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Abstract

:

With technological advancements enabling globalization, the intercontinental transmission of pathogens has become much easier. Respiratory viruses are one such group of pathogens that require constant monitoring since their outbreak leads to massive public health crises, as exemplified by the influenza virus, respiratory syncytial virus (RSV), and the recent coronavirus disease 2019 (COVID-19) outbreak caused by the SARS-CoV-2. To prevent the transmission of these highly contagious viruses, developing prophylactic tools, such as vaccines, is of considerable interest to the scientific community. Virus-like particles (VLPs) are highly sought after as vaccine platforms for their safety and immunogenicity profiles. Although several VLP-based vaccines against hepatitis B and human papillomavirus have been approved for clinical use by the United States Food and Drug Administration, VLP vaccines against the three aforementioned respiratory viruses are lacking. Here, we summarize the most recent progress in pre-clinical and clinical VLP vaccine development. We also outline various strategies that contributed to improving the efficacy of vaccines against each virus and briefly discuss the stability aspect of VLPs that makes it a highly desired vaccine platform.
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1. Introduction


Respiratory viruses are one of the leading contributors to global mortality. Since the beginning of the 21st century, there have been several respiratory virus outbreaks in the past two decades that were accompanied by disastrous consequences, as evidenced by the recent severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic. Others, such as the respiratory syncytial virus (RSV) and influenza virus, continue to infect the lower respiratory tracts of individuals, accounting for a significant proportion of global deaths occurring in infants and the elderly [1]. These respiratory viruses can be easily transmitted from person to person via direct contact or through fomites, but they can also be transferred via air in the form of aerosols or droplets to infect susceptible hosts [2]. Numerous factors inadvertently made pathogen transmission much easier, which include technological advances and demographic and anthropogenic changes [3]. Given these circumstances, controlling the transmission of these respiratory viruses has become a necessity.



Vaccination, one of the greatest medical advancements for human civilization, is widely perceived as the most effective tool for preventing viral infectious diseases. Evidently, with the introduction of vaccines and compulsory vaccination of the general public in 18th and 19th century Europe, there was a drastic decline in smallpox-associated mortality rates [4]. Advances in molecular biology and biotechnology in the 20th century brought further improvements to the field of vaccinology, eventually paving the way to developing highly immunogenic virus-like particle (VLP) vaccines. Historically, the term “virus-like particle” was possibly first mentioned in the 1930s by Burnet, who at the time worked with bacteriophage-neutralizing antisera [5]. However, these VLPs described in the earlier literature were not necessarily the replication-deficient self-assembling viral particles that are frequently used as vaccine platforms today [6]. Currently, VLP vaccines against the hepatitis B virus and human papillomavirus have been approved by the United States Food and Drug Administration (FDA) for clinical purposes [7]. Nevertheless, VLP vaccines against respiratory viruses continue to remain under development. Furthermore, despite the breakthroughs in biomedical science, a vast majority of these efficacious vaccines remain unavailable for low-income countries, thus resulting in a staggeringly high mortality rate and disease burden [3]. Here, we review the recent progress in pre-clinical and clinical VLP vaccine development against three respiratory viruses that continue to impact the world: influenza, RSV, and SARS-CoV-2.




2. Influenza Virus


2.1. Brief History of Influenza Virus and Outbreaks


Influenza is a virus belonging to the family Orthomyxoviridae. It is a negative-sense RNA virus subdivided into four different genera: A, B, C, and D. Among these, A and B influenza viruses are of concern as they are capable of causing mortality in humans. These viruses are also capable of infecting other animals, including but not limited to birds, pigs, various vertebrates, and even aquatic animals [8]. On the contrary, influenza virus types C and D are of less concern as these are either rarely symptomatic in humans or have not been reported to infect humans at all. Various external surface proteins expressed by the influenza virus have been tested as vaccine candidates. The most studied vaccine antigens are those that are expressed on the outer membrane, such as the M2 ion channel protein, as well as the two major glycoproteins, hemagglutinin (HA) and neuraminidase (NA). To date, 18 different HA and 11 different NA subtypes have been characterized [9]. This is the result of antigenic drift occurring in these HA and NA glycoproteins, which contributed to resistance and lessened vaccine efficacy.



It is presumed that influenza outbreaks have been prevalent in human society since ancient times. While older literary sources are not as precise as current ones, the information they provided was extremely useful and suggested that influenza virus outbreaks may have occurred more than 2000 years ago. For example, the writings of Hippocrates in 412 BCE describing the “Cough of Perinthus” suggest that this may have been an influenza-like outbreak [10,11]. When reflecting on the past century, a total of four influenza-related pandemics have occurred: the 1918 A/H1N1 pandemic, which is misnomered as the “Spanish Flu,” the 1957 A/H2N2 reassortant human and avian virus that emerged in China, the 1968 A/H3N2 Hong Kong influenza, and the new A/(H1N1)pdm09 variant that first appeared in North America in the April of 2009 [12]. In each of these four pandemics, at least 10,000 lives were lost, and developing universal influenza vaccines has become a necessity. Here, we primarily focus our attention on some of the most recent VLP studies targeting human and avian influenza viruses.




2.2. Pre-Clinical VLP Vaccine-Induced Protection


The development of replication-deficient VLP vaccines against the influenza virus began in the 1990s. One of the earliest influenza VLP constructs was reported to be chimeric. Specifically, Layton et al. [13] demonstrated that immunizing mice with yeast-derived VLPs expressing the influenza nucleoprotein peptides could be used to induce antigen-specific cytotoxic T lymphocyte responses. However, the protective efficacy of these VLP vaccines was not investigated in earlier studies. The first chimeric VLP vaccine study to evaluate the protective efficacy of these immunogenic nanoparticles in animal models was reported by Neirynck et al. [14]. Here, the authors fused the 23 amino acid M2 extracellular peptide (M2e) of the influenza A virus to the hepatitis B virus core protein (HBc) to generate the VLPs. Mice that were immunized with these VLPs via either intranasal or intraperitoneal routes were protected in a dose-dependent manner upon subsequent challenge infection. Some studies investigated the protective efficacy of VLPs that more closely resembled the native influenza virus. Interesting results were reported from mammalian cell-derived influenza VLPs solely lacking the non-structural influenza virus proteins. Immunizing mice with the VLPs lacking both NS1 and NS2 resulted in survival rates below 10%, whereas VLPs lacking only the NS2 gene resulted in 94% survival post-challenge infection [15]. Since then, studies investigating the formation of VLP constructs using various expression systems have been conducted, and massive improvements to influenza VLP vaccine assembly have ensued. It was later revealed by Latham and Galarza [16] that the expression of the M1 protein alone was sufficient for the efficient release of viral particles in Spodoptera frugiperda (Sf9) insect cells. This period was followed by a plethora of studies assessing the efficacy of VLPs expressing HA, NA, or other influenza antigens on the surface of M1 proteins.



The M2e antigen has been of considerable interest in influenza vaccine development. Fusing multiple copies of the M2 ectodomain has been studied widely, using several virus backbones. Genetically fusing copies of the M2e antigen to the C terminal end of the Macrobrachium rosenbergii nodavirus capsid protein was sufficient to confer protection in BALB/c mice. This chimeric vaccine, without the use of adjuvants, conferred protection against both H3N2 and H1N1 challenge infection [17]. Similar results were obtained from bacteriophage-based VLP vaccines evaluated in animals, as demonstrated by AP205 bacteriophage VLPs expressing the triplets of 24 amino acid sequences of the M2e derived from H1N1, H5N1, and H11N9. This vaccine conferred protection against both homologous and heterologous virus challenge infection in mice. When the long alpha-helices of the trimeric H1 stalk proteins were coupled to these VLPs, protection against lethal homologous challenge infection was enhanced [18]. M2e-expressing VLPs based on the T4 bacteriophage was also a feasible approach. These VLP vaccines induced strong cellular and humoral immune responses without adjuvant incorporation and conferred full protection against lethal challenge infection by the A/PR/8/1934 virus [19]. In another VLP construct, the globular head domain of influenza HA from A/Puerto Rico/8/1934 (H1N1) was conjugated to P22 bacteriophage via SpyTag/SpyCatcher technology, and their immunization in mice conferred full protection against homologous challenge infection [20].



