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A B S T R A C T   

Coronaviruses (CoVs) have the largest genome among RNA viruses and store large amounts of information 
without genome integration as they replicate in the cell cytoplasm. The replication of the virus is a continuous 
process, whereas the transcription of the subgenomic mRNAs is a discontinuous one, involving a template switch, 
which resembles a high frequency recombination mechanism that may favor virus genome variability. The origin 
of the three deadly human CoVs SARS-CoV, MERS-CoV and SARS-CoV-2 are zoonotic events. SARS-CoV-2 has 
incorporated in its spike protein a furine proteolytic site that facilitates the activation of the virus in any tissue, 
making this CoV strain highly polytropic and pathogenic. Using MERS-CoV as a model, a propagation-deficient 
RNA replicon was generated by removing E protein gene (essential for viral morphogenesis and involved in 
virulence), and accessory genes 3, 4a, 4b and 5 (responsible for antagonism of the innate immune response) to 
attenuate the virus: MERS-CoV-Δ[3,4a,4b,5,E]. This RNA replicon is strongly attenuated and elicits sterilizing 
protection after a single immunization in transgenic mice with the receptor for MERS-CoV, making it a promising 
vaccine candidate for this virus and an interesting platform for vector-based vaccine development. A strategy 
could be developed for the design of RNA replicon vaccines for other human pathogenic coronaviruses.   

1. Introduction 

Coronaviruses (CoVs) are a family of enveloped, positive strand RNA 
viruses of the Nidovirales order. The Orthocoronavirinae subfamily is 
divided into the Alpha, Beta-, Gamma- and Deltacoronavirus genera (de 
Groot et al., 2013; Gorbalenya et al., 2020; ICTV, 2019). Viruses of these 
four genera can infect a wide range of birds and mammals, including 
humans (Banerjee et al., 2019; Colina et al., 2021; Corman et al., 2018; 
Cui et al., 2019), producing different clinical signs depending on the 
infected tissue and organ (Corman et al., 2018; Polak et al., 2020; van 
den Brand et al., 2015; Zappulli et al., 2020). Seven CoVs infecting 
humans have been identified. Of them, HCoV-229E, HCoV-OC43, 
HCoV-NL63, and HCoV-HUK1 cause mild infections similar to common 
colds (Corman et al., 2018; Perlman and Netland, 2009). In contrast, 
severe acute respiratory syndrome coronavirus (SARS-CoV) (Drosten 
et al., 2003; Rota et al., 2003), Middle East respiratory syndrome 
coronavirus (MERS-CoV) (de Groot et al., 2013; Zaki et al., 2012) and 

SARS-CoV-2 (Hu et al., 2021; Zhu et al., 2020) cause a severe respiratory 
infection that can be fatal. The three highly pathogenic human CoVs 
differ in transmissibility and mortality rate: SARS-CoV in 2002 (number 
of cases 8437, average mortality 10%) (Drosten et al., 2003; Rota et al., 
2003), MERS-CoV in 2012 (2650 cases, around 800 deaths) (de Groot 
et al., 2013; Zaki et al., 2012) and SARS-CoV-2 (530 million cases, more 
than 6 million deaths) (https://www.who.int/emergencies/diseases/no 
vel-coronavirus-2019/situation-reports, June 9th, 2022). 

In this review, essential concepts of CoV biology, such as viral RNA 
synthesis and origin, which influence the development of antiviral 
strategies, will be summarized. In addition, novel CoV vaccine candidate 
approaches, based on CoV-derived RNA replicons, will be reviewed. 

2. Replication and transcription in CoVs and stability of their 
genome 

CoVs are spherical viruses with a single-strand positive-sense RNA 
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genome with around 30 thousand nucleotides, among the largest virus 
RNA genomes identified so far. The 5′-proximal two-thirds of the coro-
navirus genome encode the replicase gene, which contains two open 
reading frames, ORF1a and ORF1b. Translation of ORF1a yields poly-
protein 1a (pp1a), and − 1 ribosomal frameshifting allows translation of 
ORF1b to yield pp1ab (Firth and Brierley, 2012; Masters, 2006). 
Together, these polyproteins are co- and post-translationally processed 
into 16 nonstructural proteins (nsps), most of them driving viral genome 
replication and subgenomic mRNA (sgmRNA) synthesis. The 3′ third of 
the genome encodes the structural and accessory proteins, which vary in 
number among the different coronaviruses (Fig. 1). 

