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Abstract

:

Coronaviruses have caused devastation in both human and animal populations, affecting both health and the economy. Amidst the emergence and re-emergence of coronaviruses, humans need to surmount the health and economic threat of coronaviruses through science and evidence-based approaches. One of these approaches is through biotechnology, particularly the heterologous production of biopharmaceutical proteins. This review article briefly describes the genome, general virion morphology, and key structural proteins of different coronaviruses affecting animals and humans. In addition, this review paper also presents the different systems in recombinant protein technology such as bacteria, yeasts, plants, mammalian cells, and insect/insect cells systems used to express key structural proteins in the development of countermeasures such as diagnostics, prophylaxis, and therapeutics in the challenging era of coronaviruses.
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1. Introduction


Coronaviruses or CoVs are enveloped, positive-sensed, single-stranded RNA viruses belonging to the order Nidovirales, family Coronaviridae, and subfamily Coronavirinae. Coronaviruses were originally grouped based on serology but are now classified based on phylogenetic relationships. This system of classification divided Coronavirinae into four genera, namely, alpha-, beta-, gamma-, and deltacoronavirus [1]. Generally, alpha- and betacoronaviruses are associated with humans and other mammals, while gamma- and deltacoronaviruses are linked to avians and, to some extent, marine mammals [2]. Their mode of transmission is usually through respiratory droplets, which are particles less than 5–10 μm in size, or alternatively, through fecal–oral routes. However, emerging evidence shows that airborne transmission or inhalation of droplet nuclei (aerosols) that may remain suspended in the air for some time, especially in occluded spaces, is possible [3]. Coronaviruses may not cause apparent infection in their original vertebrate hosts, but once they jump to livestock and humans from wildlife, they may cause mild to severe infection, even reaching epidemic and pandemic proportions if unabated [4,5]. Usually, coronaviruses cause mild to severe respiratory infection, kidney failure, enteric, including hepatic disease, and to some extent, neurological involvement depending on the type of coronavirus and animal host.



The world has seen the devastation of different coronaviruses in agriculture and human populations with grave implications for health systems, the food chain, and the economies of countries affected. The very first known coronavirus that was described and isolated in the 1930s is the infectious bronchitis virus (IBV) [6]. Infectious bronchitis virus belongs to the Genus Gammacoronavirus, which primarily infects the respiratory tract of chickens but also shows tissue tropism for other organs such as the kidney, oviducts, testes, and the alimentary tract [7]. Another avian coronavirus is the turkey coronavirus (TCoV) which also belongs to the Genus Gammacoronavirus and can cause gastrointestinal disease in both young poults and adult turkeys [8]. In turkey poults, TCoV may cause mortality, while it can cause stunting and underperformance in terms of meat and egg yield in adult birds [9]. Both IBV and TCoV are imminent threats to the poultry industry worldwide, which captured the attention of scientists early on due to the economic importance of the poultry industry, as reviewed by Cavanagh [9]. Another coronavirus that has devastated the agriculture sector is the porcine epidemic diarrhea virus (PEDV). The first outbreak of PEDV was reported in England in 1971 among growing and fattening pigs that manifested watery diarrhea [10]. Pensaert and de Bouck (1978) reported that a new coronavirus-like particle was detected in the intestinal contents of pigs during an outbreak of diarrhea in four swine breeding farms in Belgium [11]. Their team replicated Koch’s postulate and designated the novel coronavirus as PEDV CV777, which was unique from the other two coronaviruses, transmissible gastroenteritis virus (TGEV) and porcine hemagglutinating encephalomyelitis virus (PHEV), that also infect hogs [12,13]. Although it does not cause diseases in agricultural and livestock animals, murine hepatitis coronavirus (MHCoV) is of interest to scientists since it can be used as a model to study hepatitis, demyelinating diseases such as multiple sclerosis in humans, and possibly other infections caused by other coronaviruses [14].



Humans have not been spared from the ravages of coronaviruses. To date, seven coronaviruses have been found to circulate within the human population. Of these, four of the seven human coronaviruses (HCoV), namely 229E, NL63, OC43, and HKU1, cause annual mild to moderate upper respiratory tract illnesses, as reviewed elsewhere by Hulse [15]. However, the other three remaining known HCoV have grievously affected humans in recent history, and one is still occurring as of the writing of this review. These HCoVs are the severe acute respiratory syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV), and severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), all of which cause severe and life-threatening respiratory tract infections, which sometimes lead to the death of the infected individuals [16]. The 2002–2003 SARS epidemic originated in Guangzhou, Guangdong Province, People’s Republic of China, and spread to Hong Kong, Singapore, Taiwan, and Canada, wherein the main suspected animal reservoir host was a civet cat (Paguma larvata) [17]. Another coronavirus that caused an epidemic within this decade is the MERS-CoV, which originated in Saudi Arabia [18]. The 2012 MERS-CoV most probably jumped from bats and dromedary camels to humans [19] and affected several countries in the Middle East, Southeast Asia, East Asia, Europe, North Africa, and North America [20]. Lastly, the most damaging of all the infections caused by a coronavirus in human history is Coronavirus Disease-19, or COVID-19, which has already infected around 328 million people and killed more than 5.5 million people worldwide (as of 19 January 2022). Coronavirus Disease-19 is caused by a novel coronavirus, originally named 2019-nCoV but renamed SARS-CoV-2, which originated in the city of Wuhan, in Hubei province, central China [21,22]. The prime suspected animal reservoirs of SARS-CoV-2 are horseshoe bats (Rhinolopus affinis) or Malayan pangolins (Manis javanica) [23]. Table 1 shows the list of coronaviruses, their animal hosts and host receptors, and the diseases they cause in their host.



Countries around the world are implementing non-pharmaceutical control measures such as border restrictions and travel bans, community lockdowns, mass testing, contact tracing, isolating and quarantining exposed and suspected individuals, wearing face masks, respiratory etiquette, hand hygiene, and social distancing in their efforts to control the transmission of SARS-CoV-2 [41]. Additionally, pharmacotherapies such as Remdesivir, Hydroxychloroquine, Lopinavir, and Interferon were also tested under the WHO SOLIDARITY clinical trials, but these regimens showed little or no effect on hospitalized COVID-19 patients [42]. Only recently, the US FDA granted Emergency Use Authorization (EUA) to two oral antiviral agents against COVID-19, Molnupiravir and Paxlovid, which were found to reduce the risk of COVID-19-related hospitalization by 50% and 89%, respectively [43,44]. While the non-pharmaceutical strategies are effective in preventing transmission and antiviral drugs may reduce hospitalization and death among infected individuals, the only way to avert the further health and socioeconomic impacts of the COVID-19 pandemic and establish long-term prevention and control measures is to develop a vaccine and a safe and effective vaccination program [45]. As of 10 December 2020, 214 vaccine candidates were under development for COVID-19 [46]. Of these, 52 were in clinical trials, while the remaining 162 were in pre-clinical evaluation. Several vaccine candidates have completed their Phase III clinical trial, and their manufacturers have obtained Emergency Use Authorization (EUA) from regulatory authorities. Vaccine candidates for coronaviruses and other viral pathogens are developed based on different techniques. One of the strategies in vaccine development against coronaviruses is the use of protein subunits, which may be composed of just one type of viral antigen or structural proteins that have the ability to assemble into repeated arrays, also known as virus-like particles (VLPs), produced through recombinant protein technology in various culture systems. Recombinant protein subunit vaccines are produced by the heterologous expression of an epitope-carrying immunogen protein subunit of a target pathogen in a competent host [47], while VLPs are protein subunits that mimic the structure of authentic virus particles that can be presented to the immune system in a more native conformation in the absence of infectious genetic material [48,49]. The use of recombinant protein technology has expanded beyond therapeutic proteins to vaccine engineering and the development of diagnostic platforms for different diseases due to the flexibility of its expression system and proven safety record. This review briefly discusses the key structural proteins of coronaviruses and highlights the different expression systems currently used to produce these recombinant key structural proteins of coronaviruses and their various applications in the rational design of prophylactic vaccines, diagnostics, and therapeutics.




