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The current COVID-19 pandemic has substantially accelerated the demands for efficient vaccines. A wide spectrum of approaches includes live attenuated and inactivated viruses, protein subunits and peptides, viral vector-based delivery, DNA plasmids, and synthetic mRNA. Preclinical studies have demonstrated robust immune responses, reduced viral loads and protection against challenges with SARS-CoV-2 in rodents and primates. Vaccine candidates based on all delivery systems mentioned above have been subjected to clinical trials in healthy volunteers. Phase I clinical trials have demonstrated in preliminary findings good safety and tolerability. Evaluation of immune responses in a small number of individuals has demonstrated similar or superior levels of neutralizing antibodies in comparison to immunogenicity detected in COVID-19 patients. Both adenovirus- and mRNA-based vaccines have entered phase II and study protocols for phase III trials with 30,000 participants have been finalized.
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INTRODUCTION

Generally, coronaviruses such as the α-coronaviruses HCoV-229E and HCoV-NL63 and the β-coronaviruses HCoV-OC43 and HCoV have been associated with 15–30% of annual respiratory tract infections (Hamre and Procknow, 1966; Bradburne et al., 1967). Severe Acute Respiratory Syndrome (SARS), the first serious coronavirus outbreak originating in Guangdong, China, occurred in 2002–2003 and it was caused by Severe Acute Respiratory Syndrome-Coronavirus (SARS-CoV) (Anderson et al., 2004) resulting in over 8,000 recorded cases and 774 deaths (Cherry, 2004). However, SARS-CoV was modestly infectious, which contributed to it dying out in June 2003 (Peiris et al., 2003). Although Middle East Respiratory Syndrome-Coronavirus (MERS-CoV) causing the MERS outbreak in Saudi Arabia and other Middle East countries in 2012 did not spread to other regions, it still counted for 855 cases and claimed 333 deaths (Zaki et al., 2012; Aleanizy et al., 2017). Dromedary camels have been suggested as intermediate hosts (Meyer et al., 2014) as MERS-CoV replicates in camel cell lines (Eckerle et al., 2014) and an identical virus was isolated from a person who had been in contact with an infected camel and from the camel itself (Azhar et al., 2014). The limited spread of both SARS-CoV and MERS-CoV never reaching pandemic proportions has dampened the interest in developing vaccines against these coronaviruses.

The COVID-19 pandemic originating in Wuhan, China spread quickly all over the globe through person-to-person transmission, leading to the worst pandemic since the Spanish flu in 1918 (Kaplan, 2020; Yang et al., 2020). It has resulted in unprecedented medical, social and economic damage globally with more than 10 million persons infected and over 500,000 deaths by July 1, 2020 (https://www.worldometers.info/coronavirus/?#countries). The pandemic caused by the Severe Acute Respiratory Syndrome-Coronavirus 2 (SARS-CoV-2), a single-stranded (ssRNA) virus, is closely related to SARS-CoV and MERS-CoV (Lundstrom, 2020). However, SARS-CoV and SARS-CoV-2 both attach to angiotensin converting enzyme 2 (ACE2) on host cells (Li et al., 2003), while dipeptidyl-peptidase 4 (DPP4) is the host cell receptor for MERS-CoV (van Doremalen et al., 2014), an important issue related to drug and vaccine development. Furthermore, sequence analysis of SARS-CoV-2 isolated from infected patients indicated that bats, snakes, and pangolins are potential virus carriers (Yang et al., 2020). Both diagnostics and prevention of virus spread have been hampered by many carriers being asymptomatic and the variation of degree of severity of COVID-19 ranging from mild flu-like symptoms to severe pneumonia and death (Lai et al., 2020; Yang et al., 2020). Today, there are no efficient antiviral drugs or vaccines to treat COVID-19 patients and protect the general population from being infected (Pascarella et al., 2020). For these reasons, it is of outmost importance to develop urgently both antiviral drugs and vaccines. Obviously, antiviral drugs are essential for the treatment of current and future COVID-19 patients, but vaccines are absolutely necessary for allowing life to return to normal as we knew it before the pandemic hit us (Lundstrom, 2020). The focus in this review is on vaccine development, describing the different approaches from inactivated and live-attenuated viruses to protein subunit and peptide vaccines and recombinant vaccines utilizing viral expression vectors and nucleic acid-based delivery. Both preclinical studies in animal models and clinical trials conducted in humans are presented.



VACCINE DEVELOPMENT STRATEGIES

The different strategies for vaccine development against COVID-19 can be divided into three categories: inactivated and live-attenuated viruses, protein subunit and peptide vaccines, and recombinant vaccines based on viral, DNA and RNA delivery (Figure 1). Obviously, each approach exists with its own variations and engineered modifications as described in more detail below.
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FIGURE 1. Schematic presentation of vaccine administration. Inactivated SARS-CoV-2 [image: yes], live-attenuated SARS-CoV-2 [image: yes], protein subunit [image: yes], peptide, -DAEFRH- viral vector expressing SARS-CoV-2 antigen [image: yes], DNA plasmid expressing SARS-CoV-2 antigen [image: yes], naked RNA [image: yes] or liposome-encapsulated RNA expressing SARS-CoV-2 antigen [image: yes].



Inactivated and Live-Attenuated Vaccines

In the context of inactivated viruses, it is important that infectious viruses applied for vaccine development are completely inactivated for safety reasons, while the viral epitopes targeted for protective immunity should be conserved to enable high quality antigen production (Delrue et al., 2012). The virus inactivation process can be hampered by virus aggregate formation, protein crosslinking, denaturation and degradation, which should be addressed before vaccine administration. One approach has been to prepare UV-inactivated virus on a large scale (Tsunetsugu-Yokota, 2008). For instance, UV-inactivated SARS-CoV was prepared under Biosafety Level 3 (BSL3) regulation including virus expansion, titration, inactivation, and ultracentrifugation, which is also applicable to newly emerging viruses. A versatile Vero cell platform has been established for a wide range of vaccines, including polio virus (Barrett et al., 2017). Optimization of the platform to include a double inactivation procedure has ensured the highly robust inactivation of novel emerging viruses such as influenza virus, West Nile virus, Chikungunya virus (CHIKV), Ross River virus, SARS-CoV and Zika virus.

Related to live-attenuated viruses, they represent some of the most successful cost-effective interventions in medical history including eradication of smallpox in 1980 (Minor, 2015). Live-attenuated vaccines have functioned well for acute disease, whereas chronic infections such as HIV have been more challenging due to safety and efficacy issues. The capability of live-attenuated vaccines to elicit humoral and cell-mediated immune responses rely on their physicochemical stability (Tlaxca et al., 2015). Important factors include formulation design, types of robust dosage forms, routes of delivery and distinction between inactivated and live-attenuated vaccines. An interesting approach evaluated for the prototypic arenavirus lymphocytic choriomeningitis virus (LCMV) comprises codon deoptimization of the surface glycoprotein (GP), which demonstrated wildtype like propagation in cultured cells despite barely detectable expression of GP (Cheng et al., 2017). The codon deoptimized LCMV was highly attenuated in vivo but induced complete protection against lethal challenges with wildtype LCMV, showing a good safety profile and efficacy for a live-attenuated vaccine.