CoV RNA synthesis is performed by a replication-transcription 
complex that includes viral and cell proteins that recognize cis-acting 
RNA elements mainly located in the highly structured 5′ and 3′ un-
translated genomic regions. Replication of the coronavirus genome re-
quires continuous RNA synthesis, whereas transcription is a 
discontinuous process unique among RNA viruses (Sola et al., 2015). 
Similar to other positive-strand RNA viruses, continuous RNA synthesis 
during genome replication utilizes a full-length complementary 
negative-strand RNA as the template for the production of progeny virus 
genomes (Fig. 2A). 

In contrast to replication, CoV transcription includes a discontinuous 
step during the production of sgmRNAs (Enjuanes et al., 2008; Sawicki 
et al., 2007). This process, unique among known RNA viruses, is a 
hallmark of the order Nidovirales and ultimately generates a nested set of 
sgmRNAs that are 5′ and 3′ coterminal with the virus genome. All 
sgmRNAs include at their 5′ end a common leader sequence, whose 
length ranges from 65 to 98 nt in different coronaviruses (van der Most 
and Spaan, 1995). This common leader sequence is present only once at 
the very 5′ end of the genome, which implies that sgmRNAs are syn-
thesized by the fusion of noncontiguous sequences, the leader and the 5′

end of each mRNA coding sequence, named the “body” (B) (Fig. 2B). 
Transcription includes a template switch during the synthesis of sub-
genomic negative-strand RNAs to add a copy of the leader sequence to 
the nascent negative RNA. Coronavirus transcription is regulated by 
multiple factors, including the extent of base-pairing between 
transcription-regulating sequences (TRSs) of positive and negative po-
larity, viral and cell protein–RNA binding, and high-order RNA-RNA 
interactions (Fig. 2B). 

The discontinuous synthesis adds a high risk in terms of variability of 
the RNA genome of coronavirus. CoV transcription resembles high- 
frequency, similarity-assisted copy-choice RNA recombination, 
requiring sequence identity between donor and acceptor RNAs and 
hairpin structures present in the acceptor RNA (Nagy and Simon, 1997), 
in which the TRS-L would act as an acceptor for the complementary 
cTRS-B donor sequence in the nascent negative RNA. This high fre-
quency recombination event, is a procedure that increases the possibility 
of recombination among two coronaviruses infecting the same cell and 
facilitates the observed evolution of CoVs. 

CoVs encode a proofreading machinery, unique in the RNA virus 
world. The proof-reading system maps in the nsp14 of the polymerase, 

and it was discovered by introducing point mutations in two domains of 
this nsp14 (Denison et al., 2011; Smith et al., 2014). A proof-reading 
system has only been described in nidoviruses with the largest known 
RNA genomes (above 20 thousand nt). In contrast, this activity is not 
present in the Arteriviridae, with a replication-transcription strategy 
similar to that of CoVs, but with a genome size of around 14 thousand nt, 
suggesting that the proof-reading system was selected in CoVs and other 
nidoviruses to maintain their large genome sizes and to avoid an error 
catastrophe by accumulation of mutations. 

3. Human CoVs origin 

Nowadays, the zoonotic origin of the three human deadly CoVs is 
known, including that of the SARS-CoV-2. The natural reservoir for these 
CoVs are bats and the viruses were transmitted to humans by an inter-
mediate host (Fig. 3). SARS-CoV and MERS-CoV have been transmitted 
to people by civet cats and camels, respectively (de Wit et al., 2016). In 
fact, MERS-CoV prevalence in camels is very high, 80–99% depending 
on the country (Omrani et al., 2015). SARS-CoV-2 has been most-likely 
transmitted to humans from racoons, as a virus with a 99.998% 
sequence identity to SARS-CoV-2 has been found in the feces present in 
the metal cages of the Huanan market at Wuhan (Gao et al., 2022; 
Holmes et al., 2021; Maxmen, 2022; Pekar et al., 2022; Worobey et al., 
2022). 

