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During the unprecedented COVID-19 pandemic, the primary goal of many countries has been to achieve herd immunity through the organization of massive vaccination campaigns. Nevertheless, developing countries, including Africans, have been facing limited vaccine supply. Conventional inactivated or subunit vaccines are widely used across the world; however, their production is costly and could be limited by the supply chain during a pandemic such as COVID-19. Genetic vaccines, such as mRNA- or adenovirus-based vaccines, have been developed as alternatives but are still costly and require low-temperature storage. The plant-based vaccine concept has attracted increasing attention in recent years due to its potential advantages, such as low cost, high production volume, and thermostability. In this review, we propose plant-based vaccines as an attractive alternative for massive and rapid vaccination protocols against COVID-19 in African countries by exploiting local crops. In addition, we discuss the mechanisms of action, required standards, benefits, challenges, and prospects for the application of this novel biotechnological tool in the African continent.
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INTRODUCTION
Infectious diseases are responsible for the deaths of over a million people each year around the world (Giddings et al., 2000). Many new or previously unrecognized bacterial, fungal, viral, and parasitic diseases have emerged in recent years. Simultaneously, however, many previously controlled infections have re-emerged or become resistant to antimicrobial therapies. Re-emerging infectious diseases and the emergence of new viral strains are worsening the global health situation and pose a continuous threat (Szymanski et al., 2016); the latest example is the widespread novel coronavirus SARS-CoV-2 causing the COVID-19 disease. This outbreak underlines the need to find an expedient vaccine capable of preventing the disease and ideally limiting the spread of the virus (Rosales-Mendoza et al., 2020).
Vaccines are biological preparations that are designed to trigger an immune response to a given pathogen (Kurup and Thomas, 2020). They can be prepared from live-attenuated or inactivated disease-causing organisms, recombinant vectors, protein subunits, or DNA/RNA nucleic acids (D’Amico et al., 2021). During the vaccination process, the immune system is primed, thus allowing the body to face and combat new infectious agents (Govea-Alonso et al., 2014b).
However, a limitation of conventional vaccines is the complex and costly industrial production process, limiting access to vaccines, particularly in developing countries such as Africa (Johansen et al., 1999). In recent years, a novel vaccine concept has been tested that has the potential to overcome the drawbacks of traditional vaccines (Kurup and Thomas, 2020). This new concept relates to the use of genetically modified plants as antigen biofactories. These plant-made pharmaceuticals are known as plant-based vaccines (Márquez-Escobar et al., 2017). Recently, plant-based vaccines, as a neoteric technology, have gained wide recognition and have attracted significant attention from both academia and industry (Sohrab et al., 2017). This promising technique aims to induce specific immune responses within a short period of time (Shakoor et al., 2019) following the oral administration and absorption of the plant-based vaccine (Sohrab et al., 2017). One of the interesting merits of plant-based vaccines is that the odds of contamination by plant pathogens are very weak or even negligible given that plant pathogens are not known to infect humans (Ulmer et al., 2006).
Since plants can be produced in a rapid and convenient manner, plant-based production platforms are seen as exemplary alternatives to conventional vaccines (Márquez-Escobar et al., 2017; Gunasekaran and Gothandam, 2020). In addition to the manufacturing process and cost-effectiveness, plant-based vaccines are also a suitable choice that can pave the way for bulk production to meet market demands with reduced processing times (Dhama et al., 2020). These specific advantages make plant-based vaccines an attractive concept for rapidly developing potent vaccines for COVID-19, a disease that has experienced a sudden and unpredictable outbreak across the entire globe (Esqueda and Chen, 2021; LeBlanc et al., 2020). At present, many companies around the globe are racing to use plants as plant-based vaccines or to produce vaccines in engineered plants or plant culture systems (Uthaya Kumar et al., 2021). In this article, we present plant-based vaccines as an option for massive vaccination against COVID-19 in Africa and discuss the mechanisms of action, required standards, benefits, challenges and prospects for this powerful biotechnological tool on the African continent.
AN OVERVIEW OF PLANTS AS VACCINE BIOFACTORIES
The most common method of administering vaccines is by injection (subcutaneous or intramuscular), however, some vaccines can be delivered mucosally (nasal or oral). Injected vaccines trigger protective immunity by stimulating the production of IgG antibodies and are therefore particularly suitable against systemic or respiratory infections. Nonetheless, purification of the target antigen is required before administration. Injectable vaccines are often produced in mammalian cell cultures using stable expression systems (Cerovska et al., 2012; Ortega-Berlanga and Pniewski, 2022). Purified vaccines are generally unsuitable for the oral route as opposed to plant-based vaccines, which have the potential to preserve antigen immunogenicity and biological activities in the gastrointestinal tract throughout their natural bioencapsulation in plant cell organelles (Takeyama et al., 2015).