Protein Subunit and Peptide Vaccines

Protein subunit vaccines date back to the time before recombinant protein expression when parainfluenza type 3 (PI-3) virus glycoproteins were isolated by their sedimentation rates after ultracentrifugation and used for immunization of mice and lambs (Morein et al., 1983). The 30S protein micelles induced high antibody responses as well as provided protection against pneumonia caused by the PI-3 virus. Since then, vaccine development has relied on recombinantly expressed protein subunits for large-scale production in sufficiently pure form for application as safe and effective vaccines (Francis, 2018). In the context of protein subunit-based vaccines, small protein domains can facilitate and stabilize protein trimerization, which has been demonstrated to enhance their immunogenicity (Morris et al., 1999). Typically, the isoleucine zipper (IZ)3 based on the Saccharomyces cerevisiae GCN4 transcriptional activator (Harbury et al., 1994) and the foldon domain (Fd) of the bacteriophage T4 fibritin protein (Güthe et al., 2004) have been widely used. However, their immunogenicity has been of concern as repeated IZ- or Fd-specific administration could lead to systemic clearance and decreased therapeutic efficacy (Baker et al., 2010). To address this problem, an IZ variant with four potential N-linked glycosylation sites (PNGS) in the heptad repeat domain were designed, which did not affect protein trimerization but induced significantly lower IZ-specific antibody responses in immunized animals when fused to two HIV-Env and influenza virus hemagglutinin (HA) antigens (Sliepen et al., 2015). Moreover, the immune response against HIV-Env and influenza virus HA were not affected. This strategy referred to as molecular clamp technology has been applied for preclinical studies on COVID-19 vaccines as described below.

In the case of peptide vaccines, it was demonstrated in the 1980s for foot-and-mouth disease virus (FMDV) that peptides from two regions of the viral protein 1 (VP1) can induce high levels of neutralizing antibodies in guinea pigs, rabbits and cattle (Bittle et al., 1982). Furthermore, a single injection protected guinea pigs from challenges with lethal doses of FMDV. The relatively small molecular size of peptides renders them poor immunogens and it requires coupling to carriers to enhance the immunogenicity (Francis, 2018). For example, FMDV peptides fused to the N-terminus of β-galactosidase have been engineered, which was known to contain several helper T cell sites for increased immune responses (Francis et al., 1987). Furthermore, it was demonstrated that vaccine candidates with a single copy of the VP1 peptide elicited only low levels of neutralizing antibodies, whereas 2–4 copies provided protection of immunized animals against challenges with FMDV (Broekhuijsen et al., 1986). In the case of proteins containing two copies, 2 mg of peptide was sufficient for achieving protection, while only 0.8 mg of the four-copy peptide was needed. Another approach involves the production of structures similar to virus-like particles (VLPs) with repeated epitopes on the surface (Clarke et al., 1987). In this context, it was demonstrated that immunogenic FMDV VP1 epitopes linked to hepatitis B virus core antigen (HBcAg) fusion particles were 100-fold more immunogenic than free disulfide dimer synthetic peptides containing B- and T-cell sites and 10 times more immunogenic than carrier-linked peptides.



Viral Vector-Based Vaccines

Viral vectors have been commonly used as delivery vehicles for vaccines (Lundstrom, 2017). The spectrum of vectors used in vaccine development is wide including adenoviruses (Ad), lentiviruses, poxviruses, parainfluenza viruses and particularly self-amplifying RNA (saRNA) viruses such as alphaviruses, flaviviruses, rhabdoviruses, and measles viruses. The unique feature of saRNA viruses relates to the expression of the non-structural replicase genes, formation of the replicase complex and extreme RNA replication, i.e., self-amplification in the cytoplasm (Lundstrom, 2019). Depending on the polarity of the ssRNA genome of saRNA viruses, the positive strand viral RNA (alphaviruses, flaviviruses) can be directly translated in the cytoplasm or the minus strand (rhabdoviruses, measles viruses) has to be copied to a positive strand first. It is estimated that the RNA is amplified approximately 200,000 after entering the host cell cytoplasm, making saRNA virus vectors attractive for vaccine development. Another advantage of saRNA viruses relates to the flexibility of utilization of recombinant particles, RNA replicons or DNA plasmid-based vectors.

Independent of which viral vector delivery system is used, the target antigen is introduced into an appropriate expression vector, which then can be subjected to expression verification studies in cell lines and administered for in vivo evaluation in animal models. In any application of viral vectors, it is important to pay special attention to safety aspects and therefore addressing issues related to target of expression, potential spread of virus, duration of expression, chromosomal integration, vector immunogenicity, and adverse events related to viral delivery vector or therapeutic product. In the case of target of expression, the route of administration plays an important role as has been seen by evaluation of intramuscular, intradermal, intravenous, intranasal and oral administration using classic needle-based, needle-free and electroporation-based technologies (Zheng et al., 2018; Criscuolo et al., 2019). The spread of virus, duration of expression and chromosomal integration are strongly influenced by the type of viral vector used. Typically, vectors such as Ad and alphaviruses known to generate transient expression have been favored for immunization studies and although replication-deficient vectors have demonstrated efficacy, introduction of replication-proficient vectors has provided extended but controlled spread of antigen expression. As many viruses possess immunogenic structural proteins, efforts have been made to develop second and third generation vectors, where non-essential viral sequences have been deleted (Fukuhara et al., 2016).



DNA-Based Vaccines

Since the development of efficient recombinant technologies, DNA-based vaccine approaches have become a reality due to the easy handling of DNA plasmids and straightforward manufacturing and stability of highly purified DNA preparations (Lee et al., 2018). The delivery of DNA vaccines can be by intramuscular injection in the form of naked plasmid DNA (Wolff et al., 1990). Alternatively, electroporation (Hooper et al., 2014), gene gun (McBurney et al., 2016), and liposome (Lundstrom and Boulikas, 2003) or polymer-based (polysaccharides and chitosan) (Sunshine et al., 2011) nanoparticles can be used. In addition, polysaccharide-based adjuvants and also chitosan can enhance the immunogenicity of vaccines (Barhate et al., 2014). Importantly, to function, DNA plasmid vectors need to be transported to the cell nucleus, which can be facilitated by engineering of nuclear localization signals into the vector (Xu et al., 2016).

In the context of gene expression from DNA vectors, the use of minicircle DNA has been demonstrated to increase therapeutic biosafety as bacterial sequences are removed from the parental plasmid leaving only the gene of interest and the promoter/terminator sequences in the construct (Darquet et al., 1997). Additionally, it has been shown that minicircles can improve the immunogenicity of DNA vaccines by inducing 10–1,000-fold increase in long-term transgene expression both in vitro and in vivo in comparison to conventional plasmid DNA (Huang et al., 2009). Moreover, studies on combinations of promoters/enhancers and post-translational regulatory elements have been conducted for optimized transgene expression (Sun et al., 2009; Shen et al., 2015). Another approach comprises codon optimization, where low-frequency eukaryotic codons in the foreign DNA are identified and replaced for high-frequency codons (Grantham et al., 1980; Nagata et al., 1999). It has been demonstrated that codon-optimized DNA vaccines can enhance immunogenicity in mice and chickens (Stachyra et al., 2016). Various synthetic biology methods have also been developed to control gene expression profiles through engineered inducers within genetic circuits, which could potentially enable the regulation of the intensity and type of immune responses (Deans et al., 2012).