2. Coronaviruses: Genome, Virion Morphology, and Key Structural Proteins


Understanding the genomic make-up and the major key structural proteins of coronaviruses is fundamental to the rational design of any measures against the virus, such as vaccines, diagnostic platforms, and antiviral agents. In this section, the genome and basic structural architecture of coronaviruses will be briefly described. Coronaviruses make up a large family of non-segmented, positive-sense, single-stranded RNA viruses (++ssRNA) [50]. This group of viruses possesses the largest genomes among all known RNA viruses, ranging from 26 kb to 32 kb [51]. Having such large genomes increases their plasticity for genetic accommodation and modification. Their genomes share a commonality, wherein both 5′ and 3′ ends contain short untranslated regions. The typical arrangement of the genome from 5′-3′ starts with ORF1ab occupying a third of the genome, which encodes for the viral replicase polyproteins made up of Papain-like protease 1 and 2 (PL1 and PL2), chymotrypsin-like protease (3CL), RNA-dependent RNA polymerase (RdRp), helicase (Hel), and hemagglutinin esterase (HE) found in subgroup A of Betacoronavirus that is believed to have been acquired from Influenza C virus through heterologous recombination. The downstream portion of the genome encodes for the coronaviruses’ key structural proteins such as spike (S), envelope (E), membrane (M), and nucleocapsid (N), respectively [52,53,54] (See Figure 1A,B).



2.1. Key Structural Proteins of Coronaviruses


Spike (S) Protein


S glycoprotein, or simply spike protein, is the protein protruding from the surface of coronaviruses, giving them the name-sake corona or sun-like appearance under an electron microscope. These spikes have a club-like shape with a stalk and rough globular head [55]. The S glycoprotein is a homotrimer with an N terminus that binds to varying host cell receptors (Table 1) and is crucial for viral entry into the cell [40]. Additionally, spike proteins have a short transmembrane domain at the C terminus followed by a short cytoplasmic tail that is cysteine-rich, which interacts with the virion membrane [56]. The S protein is cleaved into S1 and S2 domains at a consensus cleavage site, wherein S1 domain sequences are much more variable than S2 domain sequences. The S1 domain functions as the receptor-binding domain (RBD), while S2 acts as the membrane fusion domain [57]. Millet et al. (2020) and Li et al. (2015) wrote comprehensive reviews on the diversity and receptor recognition mechanisms of different coronaviruses [58,59]. Aside from the spike protein’s function in cell entry and fusion, it plays an important role in tissue tropism, host specificity [60], and the induction of immune response [61]. Moreover, recent evidence shows that S proteins may also play a role in host jumping or cross-species transmission [62].





2.2. Membrane (M) Protein


Membrane, or M, glycoprotein is the most abundant of all the structural proteins [63]. It is an important component of the virus, which maintains the overall morphology and assembly of the virion [64]. Membrane proteins contain three transmembrane segments. The ectodomain of the M protein is the least conserved portion that undergoes glycosylation in the Golgi body [64,65,66]. The post-translational modification of the M protein is important for the fusion of the virion to its target cell and in the protein’s antigenicity [67,68]. The M protein also interacts with nucleocapsid (N) protein to envelop the viral RNA genome [69]. There may be variations in M proteins across different coronaviruses, but the structural similarity is generally the same or moderately conserved [70,71].




2.3. Envelope (E) Protein


The envelope (E) glycoprotein of coronaviruses is a small integral transmembrane protein ranging from 8.4 to 12 kDa or 74–109 amino acid residues in length that forms an ion channel when it oligomerizes [72]. Its translation is cap-independent and relies on an internal ribosome entry site (IRES) [73]. Despite being a small membrane protein, E protein performs a crucial role in viral assembly and release [74]. It is also an important protein in viral pathogenesis and in the downregulation of antiviral immune response [75].




2.4. Nucleocapsid (N) Protein


Nucleocapsid (N) protein is one of the viral structural proteins with a size ranging from 43–50 kDa. This viral phosphoprotein binds with the helical RNA genome of coronaviruses and provides stability [76]. The N-terminal domain of the nucleocapsid protein is believed to be responsible for the proteins’ ability to bind to the nucleic acid of the virus, while the C-terminal domain may be involved in N protein oligomerization [77]. Furthermore, N protein is important in viral assembly and the maintenance of virion structure. In addition, it is an essential protein in coronavirus replication and transcription since it is confined to both the replication/transcriptional region of the coronaviruses and to the Endoplasmic reticulum-Golgi intermediate Compartment (ERGIC), where the virus is collected and transported [78]. McBride and co-authors comprehensively reviewed the multifunction of N protein in SARS-CoV’s life cycle and cellular response [79]. In terms of antigenicity, N proteins of SARS-CoV induced a strong humoral and cellular immune response. Antibodies against N protein were found to be longer-lasting and more abundant in SARS-CoV patients than for other major structural proteins, which may be attributed to the higher expression of this protein over the rest [80,81].





3. Recombinant Protein Expression Systems and the Production of Key Structural Proteins of Coronaviruses


One of the technologies explored by scientists who work in coronavirus research is the use of recombinant protein technology to produce key structural proteins of coronaviruses. This section presents the different platforms used in the production of recombinant proteins and their different applications to combat coronaviruses afflicting infection and death to animals and humans, as summarized in Table 2.



3.1. Bacterial Systems


Bacterial cells are one of the most commonly used systems in recombinant protein production. The earliest and most widely exploited bacterial species to serve this purpose was Escherichia coli. E coli is the most popular expression platform as a cell protein factory for several reasons, as reviewed by Rosano and Ceccarelli (2004), i.e., (i) a very short doubling time, which may only take around 20 min; (ii) high density of biomass in culture; (iii) inexpensive and readily available culture media for cultivation; and (iv) fast and easy transformation of heterologous DNA in as little as 5 min [127]. The first-ever in vitro edited plasmid shown to be biologically functional when transformed into E. coli was described by Cohen and colleagues in 1973 when they constructed bacterial antibiotic resistance plasmids by joining EcoRI-treated plasmids or plasmid DNA fragments [128].