There are several target diseases for which plant-based vaccine technology has been applied, including measles, cholera, foot and mouth diseases, and hepatitis B, C, and E (Muynck et al., 2010). Thus far, several plant species, including Arabidopsis, alfalfa, potato, soybean, lupine, lettuce, tomato, wheat, cowpea, apple, rice, black-eyed bean, corn, banana, canola, carrot, clover, papaya, peanut, spinach, and tobacco, have been widely used to express foreign antigens in their plant-based parts (Korban, 2002; Sohrab et al., 2017). Some of these have reached advanced stages of preclinical and clinical evaluation (e.g., potato, spinach, and lettuce have reached phase 1, tobacco and maize reached phase 2, while carrot cell suspension has reached phase 3) (Sohrab, 2020).
The mucosal immune system is the first line of defense where disease-causing organisms begin to infect the human body. Mucosal surfaces are found lining the urinary-reproductive, digestive, and respiratory tracts (Zeitlin et al., 1999). The leading mechanism of action of plant-based vaccines is to stimulate systemic and mucosal immune systems in the fight against a targeted foreign pathogen by expressing a transgene in a selected plant cell. However, integration of the transgene into the plant host genome is not always needed. Rapid and high-level gene expression is possible when using plant viruses (e.g., Tobacco Mosaic Virus (TMV)) or by transient expression via the infiltration of tissues with Agrobacterium or by direct gene delivery methodology without combination with a vector (Kurup and Thomas, 2020).
The formulation of a vaccine of plant origin is intended to serve as a source of a recombinant antigen produced in a host, biomass, or purified fractions of which are intended to serve as elicitors of protective immunity throughout administration by different routes. This represents a promising method for the production of mucosally administered vaccines, particularly oral vaccines, which require minimal raw plant biomass processing and administration training. The mucosa is the primary site of entry for many pathogenic agents, which pervade the host through the respiratory, genital, or gastrointestinal tracts, triggering a secretory immunoglobulin A (IgA) response to provide the first line of defense against these pathogens. Mucosal immune cells are connected to an organized group of lymphoid tissue structures known as mucosa-associated lymphoid tissue (MALT) (Govea-Alonso et al., 2013). According to anatomical localization, these can be classified into distinct terms, including nasopharynx-associated lymphoid tissue (NALT), gut-associated lymphoid tissue (GALT), and bronchi-associated lymphoid tissue (BALT). Peyer’s patches (PP), a large group of lymphoid follicles, are a primary mucosal-inducing location in GALT. Specialized antigen-sampling epithelial cells, the microfold (M) cells, are found in the follicle-associated epithelium (FAE) overlying the PPs. These cells have a folded luminal surface and do not release digestive enzymes or mucus. They also have a thin glycocalyx surface that inhibits particles larger than 1 µm from entering. The functions of M cells include the transfer of intact macromolecules and microbes over epithelial barriers to subepithelial dendritic cells (DCs), which can then deliver these antigens to neighboring mucosal B- and T-cell areas. M cells also exhibit a pocket in the basolateral membrane, which is closely associated with DCs and T and B cells. As a result, these pockets play roles in the initiation of mucosal immune responses. After antigen presentation, B cells migrate to distant effector sites, such as the respiratory and gastrointestinal lamina propria (LP). As a result, dimeric IgAs are produced and secreted, with the potential to either prevent the pathogen from interacting with host receptors or neutralize pathogenic toxins, resulting in protective immunity. Because PPs contain serum IgG-producing cells, mucosal vaccination can also induce local IgG synthesis. One key feature of mucosal vaccines is their ability to stimulate both mucosal and systemic immune responses, providing two relevant arms for immunoprotection (Govea-Alonso et al., 2014a). With respect to this, mucosal IgA secretion has been observed with several orally administered plant-based vaccines, and these antibodies have been recorded at both the mucosal site of antigen presentation and other mucosal sites. The detection of antibody-secreting cells in peripheral blood after oral administration of plant-based vaccines provides additional evidence for the induction of mucosal responses (Streatfield and Howard, 2003a; Streatfield, 2005).