This information is essential to control the reemergence of the virus 
from natural reservoirs. Unfortunately, the pandemic caused by the 
SARS-CoV-2 will have as additional problems for its eradication that the 
virus also infects wild, captive and domestic animals, such as white tail 
deer and ferrets in nature (Hale et al., 2022; Sharun et al., 2021a). Virus 
adaptation to these animal hosts has been described and, in some cases, 
such as with minks, the animal-adapted virus can cross species barriers 
and infect humans, which poses a thread for novel pathogenic variants 
emergence (Fig. 3). It has been proposed that a One-Health approach is 
needed to control SARS-CoV-2 pandemic and viral surveillance in ani-
mals is required, as novel potential animal reservoirs are being described 
(Sharun et al., 2021b). 

4. Replicon-based vaccine candidate against MERS-CoV 

To protect against MERS-CoV at least four vaccines have been 
developed at present (three based on viral-vectors and one on DNA) 
(Folegatti et al., 2020; Koch et al., 2020; Modjarrad et al., 2019; NCT, 
2019a, b, c). Most of these vaccine candidates are based on the spike (S) 
protein, as this protein is the major inducer of virus neutralizing anti-
bodies (Mou et al., 2013), and it includes the receptor binding domain 
(RBD) interacting with dipeptidyl peptidase 4 (DPP4) in the host cell 
(Raj et al., 2013). Our laboratory has developed CoV derived RNA 
replicons as promising platforms for vaccine generation (Gutiérrez-Ál-
varez et al., 2021; Lundstrom, 2020) (Fig. 4A). These replicons are 
replication-competent and propagation-defective, using an RNA dose 
60-fold lower (Vogel et al., 2018) than conventional mRNA-based 

Fig. 1. CoV genome. Genome organization of the three highly pathogenic human CoVs: SARS-CoV, MERS-CoV and SARS-CoV-2. The letters above the boxes indicate 
the viral genes. Leader sequence (L), replicase genes (ORF1a, ORF1b), spike (S), envelope (E), membrane (M) and nucleocapsid (N) genes. Accessory genes are 
indicated by numbers and are different for each CoV. An, poly A sequence. 
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vaccines. Most frequently developed replicons are based on Alphaviruses 
such as Semliki forest virus (SFV) (Liljestrom and Garoff, 1991; San-
chez-Paulete et al., 2018), Sindbis virus (SIN) (Lundstrom, 2016), and 
Venezuelan equine encephalitis virus (VEE) (Agnihothram et al., 2018; 
Jurgens et al., 2012), among others (Lundstrom, 2020). 

The development of the first strategy to engineer CoV genomes 
described in this review, was reported by our laboratory in 2000 
(Almazan et al., 2000), and was based in the cloning of a CoV cDNA copy 
into BACs. This strategy has been essential for the development of 
self-replicating RNAs derived from CoV RNA genomes by the deletion of 
a set of genes (Almazan et al., 2013; Castaño-Rodriguez et al., 2018; 
Ortego et al., 2007). 

4.1. Virus-like particles assembly by rMERS -CoV-ΔE replicon in the 
absence of the E protein 

Deletion of E gene from MERS-CoV lead to the formation of a 
replication-competent propagation defective CoV (Almazan et al., 
2013). Packaging cell lines expressing E protein were required for op-
timum rescue and evaluation of RNA replicons derived from MERS-CoV 
mutants lacking the E gene (Fig. 4A). In order to select the appropriate 
rescue strategy, two different systems were evaluated: constitutive 
expression using a pcDNA3.1-E-MERS-CoV plasmid (Almazan et al., 
2013), and an inducible expression system based on a Tetracycline 
(Tet-On) plasmid (TRE-Auto-rtTA-V10-2T-E-MERS-CoV), which 
included a positive feedback loop (Das et al., 2016). In the absence of E 
protein, the rMERS-CoV-ΔE replicon did not propagate, whereas in cells 
expressing E protein, virus production was observed at 24 h 
post-infection (hpi). At 72 hpi, MERS-CoV-ΔE titers increased 100-fold 
in cells transfected with pcDNA3.1-E-MERS-CoV compared to 

non-transfected cells. However, in cells transfected with 
TRE-Auto-rtTA-V10-2T-E-MERS-CoV, the titers of rMERS-CoV-ΔE 
increased more than 1000-fold, reaching levels close to those of the 
parental virus. These results showed that the inducible expression sys-
tem facilitated optimal production of large amounts of MERS-CoV mu-
tants lacking E gene, which can be implemented for vaccine candidate 
production in a factory. 