This advancement in plasmid technology as a means of transportation and manipulation of foreign DNA into a host cell, particularly in prokaryotic cells, gave rise to a plethora of possibilities in genetic engineering and recombinant DNA and protein technologies. Although it is not a recombinant protein, mRNA technology used to produce drug products and other biopharmaceuticals is emerging and shares a mutual step with recombinant protein expression, which is the use of plasmids [129]. This is because plasmids are easy to replicate and reliably contain the target gene sequence. In 1982, Genentech developed the first-ever recombinant human insulin expressed in E. coli (Humulin®) and was the first-ever recombinant peptide drug hormone marketed by Eli Lilly [130]. However, E. coli may have some drawbacks in terms of secretion of protein products into the culture medium, problems in glycosylation and other post-translational modification, and safety due to the presence of lipopolysaccharide endotoxin. Hence, other Gram-negative bacteria are gaining traction as protein expression systems. Pseudomonas, for example, grows rapidly and has the ability to secrete proteins [131]. Vibrio natriegens is a non-pathogenic Vibrio with a doubling time of <10 min at optimal growth conditions and has been used as a host for the expression of multisubunit membrane protein complexes [132]. Gram-positive bacterial expression systems are also gaining popularity, such as lactic acid bacteria (LAB), Streptomyces, Corynebacterium [133], and Bacillus [134,135]. Lactic acid bacteria, as compared to E. coli, are generally recognized as safe (GRAS) and do not induce anaphylaxis due to the absence of endotoxins, making it an ideal protein factory for food-grade protein and biopharmaceutical production [136]. Gram-positive bacterial expression systems are also known to secrete large amounts of soluble proteins into growth medium, indicating a very efficient secretion system [137,138]. Recently, when highly infectious strains of coronaviruses emerged in human populations and brought pestilence to domesticated animals, prokaryotic systems of protein expression were utilized for various purposes. Much of the work in diagnostics and prophylaxis development was focused on the S protein, which is essential in the binding and fusion of the virus to the host cell.



There are several reports of prokaryotic systems of recombinant protein production that were used to develop vaccines for human coronavirus infections. In 2005, Woo et al. showed that among all the combinations of SARS-CoV vaccines they examined in their pre-clinical studies in mice, those primed with spike polypeptide DNA and boosted with spike polypeptide heterogeneously produced in E. coli with pQE30 as the expression vector generated the highest titer of neutralizing antibody [82]. Aside from E. coli, a lactic acid bacteria platform was also harnessed to produce recombinant spike protein. Wang and colleagues recently reported that they successfully produced a recombinant Lactobacillus plantarum expressing SARS-CoV-2 S protein using pLP-tS as an expression plasmid. The recombinant S protein produced is an oral vaccine candidate that is tolerant to the hostile environment of the gastrointestinal system [83]. Lactic acid bacteria as food-grade bacteria are good candidates in producing oral vaccines that will effectively express target protein subunit antigens and elicit mucosal immune responses and provide protection against viral pathogens of the gastrointestinal and respiratory tract in a manner that is cost-effective and easy to store and administer.



Aside from vaccines, bacterial expression systems were also exploited to produce recombinant protein for the diagnostic development of human coronavirus infections. An indirect ELISA that used recombinant ectodomain and S1 subunit of the spike of MERS-CoV as a coating antigen produced from E. coli BL21 cells using pQE2 expression plasmid was developed by the group of Hashem and co-researchers [84]. The ELISA method they developed maintained a high level of sensitivity and specificity of around ≥90%, indicating that this could be a suitable platform of choice for seroepidemiological testing and surveillance in regions endemic to MERS-CoV. Recombinant N protein was also used in the development of an ELISA based-detection system for the diagnosis of HCoV-OC43 [85] and SARS-CoV without cross-reactivity with HCoVs OC43 and 229E [86]. The former reported the use of E. coli BL21 (DE3) cells with pET-28 as the expression plasmid vector, while the latter used E. coli strain Origami B (DE3) pLysS competent cells pET21a as the expression vector.



In addition to the application of bacterial systems in the production of recombinant proteins for human coronaviruses, similar systems were used to target coronaviruses affecting animals. Zou and co-workers (2015) described monoclonal antibodies (MAbs) developed against a recombinant S1 protein subunit of avian (IBV), heterologously expressed in Escherichia coli BL21 (DE3) competent cells using pET-32a (+) as the expression vector [87]. The same technology was utilized by Wang et al., where they produced MAbs against a truncated S1 protein subunit of porcine epidemic diarrhea virus (PEDV) also produced through E. coli BL21(DE3) competent cells using pET32a(+)/tS1 as the expression vector [88]. The antibodies and antigens they developed may be valuable in the development of enzyme link immunosorbent assay (ELISA) test for the detection of antigen and antibody or therapeutic antibody for PEDV in swine.



Another CoV protein chosen to be heterologously expressed in a bacterial system for diagnostic platforms to detect animal coronaviruses is M protein. M protein is the most abundant protein in coronaviruses and is important in eliciting immune protection against CoVs. It may also be an ideal candidate for the development of serodiagnostic devices. In 2017, Luo and co-workers developed an indirect ELISA using a recombinant M protein produced by E. coli BL21 with the use of pET-32a plasmid DNA expression vector to detect anti-porcine deltacoronavirus M protein IgG with diagnostic sensitivity and specificity of >90% [89]. Another ELISA-based method was developed using the recombinant M protein of canine coronavirus (CCoV) in E. coli M15(pREP4) employing the pQE30 expression plasmid [90]. The sensitivity and specificity of the recombinant M protein-based ELISA were unchanged compared to Western blot and whole CCoV ELISA. Therefore, the recombinant M protein-based ELISA represents an alternative and valid serodiagnostic tool for CCoV.



Recombinant N protein was also expressed in E. coli for the development of immunodiagnosis platforms for several coronaviruses affecting animals. Using pET-32a and pGEX-6P-1 as expression vectors in E. coli BL21(DE3) competent cells, Su et al. (2016) heterologously expressed N protein to detect antibodies against PDCoV through indirect ELISA [91]. Their data demonstrated that the rPDCoV-N-ELISA could be used for epidemiological investigations of PDCoV. In two different studies where N protein was used to develop IBV immunodiagnosis, Finger and co-workers (2018) expressed N protein in E. coli BL21(DE3) Star competent cells using pAE/n vector [92], while Pradhan and colleagues (2014) expressed N protein in E. coli BL21 (DE3) Rosetta cells using pET32a (+) as the expression vector [93]. An enzyme-linked immunosorbent assay to detect antibodies to TCoV was also developed by Abdelwahab et al. (2015), wherein the recombinant plasmid containing the entire N protein gene was inserted in pTri-N and transformed into competent Escherichia coli strain Tuner (DE3) pLacI or Origami (DE3) pLacI [94].