The demonstration of immune response induction is an important step in the development of new vaccines. Candidate subunit vaccines derived from plants or plant viruses have been tested on laboratory animals, domestic animals, and humans. Immune responses to antigens spiked from plants and then administered intraperitoneally, subcutaneously, intramuscularly, intranasally, or orally have been recorded with several of these vaccine candidates, as well as antigens delivered orally into raw plant tissues or transformed used for expression. To determine immunogenicity, serum IgG and gut mucosal IgA levels are typically measured. Other mucosal site responses were also monitored (Streatfield and Howard, 2003b).
The main technical challenges for subunit vaccines, including plant-based vaccines, when administered orally are to survive digestive processes in the gut, cross the mucus barrier, interact with epithelial and professional sampling cells (e.g., M-cells) and ultimately be taken up in such a way to induce an immune response, and confer protection. Antigens have been protected from digestive enzymes using various methods. There are two main categories: the use of attenuated bacterial strains and the encapsulation of the antigen in a protective layer. Attenuated strains have the advantage of directing the antigen to the surface of the intestine, where it can be taken up by the mucosal immune system. This approach, however, has the same potential safety disadvantage as any vaccine based on an attenuated strain. Encapsulation is a naturally safer method of antigen protection that can be accomplished with biodegradable polymers, liposomes, proteosomes, or a product derived from transgenic plants expressing the antigen. In contrast to other methods of antigen encapsulation, which require additional processing steps, providing protection for these antigens through bioencapsulation in seeds is at no extra cost (Streatfield and Howard, 2003a).
At present, two methods are used to generate plant-based antigens from genetically modified plants (Sohrab et al., 2017): stable transformation and transient expression transformation systems (Figure 1) (Kurup and Thomas, 2020). The choice of method depends on the location at which the transgene has been inserted into the cells. The stable transformation system, also known as nuclear and plastid transformation, is characterized by its ability to induce permanent modifications within the genetic material of the recipient cell, given that the desired transgene is inserted into the host’s genome (Laere et al., 2016).
[image: Figure 1]FIGURE 1 | Concept of plant-based vaccine.
The most commonly used approach to express heterologous proteins in plants is the stable transformation system. However, the long period of time needed to generate transformed plant lines is disadvantageous (Márquez-Escobar et al., 2017). To produce large amounts of recombinant proteins in a short span of time, transient expression systems are the preferred choice. These systems can either be based on the infection of plants with a modified plant virus, the infiltration of plants with Agrobacterium, or a combination of both methods. Compared with stable transformation, all variants of the transient expression system are much faster (Redkiewicz et al., 2014). Agrobacteria (carriers of the transgenic vector system) can be incorporated into all aerial parts of the plant by vacuum infiltration technology (Wirz et al., 2012) and can transform their own T-DNA into plant cells (Sohrab et al.,2017). The Agrobacterium delivery-based method is characterized by robust yields, easy scalability, and the availability of industrial processes (Márquez-Escobar et al., 2017). These criteria make it possible to overcome the pitfalls associated with stable integration (Laere et al., 2016).
Posttranslational modifications (PTMs) can be performed evenly in this system due to the presence of an endomembrane that is similar to that of the animal cell (Esqueda and Chen, 2021). Indeed, plants have demonstrated a high degree of tolerance to changes in posttranslational modifications pathways allowing recombinant proteins to be modified in a specific and controlled manner, frequently resulting in a homogeneity of products by alternative expression platforms. In addition, plants have been engineered that feature a humanized glycosylation system (Webster and Thomas, 2012; Schähs et al., 2007). By growing plants over many generations, this approach allows for continuous vaccine manufacture and availability, making this strategy highly efficient in terms of large-scale production in only a matter of weeks (Dhama et al., 2020). However, it is not possible to create a seed bank when viral-mediated expression is performed (Márquez-Escobar et al., 2017; Kumar et al., 2021). Furthermore, transient expression typically requires antigen purification, while stable transformation allows for the implementation of oral immunization schemes without purification, particularly in plant-based crops (Rosales-Mendoza et al., 2020).
Transient expression is also restricted to the specific tissue that has been infiltrated with a suspension of Agrobacterium. This limits the quantity of tissue available and thus maximizes the expression levels of proteins. One means of attaining this outcome necessitates the use of replicating virus-based vectors such as pEAQ vectors, which are a series of binary vectors designed for the controlled expression of multiple proteins in plants. However, these vectors are limited by the genetic stability of the constructs during replication of the viral genome, the complexity, and size of the proteins that can be expressed, and concerns related to biocontainment (Sainsbury et al., 2009).