The morphogenesis of parental rMERS-CoV-WT virus and rMERS- 
CoV-ΔE replicon was studied in the absence of E protein supplementa-
tion in Huh-7 cells (Fig. 4B). Cells infected with MERS-CoV-WT virus 
showed greater morphological alterations, with vesicles full of virions 
with a spherical shape. In contrast, in cells infected with rMERS-CoV-ΔE 
replicon, vesicles were less abundant, elongated, and included a lower 
number of virus-like particles (VLPs) (Fig. 4B). However, these poly-
meric structures had high immunogenic potential. In addition, the VLPs 
harboring RNA replicons, in the absence of E protein complementation, 
were non-infectious, even when this VLPs were artificially released from 
infected cells by freeze-thawing, reinforcing their safety. 

4.2. Attenuation of rMERS-CoV-ΔE replicon 

Highly susceptible K18-hDPP4 transgenic mice (Li et al., 2016) were 
intranasally inoculated with rMERS-CoV-ΔE replicon. All mice infected 
with the parental virus lost weight and died. In contrast, mice inoculated 
with rMERS-CoV-ΔE replicon survived, and the initial small weight loss 
was quickly regained, indicating that rMERS-CoV-ΔE replicon was 
attenuated. Moreover, mice immunized with rMERS-CoV-ΔE survived to 
a lethal MERS-CoV challenge, and none of them suffered a significant 
weight loss. These results demonstrated that a single immunization with 
the rMERS-CoV-ΔE replicon was sufficient to protect against lethal 

Fig. 2. CoV RNA synthesis. (A) Upper panel repre-
sents the MERS-CoV genome as in Fig. 1. During 
infection, the viral polymerase produces a series of 
viral RNAs (lower panel), of positive (+) polarity and 
other complementary RNAs of negative (− ) polarity. 
The dark blue line indicates the portion of the gRNA 
or mRNA that is translated. Numbers and letter in the 
right indicated the viral proteins translated from each 
viral mRNA. (B) CoV transcription. The coding gRNA 
of positive polarity is shown as a dark blue line, in 
which leader sequence (red) and TRSs from leader 
(TRS-L) and body (TRS-B) are indicated, highlighting 
the core sequences in each case (yellow). The nega-
tive polarity RNA is shown as a light blue line, were 
complementary sequences (cL, cTRS-B and cCS-B) are 
indicated. RNA-RNA and RNA-protein interactions 
(represented by the RNA folding and grey ovals, 
respectively) control the template switch (red arrow). 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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infection in this highly susceptible model of disease. 
The deletion of the envelope E protein is key for virus attenuation, 

since rMERS-CoV-ΔE is propagation deficient (Almazan et al., 2013; 
Ortego et al., 2007). This characteristic of E− replicons is a consequence 
of the role of this protein in intracellular transport, virus morphogenesis, 
and virion release from the cell (DeDiego et al., 2007; Fischer et al., 
1998; Gutierrez-Alvarez et al., 2021; Schoeman and Fielding, 2019). 
Another contribution of the deletion of E gene to biosafety is the elim-
ination of several virulence motifs. One is related to the ability of E 
protein to form pentamers with ion channel activity (Nieto-Torres et al., 
2015). We have previously shown that the introduction of point muta-
tions in the transmembrane domain of SARS-CoV E protein destroys E 
protein ion channel activity (Nieto-Torres et al., 2014). A second viru-
lence factor present in E protein is the PDZ-binding motif (PBM), which 
maps at the end of the carboxy-terminus domain of E protein 
(Jimenez-Guardeño et al., 2014; Regla-Nava et al., 2015). The PBM has a 
core sequence of four amino acids that can potentially bind to more than 
400 cellular proteins, including syntenin (Castaño-Rodriguez et al., 
2018; Jimenez-Guardeño et al., 2014). Binding of SARS-CoV E protein to 
syntenin leads to the activation of p38MAPK by phosphorylation, acti-
vating the expression of several cytokines and exacerbating proin-
flammatory responses (Jimenez-Guardeño et al., 2014). The 
replacement of these four amino acids by glycine, or its deletion, leads to 
an attenuated virus (Jimenez-Guardeño et al., 2014; Regla-Nava et al., 

2015). Recently, we described that a forkhead-associated binding motif 
(FHA-BM), present in the carboxy-terminus domain of MERS-CoV E 
protein, is also probably implicated in virulence (Gutierrez-Alvarez 
et al., 2021). 