3.2. Yeast Systems


Yeasts are microscopic unicellular fungal hosts that have emerged as indispensable tools in recombinant protein technology. Since the 1980s, the most widely used protein expression system among eukaryotes has been the yeast Saccharomyces cerevisiae. The complete genome sequence of S. cerevisiae in 1996, the first whole-genome sequence ever published for any eukaryotic organism, gave rise to a better understanding and utilization of yeasts as cellular protein factories [139]. Saccharomyces cerevisiae offers many advantages as a producer of recombinant biopharmaceutical proteins, including the production and proper folding of many human proteins, secretion of proteins to extracellular medium facilitating isolation and purification, proper post-translational modification of proteins such as glycosylation, and ease in propagation just like the unicellular prokaryotes [140]. Despite these advantages, S. cerevisiae may also have some drawbacks, such as its production of hypermannosylated glycan structures, hyperglycosylation of proteins, low protein yield, and plasmid instability [141]. Lately, other species of yeasts such as Pichia pastoris, Hansenula polymorpha, Yarrowia lipolytica, Kluyveromyces lactis, Talaromyces emersonii, and others were considered as biofactories of recombinant proteins to overcome the disadvantages of S. cerevisiae as a heterologous host for protein production [142,143]. The methylotrophic yeast Pichia pastoris, first described by Koichi Ogata and colleagues in 1969 [144] and now reclassified as Komagataella pastoris, is becoming mainstream in biotechnology, particularly as a heterologous host in protein production. The use of P. pastoris began in the 1970s when the Philips Petroleum Company developed media and a protocol for its culture as a source of a single-cell protein animal feed additive. Later on, it was used as a heterologous protein expression organism by Salk Institute Biotechnology/Industrial Associates, Inc. [145]. In 1993, Philips Petroleum sold its patent to Research Corporation Technologies, which currently holds the patent, and licensed the Invitrogen Corporation to sell components of the system [128]. As with S. cerevisiae, P. pastoris has advantages and disadvantages, as reviewed by Karbalaei and co-authors (2020). To name a few, P. pastoris is inexpensive, has relatively rapid expression time, co-translational and posttranslational processing, and direct secretion of its recombinant protein into the culture medium [146]. However, there are also some drawbacks such as high plasmid requirements of its competent cells, protein production dependence on the concentration of methanol (toxic to cell viability at high concentration), presence of very few selectable markers, and secretion of proteases that may hydrolize and destroy secreted protein [146]. Despite these disadvantages, P. pastoris still offers additional advantages over S. cerevisiae, including the production of more complex secondary metabolites and complex reduced molecules [147]. Moreover, its secretory pathway, including the Golgi structure, was shown to resemble higher eukaryotic cells, including humans, which may be the reason why P. pastoris secretes recombinant proteins more efficiently than S. cerevisiae [147]. In 2017, Tran et al. reported that P. pastoris has emerged as an alternative host in the production of higher yield and more active recombinant granulocyte-macrophage colony-stimulating factor (GM-CSF) [148].



Chen et al. (2014) produced a vaccine candidate expressed in Pichia pastoris X-33 with the use of expression vector pPICZαA containing the gene encoding for the receptor-binding domain (RBD) of the spike protein of SARS-CoV [95]. The recombinant protein they created from P. pastoris exhibited lower glycosylation levels with a higher expression yield and induced an RBD-specific neutralizing antibody response against both the pseudovirus and live SARS-CoV, making it an ideal protein subunit vaccine candidate for SARS-CoV. In 2017, the same authors, Chen, and co-workers, improved the process of recombinant SARS-CoV RBD protein production in P. pastoris, rendering the process highly reproducible with high yields and high recovery [96]. Chen and colleagues also reported in 2021 that both the RBD of the spike protein of SARS-CoV that they produced in P. pastoris and the homologous RBD of SARS-CoV-2 were recognized by a neutralizing monoclonal antibody directed to an epitope outside the receptor-binding motif (RBM) [149]. This observation can be attributed to the substantial amino acid sequence similarity of the RBD of SARS-CoV-2 and the recombinant SARS-CoV RBD, suggesting that the recombinant subunit RBD protein vaccine produced in P. pastoris against SARS-CoV may offer partial protection against SARS-CoV-2 [149]. Chuck and co-workers (2009) also published a paper describing how they used P. pastoris to produce pure and biologically active RBD of the S protein of SARS-CoV [97]. They demonstrated that P. pastoris KM71H with the use of expression vector pPICZα-A was an excellent alternative to express active viral antigens with extensive posttranslational modifications such as glycosylation, which is important in protein folding and functionality. The recombinant RBD protein they produced may subsequently be used in diagnostic, prophylactic, receptor identification, and other functional studies. Aside from the spike protein subunit, nucleocapsid protein was also successfully expressed in the methylotrophic yeast, P. pastoris, as reported by Liu et al. [98]. Preliminary results indicate that the conformation of the heterologously expressed N protein using pPIC3.5K DNA vector transformed in P. pastoris GS115 (his-mut+) is almost the same as the natural SARS-CoV N protein. The authors reported that the recombinant N protein has high specificity with a SARS-CoV N protein mAb and SARS-CoV positive sera, underscoring its potential use in developing an immunodiagnostic assay.




3.3. Plant Expression Systems


The use of plants or plant cell cultures to produce diagnostic reagents, biopharmaceuticals, and other medically important proteins is called plant molecular farming. Using plants as heterologous competent hosts expressing foreign proteins started in 1986 when chimeric human growth hormone was produced in transformed tobacco and sunflower callous tissues [150]. Following this, in 1989, monoclonal antibodies were produced in transgenic tobacco [151], and human serum albumin was expressed in transgenic tobacco and cell cultures [152]. In the succeeding years, several vaccine antigens were expressed in plants and plant cell cultures, such as the hepatitis B surface antigen expressed in transgenic tobacco in 1992 [153], followed by an epitope derived from the VP1 of foot-and-mouth disease virus expressed on cowpea through cowpea plant mosaic virus [154]. Plants as a biopharmaceutical production platform offer a wide range of advantages [155], including rapid and affordable production, optimized growth conditions, absence of pathogen and toxin contaminants, affordability, and a capacity to perform post-translational modification. Nevertheless, some issues remain, such as limitations in glycosylation and some other regulatory compliance problems. There are two types of expression methods in plants, namely, stable and transient expressions. Either type can be used depending on the applications that use whole or minimally processed plants or plant parts. Stable transformation involves Agrobacterium-mediated transformation or particle bombardment with the nucleus or chloroplast, while transient expression is performed by using a plant virus or by infiltration with Agrobacterium [156]. Once plants or plant parts are transformed, they can be cultivated and produced in two ways, i.e., open-field cultivation, meaning outdoor plantation, or a closed-indoor system using greenhouses, vertical farming units, plant cell bioreactors, and hydroponic systems [156].



A study using plants as a biofactory for coronavirus protein was investigated by Pogrebnyak and co-authors (2005), wherein they successfully expressed the S1 domain of the SARS-CoV spike protein in tomato (Lycopersicon esculentum L. cv. Money Maker) and in low-nicotine tobacco plants (Nicotiana tabacum cv. LAMD-609), both transformed by the Agrobacterium-mediated method [99]. When the authors fed mice with the tomato fruit expressing S1 protein, a significant increase in SARS-CoV-specific IgA was observed. Western blot and ELISA revealed that sera of mice parenterally primed with tobacco-derived S1 protein exhibited SARS-CoV-specific IgG. In the following year, a different team led by Li (2006) stably expressed the S1 subunit of the SARS-CoV S protein to high levels in the cytosol (nuclear-transformed) and chloroplasts (plastid-transformed) of tobacco and lettuce plants through Agrobacterium-mediated transformation [100]. Their work further supports the idea that a safe recombinant protein subunit vaccine against coronaviruses can be manufactured and administered orally through edible plants. Similarly, Zheng and colleagues expressed another SARS-CoV immunogenic recombinant protein, the nucleocapsid protein, in tobacco leaves using Agrobacterium-mediated transformation [101]. Their results were considered the very first demonstration that plant-expressed recombinant SARS-CoV N protein induces a robust humoral and cellular immune response in mice. Recombinant proteins were also produced for animal coronaviruses.