REQUIRED STANDARDS AND CHALLENGES FACING THE DEVELOPMENT AND MANUFACTURE OF PLANT-BASED VACCINES
There are still no plant-based vaccines that have been approved for human use, and significant research is required for plant vaccines to be approved for public consumption (Uthaya Kumar et al., 2021). Despite the intriguing potential of plant-based vaccines, significant challenges and limitations persist. Particular attention should be given to the selection of candidate plants that are most suitable for the expression of antigens (Shakoor et al., 2019); there are distinct determinants that render a plant useful as a plant-based vaccine. In this regard, the consumable part of the plant must have a long shelf life and be safe from degradation even after long periods of storage; it must also be able to grow and mature quickly and undergo transformation readily (Gunasekaran and Gothandam, 2020). Such plants must also be palatable, native, have good taste, and be easily accessible. In Table 1, we suggest candidate plants for certain African countries.
TABLE 1 | Proposed plants to use as plant-based vaccines in African countries.
[image: Table 1]When selecting appropriate plants, the site of expression is also an important factor to consider. For example, whether the antigen is to be expressed in the chloroplasts or leaves of germinating seedlings as a final vaccine product or in dry tissues such as the seeds needs to be considered. (Shakoor et al., 2019). Seeds are advantageous in that proteins remain stable in dry seeds over long periods of time at room temperature. This is an important advantage in the African context because the seeds will not require any special storage conditions. Improved storage possibilities for plant-based vaccines become possible as the seeds of genetically modified plants can quickly be dried, are heat-stable and have a lower moisture content. In addition, the seeds of plants have a higher protein content and can express high levels of foreign proteins (Sahoo et al., 2020). Seeds can also provide a platform for antibody production and can be stored at high concentrations in a closed space and are also appropriate for oral administration. More significantly, a crushed seed matrix can protect antibodies from gastric digestion by supplanting proteases (Virdi et al., 2013; Vanmarsenille et al., 2018).
To fulfill the objectives of vaccine production, we need to consider both the candidate plant and the selected antigen; the latter is a substantial aspect because not all antigens will be compatible with the chosen host plant. This factor, in addition to safety considerations, affects the thermal stability of the final vaccine. The application of genomic and proteomic approaches can help to identify appropriate antigen candidates (Laere et al., 2016). Another major factor to consider is dosage consistency, particularly when dealing with a pandemic and associated large-scale vaccine distribution (Uthaya Kumar et al., 2021). Due to differences in the size and maturity of the plants used, the concentration of the final vaccine produced will inevitably vary from fruit to fruit and from generation to generation because transgenic candidates exhibit intrinsic variability in terms of antigen expression. Furthermore, numerous elements make it quite difficult to determine the required dosage for each patient, such as differences in age, body weight, and individual immune responses. If close monitoring of these factors fails, then an underdose will result in a reduction in antibody production, while immunological tolerance may occur if a patient is overdosed (Laere et al., 2016). This is a good argument for extracting and dosing the antigen rather than administering transgenic material as food. This challenge must be addressed carefully, particularly when public health is at stake (Uthaya Kumar et al., 2021). In some cases, certain protein antigens expressed in plants can be harvested, purified, and then administered by injection to humans; this may avoid the potential immunotolerance arising from oral administration.
The plant-based purified antigen will likely need adjuvants to potentiate immunogenicity and tailor the immune response to the desired arm depending on the pathogen being considered. For example, historical aluminum-based adjuvants could be suitable for bacterial and some viral pathogens requiring neutralizing antibody-mediated immune arms for protection. Other pathogens involving chronic intracellular infection, such as HIV and tuberculosis, may require an additional strong T-cell mediated response, cytotoxic CD8 T cells, to clear infected cells. The pro-adjuvant T-cell response may involve more elaborate strategies, such as TLR-agonist ligands or saponins.
Compared to traditional vaccines, orally administered vaccines require higher doses of antigens to provoke a sufficient immune response. This poses challenges relating to the formulation used and increases the risk of immunotolerance if the body is unable to recognize the formulation as pathogenic. Therefore, powerful adjuvants must be added to the vaccine to boost the immune system (Vela Ramirez et al., 2017). The administration of an antigen in conjunction with an additional oral boost is pivotal for the generation of significant long-term mucosal and systemic immunity. Thanks to these immunopotentiating agents, the body raises its baseline immunity, and in some cases, immunostimulants or cytokines are combined with the antigen and are secreted in parallel (New, 2019).