Although more than 500 clinical trials have been conducted or are in progress using DNA vaccines, no DNA-based human vaccine has been approved yet (Lee et al., 2018). However. a DNA vaccine against influenza virus H5N1 in poultry has received conditional approval by the USDA (Jazayeri and Poh, 2019). In the context of human DNA vaccines, clinical trials have demonstrated that neither chromosomal integration of plasmid DNA nor development of anti-DNA antibodies occur. In attempts to improve immune responses, transfection efficiency needs to be improved using higher DNA doses (Liu and Ulmer, 2005). Moreover, prime-boost regimen with a DNA vaccine and a recombinant modified vaccinia virus Ankara (MVA) has proven useful for eliciting antibodies and T cell responses for a HIV vaccine candidate (Thompson et al., 2016). In another approach, enhanced immune responses were achieved for DNA vaccines by application of intradermal electroporation (Nilsson et al., 2015). Overall, DNA vaccines provide a potentially promising alternative for COVID-19 vaccine development as presented below for preclinical studies and clinical trials.



RNA-Based Vaccines

In addition to DNA-based vaccines, application of RNA in the forms of mRNA and saRNA vectors has recently received increased attention (Lundstrom, 2018). In the case of mRNA-based vaccines, the immediate translation of antigens in the cytoplasm of target cells provides the means for rapid immune responses. However, mRNAs are highly sensitive to degradation due to their single-stranded structure and the presence of RNases, which has resulted in different approaches for improving RNA stability (Brawerman, 1974; Burgess, 2012). These include the incorporation of anti-reverse cap analogs (ARCAs) in the RNA, which doubled the transcription efficiency (Stepinski et al., 2001) and improved the levels and duration of protein expression in cells transfected with ARCA-capped in vitro transcribed RNA (Zohra et al., 2007). RNA stabilization can also be obtained by engineering the poly(A) tail at the 3′ end of mRNAs based on the synergistic interaction between poly(A) and the 5′ m7G cap sequences by binding to the poly(A) binding protein (PABP) (Bernstein et al., 1989). Poly(A) tail engineering has demonstrated that increase in length enhanced polysome formation also showing an impact on protein expression levels (Munroe and Jacobson, 1990). The optimal length of the poly(A) tail has been suggested to be between 120 and 150 nucleotides (Holtkamp et al., 2006; Mockey et al., 2006). Furthermore, 5′ and 3′ end untranslated regions (UTRs) play an important role in mRNA stability and transport from the nucleus (van der Velden and Thomas, 1999; Bashirullah et al., 2001). Chemical modification by introduction of modified pseudouridine has also resulted in improved RNA stability and enhanced translation (Kariko et al., 2005, 2008). Another approach comprises high liquid chromatography purification of in vitro transcribed RNA for removal of double-stranded RNA contaminants in attempts to reduce the production of type 1 interferon and pro-inflammatory cytokines (Kariko et al., 2011).

As with any other approach, delivery is a major issue of concern for RNA-based vaccines, not the least because of the stability issues related to RNA. Although naked RNA is far from optimal for delivery, intramuscular mRNA injections have demonstrated successful in vivo reporter gene (Wolff et al., 1990) and carcinoembryonic antigen (CEA) expression eliciting anti-CEA antibody responses in mice (Conry et al., 1995). However, the exposure of RNA to rapid degradation by ubiquitous RNases remains a problem (Probst et al., 2006; Houseley and Tollervey, 2009). Naked mRNA can also act as an adjuvant (McNamara et al., 2015), where antigen-encoding RNA elicits antigen-specific T and B cell immune responses (Pardi and Weissman, 2017). Moreover, co-stimulatory molecules like CD40L when co-expressed with mRNA can further enhance the immunogenicity (Schlake et al., 2012). To improve and facilitate mRNA delivery and penetration of cell membranes, gene gun-based systems including mRNA coated in gold particles have been applied (Dileo et al., 2003). In the context of melanoma, mRNA expressing the melanocyte self-antigen TRP2 fused to EGFP was delivered by gene gun, which led to antigen-specific humoral and cellular immune responses and protection against B16 melanoma lung metastasis in a mouse model (Steitz et al., 2006). Protamine condensation of mRNA has also been demonstrated to provide protection against RNA degradation (Sköld et al., 2015) and can further stimulate antigen-specific IgG antibodies and activate specific cytotoxic T lymphocyte (CTL) responses (Hoerr et al., 2000). Obviously, encapsulation has provided improved means for stability and delivery of RNA by application of liposomes and biopolymers. For instance, the cationic liposome DOTAP can provide protection against nuclease degradation and enhance cellular uptake (Phua et al., 2013). Intradermal administration of DOTAP liposomes into mouse ear pinna, protected animals against subcutaneous tumor challenges with EG7-OVA cells (Hess et al., 2006). Moreover, DOTAP/DOPE formulations showed fusogenic properties, which resulted in enhanced CTL responses. The important role of the professional antigen presenting dendritic cells (DCs) in stimulation of immune responses has also accelerated the formulation of nanoparticles optimized for targeting DCs (Ahmad et al., 2017). Immunization with DCs transfected with mRNA expressing CEA showed good tolerance in pancreatic cancer patients in a phase I study resulting in a complete response in one patient, minor responses in two individuals and stable disease in three patients with progressive disease in the remaining 18 patients (Morse et al., 2003). Moreover, DCs transfected with mannosylated, histidylated lipoplex nanoparticles expressing tumor antigen mRNA showed enhanced inhibition of B16F10 melanoma growth and prolonged survival in mice (Perche et al., 2011).

Finally, in the context of RNA-based vaccines, application of saRNAs has opened new possibilities. The cytoplasmic RNA amplification generates superior quantities of mRNA providing improved immune responses with the requirement of significantly lower doses of RNA (Lundstrom, 2019). Although naked saRNA has been demonstrated to provide good immune responses, formulations with different lipids such as ionizable C12-200 and cationic DDA and DOTAP generated lipid nanoparticles (LNPs) with exterior or interior saRNAs (Blakney et al., 2019). The LNPs formulated with cationic lipids protected saRNA from degradation even when the saRNA was absorbed to the surface. Both saRNA LNPs encapsulated with cationic and ionizable lipids showed transfer in vitro and in vivo and induced equivalent antibody responses against HIV-1 Env gp140.




PRECLINICAL STUDIES


Inactivated and Live-Attenuated Vaccines

The various approaches for vaccine development described above have been evaluated for COVID-19 vaccines in preclinical studies (Table 1). For instance, an inactivated SARS-CoV-2 vaccine candidate developed at the Beijing Institute of Biological Products induced high levels of neutralizing antibodies in mice, rats, guinea pigs, rabbits, and non-human primates (Wang et al., 2020). Moreover, two doses of 2 mg of inactivated SARS-CoV-2 provided protection against intratracheal challenges in rhesus macaques with no detectable antibody-dependent increase of infection. In another study. a pilot-scale purified inactivated SARS-Cov-2 vaccine candidate induced SARS-CoV-2 specific neutralizing antibodies in mice, rats, and non-human primates (Gao et al., 2020). It was also demonstrated that induced antibodies neutralized 10 representative SARS-CoV-2 strains, indicating a broad neutralizing activity. Partial or complete protection against SARS-CoV-2 was observed in macaques after three immunizations with 3 or 6 μg per dose, respectively.