Plant expression systems were also used to produce recombinant proteins intended for animal coronaviruses. Transgenic potato plants created by Gomez et al. (2000) expressed the N terminal domain of the S protein of the swine-transmissible gastroenteritis coronavirus (TGEV) through infection with transformed Agrobacterium tumefaciens [102]. When potato tuber extracts from the transgenic potato crops were intraperitoneally injected into mice, the test animals developed an anti-TGEV antibody. When the same potato tubers were fed directly to mice, the mice developed a serum antibody specific to the heterologously expressed S protein of TGEV. In a separate study with another swine coronavirus, PEDV, Tien et al. (2019) successfully expressed in higher amounts a second neutralizing epitope of the S protein of PEDV called S1D in the chloroplast of Nicotiana tabacum when fused with the B subunit of cholera toxin (CTB) [103]. The leaf tissue of N. tabacum was transformed using bombardment with gold particle-DNA plasmid complexes. This recent strategy of a chloroplast-derived fusion protein of CTB-S1D proves to be a promising oral vaccine candidate in the prevention of PEDV infections in the hog industry.



Additional evidence that plant-derived SARS-CoV proteins have potential as diagnostic, prophylactic, and therapeutic tools that can be rapidly manufactured at low cost with minimal risk was provided by Demurtas and co-workers (2016) who demonstrated that SARS-CoV N and M proteins could be transiently expressed in Nicotiana benthamiana, a close relative of tobacco [104]. The M protein was expressed through Agrobacterium infiltration. This is the very first description of SARS-CoV M protein expression in plants. On the other hand, the N protein was expressed through a virus-derived vector and recognized by sera derived from the 2003 SARS-CoV patients in Hong Kong.




3.4. Mammalian Expression Systems


Another very useful expression system for recombinant protein production is the mammalian system. The very first human cell to be cultured in vitro in 1953 was the HeLa cell line derived from cervical cancer and gave rise to the use of mammalian cells in many different applications, such as the production of recombinant biopharmaceutical products [157,158]. Heterologous genes were first successfully transfected in vitro into mammalian cells in 1978 [159]. In 1996, Genentech produced a human tissue-derived plasminogen activator (TPA, Activase®) for thrombolysis therapy, which was the very first mammalian cell (CHO cells)-derived biopharmaceutical to receive regulatory approval [160]. Mammalian cell systems for recombinant protein production offer diverse advantages, such as good protein folding, absence of potentially immunogenic post-translational modification products because of a humanized glycosylation pattern, good secretion capacity, absence of pyrogens, medium to high product yield, high product quality, and amenability to several transfection methods [161,162]. Despite these advantages, there are also disadvantages in terms of its use in recombinant protein production; namely, slow growth rate, high overall cost, high production time, difficult propagation, very low scale-up capacity, high purification cost, and high risk of contamination with viruses, prions, and oncogenic DNA [161,162]. Khan and co-authors (2013) and Hacker and Wurn (2007) presented comprehensive reviews on the different appropriate cell lines and expression vectors required for the transfection of mammalian cells [160,163].



Numerous works have already been reported on the use of mammalian cell systems to study and combat coronaviruses. Special interest in this technology intensified when HCoVs infections exploded to epidemic and pandemic proportions, including COVID-19 caused by SARS-CoV-2. A study published by Tai et al. (2020) characterized the RBD of SARS-CoV-2 recombinantly expressed in human embryonic kidney (HEK) 293T cells with the use of pFUSE-hIgG1-Fc2 as the expression vector [105]. They reported that SARS-CoV-2 RBD protein produced in 293T cells exhibited strong binding affinity to human and bat cell-associated and soluble ACE2 receptors. The authors also showed that the recombinant RBD protein could block S protein-mediated SARS-CoV-2 and SARS-CoV pseudovirus entry to its host cell through the ACE2 receptor. In addition, the recombinant RBD protein induced antibodies that neutralized both SARS-CoV-2 and SARS-CoV, attributed to the high sequence homology of their RBDs. These results highlight RBD’s role as a viral attachment inhibitor and possible use as a protein subunit vaccine. The same group of Tai et al. (2017) previously presented that recombinant RBD proteins of several MERS-CoVs produced in 293T cells using pFUSE-hIgG1-Fc2 elicited cross-neutralizing antibodies against divergent human and camel MERS-CoVs [106]. The recombinant RBD proteins are also bound to dipeptidyl-peptidase 4 (DPP4), the human receptor for the MERS-CoVs spike protein. The authors confirmed that recombinant RBD protein constitutes a safe, effective, broad-spectrum vaccine that can even trigger cross-neutralizing antibody production against infection with current and future divergent MERS-CoVs. Another protein subunit vaccine was described by Kim and colleagues [107] based on the expression of the S1 subunit of S protein of MERS-CoV and SARS-CoV-2 in HEK-293 cells through an adenovirus vectors pAd and pmax. The recombinant S1 protein subunit vaccine for MERS-CoV and SARS-CoV-2 were inoculated subcutaneously in test animals through a dissolvable microneedle array (MNA). This delivery strategy elicited robust antigen-specific antibodies, underscoring its effectiveness as a recombinant protein subunit vaccine delivery system. A different strategy was reported by Elshabrawy et al. in 2012. Instead of recombinantly producing the S1 protein subunit to raise human monoclonal antibodies, their team produced Heptad Repeat 1 and Heptad Repeat 2 (HR1 and HR2) of the S2 subunit of the S protein in 293FT cells using pcDNA3.1 and S1Ig plasmid [108]. This strategy was undertaken by the authors because RBD of the S1 domain of the S protein of SARS-CoV has a high mutation rate, which may give way to neutralization escape while maintaining the ability to infect cells. On the contrary, the highly conserved S2 domain of the S protein of different clinical isolates of SARS-CoV is more amenable to neutralization with antibodies specific to this region, thus conferring protection to broader isolates of SARS-CoV [108]. This hypothesis is congruent to the results of this study, where human monoclonal antibodies against the highly conserved region of HR1 and HR2 of the S2 domain of S protein are more broadly neutralizing. In a different approach, Xu et al. (2020) assembled SARS-CoV-2 VLPs, instead of just one singular protein, through the expression of two SARS-CoV-2 structural proteins, M and E proteins, in Vero E6 cells [109]. They demonstrated that M and E proteins are basic requirements for the efficient assembly and release of SARS-CoV-2 VLPs. This report reiterates that VLPs presenting native conformation of SARS-CoV-2 virion expressed through the use of pEAK13 plasmid vector can be used as a potential vaccine for SARS-CoV-2 and other virological investigations involving SARS-CoV-2. Although contrasting with the claims of Xu and co-workers in 2020, Siu and colleagues (2008) underscored in their work that M, E, and N proteins of SARS-CoV are required for the efficient assembly, trafficking, and release of VLPs expressed in Vero E6 African green monkey kidney cells [115]. One of the most successful protein subunit vaccine candidates against SARS-CoV-2 is MVC-COV1901 of Medigen Vaccine Biologics Corporation, recombinantly expressed in a mammalian culture system. MVC-COV1901 comprises the SARS-CoV-2 prefusion spike protein expressed in ExpiCHO-S cells transfected with the plasmid encoding for S-2P protein ectodomains [110]. MVC-COV1901 adjuvanted with CpG 1018 and aluminum hydroxide was safe and immunogenic after a Phase 1 dose-escalation study [111].