The development and use of adjuvants has certainly improved the efficacy of oral vaccines in animal models. Nevertheless, this knowledge has yet to be extrapolated to humans. There are many differences between humans and animals, such as genetic diversity; these differences may influence the efficacy and safety of a vaccine (De Smet et al., 2014). Over the last few years, several techniques have been developed for the successful oral delivery of vaccines, including chemical modifications, enzyme inhibitors, macromolecular conjugation, targeted delivery to the colon, and the encapsulation of vaccines into particulate delivery systems. However, none of these strategies can be considered a breakthrough (Jazayeri et al., 2021).
Another concern related to the production of plant-based vaccines is controlling the stability of the transgenes, as this may cause allergic reactions during posttranslational modifications as well as breaking oral tolerance when coadministered with oral adjuvants to enhance the mucosal response. This type of immune disorder may lead to hypersensitivity to other proteins in everyday food (Kurup and Thomas, 2020). These two contradictory phenomena, tolerance and allergenicity, are the main disadvantages of plant-based pharmaceuticals. N-glycosylation, a form of posttranslational modification, could be responsible for the onset of an allergic response, and the frequent oral intake of these vaccines could activate regulatory T cells against the vaccine antigen (Takeyama et al., 2015). Therefore, the stability of the candidate plants must be carefully monitored. This stability is dependent on several determinants that significantly influence expression and can differ within groups of plants generated in the same gene transfer experiment. The main factors affecting the stability of genetically modified plants include the site of transgene integration, the number of transgene copies, their relative arrangement, and intactness; these factors can influence the induction of silencing via DNA methylation and/or the production of aberrant RNA species (Kohli et al., 2010).
In this same context, the rigorous control of plants during their growth is fundamental in view of the likelihood of cross-contamination between genetically and non genetically modified plants during pollination; thus, transgenic plants can become invasive. Moreover, there is an increased risk of fortuitous integration of these products into the human food chain which may exert an influence on wildlife (Kurup and Thomas, 2020).
Although oral delivery is the most patient-accepted and desirable route of administration, this technique is highly challenging because it must avoid the induction of tolerance and requires appropriate formulations to overcome the harsh gastrointestinal environment to achieve potent protection (Vela Ramirez et al., 2017). The stimulation of an effective oral immune response entails transport across the mucosal barrier, delivery of the active and intact antigen to the intestine and the subsequent activation of antigen-presenting cells. However, the gastrointestinal tract poses many obstacles, including the requirement for suitable doses to initiate immunity instead of tolerance and the possibility of antigen degradation due to the harsh environment of the stomach (Vela Ramirez et al., 2017). In addition, the gastrointestinal tract is characterized by an acidic gastric environment, a considerable pH range along its entire length, the presence of proteolytic enzymes for protein denaturation and the mucus layer covering the epithelial surface and severely limiting macromolecular antigen access to the cell surface. Collectively, these factors may lead to the degradation of fragile biomolecules, including antigenic proteins (Vela Ramirez et al., 2017).
Oral plant-based vaccines have the potential to activate regulatory T cells (Tregs) and decrease the antigen-specific immune response through oral tolerance (Kostrzak et al., 2009). Changes in Tregs and antigen-specific immune responses produced by oral administration of Nicotiana tabacum expressing hepatitis B surface antigen (HBsAg) were measured in mice humanized for two human leukocyte antigen (HLA) alleles (HLA-A2.1 and HLA-DR1). Activation of antigen-specific CD8+ T cells was not detected, but oral plant-based immunization without adjuvant elicited humoral responses comparable to those obtained by DNA immunization with adjuvant. While DNA immunization had no effect on Treg titers plant immunization, in contrast, raised Tregs in a linear fashion, reaching a plateau at high antigen doses. The lowest plant antigen dose was associated with the highest humoral IgA and IgG responses, whereas the best antibody responses for DNA immunization were achieved at higher DNA doses. These findings indicate that plant-based oral vaccinations could be adapted to reduce tolerance while still eliciting an immunological response. Obviously, further research is needed to completely understand the link between the immune response and the oral administration of plant-derived antigens (Kostrzak et al., 2009).