Much emphasis has been placed on HA antigens, while NA antigens, despite their importance and contribution to protection, continue to be overlooked in influenza vaccine development. Though the number of studies investigating the efficacy of NA VLPs may be lacking, some of these findings were critical to understanding their role as antigens in influenza vaccines. Insect cell-derived VLPs expressing the N1 antigen of the 2009 pandemic H1N1 conferred a broader range of cross-protection than an inactivated split vaccine, which was highly strain-specific. Even in Fc receptor γ-knock out mice, N1 VLP immune sera conferred protection against homologous and heterologous challenge infections [21]. In another study, the NA antigens of A/California/04/2009 (H1N1) and A/Perth/16/2009 (H3N2) were co-expressed on the surface of the M1 derived from A/Michigan/73/2015 influenza viruses. These were self-assembled into VLPs in Sf9 insect cells, and their immunization in mice resulted in protection against lethal challenge infections with H1N1 and H3N2 viruses [22]. The importance of NA in protection against multiple clades of influenza viruses was demonstrated using NA-expressing VLPs. H5 antigens were co-expressed with N1, N5, N6, or by themselves on insect-derived VLPs, and the protection elicited by these particles was investigated in BALB/c mice. Compared to H5-expressing VLPs alone, co-formulation with NA antigens enhanced protection. Consistent with the findings demonstrated through the concept of multi-antigenic vaccines, increasing the variety of NA expression on baculovirus-expressed VLPs substantially enhanced protection against H5N1, H3N2, and H1N1 influenza viruses [23]. Mammalian cells could also be used to generate VLPS expressing the HA and NA of either A/Hong Kong/4801/2014 (H3N2) or B/Phuket/3073/2013. When BALB/c mice were immunized intramuscularly with mammalian cell-derived VLPs that expressed equal portions of HA and NA, functional antibodies against both glycoproteins were induced [24].



Investigating the impact of the VLP vaccines on the aging population is also of concern, and a few research studies investigating this have found interesting results. VLP vaccines were proven to be highly efficacious in aged mice with co-morbidities. Specifically, compared to the mice immunized with the inactivated H1N1 influenza virus, those immunized with the plant-derived H1-expressing VLPs induced greater CD4+ and CD8+ T cell responses and were generally better protected [25]. Immunization routes can affect the immune response induction in vaccinees. The impact of these multi-route immunization strategies was investigated by Hodgins et al. [26] using plant-derived VLP vaccines expressing the HA of A/California/07/2009 (pdmH1N1) in aged mice. Here, the authors compared the protection elicited in elderly mice when the VLPs were administered via three different strategies: prime-boost with intramuscular routes, a prime-pull strategy using intramuscular prime followed by intranasal boost, and a multi-modal route where VLP vaccines are simultaneously administered via both routes. The protection elicited by these three regimens was compared to that of split inactivated influenza vaccine control groups. Overall, survival rates were generally similar across all immunization groups, but VLP groups generally elicited greater splenic T cell responses and incurred less pulmonary inflammation and lesser lung virus titers compared to the split vaccines. Recently, while investigating the vaccine-induced cellular immune responses in mice immunized with this plant-derived H1 VLPs, a unique set of IL-1R1+ regulatory T cell populations was identified in the lungs of mice [27]. Although the exact mechanism of action has yet to be revealed, these cell populations may be integral for inhibiting pulmonary inflammation.



Multi-antigenic VLP vaccines are efficacious against several different strains of influenza viruses. Resultantly, studies examining the protection induced by these bivalent vaccines are prevalent. Baculovirus-derived VLPs expressing the H5 and H7 antigens of avian influenza viruses are one such example. A single dose of this VLP vaccine was sufficient to mount protection in immunized chickens against the highly pathogenic avian influenza virus challenge. Compared to the commercialized trivalent inactivated vaccines, the bivalent VLP vaccine incurred lesser pulmonary pathologies, and much of the lesions and inflammatory responses were alleviated [28]. One study compared the range of protection elicited by both mammalian cell-derived VLPs and protein subunit vaccines. Compared to mice immunized with the H5 and N6 subunits, neutralizing antibody titers were much higher in H5N6 VLP-immunized mice. The neutralizing potential of these sera was tested against pseudoviruses expressing H5 and a wide array of NA antigens. In almost all cases, irrespective of H5N2, H5N6, or H5N8 subtypes, neutralizing activity was greater in the sera acquired from the H5N6 VLP-immunized mice [29]. Insect cell-derived VLPs expressing the HA antigens of multiple clades were demonstrated to be more efficacious than single antigens. Chickens immunized once with VLPs co-expressing the highly pathogenic avian influenza HA antigens of clades 2.3.2.1c and 2.3.4.4c on a single VLP were better protected than VLPs expressing the HA of a single clade. The antibody responses against both clades were maintained for months, and the potential for scaling this VLP production at a low cost seemed to be a promising approach [30].



Studies investigating VLP vaccine-induced protection against influenza B viruses are severely lacking. Because of the emerging influenza B virus-borne infectious cases, VLP vaccine efficacies were evaluated in mice. HA and NA antigens derived from B/Washing/02/2019 Victoria lineage and B/Phuket/3073/2013 Yamagata lineage were used to generate VLPs in Sf9 cells, and these were intramuscularly administered into mice. Interestingly, none of the immunized mice perished upon challenge infection with a lethal dose of B/Colorado/06/2017 Victoria lineage virus, thus signifying the presence of VLP-induced cross-protection against mismatched B virus infections [31].




2.3. Improving the Efficacy of VLPs Vaccines


Although influenza vaccines have been available since the 20th century, they were incapable of preventing viral mutations, and seasonal influenza vaccines remain largely ineffective at times as the strain used in the vaccines failed to match those circulating the world. For this reason, developing a universal vaccine is paramount. Interestingly, the vaccine efficacy of the VLPs displaying the HA antigen of A/California/04/2009 was strikingly different from those of split vaccines. Immunized mice, either with the baculovirus-derived VLPs or split vaccines, were challenge infected with the homologous virus or a heterosubtypic virus A/Philippines/2/82/(H3N2) virus. While VLPs induced better protection against homologous challenge infection, heterosubtypic protection was noticeably higher in mice immunized with the split vaccines [32].



Computationally optimized broadly reactive antigen (COBRA) technology is being explored for influenza vaccine development. The potential for these COBRA-based antigen constructs was demonstrated using ferrets with pre-existing immunity to the H3N2 influenza virus. Here, the mammalian 293T cell-expressed COBRA H3 VLP vaccines conferred broad protection against both the historic vaccine strain and the multiple variants that were co-circulating simultaneously. Furthermore, the COBRA H3 VLPs also elicited greater hemagglutinin inhibition (HAI) and neutralizing antibody titers than VLPs expressing the wild-type H3 antigen [33]. Similar findings were also demonstrated from next-generation mammalian cell-derived COBRA VLP vaccines displaying the H3 antigen, most of which outperformed the wild-type H3 vaccines against historic and co-circulating variants [34]. COBRA technology was also utilized to develop avian influenza virus vaccines. In stark contrast to the VLPs expressing the HA antigen derived from A/whooper swan/Mongolia/244/2005, the 293T cell-expressed COBRA-2 VLP displaying the H5 sequence from the 2005–2006 period elicited greater immune responses. Furthermore, while the former failed to confer protection against antigenic drift variant A/duck/Vietnam/NCVD-672-2011, COBRA-2 HA VLP conferred protection in 80% of the immunized chickens [35].



Heterologous immunization is an interesting concept, and this regimen can improve the efficacy of vaccines. Live-attenuated influenza virus vaccine efficacy could be moderately improved by boosting with baculovirus-expressed VLPs containing the five tandem repeats of the M2e antigen (M2e5x) derived from human, swine, and avian influenza viruses. This immunization regimen enhanced protection against both A/Vietnam/rgH5N1 and A/PR8/H1N1 lethal challenge infections in immunized mice [36]. This M2e5x VLPs, when co-administered along with the influenza split vaccine via microneedle patch into mice, conferred better protection than the split vaccine alone and substantially enhanced cross-protection in mice [37].