Table 1. Examples of preclinical studies on COVID-19 vaccines.
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Although designer vaccines have to some extent replaced live-attenuated vaccines due to safety issues, determination of naturally circulating attenuated SARS-CoV-2 variants is of importance (Armengaud et al., 2020). Identification of existing attenuated SARS-CoV-2 variants is instrumental not only to better understand the evolution of SARS-CoV-2, but also to provide the means of predicting the dynamics of the current and possible future pandemics (Ng et al., 2003). In the context of live-attenuated virus-based vaccines, codon deoptimization as described for LCMV (Cheng et al., 2017) has been applied for SARS-CoV-2. Codagenix in collaboration with the Serum Institute of India has successfully synthesized a codon deoptimization-based live-attenuated vaccine candidate called CDX-005, which is currently undergoing safety and efficacy studies in animal models (www.scienceboard.net).



Protein Subunit Vaccines

Protein subunit vaccines received a major boost with the introduction of genetic engineering technologies allowing rapid large-scale expression and purification of recombinant proteins to be applied for immunizations. In this context, the SARS-CoV receptor-binding domain (RBD) was expressed in Pichia pastoris yeast as protein RBD219-N1 and manufactured and purified under cGMP conditions (Chen et al., 2014), which showed high-levels of neutralizing antibodies and protective immunity in mice against challenges with a homologous SARS-CoV MA15 strain. As the overall amino acid similarity between SARS-CoV and SARS-CoV-2 S and RBD domains is high and convalescent serum from SARS-CoV patients can neutralize SARS-CoV-2, RBD219-N1 could be repurposed as a heterologous vaccine against COVID-19 (Chen et al., 2020). However, the big conformational differences of S proteins between SARS-CoV and SARS-CoV-2 might prevent success. One approach for protein subunit vaccines has involved capsid-like particles (CLPs), which are multimeric, repetitive assemblies of recombinant viral capsid proteins (Aves et al., 2020). CLPs are highly immunogenic and can be used as molecular scaffolds for soluble vaccine antigens and provide a versatile and efficient technology. AdaptVac and the PREVENT-nCoV consortium have utilized CLPs for a COVID-19 vaccine, which induced high levels of neutralizing antibodies in mice and prevented SARS-CoV virus from infecting human cells in vitro (https://www.adaptvac.com/news). Moreover, ExpreS2ion announced that using their VLP technology based on Drosophila S2 cells, generated very high levels of SARS-CoV-2 neutralizing antibodies in a mouse model (https://expres2ionbio.com/investor/international-press-releases/). In another approach, molecular clamp technologies have improved the immunogenicity by locking of unstable prefusion versions (Sliepen et al., 2015) resulting in robust generation of neutralizing antibodies against SARS-CoV-2 (https://www.csl.com/news/2020/20200605-uq-cepi-and-csl-partner-for-covid-19-vaccine-candidate). Based on codon optimized MERS-CoV S1 subunit vaccines fused with a foldon trimerization domain (Xiao et al., 2004), a microneedle array (MNA)-delivered subunit vaccine elicited strong and long-lasting antigen-specific antibody responses in vivo (Kim et al., 2020). Furthermore, a clinically translatable MNA-SARS-CoV-2 vaccine was designed and produced, which showed potent antigen-specific antibody responses in mice (Kim et al., 2020). In another approach, SARS-CoV-2 subunit trimer vaccines with the native-like trimeric structure and antigenic epitopes of S protein were designed and were submitted to expression in mammalian cells, which detected high-titer cross-reactive antibodies from previously infected COVID-19 patients (http://www.cloverbiopharma.com/index.php?m=content&c=index&a=lists&catid=42). Related to protein subunit vaccines, a full-length and a truncated version containing the ecto-domain of SARS-CoV S protein were expressed from a baculovirus vector in insect cells (Zhou et al., 2006). Both purified proteins elicited strong immune responses in immunized mice. Baculovirus-based expression has been applied for the SARS-CoV-2 S protein to develop a COVID-19 vaccine, which is now at the preclinical stage (http://www.news.sanofi.us/press-releases?item=137254).



Peptide Vaccines

In a combination of immune-informatics and comparative genomics, the SARS-CoV-2 envelope protein (E) was used for the design of T-cell epitope-based peptide vaccines (Abdelmageed et al., 2020). Ten promising peptide vaccine candidates binding to MHC class I and MHC class II were identified with a 88.5 and 99.99% global population coverage, respectively. Next, the vaccine candidates need to be tested in animal models. In another approach, a nine amino acid long peptide NP44-52 (YQVNNLEEI) from the conserved region of Ebola virus (EBOV) nucleocapsid protein (NP) provided protection against EBOV challenges after a single immunization of C57BL/6 mice (Herst et al., 2020). This approach should also be feasible for SARS-CoV-2 as its nucleocapsid proteins contain multiple Class I epitopes with predicted HLA restrictions. The peptide based DPX vaccine based on nanoscale lipid particles containing an antigen and an adjuvant demonstrated robust antibody responses against respiratory syncytial virus (RSV) in a phase I trial (Torrey et al., 2020). It has triggered the design of non-overlapping neutralizing epitopes, which can potentially act synergistically on different key mechanism actions of the SARS-CoV-2 S protein (https://imv-inc.com/clinical-trials/dpx-covid-19/). A total of 23 peptides formulated applying the DPX platform showed robust antibody responses after the first or second immunization in mice and an optimal peptide combination was selected for targeting of the attachment, fusion and entry of SARS-CoV-2 into human cells (https://www.businesswire.com/news/home/20200521005173/en/IMV-Announces-Selection-of-a-Vaccine-Candidate-Against-COVID-19-to-Advance-Into-Human-Clinical-Studies). The peptide combination elicited equivalent or superior antibody responses compared to the DPX-RSV peptide epitope vaccine. In another peptide-based vaccine development program, synthetic biodegradable PLGA microsphere-based vectors containing two HIV epitopes elicited CTL responses in C57BL/6 mice (Rubsamen et al., 2014). Based on these findings, FlowVax microspheres have been employed for the design of a COVID-19 vaccine targeting such SARS-CoV-2 epitopes, which are least likely to mutate. The vaccine candidates are currently evaluated in a primate model (www.flowpharma.com).