Many plant-derived vaccines have been studied for their ability to provoke oral tolerance. Transgenic rice plants that accumulate mouse T-cell epitope peptides corresponding to Japanese cedar pollen allergens, for example, have been developed as a proof-of-concept study of the ability of plant-derived antigens to induce oral tolerance. Mice that consumed transgenic rice before systemic challenge exhibited allergen-induced oral tolerance following the challenge. Although the absence of a systemic response correlates to a reduction in Th2-mediated IgE responses specific to pollen allergens and histamine release, the proliferative response of CD4+ T cells was not affected (Takagi et al., 2006). In the research conducted by Beyer et al. (2007), corn-derived heat-labile enterotoxin B (LTB) was utilized as a model system to estimate the maximal nonstimulant dose in mice. This study identified a threshold level of orally administered plant-derived LTB that did not stimulate detectable levels of antibodies but could nevertheless induce immune priming. These results demonstrate that LTB derived from transgenic maize is immunogenic at the nanogram level when administered orally to mice (Beyer et al., 2007).
Transgenic tobacco plants expressing an HIV-1 polyepitope linked to hepatitis B (HBV) virus-like particles were also studied. Guetard et al. (2008) found that oral administration of these transgenic plants to humanized high sugar and butter (HSB) mice to enhance DNA priming can result in CD8+ T-cell activation specific for HIV-1 detectable in the mesenteric lymph nodes. The vaccination methods did, however, induce considerable activation of regulatory T cells in vivo. In the proof of concept of a plant-based vaccine, the balance between tolerance and immunogenicity remains a major challenge (Guetard et al., 2008).
Compared with the natural pathogen in plants, a transgenic product may undergo various posttranslational modifications, which may lead to allergenic responses in the host during vaccination. Suzuki et al. (2011) investigated the feasibility of oral immunotherapy for bronchial asthma using a newly invented subunit vaccine in which a house dust mite (HDM) (Dermatophagoides pteronyssinus (Der p) and Dermatophagoides farinae (Der f)) allergen fragment comprising immunodominant human and mouse T-cell epitopes was encapsulated in protein bodies extracted from the endoplasmic reticulum of transgenic rice seeds (Tg). Allergen-specific serum immunoglobulin responses, bronchial hyperresponsiveness (BHR), airway inflammatory cell infiltration, lung histology, and Th1/Th2 cytokines production were investigated in allergen-immunized and challenged mice. Prophylactic oral vaccination with Tg rice seeds significantly minimized the serum levels of allergen-specific IgE and IgG. Allergen-induced CD4 (+) T-cell proliferation and production of Th2 cytokines in vitro, neutrophils and mononuclear cells into the airways, infiltration of eosinophils, and BHR were also restrained by oral vaccination. The vaccine effects were an antigen-specific immune response, as specific IgE and IgG levels in mice immunized with Der f 2 or ovalbumin were not highly suppressed by oral vaccination with Der p 1 expressing Tg rice. Therefore, the vaccine does not induce nonspecific bystander suppression, which has been a serious issue with many oral tolerance regimens. These results highlight that this vaccine strategy is promising for allergen-specific oral immunotherapy against allergic diseases, including bronchial asthma (Suzuki et al., 2011).
In addition, a major challenge confronting this form of the vaccine is its acceptance by the population, as there are some judgments that prevail in different parts of the world relating to the assumption that transgenic plants are injurious to society and the environment (Wurm, 2004). Therefore, it is necessary to counter such beliefs and educate the community with regard to the use and benefits of plant-based vaccines (Kurup and Thomas, 2020).
Regardless of the considerable challenges facing the implementation of this potential technology, efforts by researchers to develop an acceptable plant-based vaccine are still ongoing (Laere et al., 2016). Nonetheless, the benefits of plant-based vaccines are prominent enough to overcome their side effects (Kurup and Thomas, 2020). In addition, as technology develops, genetically modified plants are becoming far safer than ever before (Gunasekaran and Gothandam, 2020). As such, African researchers must make an extra effort to respect and consider the sensitive manufacturing requirements associated with these third-generation vaccines and try to overcome the challenges that they may encounter during or after the production process.
ADVANTAGES OF PLANT-BASED VACCINES
Different systems (i.e., bacteria and mammalian cell lines) are currently available to express therapeutic proteins as vaccines; however, these systems have many limitations, including but not limited to target integrity, high cost, time consumption, safety, purification and refrigeration requirements, and potential for administration by injection, which requires trained personnel, the addition of an adjuvant or multiple doses (Kurup and Thomas, 2020), and the induction of a modest mucosal response (Sohrab, 2020). Collectively, these factors can ultimately cause the rapid emergence or re-emergence of pandemics (Sohrab et al., 2017).