Because the M2e5x VLPs were weakly immunogenic by themselves, methods to improve their protective efficacy have been explored. BALB/c mice immunized with the Sf9 cell-derived VLPs co-displaying the HA and M2e5x antigens were better protected against reassortant H5N1 avian influenza virus challenge infection than VLPs solely expressing the M2e5x [38]. Using the SpyTag/SpyCatcher technology, another study generated norovirus-like particles based on the VP1 capsid proteins co-displaying the M2e and the HA2 subunit derived from A/Puerto Rico/8/34 influenza virus to investigate their efficacy. While HA2-expressing VLPs induced virus-specific antibody responses, M2e VLPs failed to elicit detectable levels of virus-specific antibodies. Surprisingly, the HA2 VLP-induced antibodies failed to neutralize the influenza virus in vitro [39]. In one study, the M2e5x VLPs were generated using cellulose acetate phthalate dispersion technology. When these VLP were accompanied by Alhydrogel and monophosphoryl lipid A (MPL-A) adjuvants, they were capable of stimulating dendritic cells via the Th1 pathway [40]. Transdermally immunizing mice with the identical adjuvanted M2e5x VLPs elicited virus-specific antibody responses and triggered the proliferation of splenic T cells [41]. Compared to unadjuvanted M2e5x VLPs, the same adjuvanted VLP demonstrated significantly higher antigen presentation. This VLP vaccine was used to immunize mice through the epidermis via an ablative laser, which induced immune cell stimulation in immune organs [42]. One study used the M2e tandem repeat VLPs co-expressing the codon-optimized N1, N2, and influenza B NA consensus sequences. Immunizing mice with these multi-antigenic baculovirus-derived VLPs conferred protection against numerous influenza A viruses as well as both influenza B lineages. Surprisingly, aged mice immunized with these VLPs were also protected [43].



Incorporating adjuvants to improve VLP efficacy is another strategy. For example, both B-cell activating factor (BAFF) and a proliferation-inducing ligand (APRIL) are tumor necrosis factor (TNF) family ligands that could be used as molecular adjuvants. Genetically engineering baculovirus-derived VLPs to incorporate these molecular adjuvants can improve the protection induced by influenza VLPs. Using this approach, one study reported that fusing BAFF or APRIL to the transmembrane domain of the HA antigens can be an effective inducer of protective immunity against influenza virus challenge infections [44]. Incorporating interleukin-12 into influenza VLPs can also enhance protection against heterotypic influenza virus challenge infection. By anchoring IL-12 to the membranes of Sf9 cell-derived VLPs expressing the HA of A/tufted duck/Fukushima/16/2011 (H5N1) and A/Anhui/1/2013 (H7N9) avian influenza, immunized mice were protected against homologous challenge infection, but partial protection was observed against heterosubtypic challenge with A/PR/8/34 (H1N1) strain [45].




2.4. Alternative Strategies of Influenza VLP Use and Potential Improvement


VLP usage is not strictly limited to antigen delivery or vaccination purposes. These nanoparticles can also be utilized to understand the carefully orchestrated internal processing of influenza antigens in cells, as demonstrated using human monocyte-derived macrophages [46]. VLPs by themselves could also be used as adjuvants to current FDA-approved vaccines. In one study, bacterial flagellin molecules were incorporated into VLPs, which were then used as an adjuvant for the influenza split vaccines. By combining the flagellin-expressing VLPs with the split vaccine, Th1-biased antibody responses were induced in both wild-type and CD4-deficient transgenic mice [47]. A hybrid VLP based on HBc and flagellin was recently modified to express four tandem repeats of the influenza M2e in the surface-exposed D3 domain of the flagellin molecule. Mice immunized with these modified insect-derived VLPs were better protected than those immunized with the flagellin-HBc M2e VLPs with unmodified D3 region. Replacing the D3 domain with the M2e antigens further enhanced the survival of immunized mice following challenge infection with the A/Puerto Rico/8/34 (H1N1), A/California/09/2009 (H1N1pdm09), and A/Philippines/2/82 (H3N2) viruses [48].



Mutations can be introduced to improve the efficacy of influenza vaccines. By disabling the sialic acid receptor-binding activity of the HA antigen in A/California/07/09 (H1N1) expressed on VLPs, a noticeable increase in vaccine-induced protection was detected in mice. Specifically, antibody responses induced by these plant-derived HA VLPs were much more potent than the wild-type HA-expressing VLPs. Receptor-binding inhibited HA VLPs also incurred less pulmonary inflammation and further reduced the lung virus titer by two log orders lower than the HA wild-type VLPs [49].



Although VLP vaccines are still undergoing clinical evaluation, several strategies to improve VLP manufacturing have been documented. One such strategy is the improvements to down-stream processing of the VLPs. A proof-of-concept study demonstrated that an optimized membrane-based down-stream process could be crucial for influenza VLP vaccine production, especially when looking from an industrial perspective. An optimized membrane-based purification approach enabled approximately 80% product recovery while substantially minimizing production costs and time [50]. Dissolved oxygen (DO) is a key component for obtaining high VLP yields. Maintaining the DO at sufficiently high levels in a bioreactor setting was reported to improve the HA titer of H7N9 VLPs by 128-fold [51]. Insect cell-derived M2 VLPs were recently reported to possess inherent issues that hamper their production and final yield. M2 ion channel activity has been reported to be detrimental to VLP production in Sf9 cells, as they incurred cytopathological effects that affected the recombinant baculoviral replication and influenza protein expressions to ultimately reduce the total VLP yield. However, when the M2 inhibitor amantadine was present, there was a substantial increase in the expression of all antigen expressions. HA, M1, and M2 expressions on these VLPs were enhanced sevenfold, threefold, and threefold, each, respectively [52].



Developing a universal influenza vaccine is the ultimate goal for influenza vaccinologists, and one possible solution to this is the induction of broadly neutralizing antibodies (bNAbs), which are capable of binding to almost all HA variants. The presence of a highly conserved antibody binding site in the stem region revealed the feasibility of developing such a vaccine, but this was proven to be strikingly challenging. In short, simply removing the rapidly mutating HA domain that overcrowded the viral surface was difficult [53]. However, this was overcome using the novel ferritin-based nanoparticle. Immunization with this vaccine raised neutralizing antibody responses against the conserved stem region as well as the receptor binding site on the HA head domain. Antibodies induced by this vaccine neutralized H1N1 influenza variants from the years 1934–2007, as well as conferring protection in ferrets [54]. Following this approach, numerous studies involving ferritin-based nanoparticle vaccines are currently ongoing, which also reported heterologous and heterosubtypic protection [55,56]. These headless HA nanoparticle vaccines were strongly efficacious against a wide array of H1 and H3 variants in non-human primates, thereby signifying their developmental potential as universal influenza vaccines [57].




2.5. Influenza VLP Vaccines at the Clinical Level


VLP-based influenza vaccines have been ongoing for more than a decade, and the general trend seems to be that they are well-tolerated in vaccinees. Several clinical trials have been conducted for both avian and human influenza viruses. Plant-derived avian H5N1 VLPs were utilized in Phase 1 clinical trials in healthy adults 18–60 years of age (ClinicalTrials.gov: NCT00984945). In this trial, vaccines of all tested doses were well-tolerated in vaccinees with mild to self-limiting adverse events [58]. Another avian influenza VLP clinical trial (ClinicalTrials.gov: NCT00519389) reported that insect cell-derived VLPs expressing the HA, NA, and M1 proteins of H5N1 A/Indonesia/05/2005 (clade 2.1) induced antibody responses that preferentially bind to the oligomeric form of HA and the C terminus of NA, but the dose-sparing effect was not observed [59]. H7N9 VLP studies also underwent clinical trials. The role of saponin-based ISCOMATRIX adjuvant played a crucial role in enhancing HAI seroconversion and N9-inhibiting antibody responses [60,61].



Clinical trials were also conducted for the A/California/04/2009 (H1N1) pandemic influenza. Interestingly, when using bacterially produced VLPs to immunize human subjects in a Phase I clinical trial, non-adjuvanted VLPs conferred a similar level of immunogenicity and safety profile comparable to that of commercialized vaccines, whereas adjuvanted vaccines failed to meet the pre-determined immunogenicity endpoint [62]. Here, VLPs derived from Sf9 cells elicited a robust seroprotection rate even with a single immunization in participants [63]. The insect cell-based VLPs induced durable antibody response in vaccinees, which persisted up to 24 months post-immunization in human subjects [64].