A mammalian system of recombinant protein expression was also used in the development of diagnostic platforms to detect coronaviruses affecting animals and humans. Human embryonic kidney (HEK)-293T cells were employed by Thachil and co-workers to express the putative S1 portion of the spike protein of PDCoV, also known as porcine coronavirus HKU15, using pcDNA3.1 as the expression vector in the development of an indirect ELISA that detects IgG against the said virus [112]. Their work illustrates the use of mammalian systems for protein expression in developing diagnostic platforms for coronavirus affecting livestock. In addition to the work of Thachil, Esposito and colleagues (2020) heterologously expressed trimeric SARS-CoV-2 S protein in Expi293F cells for serology assays to diagnose SARs-CoV-2. Their optimized method consistently yielded 5 mg of protein per liter of expression culture for two commonly used forms of SARS-CoV-2 spike protein [113]. In a separate study by Mehalko and co-workers (2020), several improvements were made in the production of SARS-CoV-2 RBD recombinant protein to increase protein yield, such as the use of a strong CMV51 promoter, which provided high-level protein production in HEK293 cells. They also tweaked their incubation temperature and time to 32 °C for 96 h to maximize production while maintaining high levels of cell viability. In addition, they developed a simplified and robust purification strategy that resulted in higher protein yield. Lastly, they reported that the serology assay improved when a caboxy-terminal streptavidin-binding protein (SBP) tag was added to the recombinant protein [114].



Finally, the recent work of Hoffman and co-authors transfected 293T cells to produce a pseudotyped virus expressing SARS-CoV and SARS-CoV-2 S protein to investigate whether SARS-CoV and SARS-CoV-2 S protein was recognized by human angiotensin-converting enzyme 2 (ACE2) and human cellular serine protease TMPRSS2, and whether this interaction was blocked by a clinically proven protease inhibitor [40]. Taken together, scientists exploited mammalian cell expression systems to study the biology and host–pathogen interaction of coronaviruses with their various hosts, in addition to their use in the production of protein subunits to develop diagnostics, preventive vaccines, and therapeutic arsenal against the virus.




3.5. Insect/Insect Cell Systems


Insect and insect cell systems, generally using baculovirus expression vector systems (BEVS), have been widely used in recombinant protein production, especially for biopharmaceuticals. Baculoviruses form a diverse group of large rod-shaped enveloped viruses (30–60 nm × 250–300 nm) containing supercoiled double-stranded genomes of varying size (80–180 kb) encoding 90–180 genes [164]. Baculoviridae is currently divided into 4 genera, alpha-, beta-, gamma-, and deltabaculovirus. Alphabaculovirus, Gammabaculovirus, and Deltacoronivirus are nucleopolyhedroviruses that infect insects in the orders Lepidoptera, Hymenoptera, and Diptera, respectively, while Betabaculoviruses are the granuloviruses that infect only Lepidopterans [165]. No infection outside of the Phylum Arthropoda has yet been observed [166]. Baculoviruses play a major role in the natural control of the insect population, and much of the attention in earlier years was due to their threat to the silk industry. Because of their capacity to infect a wide variety of insect species, baculoviruses were developed as biopesticides as well as an efficient tool for heterologous protein production in insect cells and insects [167]. Insect cell expression systems offer an array of advantages in the production of recombinant proteins, including high yield of the desired product, ability to produce complex proteins including secreted, membrane, and intracellular proteins, proper protein folding and post-translational modification, and no risk of contamination with prions and oncogenic DNA [155,161,162]. While advantageous, insect cell expression systems remain imperfect due to some disadvantages, such as the high cost of materials (particularly the culture media to maintain the cells) and time-consuming procedures. When BEVS were invented and used to produce human interferon in insect cells, insect cells were revolutionized as a system to produce therapeutic proteins [168]. To date, several commercially available cell lines are used for protein expression through BEVS, including Sf21 and its clone Sf9, High 5 (Hi5) cells, and others that were comprehensively reviewed by van Oers et al. [169]. Aside from the use of insect cells to produce the desired heterologously expressed proteins, several groups have kicked it up a notch and produced protein subunits directly in insect larvae. For example, Lin and co-workers immunized chickens against a lethal dose of H5N1 pathogenic avian influenza with hemagglutinin produced in Trichoplusia ni larvae [170]. The very first biopharmaceutical for animal use derived from insect cells through baculovirus expression vector technology came in 2000 (the Porcilis® Pesti) [171], followed by the first-ever insect cell-derived human cervical cancer VLP vaccine, Cervarix, by GlaxoSmithKline in 2007 [172]. In an attempt to counter the devastating effects of coronaviruses infections in livestock and humans, several studies have used insect cell expression systems to produce protein subunits in the development of diagnostics, prophylaxis, and therapeutics.



One application of insect/insect cell expression system for human use is the development of protein subunit vaccines. Li and colleagues (2013) used Sf9 and High 5 insect cells that were co-transfected with pAcGP67 and linearized baculovirus DNA to produce trimeric and monomeric SARS-CoV S protein as a protein subunit vaccine candidate [116]. This recombinant S protein produced neutralizing antibodies and protected the vaccinated mice in a viral challenge. Similarly, S trimer protein micellular nanoparticles of SARS-CoV and MERS-CoV were produced through recombinant baculovirus-infected Sf9 cells under the transcriptional control of the Autographa californica Multiple Nuclear Polyhedrosis Virus (AcM-NPV) polyhedrin promoter, as reported by Coleman and co-workers (2014) [117]. Their approach stimulated the production of neutralizing antibodies in mice. Instead of using insect cells, Fujita and company (2020) made use of the baculovirus-silk worm expression system for the efficient production of recombinant SARS-CoV-2 S glycoprotein, which would be useful in the development of serological detection kits, antigen for immunization for antibody production, and protein subunit vaccine [118]. Their group made use of pFastBac1 transfer vector and BmNPV bacmid to create the recombinant virus used to infect the fourth instar larvae of silkworm (Bombyx mori). One of the most successful examples of the use of insect/insect cell-baculovirus expression vector systems against coronaviruses is the SARS-CoV-2 recombinant S protein nanoparticle vaccine candidate by Novavax called NVX-CoV2373 [119]. This full-length S protein nanoparticle adjuvanted with plant-based saponin called Matrix M elicited virus-neutralizing antibodies, anti-S IgG that blocks the binding with human angiotensin-converting enzyme 2 (hAce2) receptor, and antigen-specific T cells both in mice and baboon models. Keech et al. recently reported the encouraging results of the first-in-human trial of the said vaccine candidate against SARS-CoV-2, wherein the adjuvanted recombinant protein subunit vaccine induced a level of anti-S protein IgG and neutralizing antibodies that even exceeded the mean response in convalescent sera of naturally infected SARS-CoV-2 patients [120]. The Phase I clinical trial also showed high levels of antigen-specific T cells with a largely T helper 1 (Th1) phenotype [120].



Aside from vaccine candidates for human use, insect cell-BEVS were also used by Hsu et al. (2020) to produce a VLP vaccine candidate against PEDV [121]. Hsu and colleagues made use of a novel polycistronic baculovirus expression vector developed by the laboratory of the authors of this review wherein the S gene was codon-optimized in an insect cell system and made use of honeybee melittin as a signal peptide and the addition of 6xHis-tag. The M gene was linked by the 2A-like sequence driven by the polyhedrin promoter. The E gene was translated through an internal ribosome entry site (IRES) of Rhopalosiphum padi virus (RhPV). The enhanced green fluorescent protein (EGFP) gene was inserted in the plasmid and expressed through another IRES, Perina nuda picorna-like virus (PnV339 IRES), resulting in a plasmid called pFastBac1-HM6H-PEDV- S-2A-M-Pnv339- eGFPRhir-E [121]. The post-weaning pigs that were immunized with the VLP preparation with mucosal adjuvants chemokines CCL25 and CCL28 had enhanced anti-PEDV S IgG, mucosal IgA, and cellular immunity, and superior immune protection against PEDV. These results make the BEVS a potential platform for the production of a coronavirus VLP.