4.3. Engineering of MERS-CoV RNA-replicons missing several non- 
essential genes 

In order to increase the safety of the RNA replicon based on rMERS- 
CoV-ΔE, additional safety features were included by deleting up to five 
different genes in a mouse-adapted virus background (rMERS-MA30- 
Δ[3,4a,4b,5,E]). The deletion of additional non-essential genes, such as 
3 and 5, in the RNA reduced the possibility of recombination with other 
human CoVs, such as HCoV-229-E, HCoV-OC43, HCoV-NL-63, HCoV- 
HKU-1, or SARS-CoV-2 and MERS-like CoVs circulating in the field 
(Chen et al., 2017; Corman et al., 2014; Lau et al., 2018; Luo et al., 2018; 
Moreno et al., 2017; Woo et al., 2012; Yang et al., 2014). In addition, the 
accessory genes are implicated in virulence (Canton et al., 2018; Lee 
et al., 2019a, b; Nakagawa et al., 2018; Niemeyer et al., 2013; Rabouw 
et al., 2016; Siu et al., 2014), and their deletion resulted in increased 
attenuation by a loss of function. In the presence of E protein provided in 
trans, the absence of the accessory proteins delayed but did not prevent 
maximal replication. However, in the absence of E protein, the 
rMERS-MA30-Δ[3,4a,4b,5,E] replicon was propagation-defective, as 
expected. Furthermore, the stability of the rMERS-MA30-Δ[3,4a,4b,5,E] 
replicon in cell culture was assessed by evaluating whether it could 
recombine with an RNA encoding E protein transcribed from an 
expression plasmid. After five passages in Huh-7, there was no evidence 
that rMERS-MA30-Δ[3,4a,4b,5,E] regained the E gene by recombining 
with the RNA encoding the E protein. 

The hDPP4-KI mice model (Li et al., 2017) was used to evaluate the 
pathogenicity of rMERS-MA30-Δ[3,4a,4b,5,E] replicon, compared with 
the parental rMERS-MA30 virulent virus. All mice inoculated with 
rMERS-MA30 virus lost weight and died. In contrast, none of the mice 
infected rMERS-MA30-Δ [3,4a,4b,5,E] RNA replicon lost weight and all 
of them survived. In line with this data, no significant pathological 
changes were observed in the lungs of mice infected with 
rMERS-MA30-Δ[3,4a,4b,5,E], while the lungs of mice infected with the 
parental virulent virus showed alveolar wall thickening, hyaline mem-
brane formation, generalized infiltration and parenchyma consolida-
tion, as well as edema in the airspaces. Altogether, these results 
indicated that this replicon was fully attenuated. 

4.4. Protection elicited by MERS-MA30 derived replicon in hDPP4-KI 
mice 

To assess whether rMERS-MA30-Δ[3,4a,4b,5,E] would be a useful 
vaccine, hDPP4-KI mice were intranasally immunized and challenged 21 
days post-immunization (dpim) with a lethal dose of MERS-MA30. Non- 
immunized mice lost weight and died. However, all mice immunized 
with the replicon survived the challenge, and none of them suffered 
significant weight loss. Interestingly, no infectious virus was detected in 
the lungs of mice immunized with rMERS-MA30-Δ[3,4a,4b,5,E] repli-
con at any time after challenge, indicating that it conferred sterilizing 
immunity. In fact, while the lungs of non-immunized mice showed hy-
aline membranes, edema, extensive cellular infiltration and focal hem-
orrhages, the lungs of immunized mice remained nearly normal in 
appearance. 