Seasonal influenza VLP vaccines were also subjected to clinical evaluation, as tabulated below (Table 1). In the Phase 1/2 clinical trial (ClinicalTrials.gov: NCT01991587), quadrivalent VLPs produced in Nicotiana benthamiana by Medicago, Inc. induced a substantial increase in cross-reactive antibody responses that lasted for months [65]. These quadrivalent VLPs were further tested in two groups: healthy adults 18–49 of age and participants between the ages 50–64 (ClinicalTrials.gov: NCT02233816, NCT02236052). In both groups, immunizing participants with 30 μg of these plant-derived VLPs induced strong humoral and cellular immune responses against both homologous and heterologous strains. Furthermore, these VLPs were safe and well-tolerated in participants with minimum adverse events [66]. Recently, the large-scale randomized Phase 3 clinical trial results for these quadrivalent VLPs were published, which involved participants aged 18–64 and 65 years or older. Unfortunately, the VLP vaccines failed to meet the pre-determined primary endpoint of 70% absolute vaccine efficacy. Nonetheless, severe side effects were not detected, and the protection was similar to those of commercially available vaccines [67]. In another Phase 3 clinical trial, safety and immunogenicity profiles of the identical quadrivalent VLP vaccines were reported to be consistent with previous findings, and the results also demonstrated consistent manufacturing capability, which is crucial for novel platforms such as the VLPs [68]. Phase 3 clinical trial results for the quadrivalent VLP vaccine manufactured by Novavax were recently published. Although the VLPs induced humoral and cellular immune responses and were well-tolerated in older adults, clinical vaccine efficacies were not evaluated in this study [69]. Despite these limitations, the aforementioned studies demonstrated that VLPs are a promising alternative to traditional egg-based vaccines. Importantly, the universal influenza vaccine candidate ferritin nanoparticle was also successful in its Phase 1 clinical trial as individuals intramuscularly immunized with the H2-ferritin nanoparticles induced neutralizing antibodies against both H1 and avian H5 influenza viruses (ClinicalTrials.gov: NCT03186781) [70].





3. Respiratory Syncytial Virus (RSV)


3.1. Brief History of RSV, Vaccine Development, and Candidate Antigens


RSV is an antisense single-stranded RNA virus, which is phylogenetically categorized under the family Pneumoviridae, genus Orthopneumovirus. Structurally, the virus consists of 10 genes that encode in order the non-structural (NS) proteins NS1, NS2, nucleoprotein (N), polymerase co-factor (P), matrix protein (M), small hydrophobic (SH) protein, attachment glycoprotein (G), fusion glycoprotein (F), transcription processing factors M2-1, M2-2, and the large polymerase subunit (L) [71]. Among them, only the F, G, and SH antigens are expressed on the virus surface. While many of these antigens have been utilized as vaccine components, the most successful RSV vaccines at both preclinical and clinical levels were those expressing either F and/or G proteins. RSV is currently the main cause of lower respiratory infection in infants. Estimates revealed that on a global scale, RSV accounts for approximately 3 million hospitalizations and 60,000 deaths for children under the age of 5 [72]. The virus is not only a threat to infants but also to adults with comorbidities as well, especially individuals with chronic cardiopulmonary diseases [73]. Furthermore, most recent meta-analyses revealed that RSV-related case fatality proportions for individuals over 60 years of age residing in developed countries was approximately 8% [74], with an estimated 33,000 in-hospital deaths due to acute RSV infection [75].



RSV was first isolated in 1955 at Walter Reed Army Institute of Research in the United States from chimpanzees that were suffering from cold and coryza [76]. The isolated virus was initially named chimpanzee coryza agent (CCA), but its connection with human respiratory illness was unknown at the time. In the following year, Chanock et al. [77] isolated viral specimens from two children, which were indistinguishable from the CCA. Consequently, nomenclature changes were introduced, and the CCA, which was demonstrated to be capable of infecting humans, became known as the “respiratory syncytial virus,” as this was more fitting. Despite decades of global efforts, safe and efficacious RSV vaccine remains unavailable to this day. In the mid-1960s, there was a massive clinical trial failure that led to the death of two infants who were immunized with the infamous “Lot 100” formalin-inactivated RSV (FI-RSV). The truly paradoxical aspect was that the vaccines, which were meant to be protective, not only failed to elicit protection in vaccinees but also exacerbated the disease symptoms [78]. Given the rising safety concerns, RSV vaccine development has cautiously progressed, and the nature of vaccine-enhanced disease issue remain unresolved. Although VLPs are still under development, the outlook for these highly immunogenic particles is bright as these immunogenic particle vaccines could become a solution to the vaccine-associated enhanced respiratory disease (VAERD) that killed two infants in the 1960s, thus paving the path to commercially available RSV vaccines.




3.2. Pre-Clinical VLP Vaccine-Induced Protection and Novel Approaches


Research using VLP-based vaccines against RSV infections has only begun fairly recently. The first report of chimeric VLP construct expressing an RSV antigen was described in 2004 by Harvey et al. [79], whose work demonstrated that VLPs expressing the RSV M2 protein are capable of inducing CD8+ T cells ex vivo, but the protective efficacy of these self-assembled VLPs against RSV was not investigated. The first VLP study to investigate this aspect was done using the Newcastle disease virus (NDV) VLPs that expressed the ectodomain of RSV glycoprotein (G) fused to the transmembrane and cytoplasmic domains of NDV proteins. VLP constructs based on this method incurred substantially less inflammatory response and pathological damage than the notorious formalin-inactivated VLPs [80]. Using an identical approach, VLPs expressing the NDV-fused RSV fusion (F) protein and the G protein ectodomains were reported to confer robust and protective immune responses [81,82]. Epitope fractions are of considerable interest for vaccine antigens. For instance, a component of the F protein can also be used as an antigen. In one study, the well-characterized 24 amino acid epitope on the F protein was used as an antigen and assembled into VLPs along with the woodchuck hepadnavirus core protein. This epitope, which is identical to the palivizumab epitope, was reported to confer high titers of RSV-neutralizing antibody responses [83]. Following this trend, numerous chimeric VLP studies have been conducted to date that revolved around expressing RSV antigens on different virus backbones. For example, multiple studies have evaluated the protective efficacy of VLPs expressing the RSV surface glycoproteins on the influenza M1 protein [84,85]. P22 bacteriophage-derived VLPs encapsulating both RSV M and M2 proteins were reported to elicit T-cell responses against both antigens in mice [86]. Mammalian cell-derived VLPs that more closely resemble RSV by expressing the RSV M protein, F, and G antigens have also been reported. VLPs produced this way induced protection in both upper and lower respiratory tracts of the immunized cotton rats [87].



Recently, the importance of the pre-fusogenic (PreF) form of RSV F protein has been reported [88]. Since then, a massive number of studies exploring the protective efficacy of these PreF antigens using the VLP platform have significantly increased with consistent results. Using a human metapneumovirus matrix protein as the structural core, protective efficacies of the VLP constructs expressing either PreF or post-fusogenic (PostF) forms of the RSV F protein were compared. Surprisingly, those displaying both pre- and post-fusogenic F protein induced the highest level of neutralizing antibody responses [89,90]. PreF antigens are also much better inducers of neutralizing antibodies than the PostF forms of the RSV F protein. In one study, NDV-based chimeric VLP vaccine-induced immunities differed between RSV-primed and naïve mice. Specifically, the sheer amounts of neutralizing antibodies induced by PreF VLPs were much higher in the former of the two. The PostF VLPs, on the other hand, failed to activate high titers of neutralizing antibody responses in RSV-primed mice [91]. The protective efficacy of the identical VLPs expressing the stabilized PreF form of the RSV has been investigated in cotton rats, which resulted in potent neutralizing antibody responses with no enhanced respiratory disease [92].