Viral Vector-Based Vaccines

As non-replicating viral vectors present a popular approach for vaccine development for infectious diseases it is no surprise that numerous preclinical studies for COVID-19 vaccine candidates have been conducted. In this context, expression of the SARS-CoV-2 S protein from the simian adenovirus vector ChAdOx1-S (Folegatti et al., 2019) elicited strong humoral and cellular immune responses in mice and rhesus macaques (van Doremalen et al., 2020). Furthermore, it was demonstrated that SARS-CoV-2 pneumonia was prevented in macaques immunized with ChAdOx1-S. In another study, adenovirus 5 (Ad5) expressing the SARS-CoV-2 S protein showed a good safety profile with only minor adverse events such as pain at the injection site and fever responses and induced strong immune responses in animal models (https://www.thepharmaletter.com/article/cansino-s-covid-19-vaccine-promising-but-more-research-needed). The adenovirus type 26 (Ad26) vector, previously applied for EBOV vaccine development (Ad26.ZEBOV) (Mutua et al., 2019), has more recently been designed as Ad26.COV2-S for a COVID-19 vaccine candidate, which has shown promising results in preclinical trials eliciting strong immune responses in animal models (https://www.janssen.com). In another study, a chimpanzee adenovirus vector (Vitelli et al., 2017) has been employed for preclinical studies for a single-dose COVID-19 vaccine (https://www.reithera.com/). Poxviruses, especially vaccinia viruses such as the Modified Vaccinia Ankara (MVA) strain has been successfully applied for vaccine development against EBOV (Domi et al., 2018) and Lassa virus (Salvato et al., 2018), which has also encouraged their use for COVID-19 vaccines. In this context, a non-replicating MVA-based VLP vaccine for COVID-19 has entered preclinical evaluation (https://www.geovax.com/technology-pipeline/infectious-diseases). Moreover, live-attenuated replicating measles virus (MV) vectors, previously shown to protect mice from lethal challenges with CHIKV (Brandler et al., 2013) also demonstrated good safety, tolerability and immunogenicity in a phase II trial (Reisinger et al., 2019). Recently MV vectors have also been subjected to COVID-19 vaccine development (https://www.themisbio.com/our-programs/pipeline/). Another viral vector system based on the parainfluenza virus 5 (PIV5) has been applied for MERS vaccine development (Li et al., 2020). It was demonstrated that a single dose of PIV5 expressing the MERS-CoV S protein induced neutralizing antibodies and T cell responses and protected intranasally immunized mice from challenges with lethal doses of MERS-CoV. Recently, PIV5-based vaccine development has been expanded to COVID-19 (https://research.uga.edu/covid/). In another approach, findings that SARS-CoV-2 infections have been associated with potentially severe neurological symptoms, similar to those caused by rabies virus (RABV), has triggered the interest in using RABV vectors in vaccine development to selectively target and neutralize CNS penetration (Stefano et al., 2020). Non-replicating RABV vectors have demonstrated high levels of expression of chimeric capsid proteins containing HIV-1, MERS-CoV, EBOV and hepatitis C virus sequences. Non-replicating RABV vectors expressing chimeric capsid proteins with discrete SARS-CoV-2 S protein domains, should therefore provide a highly efficient preventive approach against neurological comorbidities of COVID-19.



DNA-Based Vaccines

DNA vaccines have been subjected to numerous preclinical studies. For instance, a DNA plasmid expressing the SARS-CoV-2 S protein provided robust expression in cell lines and elicited antigen-specific T cell responses and functional antibodies in immunized mice and guinea pigs (Smith et al., 2020). The functional antibodies neutralized SARS-CoV-2 infection and blocked S protein binding to the ACE2 receptor. Biodistribution studies indicated a statistically significant increase in SARS-CoV-2 S protein binding IgG in both BALB/c mice and guinea pigs, demonstrating the presence of anti-SARS-CoV-2 specific antibodies in the lungs. In another study, electroporation-enhanced DNA immunization showed targeting of HPV antigens to dendritic cells, leading to E6/E7-specific IFN-γ-producing T cell responses in patients with cervical intraepithelial neoplasia 3 (CIN3) and complete regression of lesions in seven out of nine patients (Kim et al., 2014). These promising findings have encouraged the application of electroporation-enhanced DNA immunization for COVID-19 vaccines resulting in induction of neutralizing antibodies in immunized primates (www.pulsenews.co.kr). Another DNA vaccine approach is based on the expression of different forms of SARS-CoV-2 leading to humoral and cellular immune responses in rhesus macaques (Yu et al., 2020). Moreover, immunized primates were challenged with SARS-CoV-2 showing significant decrease in viral loads in bronchoalveolar lavage and nasal mucosa. A correlation between vaccine-elicited neutralizing antibody titers and protective efficacy was observed, indicating that vaccine protection correlated with the vaccine immunogenicity. In another DNA vaccine approach, several chimeric SARS-CoV-2 genes delivered by in vivo electroporation will be evaluated for the most potent DNA immunotherapy candidate, which can provide protection against SARS-CoV-2 (https://ki.se/en/research/opencorona). The DNAx™ Immune technology has been combined with a needle-free technology for the development of DNA-based COVID-19 vaccines (https://www.abnova.com), which is currently in the preclinical phase. An interesting approach comprises the bacTRL platform, in which genetically modified probiotic bacteria are orally administered for the colonization of the gut, where they bind directly to epithelial cells (Ding et al., 2018). There, they constitutively replicate and express antigens from DNA plasmids generating neutralizing nanobodies, consisting of the variable VHH domains of camelid antibodies (Huo et al., 2020). Robust mucosal and systemic humoral and cell-mediated immunity can be established in lymphoid tissues and the expression of neutralizing nanobodies provides immediate passive immunity. This approach of a living-medicine supplies vaccine production throughout the life of the bacterial colony. Currently, the platform has been utilized for preclinical testing of a bifidobacterial monovalent SARS-CoV-2 DNA vaccine (bacTRL-Spike) for rapid induction of cellular and humoral immunity against SARS-CoV-2 S and prevention of COVID-19 infection (https://www.symvivo.com/covid-19). Moreover, a trivalent vaccine of SARS-CoV-2 S, nucleocapsid and matrix glycoprotein (bacTRL-Tri) is under development. Several other DNA-based vaccine studies are at the preclinical stage, for which information can be found on the continuously updated https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines website.



RNA-Based Vaccines

RNA vaccines in the form of mRNA, liposome encapsulated mRNA and self-amplifying (saRNA) have been subjected to preclinical evaluation. The expression and immunogenicity of SARS-CoV-2 spike trimers has been optimized by prefusion-stabilizing mutations resulting in the mRNA-1273 vaccine, which formulated in LNPs induced both potent neutralizing antibody and CD8+ T cell responses and protected immunized mice against SARS-CoV-2 infection (Corbett et al., 2020). In another study, mRNA has been customized in the 5′ and 3′ end untranslated regions and in the open reading frame to ensure translation of ideal levels of protein (https://www.curevac.com/mrna-platform). LNP mRNA-based delivery has previously been demonstrated to provide protection against CHIKV challenges in immunized mice (Kose et al., 2020) and has been applied for COVID-19 vaccine development by engineering several SARS-CoV-2 constructs (https://www.curevac.com/covid-19). The lead vaccine candidate elicited high levels of neutralizing titers in animal models. Another COVID-19 vaccine development program has been initiated with LNP mRNA-based delivery, which has generated robust antibody responses in animal models (https://www.daiichisankyo.com). Moreover, a multi-component delivery system called Lipid-enabled and Unlocked Nucleomonomer Agent modified RNA (LUNAR®) with access to over 150 proprietary lipids has been utilized for mRNA-based COVID-19 vaccines, which has generated positive immunogenicity data in preclinical studies (https://arcturusrx.com/). In another approach, the mRNA TriMix platform was used for preclinical development of COVID-19 vaccines (https://epivax.com). The strategy comprises the selection of conserved epitopes from the whole SARS-CoV-2 genome eliciting strong cellular T cell-based responses based on in silico epitope predictions, which will also potentially provide protection against future variations of the virus. The Trimix technology contains an mRNA-based vaccine adjuvant, which stimulates DCs into activating strong CD4 and CD8 T cell responses. The intranasal delivery supports primary immune defense and memory responses against viral replication and colonization of the lungs.