Levels of neutralizing antibodies were determined in the serum of 
mice. At 21 dpim, mice immunized with rMERS-MA30-Δ[3,4a,4b,5,E] 
replicon showed significative levels of neutralizing antibodies compared 
with non-immunized mice after one single immunization. The results 
demonstrated that rMERS-MA30-Δ[3,4a,4b,5,E] replicon induced pro-
tection against a lethal dose of MERS-MA30 virus and promoted steril-
izing immunity with significant levels of neutralizing antibodies. 

Fig. 3. Human CoVs origin. The three pathogenic human CoVs, SARS-CoV, 
MERS-CoV and SARS-CoV-2 were derived from natural reservoirs in bats 
(black), using intermediate hosts (orange) before jumping to humans (blue). 
Wild and domestic animals (grey) can be infected by SARS-CoV-2 or its vari-
ants, with possibility of virus circulating and adapting to these animal species, 
and posing the thread of creating novel virus reservoirs from which the virus 
could emerge to infect humans (dashed lines). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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5. Next generation vaccine candidates against SARS-CoV-2 
based in efficient and safe replication-competent propagation- 
defective RNA replicons 

Several highly effective and licensed SARS-CoV-2 vaccines have been 
based in the administration of an mRNA, preferentially encoding the S 
protein of the virus, the major inducer of CoV neutralizing antibodies 
(Moderna and Pfizer vaccines) (Corbett et al., 2020; Walsh et al., 2020). 
Unfortunately, these mRNAs are not self-amplifying and we decided to 
develop a self-replicating one, based on previous results obtained for 
MERS-CoV, as a vaccine to prevent infections by this virus. These 
replicons were derived from SARS-CoV-2 genome by deleting genes 
responsible for virus virulence and dissemination, which are 
non-essential for virus replication, as in the case of MERS-CoV replicon. 
To increase the biosafety of SARS-CoV-2 derived replicon, we aimed to 
the total or partial deletion of replicase and non-replicase genes, map-
ping at distal domains of the genome, in order to prevent that a single 
recombination event with circulating CoVs could restore virus virulence 
and the possibility of dissemination. Previous publications of our group 
with MERS-CoV replicon as a vaccine supported the viability of the 
project (Almazan et al., 2013; Gutiérrez-Álvarez et al., 2021). Never-
theless, the identity of the genes deleted in SARS-CoV-2 to render the 
replicon propagation-deficient was different from those deleted in the 
case of MERS-CoV replicon (J. M. Honrubia, I. Sola, S. Zuñiga, and L. 
Enjuanes, manuscript in preparation). Similarly, the set of genes deleted 
to attenuate SARS-CoV-2 virus was different from those deleted in the 
case of MERS-CoV, because the nature of the accessory genes in 
MERS-CoV and SARS-CoV-2 genome is different (Fig. 1). 

The most efficient strategy for the generation of an RNA replicon 
derived from SARS-CoV-2 was the development of VLPs generated in 
packaging cell lines that trans-complement RNA replicons with the 
proteins required for replicon propagation (Fig. 4). These replicons 
included modifications of the replicase nsp1 gene, and the S protein of 
the virus, additional deletions of two structural virus genes, and other 
four non-structural genes non-essential for virus replication. A deletion 
of the furin proteolytic site present in S protein was introduced, in order 
to drastically reduce the multiorgan tropism of the virus (Johnson et al., 
2021). These modifications lead to a multi-attenuated and propagation 
defective RNA replicon (J. M. Honrubia, I. Sola, S. Zuñiga, and L. 
Enjuanes, manuscript in preparation). 

VLPs containing the self-replicating propagation-defective RNA 
replicons were used for evaluation in preclinical immunogenicity and 
protection assays. Evaluation of the protection induced by RNA repli-
cons has been performed in humanized K18-hACE2 transgenic mice by 
intranasal immunization, as usually done in our laboratory (Casta-
ño-Rodriguez et al., 2018; Gutierrez-Alvarez et al., 2021). The immune 
response induced at different days post-immunization was evaluated by 
analyzing antibodies (by ELISA and virus neutralization), and 
virus-specific CD4+ and CD8+ T cells (by flow cytometry and ELISPOT). 
The results have shown that SARS-CoV-2 VLPs provided full-protection 
against virus infections. These results have already been protected by 
two file applications. 