As with baculovirus-derived influenza virus VLPs, multi-antigenic VLPs for RSV have been under development. VLP constructs displaying the tandem repeats of the RSV G protein (Gt) on the surface of influenza M1 protein were evaluated in murine models [93]. These RSV Gt VLPs ensured that the immunized mice experienced less pulmonary inflammation and reduced the viral lung loads following challenge infection. In a follow-up study to this work, the Gt antigens were paired with the PreF antigens, and the protection elicited by these VLPs was investigated. Co-formulating PreF and Gt antigens into VLPs conferred better protection than VLPs expressing either antigen alone. The severity of pulmonary inflammation and lung virus titers were lower in mice immunized with the PreF+Gt VLPs, albeit neutralizing antibody titers were comparable across the immunization groups [94]. Fusing multiple RSV antigen epitopes to the HBc also worked for VLP assembly. In one study, truncated fractions of HBc were fused with two epitopes from the RSV F antigen, a CTL epitope from the M2 antigen, and a truncated G protein fragment. This chimeric VLP, when intramuscularly administered into mice, induced Th1-biased immune responses while limiting Th2 cytokine production. These VLP vaccines also alleviated pulmonary inflammation and limited viral replication in the lungs of immunized mice [95]. Recently, an epicutaneous immunization approach to boost pre-existing immunity was demonstrated. Here, synthetic self-assembling lipopeptide VLPs termed “V-306,” which display multiple epitopes of the RSV F antigenic site II mimetic antigen, were constructed. When used as booster vaccines in mice, the vaccines were capable of protecting immunized mice by reducing the viral load without incurring VAERDs [96].



While F and G protein-expressing VLPs were extensively researched, this was not the case for the SH antigen. Many of the SH protein vaccine studies were based on live-attenuated viruses [97,98]. Although a lipid-emulsified vaccine expressing the SH protein ectodomain was tested in clinical trials [99], not a single VLP vaccine displaying the SH antigen has been reported to date. As there is a paucity of studies investigating the protective efficacy of SH antigen-expressing VLPs, conducting these studies could be beneficial to understanding this antigen’s immunogenicity and developmental potential.




3.3. Maternal Immunity and VLP Vaccines


Maternal immunization to investigate the efficacy of RSV vaccines in infants is a potential immunization strategy, as increasing maternal immunity during pregnancy could extend the induced protection to newborns. So far, only a handful of pre-clinical studies have attempted to investigate the protection elicited by these VLP vaccines using a maternal immunization strategy. To test this, cotton rats were immunized with NDV-based VLPs expressing PreF or PostF antigen along with the RSV G protein. While VLPs expressing both F and G antigens strongly enhanced the pre-existing immunity against RSV in dams irrespective of the pre- or post-fusogenic forms, the boosting effect was significantly greater in dams immunized with the PreF VLPs. This protection was carried on to the pups, as indicated by the lessened lung inflammation following RSV challenge infection [100]. While protection was elicited in pups, this was only applicable to the first set of offspring from the first pregnancy in cotton rat dams. Despite the high level of anti-PreF antibodies and neutralizing antibody titers in the dams, protection elicited by the NDV-based RSV VLPs drastically declined in pups of the second pregnancy [101].



Recently, several different mutations were introduced to the PreF-stabilized RSV F protein, and the resulting differences were compared by expressing these different mutants on chimeric NDV VLPs. Interestingly, these alternative versions of the PreF mutants were reported to elicit different populations of RSV F-specific antibody responses [102]. Two of these variants, termed the UC-2 and UC-3, were of particular interest. When these alternative forms of UC-2 and UC-3 variants of PreF VLPs were used to immunize pregnant cotton rats, higher quantities of neutralizing antibody responses were elicited in comparison to the standard DS-Cav1 variant. These strong neutralizing antibodies were passed on to the pups of immunized dams and conferred robust protection. Specifically, upon challenge infection, lung RSV titers in pups of UC-2 and UC-3 F VLP-immunized dams were 6- and 40-fold less than those observed in pups of DS-Cav1 F VLP-immunized dams [103]. As evidenced by these studies, maternal immunization with mutant forms of PreF VLPs could bring about promising results, but whether this approach addresses the short-lived immune response remains to be unraveled.




3.4. Other Strategies to Improve RSV VLP Vaccine Efficacy


It is widely perceived than VLP-based vaccines are highly immunogenic, and the immune responses induced in animal models may far exceed those elicited by other vaccine platforms. Compared to DNA vaccines expressing the RSV F antigen, insect-derived VLPs expressing the identical antigen generally conferred better protection. Specifically, mice immunized with the RSV F DNA vaccines experienced weight loss and pulmonary inflammation that may have resulted from an influx of plasmacytoid dendritic cells, monocytes, and others [104]. However, there is always room for improvement. Introducing mutations to the antigen of interest is critical for improving VLP vaccine efficacy. This was further demonstrated by introducing additional mutations to the pre-fusion stabilized DS-Cav1. Deletion of fusion peptide, paired with multiple mutations in one or more furin cleavage sites, resulted in significantly enhanced antigenicity against the pre-fusion site Ø and the antigenic sites I and II-specific monoclonal antibodies. Compared to the DS-Cav1, mice immunized with the baculoviral VLPs displaying these mutant antigens induced higher RSV-specific antibody responses, neutralizing antibody titers, and lung viral clearance post-challenge infection [105]. Amplifying VLPs (AVLPs) are also interesting and could be a potential alternative to live-attenuated virus vaccines. Compared to the traditional VLPs, AVLPs are similar in terms of safety. The sole difference is their capability to continuously express the foreign gene of interest in cells, which implies a significantly lower dosage required to elicit immune responses in hosts. Using this approach, RSV F and the transcription factor M2-1 genes were inserted into the parainfluenza virus backbone to generate AVLPs. A single dose of these VLPs in mice was sufficient to mount RSV-specific antibody responses and inhibit lung virus replication [106]. The ferritin nanoparticle strategy was also recently employed for RSV vaccine development. Here, after glycan modifications were made to mask non-neutralizing epitopes, Pre-F subunits were fused to the ferritin nanoparticle. This vaccine elicited robust antigen-specific antibodies in both mice and non-human primates. Virus-neutralizing antibodies were induced even after 150 days post-immunization, which were even more potent than those elicited by DS-Cav1 [107].




3.5. RSV VLPs as a Potential Solution to VAERD and Clinical Application in the Pre-Immune Population


Though etiologically difficult to define as the mechanism of disease enhancements varies between different respiratory pathogens, RSV vaccine-associated enhanced respiratory diseases appear to be characterized by exuberant Th2 immune response in the lungs of primed individuals [108]. Surprisingly, multiple studies have revealed that VLP immunization is capable of suppressing VAERD. For example, when BALB/c mice were immunized with the soluble F subunit vaccine, Th2-biased immune responses and lung histopathologies were detected. Contrary to this, baculovirus-derived VLPs expressing the RSV F antigen elicited immune responses, which were predominantly of Th1 origin as indicated by IFN-γ responses, and VAERD was not observed [109]. The nature of VLP-induced VAERD suppression could be attributed to the Th1 polarization of the host’s immune system. When human monocyte-derived dendritic cells were stimulated with RSV G VLPs in vitro, Th1-dominant immunity was detected. Contrastingly, stimulating these cells with FI-RSV vaccines elicited a Th2/Th17-biased immune response with depreciated non-interferon antiviral immune responses [110]. Consistent with this notion, identical findings were reported in nasal wash samples of RSV-infected infants, which were characterized by Th2/Th17 dominance [111]. The detailed mechanism contributing to VLP-induced Th1 immunity is currently unknown, but it is speculated to involve Toll-like receptor 4 (TLR4) signaling. For example, RSV VLPs can be sensed by TLR4 in vitro, which upregulates Th1 cytokine expressions that are associated with protection [87]. This shift in immunity has important implications, even for the currently most promising PreF antigen. Immunizing mice with PreF subunit vaccines adjuvanted with the Th2-biased alum resulted in lung pathology characterized by pulmonary eosinophilia and mucus accumulation post-challenge infection with RSV line 19. However, lung pathologies were inhibited when the vaccine adjuvants were switched to a more Th1/Th2-balanced Advax-SM [112]. Based on the sheer quantities of experimental data supporting Th1-immunity induction by the RSV VLPs, which are highly immunogenic per se and do not require additional adjuvants, developing these VLPs as vaccines can yield promising results especially compared to subunit vaccines. Also, studies investigating the intricate interplay between the RSV VLPs with the TLR family that leads to this Th1-bias could further aid in RSV vaccine development targeting the pre-immune population. Currently, the VLP vaccine manufactured by Icosavax, Inc. is the only RSV VLP vaccine progressing in Phase 1 clinical trial (ClinicalTrials.gov: NCT05664334). While it remains to be determined whether or not these VLPs can prevent VAERD formation in humans, the quest for clinical RSV vaccine will continue.