Self-Amplifying RNA-Based Vaccines

In the context of saRNA, a few preclinical studies have been initiated. For instance, the self-replicating RNA system STARR™ mRNA has demonstrated superiority over conventional mRNA approaches (https://arcturusrx.com/). A single dose of STARR™ saRNA with LUNAR® based delivery induced significantly higher seroconversion relative to conventional mRNA and the anti-SARS-CoV-2 IgG and IgM antibody titers were also higher. Moreover, in another COVID-19 vaccine development study, LNPs formulated with exterior and interior saRNAs as described above (Blakney et al., 2019), have demonstrated that 1,000 times lower RNA doses can be used compared to conventional mRNA to achieve the same immune responses. Preclinical evaluation has demonstrated a good safety profile and encouraging signs of effective immune responses (https://www.imperial.ac.uk/mrc-global-infectious-disease-analysis/covid-19/).




CLINICAL TRIALS

The number of clinical trials including vaccines based on inactivated viruses, protein subunits, viral vector-based delivery and nucleic acids are continuously increasing with more than 20 trials conducted, in progress or for which study protocols have been finalized as indicated by the WHO reporting of June 29, 2020 (https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines) (Table 2). In the context of inactivated virus, a randomized, double-blind, placebo parallel-controlled phase I/II clinical trial for an inactivated COVID-19 vaccine produced in Vero cells has been planned for healthy volunteers aged 6 years and older for the evaluation of safety and immunogenicity (ChiCTR2000031809). Recruitment is also on-going for another Chinese phase I/II study with inactivated SARS-CoV-2 vaccine produced in Vero cells (ChCTR2000032459). In the randomized, double-blind, placebo parallel-controlled study the evaluation of safety and immunogenicity will take place in healthy volunteers after immunization with different doses. Although recruitement is still in progress it has been reported that more than 2,000 people have been vaccinated showing good safety profiles (http://www.xinhuanet.com/english/2020-06/01/c_139105909.htm). These two phase I/II trials are anticipated to be completed by the end of the year. In another randomized, double-blinded, single-center, placebo-controlled phase I/II trial with a purified inactivated SARS-CoV-2 virus vaccine candidate, 422 healthy subjects age 60 or older will be evaluated for safety and immunogenicity (NCT04383574). Seventy-two patients are recruited for phase I and 350 volunteers for phase II. Another similar phase I/II study will comprise 144 healthy volunteers in phase I and 600 in phase II in the age group 18–59 years, who will receive two doses of the inactivated COVID-19 virus vaccine candidate or placebo on days 0 and 14 or days 0 and 28 (NCT04352608). Furthermore, a randomized, double-blind and placebo-controlled phase Ia/IIa trial in 18–59 years old healthy volunteers will enroll 192 and 750 individuals for phase Ia and phase IIa, respectively (NCT04412538). In phase Ia, two immunizations with low, medium or high doses of inactivated COVID-19 vaccine candidate or placebo are scheduled at days 14 or 28, while medium and high doses are planned for the phase IIa study at days 14 or 28.


Table 2. Clinical trials for COVID-19 vaccines.

[image: Table 2]

In the case of protein subunit-based vaccines, a two-part phase I/II randomized, observer-blinded, placebo-controlled trial has been designed to evaluate the safety and immunogenicity of a SARS-CoV-2 S nanoparticle vaccine with or without Matrix-M™ adjuvant (NCT04368988). An estimated 131 healthy volunteers of 18–59 years of age will be recruited and in the first part of the study, two SARS-CoV-2 S constructs will be evaluated in two cohorts (https://ir.novavax.com/news-releases/news-release-details/novavax-initiates-phase-12-clinical-trial-covid-19-vaccine). Interim analysis of safety and immunogenicity data will provide insight into the possible expansion to the second part of the trial in multiple countries including the US for the assessment of safety, immunity and reduction of COVID-19 in a broader age range. In another approach, a SARS-CoV-2 Spike Protein Subunit-Trimer vaccine has demonstrated high-titer cross-reacting antibodies in 100% of sera from 11 previously infected COVID-19 patients in China (https://www.dynavax.com/COVID-19_information/). It was also confirmed that the native-like structure of the S protein was preserved by the S-Trimer. In a randomized, double-blind, placebo-controlled, first-in-human phase I trial the safety, reactogenicity and immunogenicity at multiple dose levels will be evaluated with or without an adjuvant in healthy volunteers (NCT04405908). Recently, a new COVID-19 vaccine candidate based on the SARS-CoV-2 S RBD Dimer has been approved in China for a phase I clinical trial (http://en.nhc.gov.cn/2020-06/24/c_80896.htm).

In the context of viral vector-based vaccines, the encouraging results from preclinical studies have accelerated the initiation of a randomized, double-blind, placebo-controlled phase I/II trial in 1045 healthy volunteers in the age groups of 18–55 years and older than 65 years in Belgium and the US with the Ad26.COV2-S recombinant vector (https://www.janssen.com). The study is expected to start in the second half of July 2020. In another approach, a combination of Ad5 and Ad26 vectors has been engineered to express SARS-CoV-2 genes and will be subjected to a non-randomized phase I clinical trials. The Gam-COVID-Vac will be tested in healthy volunteers by intramuscular administration for safety, tolerability, and immunogenicity in a prime-boost immunization regimen (NCT04436471). In stage 1, 18 volunteers will be immunized and monitored for 5 days. The second stage includes 20 volunteers, who will be subjected to a booster scheme. A similar non-randomized phase I trial will be conducted with a lyophilized version of the Ad virus vector-based drug, namely Gam-COVID-Vac Lyo (NCT04437875). In stage 1, 18 volunteers will receive a single intramuscular injection and will be monitored for 5 days. As above, 20 volunteers will receive a second booster immunization. The first-in-human, dose-escalation, open-label, non-randomized phase I study with Ad5 expressing the SARS-CoV-2 S protein was conducted in China (ChiCTR2000030906; Zhu et al., 2020). Three doses of 5 × 1010, 1 × 1011, and 1.5 × 1011 viral particles were administered intramuscularly in 108 healthy 18–60 years old volunteers and the safety, tolerability and immunogenicity were monitored. Some mild to moderate injection site pain was detected but no serious adverse events were observed. Immunization elicited neutralizing antibodies with a peak humoral response and rapid specific T cell responses 28 and 14 days after vaccination, respectively. The Ad5-based vaccine candidate has entered a phase II trial from which additional information on safety and immunogenicity is expected shortly (ChiCTR2000030906). The simian adenovirus vector ChAdOx1, which has elicited strong humoral and cellular immune responses in mice and rhesus macaques (van Doremalen et al., 2020), has been subjected to a phase I/II clinical trial to evaluate the safety and immunogenicity in healthy volunteers in the UK (2020-001072-15). Today, more than 1,000 immunizations have been executed and follow-up is in progress (https://covid19vaccinetrial.co.uk/ongoing-studies). Moreover, the safety, immunogenicity and efficacy will be assessed in a double-blinded, placebo-controlled, individually randomized trial in 18–65 years old individuals with or without HIV in South Africa (PACTR202006922165132). The vaccine candidate will be intramuscularly administrated to 1,950 HIV-uninfected and 50 people living with HIV and will be followed up for 12 months. Moreover, a phase IIb/III study for the ChAdOx1-S vaccine candidate has been initiated with the aim at enrolling up to 10,260 adults and children (2020-001228-32). In another phase III trial, ChAdOx1-S will be administered to 2,000 healthy volunteers in the age group 18–55 years in Brazil and will be followed for 12 months. Finally, a lentivirus-based phase I/II trial in 100 healthy volunteers will be conducted in Shenzhen, China (NCT04276896). The lentivirus-based vaccine contains minigenes of multiple conserved regions of SARS-CoV-2 transduced into DCs. After subcutaneous injection of 5 × 106 cells of LV-DC combined with intravenous administration of 1 × 108 antigen-specific CTLs, the safety and immunogenicity will be evaluated.