Yeasts or unicellular fungi represent highly efficient heterologous gene expression systems. Since these organisms can grow on a simple mineral medium and secrete low levels of endogenous proteins, their purification process is very simple. The use of candidate yeasts to produce a vaccine offers many advantages that make these organisms a model of choice, including the increased stability of antigens in the cellular environment, the reduced costs of protein purification, the nonrequirement of a specific adjuvant, ease of use and the cost-effectiveness associated with the mass culture of recombinant yeasts. Moreover, yeast-based vaccines help in the rapid identification of pathogen antigens and the inactivation of T cells via the interaction and recognition of antigen peptides (Kumar and Kumar, 2019). Pichia pastoris is a methylotrophic yeast capable of performing posttranslational modifications that are similar to the modifications of human proteins (Kumar and Kumar, 2019). Pichia pastoris is a strong model for vaccine development due to the availability of a well-established genetic and a complete genome sequence, its nonpathogenic nature, inherent natural adjuvants, high yields of secreted proteins, and the high density of cell growth. Nonetheless, further improvements related to either process engineering (e.g., continuous processing alternative induction systems) or strain engineering (e.g., engineering of glycosylation) will strongly enhance the productivity of the Pichia pastoris system and extend the range of target proteins, including those that are only achieved by other expression systems (de Sá Magalhães and Keshavarz-Moore 2021).
Plants are known for their low risk of harboring pathogenic agents, which minimizes the probability of unintentional contamination of the final pharmaceutical products. Plants also feature a eukaryotic endomembrane that allows them to perform posttranslational modifications that are important for protein function, structure, and stability (Esqueda and Chen, 2021). The expression of recombinant proteins in plants (stable nuclear or plastid expression) can be hereditary, occur in seed form, and take place from generation to generation, thus making it possible to cultivate plants on an agricultural scale. Furthermore, a large amount of product can accumulate and gather in a small volume, thus considerably reducing processing costs (Virupaksh, 2006). Moreover, plants can grow easily, and their production does not require any special buildings or sterilization techniques (Sohrab et al., 2017). Plants are also characterized by their potential for large-scale biomass production at low cost using cheap bioreactors and greenhouses that use inexpensive and unsophisticated equipment that overcomes the complexity of conventional systems based on insect cells, mammalian cells, or bacteria (Márquez Escobar et al., 2017). However, we should also be aware that the production of a plant line that expresses a transgene in a stable manner is arduous and that biosafety directives exist to restrict the growth of transgenic plants in the open field (Esqueda and Chen, 2021).
The oral delivery of these vaccines is the most advantageous factor because there is no requirement for trained personnel. Furthermore, no pain is generated during administration. Moreover, oral immunization can trigger immune responses in the mucous membrane of the respiratory tract, which will provide good levels of protection against respiratory conditions (Márquez-Escobar et al., 2017). Oral delivery can also protect the vaccine from degradation by intestinal and stomach fluids if it maintains antigen integrity while passing through the acidic environment of the stomach (Aboul-Ata et al., 2014). The use of transgenic seeds as antigen vehicles would probably be the best route to avoid protein degradation (Virdi et al., 2013).
Oral plant-based vaccines can also be considered in a prime boost manner. Appropriate plant expression systems, as well as optimization of vaccine formulations and administration methods, are required for effective vaccination against hepatitis B virus (HBV) and other diseases with oral plant-based vaccines. The goal of Pniewski et al. (2011)’s research was to develop a prototype oral vaccination formula appropriate for human immunization. Herbicide-resistant lettuce was genetically modified, stably expressing through progeny generation micrograms of S-HBsAg per g of fresh weight, and formed virus-like particles (VLPs). Lyophilized tissue comprising a relatively low, VLP-assembled antigen dose, delivered only orally to mice with a long, 60-days interval between prime and boost immunizations and without exogenous adjuvant, generated systemic and mucosal humoral anti-HBs responses at the nominally protective level (Pniewski et al., 2011). In another study, the cholera toxin B (CTB) subunit of Vibrio cholerae fused to malaria vaccine antigens apical membrane antigen-1 (AMA1) and merozoite surface protein-1 (MSP1) was expressed in lettuce and tobacco chloroplasts. Nine groups of mice were immunized subcutaneously or orally with purified antigens or transplastomic tobacco leaves. High levels of antigen-specific antibody titers from immunized mice completely inhibited malaria parasite proliferation and cross-reacted with native parasite proteins. Subcutaneous injection of the purified antigen with a strong adjuvant ensures antigen presentation during priming. This set up an immune response that was further enhanced by twelve oral boosters and six subcutaneous boosters. Thus, the oral booster vaccine is effective when the systemic response has been established by priming with antigen in presence of an adjuvant (Davoodi-Semiromi et al., 2010).