4. SARS-CoV-2


4.1. Coronaviruses


Coronaviruses are enveloped positive-sense single-stranded RNA viruses that are phylogenetically categorized under the family Coronaviridae, which can be further subdivided into 4 genera: alpha, beta, gamma, and delta [113]. They are currently regarded as the largest RNA virus reported to date, whose genome size ranges from 27–32 kb [114]. Structurally, while the bulk of their genome encodes various non-structural proteins, all coronavirus genomes essentially encode the envelope (E), membrane (M), nucleocapsid (N), and spike (S) protein [115]. In the past two decades of the 21st century, several major outbreaks involving coronaviruses have occurred. These include the SARS-CoV outbreak originating from Hong Kong in 2003 [116], the Middle East Respiratory Syndrome (MERS) of 2012 [117], and the most recent SARS-CoV-2 coronavirus disease 2019 (COVID-19) pandemic that resulted in approximately 621 million infections and 6.5 million deaths throughout the world [118]. Among the four major proteins expressed by the SARS-CoV-2, the S protein is of considerable interest. The S protein can be subdivided into S1 and S2 subunits, but the former is held to greater importance as this portion contains the receptor binding domain (RBD) required for successful viral entry. Similar to the SARS-CoV, SARS-CoV-2 is thought to initiate the infection in humans by utilizing the angiotensin-converting enzyme 2 (ACE2) [119]. Given the COVID-19 pandemic spreading at an unprecedented speed, developing an efficacious vaccine is a global priority. The protective efficacy of VLP vaccines is documented to be superior to those of traditional protein subunit vaccines. Specifically, VLPs expressing the S protein RBD induced five times more neutralizing antibody responses in immunized mice in comparison to the subunit RBD vaccine. Furthermore, the RBD-expressing VLPs were also capable of conferring protection against multiple coronaviruses, including several SARS-CoV-2 variants [120]. In light of this finding, continuous efforts to develop VLP vaccines against SARS-CoV-2 are ongoing.




4.2. Protective Efficacy of the SARS-CoV-2 VLPs at the Preclinical Level


Construction of the first SARS-CoV-2 VLPs was reported in 2020 by Xu et al. [121], who demonstrated that the M, E, and S proteins are indispensable for efficient VLP assembly in mammalian cells. Since then, multiple studies have investigated the protective efficacy of SARS-CoV-2 VLP vaccines at the pre-clinical level. Using the SpyTag/SpyCatcher system, synthetic VLPs expressing the RBD of S protein were generated, which induced strong neutralizing antibody responses in several animal models [122]. As with other respiratory viruses, insect cells were also utilized for VLP assembly. Recombinant baculoviruses expressing the SARS-CoV-2 M and S proteins were used to construct VLPs in insect cells, and these unadjuvanted VLPs, when inoculated into Syrian gold hamsters, conferred protection against the SARS-CoV-2 B.1.1.7 variant by lessening the degree of pulmonary symptoms [123]. Importantly, as with other VLPs, SARS-CoV-2 VLPs do not necessarily need to be expressing structural components of native viruses. Rather, they can be produced using a wide array of cell lines or viruses to construct chimeric VLPs, and even under these conditions, the VLP vaccines continue to demonstrate profound protective efficacy in animal models. A 60-mer dodecahedric VLP derived from the human adenovirus, named “ADDomer,” was utilized to develop a unique VLP vaccine. Here, the surface of these ADDomers was decorated with SARS-CoV-2 S RBDs using the SpyTag/Catcher technology. This vaccination approach conferred a strong neutralizing response against the pseudo-typed virus, which far exceeded those elicited by the sera of convalescing patients [124]. Similar to the pre-fusion domain of RSV, the pre-fusogenic form of the SARS-CoV-2 S protein contains potent neutralizing activity. NDV-based VLPs expressing the prefusion-stabilized SARs-CoV-2 S protein evoked virus-neutralizing antibody responses in mice [125]. Immunizing mice with the AP205 bacteriophage-derived VLPs expressing the receptor binding motif (RBM) of the S protein RBD induced high titers of antigen-specific antibody responses. These VLP vaccines elicited strong IgG2a antibody responses required for protection and were capable of neutralizing SARS-CoV-2 [126].



Several studies have investigated the immunogenic effects of insect cell-derived chimeric SARS-CoV-2 VLP constructs. Influenza VLPs expressing the codon-optimized full-length S, S1, or S2 subunits were reported to induce virus-specific antibody responses in mice, but the neutralizing antibody responses were mediocre and failed to fully inhibit the virus receptor and ligand binding interaction [127]. Immunizing K18-hACE2 mice with HEK293T-derived chimeric influenza VLPs reduced the lung virus titers and promoted their survival post-challenge infection with SARS-CoV-2, albeit with moderate levels of pulmonary inflammation and brain lesion [128]. An interesting approach was recently reported. Using a similar approach, H5N1 avian influenza VLPs that express the codon-optimized matrix and SARS-CoV-2 S proteins were reported to induce both cellular and humoral immune responses in mice. Adjuvanting these baculoviral VLPs with CpG ensured that all of the immunized mice survived the challenge infection with minimum weight loss and a significant reduction in SARS-CoV-2 RNA copy numbers in the lungs [129].



Only a limited number of VLP vaccine efficacy studies were performed in non-human primates. Plant-derived VLPs expressing the SARS-CoV-2 S protein were proven to be immunogenic in rhesus macaques but supplementing these vaccines with the CpG adjuvants further enhanced both cellular and humoral immune responses. These findings were accompanied by a substantial reduction in viral titer and the absence of vaccine-associated enhanced disease [130]. Nearly identical findings were observed from rhesus macaques immunized with the AP205-derived capsid VLPs. Boost immunization with this VLP vaccine elicited a more than 50-fold increase in neutralizing antibody titers, significant lung virus titer reduction, and vaccine-enhanced disease in the lungs was undetected [131]. Overall, the protective efficacy of VLP vaccines at the pre-clinical level is outstanding, and as such, these platforms are currently being tested at the clinical level.




4.3. VLPs: How Do They Fare against the Emerging Variants of Concern (VOCs)?


As with all viruses, mutations in the genetic sequences of SARS-CoV-2 result in changes that can have diverse consequences in the viral properties, whether it be antigenicity, transmissibility, or others. Since the initial discovery of SARS-CoV-2 in late 2019, numerous variants possessing distinct mutations in the genetic sequences have emerged. The WHO has stated that one or more of the following three criteria must be met to be considered as VOCs: (1) increased transmissibility or negative changes to the COVID-19 epidemiology, (2) changes to clinical manifestation or virulence in hosts, or (3) reduced efficacy of vaccines and other prophylactic tools [132]. Currently, the Omicron variant (B.1.1.529) is the major circulating VOC, although four other previously circulating VOCs, such as the Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), and Delta (B.1.617.2) variants are still being vigilantly monitored [132]. Given these circumstances, vaccines that can confer protection against these emerging variants are direly needed.



Only a small number of studies attempted to investigate the protective efficacy of VLPs against VOCs. In one study, a multi-component approach to VLP construction was employed. Here, the Sf9 insect cell-derived S1 subunit was conjugated to the AP205 bacteriophage via SpyTag/SpyCatcher system, and VLPs generated via this approach ensured potent antibody induction in immunized mice, which strongly neutralized the Wuhan (L008) and the UK (B.1.1.7) alpha variants of the SARS-CoV-2 [133]. Compared to the soluble RBD immunization, RBDs displayed on these capsid VLPs were more immunogenic and elicited higher anti-S antibody responses in mice, and a single dose of this vaccine was sufficient to confer a comparable level of neutralizing titer to those from convalescent patients [134]. In another study, genetically grafting the RBM of SARS-CoV-2 on the surface of cucumber mosaic virus (CCMV) that was immunogenically optimized via incorporation of tetanus toxin-derived helper T cell epitope induced immune responses in mice and rabbits. More importantly, these RBM-expressing VLPs demonstrated cross-reactivity with the RBDs of multiple variants containing mutations in the RBD [135]. Further studies involving these CCMV VLPs were conducted to evaluate the protective efficacy of these vaccines. Here, Chang et al. [136] fused the epitopes of SARS-CoV-2 RBM and the SARS-CoV-2 fusion peptide in the S2 domain with the CCMV subunits to construct a novel double mosaic VLP that elicited high levels of virus-neutralizing antibody responses. To address the problems posed by the VOCs, the same research group also tested whether these VLP vaccines could be effective against multiple emerging variants of SARS-CoV-2. The wild-type RBD expressed on these VLPs were capable of interacting with the Beta, Gamma, and Delta VOCs with high avidities [137].