DNA-based vaccines have also entered the clinical phase. A dose-escalation, single arm, open-labeled phase I/II study has been planned for the intramuscularly EP-aided delivery of the GX-19 DNA vaccine expressing SARS-CoV-2 genes (NCT04445389). In phase I, a total of 40 healthy volunteers will be enrolled and the randomized, double-blind, placebo-controlled phase II follow-up study is planned to comprise a total of 150 individuals. Previously, it was demonstrated in a dose-escalation phase I trial that intramuscular injection immediately followed by co-localized EP of plasmid DNA encoding MERS-CoV sequences was well-tolerated with no vaccine-related serious adverse events and immune responses in more than 85% of participants after two vaccinations (Modjarrad et al., 2019). Applying the same approach for SARS-CoV-2, an open-label phase I trial was initiated to evaluate the safety, tolerability and immunogenicity of the INO-4800 DNA vaccine in 40 healthy volunteers (NCT04336410). Results are expected from the trial shortly and plans have materialized to start a phase II/III trial in the coming months (https://www.inovio.com/our-focus-serving-patients/covid-19/).

Currently, there are several RNA-based COVID-19 vaccine clinical trials in progress. For example, the positive results received from preclinical studies have encouraged the start of a phase I trial for an LNP mRNA SARS-CoV lead vaccine candidate, for which the German and Belgian authorities have provided regulatory approval (https://www.curevac.com/covid-19). Favorable results from the phase I study will lead to additional clinical trials with a significantly higher number of patients. In another approach, three COVID-19 vaccine candidates with uridine containing mRNA (uRNA) or nucleoside modified mRNA (modRNA) and one candidate based on saRNA are subjected to a randomized, placebo-controlled, observer-blind, dose-finding phase I/II trial (NCT04368728) in 200 healthy volunteers aged 18–55 years. The study will be assessed for safety and immunogenicity as well as the effects of repeated immunization. Preliminary results from the study (published on July 1, 2020) showed that immunization with the modRNA vaccine BNT162b1 at doses of 30 and 100 μg resulted in dose-related RBD-binding IgG concentrations and SARS-CoV-2 neutralizing titers (Mulligan et al., 2020). The geometric mean neutralizing titers were 1.8–2.8 fold higher than observed in a panel of COVID-19 convalescent human sera. After the LNP-encapsulated mRNA-1274 vaccine, which encodes the full-length, prefusion stabilized SARS-CoV-2 S protein, showed full protection against SARS-CoV-2 replication in lungs of mice (Corbett et al., 2020), an open-label, dose-ranging phase I trial was started in 150 healthy volunteers to validate the safety, reactogenicity and immunogenicity of the vaccine candidate (NTC04283461). The volunteers are subjected to a two-dose vaccination schedule 28 days apart, receiving 25, 50, 100, or 250 μg of LNP-mRNA intramuscularly. Initial evaluation of eight participants across the 25 and 100 μg cohorts indicated that the vaccination was generally safe and well-tolerated and elicited neutralizing antibody titers at the same level or higher compared to convalescent sera (https://investors.modernatx.com). Moreover, a randomized, observer-blind, placebo-controlled, dose-confirmation phase IIa clinical trial to evaluate the safety, reactogenicity and immunogenicity of the LNP-mRNA-1273 vaccine candidate is in progress (NCT04405076). In addition, the study protocol for a randomized, placebo-controlled phase III study has been recently finalized and the trial is expected to commence in July 2020 for 30,000 participants, applying an anticipated dose between 25 and 100 μg LNP-mRNA-1273 (https://investors.modernatx.com). Finally, a first-in-human randomized, placebo-controlled, observer-blind, dose-finding phase I/II clinical trial based on an LNP saRNA vector (Blakney et al., 2019) encoding the SARS-CoV-2 S gene has started in healthy volunteers (ISRCTN17072692). The study will initially include healthy volunteers aged 18–45 years but will later be expanded to 18–75 years old volunteers.



CONCLUSIONS AND FUTURE ASPECTS

In summary, tremendous amounts of knowledge on the biology and molecular structure of SARS-CoV-2 has been gathered since the first reports of the COVID-19 outbreak at the end of 2019. However, the severity of the pandemic and the lack of antiviral drugs and vaccines has generated an unprecedented global search for solutions to conquer COVID-19 (Lundstrom, 2020). Although antiviral drug development is in full swing, the regional increase of new COVID-19 cases after the relaxation of lockdown and confinement conditions and the fear of a second wave of the pandemic, should further emphasize the importance of production of an efficient vaccine available for the global population. For this reason, there has been an accelerated effort on many fronts to reach this goal. No stones have been left unturned, including classic approaches such as the application of inactivated and live-attenuated viral particles. Numerous efforts to develop vaccines based on protein subunits and peptides, viral delivery vectors and nucleic acid-based vaccines using both DNA and RNA have been explored. Proof of principle of robust immune responses and protection against challenges with SARS-CoV-2 have been demonstrated for more or less all technologies mentioned above. The positive outcome from preclinical studies has further encouraged and accelerated the initiation of clinical trials, which in some cases already has reached the phase III level with positive outcome.

Understandably, much hype and speculations on if or when a functional vaccine will be available has put extra pressure on authorities and not the least on scientists. Too early and too optimistic interpretations of preliminary and often not peer-reviewed reports have misled the public and even experts in the field. Despite all this, we need to courageously move forward. The different approaches taken in parallel to reach the goal of obtaining a vaccine against COVID-19 should only be seen as a strength. Currently, there is no way to “declare a winner.” It is impossible to predict which technology will be successful and it cannot be stressed enough that all avenues should be explored in parallel. The COVID-19 vaccine field is moving at such a speed that even the most accelerated publication scheme cannot accurately keep up with the development, timely report the present situation and definitely not predict where we stand even in the near future. For this reason, an addendum had been included to provide a timely update of the present situation of COVID-19 vaccine development. However, as long as we all work together, we can also overcome the pandemic together.



ADDENDUM

The extremely rapid development of vaccines against COVID-19 since the submission of this review justifies an update of the current situation as of August 24, 2020. Today, 139 vaccine candidates have been subjected to preclinical studies in various animal models and 30 have reached different stages of clinical evaluation (https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines). Among the preclinical approaches, it is worth to mention that ministring DNA (msDNA) has been engineered to deliver VLPs against SARS-CoV-2 (www.mediphage.ca/applications-1). Immunization with msDNA VLPs elicited robust and long-lasting immunity against COVID-19 and also showed the potential of generating protection against other coronavirus infections.

In the context of clinical trials, interim analysis of phase I and II clinical trials with inactivated SARS-CoV-2 demonstrated common adverse reactions such as injection site pain and fever, but no serious adverse events (Xia et al., 2020). Furthermore, neutralizing antibodies against SARS-CoV-2 were detected in patients in both the phase I and II trials. Recruiting of patients from a healthy population of 18 years and older is in progress for a randomized, double-blind, parallel placebo-controlled phase III trial to evaluate the safety and protective efficacy (ChiCTR200034780). For another vaccine candidate based on inactivated SARS-CoV-2, recruiting has started for phase III trials in healthcare professionals in Brazil (NCT04456595) and in healthy volunteers in Indonesia (669/UN6.KEP/EC/2020).