In addition to the transgenic mouse model, hamster and non-human 
primate animal models are being used to further confirm the efficacy 
and safety of RNA replicon vaccine candidates. The definitive vaccine 
candidate will be selected based on the protection elicited against 

Fig. 4. VLPs containing CoV-derived RNA repli-
cons. (A) RNA replicon is introduced in packaging 
cell lines, providing the missing proteins (protein X) 
required for VLP formation. Then cells produce VLPs 
encapsulating the RNA replicon. (B) Upper panel: 
when cells are infected with WT virus, membrane 
vesicles containing virions were observed (EM image) 
and progeny viruses were produced. In contrast 
(lower panel), when replicon VLPs enter into the 
cells, some membrane rearrangements with VLPs 
were observed (EM image), but no infectious virus is 
produced.   
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different SARS-CoV-2 variants, including the Omicron ones, and by the 
absence of adverse effects, and by evaluating the genetic stability of the 
engineered constructs, both in cell culture and in vivo, in the different 
animal models. 

6. Concluding remarks and future perspectives 

Viruses are the major generators of genetic variability in different 
species, including humans, by interchanging sequences with the infected 
cells (Hamilton, 2006; Petersen et al., 2020). CoVs, with one of the 
largest genomes among known RNA viruses, have incorporated a 
proof-reading system within their replication-transcription machinery 
(Denison et al., 2011), but still generate a high variability probably 
favored by the discontinuous RNA synthesis during the production of 
subgenomic RNAs, a process mediated by a high frequency recombina-
tion event (Enjuanes et al., 2006). This mechanism may facilitate the 
evolution of CoVs, leading to a variety of novel animal and human 
variants. In fact, the emergence of novel animal and highly pathogenic 
human CoVs has been widely documented. Since different species of bats 
that fly across all continents act as a natural reservoir for these CoVs, the 
emergence or reemergence of deadly CoVs is a likely event for which we 
should be prepared, among other things, by the development of efficient 
vaccines. In this manuscript it has been shown how through the appli-
cation of reverse genetics procedures the engineering of highly safe, 
CoV-derived RNA replicons resulted in vaccine candidates inducing 
sterilizing immunity, by a single intranasal dose administration. A 
similar strategy could be applied, in principle, to the development of 
vaccines against other highly pathogenic coronaviruses. 

RNA replicons combine the advantages of two classic vaccine types. 
They are almost as safe as inactivated vaccines, as they cannot propa-
gate, and their ability to amplify their genomes generated a protective 
response as high as the one elicited by live attenuated vaccines, as shown 
in this review. The attenuation and safety of rMERS-MA30-Δ[3,4a,4b,5, 
E] replicon could be improved by the introduction of partial deletions 
within the nsp1 nonstructural protein, as we have shown for the full- 
length viruses MERS-CoV and SARS-CoV, in which these deletions 
further attenuated the virus (Regla-Nava et al., 2015). Similarly, addi-
tional attenuation of the virus could be increased by mutations in the 
viral nsp16 protein, the 2-O’ methyl transferase, which is important for 
immune evasion (Menachery et al., 2017). 

The safety of MERS-CoV-based RNA replicons was reinforced by the 
observation that VLPs harboring RNA replicons in the absence of E 
protein complementation were non-infectious, even when this VLPs 
were artificially released from infected cells by freeze-thawing. How-
ever, they may induce small syncytia formation in Huh-7 cells fusing less 
than 16 cells (Gutierrez-Alvarez et al., 2021). It has been shown that the 
membrane fusion peptide domain of the S2 subunit of the S protein is 
involved in the induction of syncytia formation (Alsaadi et al., 2019). 
Mutation of this site in rMERS-MA30-Δ[3,4a,4b,5,E] would most likely 
block S protein processing and syncytia formation, reducing cell 
fusion-dependent spread and increasing biosafety. 

The insertion of micro-RNAs may modulate or enhance the immune 
response elicited by the replicon (Waring et al., 2018), opening new 
avenues for the design of advanced vaccines that may improve the im-
mune response in those individuals with a weakened immune system, 
such as that of the elderly (Waring et al., 2018). We have previously 
shown that certain miRNAs can modulate the growth of the virus and 
attenuate its pathogenicity in the context of SARS-CoV infection (Mo-
rales et al., 2017, 2022). 
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