4.4. Potential Application of VLPs to Study the Role of Mutations and Alternative Uses of SARS-CoV-2 VLP Vaccines


Continuous mutations and evolving viruses pose a tremendous challenge to vaccine development. However, VLPs can be used to investigate how specific mutations can alter the protective efficacy of vaccines. In one study, by deliberately introducing mutations resembling those of Omicron or Delta SARS-CoV-2 variants, the authors delineated that mutations in any of the key structural components can have a large impact on the viral particle assembly and their neutralization. Surprisingly, using Omicron-mutated SARS-CoV-2 VLPs, it was revealed that the Omicron variants are 15-fold more likely to evade neutralizing antibody responses in convalescing patients and vaccinated individuals [138]. Recently, Servellita et al. [139] conducted VLPs and live virus-based neutralization assays using clinical samples. The authors of this study revealed that in addition to the waning antibody responses in vaccinees, the protection conferred by these virus-neutralizing antibody responses was substantially reduced against Delta and Omicron variants. Furthermore, upon a breakthrough infection with either of the two variants, there was diminished variant-specific cross-neutralizing activity. Moreover, VLPs can also be utilized for SARS-CoV-2 diagnostic purposes, specifically as positive controls. The VLPs can be constructed as SARS-CoV-2 RNA transcript-encapsidating nanoparticle carriers, and the feasibility of this approach was validated using plant-derived CCMV and Qβ phage payload modules [140].



With the SARS-CoV-2 becoming more of a seasonal respiratory disease, as in the case of influenza viruses, continued measures to improve SARS-CoV-2 vaccines are a necessity. To address this, developing vaccines that confer dual protection against both influenza and SARS-CoV-2 would be ideal. Glycosylphosphatidylinositol-anchored SARS-CoV-2 S RBD was fused to the GM-CSF adjuvant, and this was incorporated into influenza VLPs expressing the HA and M1 derived from influenza A/Puerto Rico/8/1934 (PR8). This mammalian cell-derived VLP vaccine conferred protection against both influenza and SARS-CoV-2 virus challenge infection in mice [141]. Incorporating cyclic GMP-AMP (cGAMP) into VLPs significantly increased the vaccine immunogenicity against multiple respiratory viruses. In one study, HIV-derived VLPs that were pre-loaded with cGAMP were used to demonstrate the importance of these immunostimulatory molecules. When influenza HA or the SARS-CoV-2 S antigens were expressed on these cGAMP-loaded VLPs, these vaccines induced greater antigen-specific antibody responses and virus-neutralizing antibody titers against respective viruses than the unloaded VLP counterparts [142]. Therefore, applying these concepts would enable the rational design of vaccines to aid in the ongoing combat against respiratory diseases.




4.5. Improvements to Current SARS-CoV-2 Vaccines


From an economical perspective, yeast-expressed VLPs would be the system of choice that meets the aforementioned production criteria. Genetically engineering SARS-CoV-2 RBD not only improved the VLP yields in the yeast production system but also enhanced the immunogenicity of the vaccines in mice. Furthermore, these SpyTag/SpyCatcher-based VLPs induced antibodies which also interacted with SARS-CoV-2 variants of concern and even prevented drastic weight loss in hamsters following challenge infection [143]. Specifically, hamsters immunized with the alum-adjuvanted VLPs expressing the engineered RBD of S protein lost 15% of their initial weight by 6 days post-infection (dpi). However, further adjuvanting this vaccine with CpG prevented bodyweight loss not exceeding approximately 7% [143]. Recently, the protective efficacy of VLP vaccines was compared to the FDA-approved Pfizer mRNA vaccines in K18-hACE2 transgenic mice, which were previously developed for lethal SARS-CoV infection studies. SpyTag/SpyCatcher-based VLP constructs expressing the RBD of SARS-CoV-2 on the surface of hepatitis B surface antigen protected these mice, and the protection induced by these vaccines was comparable to those of commercially available mRNA vaccines [144].



The VLPs currently under development could also be used along with the emergency-approved SARS-CoV-2 vaccines. Heterologously immunizing mice with plant-derived VLP vaccine along with the Moderna mRNA-1273 vaccine conferred a high level of virus-specific antibodies. The VLP vaccine used in this study efficiently boosted the B-cells that were primed with the RBD-expressing mRNA vaccines. The prime-boost regimen involving mRNA and VLPs was just as effective when the immunization orders were reversed, that is, priming with VLP and boosting with mRNA [145].



The efficacy of ferritin nanoparticles expressing the S protein of SARS-CoV-2 was recently investigated. A single immunization with these ferritin nanoparticles elicited virus-neutralizing antibody titers in mice, which were at least twofold greater than sera acquired from COVID-19 convalescing patients [146]. Another study reported similar findings. Spike-ferritin nanoparticle (SpFN) induced robust neutralizing antibody titers after a single immunization, which was comparable to responses acquired from RBD-fused ferritin nanoparticles after two immunizations. Furthermore, antibodies induced by the SARS-CoV-2 ferritin nanoparticle vaccine were also capable of neutralizing SARS-CoV-2, thus implying their broadly protective immunity induction [147].




4.6. Clinical Development and Approved SARS-CoV-2 VLP Vaccines


As with influenza and RSV, FDA-approved SARS-CoV-2 VLP vaccines are currently unavailable. Much of the VLP-based vaccine remains at the preclinical level, with several being evaluated in clinical trials as described elsewhere [148]. Here, we briefly summarize some of the SARS-CoV-2 VLPs currently being evaluated at the clinical level. LYB001 is a VLP vaccine expressing the RBD of SARS-CoV-2 S protein adjuvanted with alum. The vaccine is manufactured by Yantai Patronus Biotech Co., Ltd., based in China. This vaccine recently finished its Phase 1 clinical trial and is now undergoing Phase 2/3 trials. The participants are immunized thrice at 4-week intervals through the intramuscular route. VBI-2902a is an enveloped VLP vaccine manufactured by Variation Biotechnologies Inc., based in the United States. This vaccine expresses the modified pre-fusion stabilized S protein on the surface, adjuvanted with aluminum phosphate. The vaccine is being evaluated in Phase 1/2 clinical trials, which involves immunizing patients a total of two times at 28-day intervals through the intramuscular route. A SARS-CoV-2 VLP expressing all four of its structural proteins is being evaluated. The vaccine, though unnamed, is reported to be developed by the Scientific and Technological Research Council of Turkey and is undergoing a Phase 2 clinical trial. At the time of writing this manuscript, initial positive data were released for the VBI-2902a, but clinical data for the LYB001 and SARS-CoV-2 VLP either remain largely undisclosed or inaccessible.



The ABNCoV2 is a capsid VLP adjuvanted with the MF59. This vaccine expresses the S protein RBD, and vaccines are administered twice through the intramuscular route. The Phase 1 clinical trial for this vaccine was carried out by Radboud University Medical Center (ClinicalTrials.gov: NCT04839146) and is currently undergoing Phase 3 clinical evaluation in the United States. CoVLP is another VLP vaccine developed by Medicago Inc. and GlaxoSmithKline. In this VLP vaccine, the pre-fusion stabilized S glycoprotein was modified by replacing its transmembrane and cytoplasmic tail portion with that of HA from A/Indonesia/5/2005 (H5N1) to enhance VLP assembly. Participants were immunized twice with this plant-derived VLP with AS03 or CpG1018 adjuvants. In the Phase 1 trial (ClinicalTrials.gov: NCT04450004), co-formulating this VLP with AS03 induced neutralizing antibody titers that were 10-fold higher than those detected from convalescent sera [149]. In the Phase 3 clinical trial, the protective efficacy for the CoVLP+AS03 adjuvant formulation was approximately 70% against moderate to severe disease [150]. The Canadian government has officially approved the domestic use of this vaccine for clinical purposes. A brief list of SARS-CoV-2 vaccines listed under ClinicalTrials.gov is tabulated below (Table 2). Currently, a ferritin-based nanoparticle vaccine is also being evaluated at the clinical level (NCT04784767).