The most controversial news for viral vector-based vaccine candidates relates to the approval of Sputnik V developed by the Gamaleya Research Institute of Epidemiology and Microbiology in Russia (Callaway, 2020). The adenovirus-based vaccine has only been evaluated in 76 volunteers in two early stage trials and has received much criticism for being approved before completion of any phase III trial. Moreover, results from neither preclinical nor clinical trials have been published. On a more positive note, the preliminary results on safety, reactogenicity and immunogenicity of a non-replicating chimpanzee adenovirus ChAdOx1-based COVID-19 vaccine in a phase I/II trial have been published (Folegatti et al., 2020). Healthy volunteers receiving a single intramuscular dose of 5 x 1010 viral particles showed no serious adverse events related to ChAdOx1 nCoV-19 and neutralizing antibody responses against SARS-CoV-2 were observed in 32 (91%) out of 35 individuals. A booster dose generated neutralizing antibodies including both humoral and cellular immune responses in all participants. These encouraging results supported large-scale vaccine evaluation in a phase III randomized, double-blind, placebo-controlled multicenter study in 30,000 adults (NCT04516746) with a starting date of August 17, 2020 and a primary completion date of December 2, 2020.

In the context of DNA-based COVID-19 vaccines, the safety, tolerability and immunogenicity of INO-4800 administered intradermally combined with electroporation has been evaluated in a phase I trial and has now entered phase II (NCT04447781). Similarly, the GX-19 COVID-19 vaccine candidate has reached phase II (NCT04445389). Finally, an LNP-encapsulated mRNA-based vaccine candidate showed no trial-limiting safety concerns in a phase I, dose-escalation, open-label trial including 45 healthy adults (Jackson et al., 2020). Vaccination with 25, 100 and 250 μg of LNP mRNA-1273 elicited higher antibody responses with the higher dose after the first immunization. The titers increased after the second immunization in all participants showing similar levels to convalescent serum specimens. Recruiting of 30,000 participants is now in progress for a randomized, stratified, observer-blind, placebo-controlled phase III trial (NCT04470427). Another LNP mRNA-based vaccine candidate, modRNA vaccine BNT162b1, which has shown positive results in a phase I trial (Mulligan et al., 2020), has also started recruiting more than 29,000 adults for a phase III trial (NCT04368728).
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Ad, adenovirus; bacTRL-Spike, probiotic bacteriel SARS-CoV-2$ in the gut; CLPs, capsid-iike particles; DPX, platform based on nanoscale lipid partcles; EF, electroporation; LNP.
liposome nenoparticles; LUNAR®, Lipid-enabled and Unlocked Nucleomonomer Agent modiied RNA; MNA, Microneede array; MV, Measles virus; MVA, Modified Vaccinia Ankare;
nAbs, neutralizing antibodies; RBD, receptor-binding domain; S2, Drosophila Schneider 2 cells; VLPs, virus-like particles.
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Vaccine type Affiliation Stage Findings References

Inactivated virus Wuhan Institute of Biological Phase 11l Patient recruitment in progress. ChiCTR2000031809
Products, Sinopharm
Inactivated virus Beijing Institute of Biological Phase I Patient recruitment in progress ChCTR2000032459
Products, Sinopharm Good safety profiles observed
in vaccines
Inactivated virus + Sinovac Phase VI Recruitment of 72 volunteers for phase |, NCT04383574
alum 350 for phase Il
Inactivated virus + Sinovac Phase 11l Recruitment of 144 volunteers for phase  NCT04352608
alum 1, 600 for phase Il
Inactivated virus Institute of Medical Biology, Chinese  Phase la/la  Phase la: 192 patients, low, medium or NCT04412533
Academy of Medical Sciences high dose
Phase lla: 750 patients, medium or
high dose
Protein subunit Novavax Phase I Phase | data on safety and NCT04368988
CoV-2$ + Adj immunogenicity before phase
Protein subunit Clover Biopharmaceuticals, GSK, Phase | High-titer cross-reacting Abs in 100% of  https/www.cynavax.com
Dynavax sera from COVID-19 patients; Trial in NCT04405908
progress on safety and immunogenicity
Protein subunit Anhui Zhifei Longcom Phase | Phase | trial confimed hitps://www.reuters.com/article/
CoV-2 RBD-dimer Biopharmaceuticals health-coronavirus-zhifei-
vaccine-idUSLAN2EH16C
Viral Vector Janssen Pharmaceuticals Phase VI Phase | tral to start in July 2020 https://wwwianssen.com
Ad26.COV2-S
Viral Vector Gamaleya Research Institute Phase | Prime-boost phase | trialin progress. CT04436471
Ad Gam-COVID-Vac
Viral Vector Gamaleya Research Institute Phase | Prime-boost phase | trialin progress. CT04437875
Ad
Gam-COVID-Vac Lyo
Viral Vector GanSino Biological Inc., Bejing Phase | Safe, tolerable vaccination, nAbs Zhu etal., 2020
Ad5 SARS-CoV-2§ Institute of Biotechnology responses ChiCTR2000031781
Viral Vector GanSino Biological Inc., Beiing Phase Il Study in progress ChiCTR2000030906
Ad5 SARS-CoV-2S Institute of Biotechnology
Viral University of Oxford Phase 11l Phase | in progress with >1000 2020-001072-15
Vector GhAdOx1-S immunizations done
Viral University of Oxford, Clinics in Phase VI Recruitrment of 2000 individuals in PCTR202006922165132
Vestor ChAdOx1-S South Africa progress
Viral University of Oxford Phase b/l Recruitment of patients in progress 2020-001228-32
Vector GhAdOx1-S
Viral University of Oxford, Univ. Phase Il Recruitment of patients in progress ISRCTNB9951424
Vector GhAdOx1-S Sao Paulo, Brazil
Viral Vector Shenzhen Geno-Immune Medical Phase VI Recruitment of patients in progress NCT04276896
LV-SMENP DG Institute
DNA Genexine Consortium Phase 11l Recruitment of patients in progress NCT04445389
GX19 + EP
DNA Inovio Pharmaceuticals Phase | Study in progress, plans for Phasell/lll NCT04336410
INO-4800 + EP trial
LNP mRNA Curevac Phase | Recruitment of patients in progress www.curevac.com/covid-19
SARS-CoV-2
LNP uRNA, modRNA BioNTech, Fosun Pharma, Plizer Phase I Phase | trial in progress NCT04368728
and saRNA CoV-2 1.8-2.8 increase in nAbs titers compared  Mulligan et al., 2020
to COVID-19 convalescent sera
LNP mRNA Moderna, BARDA Phase | Initial results of elevated nAb titers in 8 NCT04283461
SARS-CoV-28 tested individuals https://investors.modernatx.com
LNP mRNA Moderna, BARDA Phase IVl Phase Il study in progress, Phase Il trial NCT044
SARS-CoV-2S planned
LNP saRNA Imperial Gollege London, Medical Phase I Study in progress in 18-45 years old ISRCTN17072692
SARS-CoV-28 Research Council volunteers

Abs, antibodies; Adj, adjuvant, BARDA, Biological Advanced Research and Development Authority; DC, dendiitic cell; EF, electroporation; LV, lentivirus; LNF, liposome nanoparticles;
'modRNA, nucleoside modified mRNA; saRNA, self-amplifying RNA; uRNA, uracil containing mRNA.
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