived from S-deletion replicons also contained N protein, as
packaging of viral RNA into VLP was dependent on the N protein (Chen
et al., 2021).

In parallel, intracellular replicon RNA was measured. To exclude the
positive-sense replicon RNA that could be transcribed by cellular RNA
polymerase II, total intracellular RNA was first reverse-transcribed by
20674F. The resulting —fgRNA-derived cDNA was quantified by qPCR
using the China CDC 2019-nCoV N detection kit. Consistent with replicon
RNA in the supernatant, the intracellular —fgRNA derived from pRep-
WIV04, pRep-Beta, and pRep-Delta showed similar propagation ki-
netics without significant differences (Fig. 4B). Taken together, these
results indicate that the WIV04 strain and the two VOCs share virtually
the same propagation kinetics during the post-entry steps, which was
demonstrated by both quantifications of the extracellular and intracel-
lular replicon RNA.

Fig. 3. TEM assay of replicon-derived VLPs. A, B VLP assembly in replicon-
transfected cells. HEK-293T cells were transfected with pRep-WIV04 (A) or
pRep-mini (B). At 24 h post-transfection, the cells were subjected to TEM assay.
C VLP present in the supernatant. The supernatant of pRep-WIV04-transfected
cells was collected, and the viral contents were negatively stained and sub-
jected to TEM assay. The boxed regions are shown at higher magnification in the
right panels.
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3.5. Comparison of viral response to the RDV treatment among SARS-CoV-2
variants

To assess the viral drug response, serially diluted RDV was applied to
HEK-293T cells transfected with pRep-WIV04, pRep-Beta, and pRep-
Delta. At 24 h following RDV treatment, ERR was extracted from the
supernatant and quantified by qPCR using a China CDC 2019-nCoV
ORF1lab detection kit. For all three replicons, the copy number of ERR
declined with increasing RDV concentration. There were no significant
differences among the three replicons concerning ERR reduction level at
all the tested RDV concentrations (Fig. 5A), suggesting that the viral
response to RDV treatment has not yet substantially changed during the
evolution of SARS-CoV-2 from the WIV04 strain to the Beta and the Delta
VOCs.

In parallel, Vero E6 cells were infected with their parental viruses. At
24 h following RDV treatment, extracellular RNA was extracted from
viral supernatants and subjected to a similar qPCR assay to quantify viral
genomes packed in the secreted virions. Based on the reduction in viral
genome copy number, the ICsy value of RDV against WIV04 strain was
0.5011 pmol/L on average and that of the Beta and Delta VOCs was
0.5596 pmol/L and 0.4129 pmol/L (Fig. 5B), respectively. Therefore,
evidence from infectious viruses is consistent with that from replicons,
and both support the conclusion that RDV is still an effective antiviral
drug for the two VOCs.

4. Discussion

The viral genome of SARS-CoV-2 is nearly 30 kb in length and is one
of the largest RNA viral genomes. To construct replicons or infectious
clones for SARS-CoV-2, both in vivo and in vitro assembly methods were
attempted. For the in vivo approach, transformation-associated recom-
bineering (TAR) was employed to assemble the first SARS-CoV-2 infec-
tious clone (Thi Nhu Thao et al., 2020), as well as various types of
replicons (Ricardo-Lax et al, 2021; Wang B et al.,, 2021). The
SARS-CoV-2 cDNA amplicons were transformed into yeast cells to
assemble into a replicon by homologous recombination. The resulting
assembly products were then extracted and retransformed into E. coli for
high-efficiency multiplication before the replicon construct could be
used. For the in vitro approach, one popular method is to digest
SARS-CoV-2 cDNA amplicons with either regular restriction enzymes
(Jin et al., 2021; Nguyen et al., 2021; Zhang QY et al., 2021) or type IIS
restriction enzymes (Xia et al., 2020; Xie et al., 2020; Kotaki et al., 2021;
Xie et al., 2021; Zhang et al., 2021; Liu et al., 2022). The resulting re-
striction fragments were then ligated into a full-length replicon using T4
DNA ligase. Another convenient method is based on circular polymerase
extension reaction (CPER) (Edmonds et al., 2013). SARS-CoV-2 genome
was reverse-transcribed and amplified into several overlapping cDNA
amplicons. These viral amplicons, together with a linker sequence con-
taining CMV promoter, HDVrbz, and polyA signal were extended into
circular form by DNA polymerase (Amarilla et al., 2021; Torii et al.,
2021; Tanaka et al., 2022). However, the resulting circular DNA could
not propagate and be preserved in E. coli due to lack of plasmid repli-
cation origin.

In contrast to multistep methods that were previously attempted for
the preparation of SARS-CoV-2 replicons, we developed a one-step
method to assemble SARS-CoV-2 c¢DNA amplicons into a full-length
replicon using the NEBuilder HiFi DNA assembly kit. Compared to pre-
viously reported multistep assembly methods, the one-step method was
apparently more convenient and the efficiency of legitimate assembly
was up to 40%-60% in this study. Compared to CPER-based method, the
replicons constructed in this study could be amplified and preserved in
E. coli as plasmids, providing convenience in preserving and exchanging
research materials.
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Fig. 4. Comparison of viral intracellular propagation among SARS-CoV-2 variants. A Quantification of replicon RNA in the supernatant. HEK-293T cells were
transfected with the indicated replicons. At 6, 12, 24, 48, and 72 h post-transfection (hpt), ERR in the supernatants was quantified by qPCR. The relative increase in
individual replicon RNA is presented as the ratio of fgRNA copy number at the indicated time points to that at 6 hpt. B Quantification of intracellular replicon RNA.
HEK-293T cells were transfected with the indicated replicons. At 6, 12, 24, 48, and 72 hpt, total RNA was extracted from transfected cells and was reverse-transcribed
using the gene-specific primer 20674F. The resulting —fgRNA-derived cDNA was then quantified by qPCR. The relative increase in individual —fgRNA is presented in a
way similar to that of (A). All experiments were performed in triplicate. The data points indicate the averages of triplicate experiments. The error bars indicate the

standard derivation from the mean. n.s., not significant; u.d., undetectable.