5. Methods of Improving VLP Stability


While vaccine-induced protection is important, it is worth noting that many of these efficacious vaccines remain unattainable for numerous countries. Therefore, developing a highly efficacious vaccine that can be scaled to high yields at a low cost is desirable. This is particularly the case for mRNA-based SARS-CoV-2 vaccines. From a structural perspective, RNA is unstable and prone to degradation. Consequently, mRNA vaccines require cold chain logistics and management, which are difficult in developing countries. Fortunately, VLPs could address these limitations. The temperature-stable aspect of VLP vaccines was demonstrated using Cervarix, an FDA-approved VLP vaccine against HPV, which was developed by GlaxoSmithKline. Here, the vaccines retained their stability and immunogenicity for at least 3 years when stored at 2–8 °C. Surprisingly, even when the cold chain conditions were broken by exposing the VLPs to 37 °C or 25 °C for weeks, the VLPs’ structural stability was retained [151]. Storing VLPs at optimal conditions is another factor contributing to VLP stability. In one study, a natural deep eutectic system comprising trehalose and glycerol was successfully used to retain the stability of HA-expressing VLPs, which were derived from the insect High Five cells. Under this condition, the physical integrity of the VLPs was retained for approximately 4 h when stored at 50 °C, and storing influenza VLPs at room temperature for over 1 month had no impact on VLP degradation or the HA titer [152]. SARS-CoV-2 RBM-expressing CCMV VLPs were also reported to be strikingly stable, as they retained their stability for 14 months when stored at 4 °C with no signs of degradation [135]. SARS-CoV-2 S RBD expressed on AP205 bacteriophages are currently undergoing clinical evaluation, and the temperature-dependent stability of these VLPs was recently tested, which demonstrated that these VLPs could be stored at ambient temperatures for months while retaining their stability. Specifically, lyophilizing these VLP vaccines ensured that the vaccines remained stable for up to 6 months at ambient temperature. Furthermore, lyophilizing pre-clinical influenza VLP vaccines displaying the HA stalk region also were not subjected to degradation when lyophilized or incubated at ambient temperatures for 2 months [153]. While a study investigating the temperature stability of VLPs for RSV remains unreported, they are anticipated to retain their stability, as demonstrated in the aforementioned studies.



Although the experimental findings described above highlight the temperature stability aspect of the VLPs, one must take into account that each VLP is unique and variations in structural properties are highly plausible. Consequently, directly translating or applying the findings observed from one VLP to draw a general conclusion would be misleading. For example, the FDA-approved Cervarix VLP vaccine underwent substantial downstream processes, which are time-consuming and costly from a manufacturing standpoint, that influenced the structural properties of the VLPs. As most of the experimental VLPs were not subjected to such purification steps to ensure their suitability for clinical use, the stability aspect of FDA-approved VLPs does not apply to those that were not subjected to identical conditions.



Several strategies have been developed to improve the mucosal immune response induced by the VLP vaccines. One such method is developing degradation-resistant VLPs that can endure the highly acidic environmental conditions of the stomach following oral immunization. This can be achieved by exploiting the structural components of gastrointestinal protozoan parasites such as Giardia lamblia. The cysteine-rich variant-specific surface proteins (VSPs) of G. lamblia not only serve as a proteolytic degradation-resilient tool but also act as TLR4-dependent immunostimulatory molecules. Using this concept, Serradell et al. [154] demonstrated that these VSP-pseudotyped VLPs expressing the HA and NA antigens of the influenza A virus conferred robust mucosal immune responses in immunized mice. Upon a lethal challenge infection with the mouse-adapted variant of the H5N1 influenza virus, the VSP-pseudotyped VLPs conferred near-complete protection, while VLPs lacking the G. lamblia VSP components failed to prevent weight loss or elicit 100% survival. This approach was also used for SARS-CoV-2 VLPs to prevent their degradation in the gastrointestinal tract, which successfully induced mucosal immune responses in mice and hamsters when administered through the oral route [155]. Because mucosal immunization induces greater immune responses in vaccinees than those immunized via parenteral routes, efforts for mucosal vaccine development should be continued, as doing so would also address issues arising from trypanophobia in children.




6. Conclusions


Influenza, RSV, and SARS-CoV-2, since their initial discovery, have placed a tremendous emphasis on the need for safe and efficacious vaccine development. With the recent advances in biotechnology enabling the construction of VLPs, massive improvements to the field of vaccinology have been met at unprecedented speed, and their development offered a more effective vaccination strategy against emerging respiratory pathogens. Existing evidence from copious amounts of pre-clinical data suggests that VLPs are effective prophylactic tools against these three viruses, and this fueled their further development in clinical trials. While none of the VLP vaccines described here are commercially available, with CoVLP being the sole exception, at least within Canada, we anticipate that VLP-based vaccines for the respiratory RNA viruses covered here will be available for clinical use within a few decades.
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Table 1. Influenza VLP vaccines and their clinical trials.
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	Target
	Antigens and Virus Strain
	Responsible Party
	Clinical Trial Phase

and Identifier





	Avian
	HA (A/Indonesia/05/05, H5N1)
	IDRI
	Phase 1

NCT01657929



	Avian
	HA (A/Indonesia/05/05, H5N1)
	Novavax
	Phase 1/2

NCT00519389,

NCT01594320,

NCT01596725



	Avian
	H7N9 (A/Anhui/1/13)
	Novavax
	Phase 1/2

NCT01897701,

NCT02078674



	Avian
	HA (A/Indonesia/05/05, H5N1)
	Medicago
	Phase 2

NCT01991561



	Avian
	HA (A/Hanzhou/1/13, H7N9)
	Medicago
	Phase 1

NCT02022163



	Trivalent

Seasonal
	HA (A/Brisbane/59/07, H1N1)

HA (A/Brisbane/10/07, H3N2)

HA (B/Brisbane/60/08, Victoria)
	Novavax
	Phase 2

NCT01014806



	Quadrivalent

Seasonal
	HA (A/Brisbane, H1N1)

HA (A/Kansas, H3N2)

HA (B/Maryland, Victoria)

HA (B/Phuket, Yamagata)
	Novavax
	Phase 3

NCT04120194



	Quadrivalent

Seasonal
	HA (A/California/07/09, H1N1)

HA (A/Victoria/361/11, H3N2)

HA (B/Brisbane/60/08, Victoria)

HA (B/Massachusetts/02/12, Yamagata)
	Medicago
	Phase 3

NCT03301051, NCT03321968,

NCT03739112



	Pandemic
	HA (A/California/07/09, H1N1)
	Novavax
	Phase 2

NCT01072799



	Universal
	H1-Ferritin

HA (A/New Caledonia/20/1999, H1N1)
	National Institute of Allergy and Infectious Diseases (NIAID)
	Phase 1

NCT03814720



	Universal
	H2-Ferritin

HA (A/Singapore/1/1957, H2N2)
	National Institute of Allergy and Infectious Diseases (NIAID)
	Phase 1

NCT03186781



	Universal
	H10-Ferritin

HA (A/Jianxi/IPB13/2013, H10N8)
	National Institute of Allergy and Infectious Diseases (NIAID)
	Phase 1

NCT04579250
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Table 2. A list of SARS-CoV-2 VLP vaccines currently under clinical trial.
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	Vaccine
	Antigens and

Adjuvants
	Manufacturer/Responsible Party
	Clinical Trial Phase

and Identifier





	LYB001
	S protein RBD;

alum adjuvant
	Yantai Patronus Biotech Co., Ltd.
	Phase 2/3

NCT05125926, NCT05137444



	VBI-2902a
	Pre-fusion stabilized

S protein;

alum adjuvant
	Variation Biotechnologies Inc.,
	Phase 1/2

NCT04773665



	SARS-CoV-2 VLP

(unnamed)
	All structural proteins of the SARS-CoV-2
	Scientific and Technological

Research Council of Turkey
	Phase 2

NCT04962893



	ABNCoV2
	SARS-CoV-2 S RBD;

MF49 adjuvant
	Bavarian Nordic
	Phase 3

NCT05329220



	CoVLP
	Modified pre-fusion stabilized S protein;

AS03 adjuvant
	Medicago Inc., and

GlaxoSmithKline
	Phase 3

NCT04636697



	Spike-ferritin nanoparticle

(SpFN)
	Spike-ferritin;

ALFQ adjuvant
	U.S. Army Medical Research and Development Command
	Phase 1

NCT04784767
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