In addition to the use of insect cell protein expression systems for human and animal vaccine development, many reports have been published on their use in recombinant protein production for diagnostics purposes. Their use in poultry animals was explored by Yilmaz and colleagues (2018) when they expressed nucleocapsid protein of avian coronavirus-infectious bronchitis virus in a baculovirus expression system in Sf9 cells for ELISA diagnostic test development [122]. They concluded that the baculovirus expressed IBV N protein could serve as a diagnostic antigen for the detection of IBV in chickens due to the high agreement of the ELISA they developed with commercially available IBV ELISA test kits. In a similar study wherein coronavirus N protein was expressed using BEVS in Trichoplusia ni (High 5) insect cells, Severance et al. (2008) developed a solid-phase ELISA to detect IgG specific to 4 coronavirus strains (229E, HKU1, NL63, and OC43) and a feline coronavirus [123]. This ELISA assay detected high rates of exposure to 229E, NL63, and OC43 and a moderate rate of exposure to HKU1 among individuals tested in a metropolitan population. Kato et al. (2019) successfully expressed MERS-CoV spike protein without its transmembrane and cytoplasmic domain in the larvae of silkworm and recombinant S protein-displaying nanovesicles in Bombyx mori (Bm5) cells which may be a lead nanoparticle-based vaccine and diagnostic detection for MERS-CoV [124]. Another diagnostic system based on BEVS and insect cell expression system was reported by Lee et al. (2018) to detect MERS-CoV antibodies and antigens [125]. Using the recombinant full-length MERS-CoV S protein harvested from baculovirus-infected Sf9 cells, their group developed indirect and sandwich ELISA to detect MERS-CoV induced antibodies and S protein antigens, respectively.



Insect/insect cell systems using BEVS were also employed to elucidate viral entry of murine hepatitis coronavirus (MHCoV) into its host cell through the CEACAM1a receptor. Shang et al. (2020) recombinantly expressed mouse coronavirus spike protein in Sf9 cells using BEVS. The S protein produced was used to show how the spike protein complexes to its receptor and provided mechanistic insights into the diversity of mechanisms used by different coronaviruses to gain access to their host cells [126].





4. Concluding Remarks


We live in an interconnected ecosystem and in a One Health web where humans, animals, and the environment always interact. As long as viruses continue to evolve and adapt to new hosts, humans will be a receptive species to viral pathogens harbored by wildlife, such as coronaviruses. The preservation of the human species through adaptation and survival against viral ravages may be aided by technologies, including biotechnology, such as the production of biopharmaceuticals through recombinant protein expression systems. Today, there are a variety of expression systems to choose from in the development of vaccines, diagnostics, and therapeutics for diseases caused by coronaviruses. Each has its own advantages and disadvantages; thus, the choice of a competent host cell that will serve as a factory for the desired protein will all depend on the protein that ought to be expressed. However, based on the reports presented in this review, the two most successful platforms in delivering recombinant proteins used as protein subunit vaccines, particularly for COVID-19, are the mammalian expression system and the insect cell/insect expression system, which may be attributed to their good secretion capacity, high product yield, and ability to produce complex proteins and high-quality proteins. As more and more proteins are produced and enter clinical trials for diagnostics, prophylaxis, and therapeutic purposes, recombinant protein technology involving different expression systems also becomes better and more sophisticated, especially in the fight against viral pathogens of global public health importance challenging our time and humanity such as coronaviruses.
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Figure 1. Schematic diagram of a coronavirus’ (A) virion and (B) genome. 
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Table 1. Veterinary and medically important coronaviruses, their hosts and host receptors, and diseases they cause.
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	Genus
	Virus 1
	Host
	Host Receptor/s 2
	Disease Caused
	References





	Alphacoronavirus
	PEDV
	Swine
	SA
	Diarrhea
	[24]



	Alphacoronavirus
	TGEV
	Swine
	SA: Neu5Gc/5Ac, APN
	Diarrhea
	[25]



	Betacoronavirus
	PHEV
	Swine
	NCAM
	Neurological and digestive disease
	[26]



	Betacoronavirus
	MHCoV
	Mouse
	CEACAM1
	Hepatitis, demyelinating disease
	[27]



	Gammacoronavirus
	IBV

TCoV
	Chicken

Turkey
	SA: Neu5Gc, HS, DC-SIGN, L-SIGN, glycan receptor
	Infectious bronchitis

Diarrhea
	[28,29,30]



	Deltacoronavirus
	PDCoV
	Swine
	APN, Mucins
	Diarrhea
	[31,32]



	Alphacoronavirus
	HCoV 229E
	Human
	APN, L-SIGN
	Mild upper respiratory infection
	[33]



	Alphacoronavirus
	HCoV NL63
	Human
	ACE2, SA
	Respiratory infection
	[34]



	Betacoronavirus
	HCoV OC43
	Human
	SA: 9-O-ac, HS
	Upper and lower respiratory infection
	[35]



	Betacoronavirus
	HCoV HKU1
	Human
	SA: 9-O-ac
	Upper and lower respiratory infection
	[35]



	Betacoronavirus
	SARS-CoV
	Human
	ACE2, DC-SIGN, L-SIGN
	Severe respiratory infection
	[36]



	Betacoronavirus
	MERS-CoV
	Human
	SA: α2,3, DPP4, CEACAM5, GRP78
	Severe respiratory infection
	[37,38]



	Betacoronavirus
	SARS-CoV-2
	Human
	ACE2, NRP1, CD147, SA, HS
	Severe respiratory infection
	[39,40]







1 avian infectious bronchitis virus (IBV), turkey coronavirus (TCoV), porcine epidemic diarrhea virus (PEDV), transmissible gastroenteritis virus (TGEV), porcine hemagglutinating encephalomyelitis virus (PHEV), murine hepatitis virus (MHCoV), porcine deltacoronavirus (PDCoV), human coronavirus (HCoV), severe acute respiratory syndrome-coronavirus (SARS-CoV), Middle East respiratory syndrome-coronavirus (MERS-CoV), severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2). 2 sialic acid (SA), N-glycolylneuraminic acid (Neu5Gc), N-acetylneuraminic acid (Neu5Ac), aminopeptidase N (APN), neural cell adhesion molecule (NCAM), carcinoembryonic antigen-related cell adhesion molecule (CEACAM), heparin sulphate (HS), dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN), liver/lymph node-specific intracellular adhesion molecules-3 grabbing non-integrin (L-SIGN), glycan, angiotensin converting enzyme 2 (ACE2), 9-O-acetylated sialic acids (SA: 9-O-ac), α2,3-linked sialic acids (SA: α2,3), dipeptidyl peptidase 4 (DPP4), 78-kDa glucose-regulated protein (GRP78), neuropilin1 (NRP1), and basigin (CD147).
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Table 2. Recombinant protein expression system and its various applications on different coronaviruses.
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	Recombinant Protein Expression System
	Purpose
	Key Structural Proteins Expressed
	Target Coronavirus
	Heterologous Host Strain
	Expression Vector
	Protein Yield
	References





	Bacteria
	
	
	
	
	