Different types of tools have been developed to recapitulate different
steps of the viral life cycle. Pseudotyped viruses enveloped with the S
protein were frequently used to recapitulate viral cell entry. Replicons
with S, M, E triple structural gene deletion could be used to recapitulate
viral genome replication and sgRNA transcription. However, whether
virion assembly and release, the final steps of the viral life cycle could be
recapitulated by replicons remained undetected. Although other groups
have developed similar replicons with a single S-deletion (Jin et al.,
2021; Ricardo-Lax et al., 2021; Malicoat et al., 2022), none of them tested
whether their replicons supported the formation and release of VLP
without trans-complementation with S or VSV-G (Ricardo-Lax et al.,
2021; Malicoat et al., 2022). In this study, we demonstrated for the first
time that the S-deletion replicon could recapitulate all the post-entry
steps of the SARS-CoV-2 life cycle, particularly virion assembly and
release.

The virions released to the supernatant are the final product of
SARS-CoV-2 propagation, and the level of which can be influenced by
antiviral drugs that target any viral propagation step, including cell
entry, viral genome replication and sgRNA transcription, and virion
assembly and release. Thus, quantifying ERR packed in the released
VLP would be an appropriate way to measure the overall level of viral
propagation and antiviral efficacy. To the best of our knowledge, all the
currently reported SARS-CoV-2 replicons were engineered with a re-
porter gene that encoded a fluorescent or luminescent protein for viral
detection or quantification. Unlike the viral RNA released to the su-
pernatant, which could reflect the overall viral propagation, expression
of the reporter gene could only indicate sgRNA transcription, one of the
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post-entry steps of viral propagation. Accordingly, replicons dependent
on reporter gene expression could be used only to screen antiviral drugs
targeting viral genome replication and sgRNA transcription but not
virion assembly and release. Although most currently available anti-
SARS-CoV-2 drugs, such as the RdRp inhibitor RDV and the Mpro in-
hibitor Paxlovid (Owen et al., 2021), target the viral genome replica-
tion and sgRNA transcription step, increasing efforts have been made to
identify novel drugs that target virion assembly and release (Bhowmik
et al., 2020; Dey et al., 2020; Das et al., 2021). The significance of
developing a SARS-CoV-2 replicon supporting VLP assembly and
release is to provide a versatile tool to screen novel antiviral drugs,
including inhibitors of virion assembly and release. However, we must
acknowledge that traditional replicons not supporting VLP formation
are still valuable tools as they can provide a fail-safe option in common
laboratory settings.

An increasing number of SARS-CoV-2 variants have emerged since
the outbreak of COVID-19. Compared to the WIV04 strain and other
variants, including the Beta VOC, the Delta VOC possesses a much higher
viral load, which correlates with its enhanced transmission efficiency
(Teyssou et al., 2021). Although the S protein mutation P681R was
demonstrated to be associated with enhanced viral pathogenicity of the
Delta VOC (Saito et al., 2021), whether the S mutation is fully responsible
for such a high viral load remains obscure. Using the S-deletion replicons
prepared in this study, we found that all three replicons possessed similar
replicon propagation kinetics. Since the replicon could recapitulate all
post-entry steps of its parental virus, the only factor contributing to the
high viral load of the Delta VOC is the cell entry step.
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Fig. 5. Comparison of viral response to RDV treatment among SARS-CoV-2 variants. A Evaluation of the drug response using viral replicons. HEK-293T cells were
transfected with indicated replicons. RDV was added to the culture medium at 6 h post-transfection. After 24 h of drug treatment, ERR was extracted from the su-
pernatant and quantified by qPCR. The replicon response to RDV treatment is presented as the ratio of fgRNA copy number at the indicated RDV concentrations to that
of the no drug treatment control. B Evaluation of drug response using infectious viruses. Vero E6 cells were infected with the three SARS-CoV-2 strains or variants at an
MOI of 0.02. The infected cells were incubated with culture medium containing RDV at the indicated concentrations for 24 h. The viral yield in the cell supernatant
was then quantified by qPCR. The Y-axis represents the mean % reduction in viral genome copy number. All experiments were performed in triplicate. The data points
indicate the averages of triplicate experiments. The error bars indicate the standard derivation from the mean. The ICs, values were calculated by GraphPad PRISM.

u.d., undetectable.

There is no doubt that more SARS-CoV-2 variants with enhanced
infectivity may emerge as the COVID-19 pandemic continues. The
replicons supporting VLP assembly and release could provide a safe and
versatile platform to measure viral propagation and screen antiviral
drugs for current and future emerging SARS-CoV-2 variants.

5. Conclusions

In this study, we developed an efficient assembly method and suc-
cessfully constructed a SARS-CoV-2 replicon that only removed the S
gene. For the first time, we demonstrated that the S-deletion replicon
could recapitulate all the post-entry steps of the SARS-CoV-2 life cycle,
especially the assembly and release of virions. This makes it possible to
provide a safe and versatile platform to measure viral propagation and
screen antiviral drugs for current and future emerging SARS-CoV-2 var-
iants. Subsequently, we used the S-deletion replicon to demonstrate that
viral intracellular propagation and drug response to remdesivir had not
yet substantially changed during the evolution of SARS-CoV-2 from the
WIVO04 strain to Beta and Delta VOCs.

Data availability

All the data generated during the current study are included in the
manuscript.
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