	
	



	
	Human vaccine
	S polypeptide
	SARS-CoV
	E. coli
	pQE-30
	NA
	[82]



	
	
	S protein
	SARS-CoV-2
	L. plantarum GMCC

1.557/Lp18
	pLP-tS
	NA
	[83]



	
	Diagnostics for human use
	S1 subunit of S protein
	MERS-CoV
	E. coli BL21 (DE3)
	pQE2
	NA
	[84]



	
	
	N protein
	HCoV OC43
	E. coli BL21 (DE3)
	pET-28
	NA
	[85]



	
	
	N protein
	SARS-CoV
	E. coli strain

Origami B (DE3) pLysS
	pET21a
	NA
	[86]



	
	Diagnostics for veterinary use
	S1 subunit of S protein
	IBV
	E. coli BL21 (DE3)
	pET-32a (+)
	NA
	[87]



	
	
	S1 subunit of S protein
	PEDV
	E. coli BL21 (DE3)
	pET32a(+)/tS1
	2.14 mg/mL
	[88]



	
	
	M protein
	PDCoV
	E. coli BL21
	pET-32a
	NA
	[89]



	
	
	M protein
	CCoV
	E. coli M15[pREP4]
	pQE30
	NA
	[90]



	
	
	N protein
	PDCoV
	E. coli

BL21 (DE3)
	pET-32a and

pGEX-6P-1
	NA
	[91]



	
	
	N protein
	IBV
	E. coli

BL21 (DE3) Star
	pAE/n
	10 mg/L
	[92]



	
	
	N protein
	IBV
	E. coli

BL21 (DE3) Rosetta
	pET-32a (+)
	1.6 mg/100 mL bacterial culture
	[93]



	
	
	N protein
	TCoV
	E. coli strain Tuner (DE3) pLacI or Origami (DE3) pLacI
	pTri-N
	10 mg/100 mL Tuner cells,

2 mg/100 mL Origami cells
	[94]



	Yeasts
	
	
	
	
	
	
	



	
	Human vaccine
	RBD of S protein
	SARS-CoV
	P. pastoris X-33
	pPICZα-A
	60 mg/L of fermentation supernatant
	[95]



	
	
	RBD of S protein
	SARS-CoV
	P. pastoris X-33
	pPICZα-A
	409 mg/L of fermentation supernatant
	[96]



	
	Vaccine and antibody production, other functional studies
	Spike glycoprotein
	SARS-CoV
	P. pastoris strain KM71H
	pPICZα-A
	46 mg/L
	[97]



	
	Diagnostics for human use and mechanistic studies
	N protein
	SARS-CoV
	P.pastoris GS115 (his-mut+)
	pPIC3.5K
	526 mg/L
	[98]



	Plants
	
	
	
	
	
	
	



	
	Human vaccine
	S1 subunit of S protein
	SARS-CoV
	L. esculentum

L. cv. Money Maker and N. tabacum

cv. LAMD-609
	pE1801
	NA
	[99]



	
	
	S1 subunit of S protein
	SARS-CoV
	N. tabacum and L. sativa
	pCV1

pCV2

pCV12
	NA
	[100]



	
	
	N protein
	SARS-CoV
	N. benthamiana
	pBAL and pCambia1300-221
	79 μg/g of fresh leaves
	[101]



	
	Animal vaccine
	S protein
	TGEV
	S. tuberosum cv. Desirée
	pRoK I
	NA
	[102]



	
	
	S1D of S protein
	PEDV
	N. tabacum cv.

Maryland Mammoth
	pMYV8083 and pMYV8080
	NA
	[103]



	
	Diagnostics and Therapeutics
	M and N proteins
	SARS-CoV
	N. benthamiana
	pPVX201
	3–4 μg/g of fresh leaves
	[104]



	Mammalian cell
	
	
	
	
	
	
	



	
	Human vaccine
	RBD of S protein
	SARS-CoV-2
	HEK 293T cells
	pFUSE-hIgG1-

Fc2
	NA
	[105]



	
	
	RBD of S protein
	MERS-CoV
	HEK 293T cells
	pFUSE-hIgG1-

Fc2
	NA
	[106]



	
	
	S1 subunit of S protein
	MERS-CoV and SARS-CoV-2
	HEK 293 cells
	pAd adenoviral vector and pmax
	NA
	[107]



	
	
	HR1 and HR2 of S2 subunit of S protein
	SARS-CoV
	HEK 293FT cells
	pcDNA3.1
	NA
	[108]



	
	
	S, M, E, and N proteins (virus-like particle)
	SARS-CoV-2
	HEK 293T and Vero E6 cells
	pEAK13
	NA
	[109]



	
	
	S protein ectodomain
	SARS-CoV-2
	ExpiCHO-S cells
	Plasmid expressing SARS-CoV-2 S protein ectodomain
	NA
	[110,111]



	
	Diagnostics
	S1 subunit of S protein
	PDCoV
	HEK 293T cells
	pcDNA3.1
	NA
	[112]



	
	
	S trimer protein
	SARS-CoV-2
	Expi293F cells
	NA
	5 mg/L
	[113]



	
	
	RBD protein
	SARS-CoV-2
	Expi293F cells
	pDest-303
	NA
	[114]



	
	Therapeutics
	RBD of S protein
	SARS-CoV-2
	HEK 293T cells
	pFUSE-hIgG1-

Fc2
	NA
	[105]



	
	Functional/biological studies
	S, M, E, and N proteins (virus-like particle)
	SARS-CoV
	Vero E6 cells
	pIRES and pcDNA3.1
	NA
	[115]



	
	
	S protein
	SARS-CoV-2
	HEK 293T cells
	pCG1
	NA
	[40]



	
	
	S, M, E, and N proteins (virus-like particle)
	SARS-CoV-2
	HEK 293T and Vero E6 cells
	pEAK13
	NA
	[109]



	Insect/insect cell
	
	
	
	
	
	
	



	
	Human vaccine
	S protein
	SARS-CoV
	Sf9 and High five cells
	pAcGP67 and Pro-Easy or Diamond Bac linearized baculovirus DNA
	NA
	[116]



	
	
	S protein
	SARS-CoV and MERS-CoV
	Sf9 cells
	pFastBac1
	NA
	[117]



	
	
	S protein
	SARS-CoV-2
	4th instar silkworm larvae
	pFastBac1 and BmNPV bacmid
	NA
	[118]



	
	
	S protein
	SARS-CoV-2
	Sf9 cells
	pBac-1
	NA
	[119,120]



	
	Animal vaccine
	S, M, and E proteins
	PEDV
	Sf21 cells
	pFastBac1
	NA
	[121]



	
	Diagnostics
	N protein
	IBV
	Sf9 cells
	pFastBac and Bacmid
	NA
	[122]



	
	
	N protein
	HCoV 229E, HKU1, NL63, OC43, and FCoV
	High Five cells
	pAB-GST and Pro-Easy linearized baculovirus DNA
	NA
	[123]



	
	
	S protein
	MERS-CoV
	Bm5 cells and silkworm larvae
	pCMV3-SP-N-FLAG and BmNPV bacmid
	NA
	[124]



	
	
	S protein
	MERS-CoV
	Sf9 cells
	pFastBac1 and Bacmid
	NA
	[125]



	
	Functional/biological studies
	S protein
	MHCoV
	Sf9 cells
	pFastBac and Bacmid
	NA
	[126]
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