Long-term immunological memory was assessed in mice injected with a primary dose of Recombivax and boosted with orally administered HBsAg wafers made from maize germ expressing HBsAg. Mice boosted with orally administered HBsAg wafers showed large increases in fecal mucosal IgA titers and large increases in serum IgA, while mice boosted with Recombivax showed no detectable levels of IgA in fecal or serum samples after four booster treatments. Long-term memory in orally treated mice was evidenced by fecal IgA and serum IgA, IgG, and total serum Ig titers (mIU/ml) sustained over 1 year, while Recombivax-treated mice showed sustained serum IgG and mIU/mL. Moreover, strong increases in these same antibodies were induced after a new boost at 47 and 50 weeks after the primary injection. Therefore, orally administered vaccines can provide long-term mucosal and systemic immune responses (Hayden et al., 2015).
The high cost and restricted supply of inactivated polio vaccine (IPV), as well as the persistent transmission of circulating vaccine-derived polioviruses and the necessity for booster shots, are all issues that have yet to be resolved. To address this critical need, a low-cost novel strategy, cold-chain-free viral protein 1 (VP1) oral subunit booster vaccine after a single dose of IPV is reported. Codon optimization of the VP1 gene augmented expression 50-fold in tobacco and lettuce chloroplasts. Oral boosting of VP1 expressed in plant cells with plant-derived adjuvants after a single IPV prime considerably increased VP1-IgG1 and VP1-IgA titers compared to lower or negligible IgG1 titers of IgA with IPV injections. Neutralizing antibody titers and seropositivity against all three Sabin poliovirus serotypes were revealed with two doses of IPV and plant cell-based oral boosters, but a single dose of IPV resulted in weak neutralization (Chan et al., 2016). Daniell et al. (2019) reported a novel, low-cost, cold-chain and poliovirus-free booster vaccine using the poliovirus capsid protein (VP1, conserved in all serotypes) fused with cholera nontoxic B subunit (CTB) expressed in lettuce chloroplasts. Mice primed with IPV and boosted three times with freeze-dried plant cells expressing CTB-VP1co, formulated with oral plant-derived adjuvants, improved VP1-specific IgG1 titers, VP1-IgA, and neutralization. In contrast, a single dose of IPV resulted in VP1-IgG1 titers < 50% and negligible VP1-IgA titers, weak neutralization and seropositivity. Mice boosted orally with CTB-VP1co, without IPV priming, produced no protective neutralizing antibodies. Since the world’s population receives a single dose of IPV, the booster vaccine without poliovirus or cold chain offers a timely and inexpensive solution to eradicate poliomyelitis (Daniell et al., 2019).
In addition to oral administration, which is characteristic of plant-based vaccines, the sublingual route can also be used for transmucosal drug administration and the treatment of allergies (Paris et al., 2021). The latter can induce immune responses against a variety of antigens, including inter-particulate antigens, live-attenuated viruses, and soluble protein administration (Shim et al., 2013). Sublingual vaccines have been shown to be very effective and safe in generating robust immune responses against administered antigens and can also represent an alternative to the traditional parental route of vaccine administration (Shim et al., 2013).
Since plants can grow in several environmental conditions, manufacturing operations can consider regional and local infrastructure (Dhama et al., 2020). Sufficient time for preclinical and clinical trials is required to evaluate the practical efficacy of a plant-based vaccine before commercialization (Dhama et al., 2020).
In the developing world, plant-based vaccines offer an exciting option to reduce disease burden, where vaccine storage and administration are often a major complication (Kurup and Thomas, 2020). Plant vaccines are a milestone in the creation of inexpensive vaccines that may be particularly useful in massive vaccination campaigns for the populations of developing countries, including Africa, where logistical issues and high costs can compromise effective vaccine programs (Virupaksh, 2006).
In addition, it is noteworthy that transient transgene expression in cells grown in culture may not be useful for plant-based vaccines. This technique largely relies on the introduction of Agrobacterium into plant tissues shortly before harvesting. In such cases, thorough purification of the vaccine will be required to completely remove the bacteria and their components (e.g., DNA, LPS, peptidoglycan) for oral delivery. This is not an issue if protein antigens are purified prior to administration.
PRECLINICAL AND CLINICAL TRIALS OF PLANT BASED VACCINES
The only plant-based vaccine currently approved by the United States Department of Agriculture (USDA) is a Newcastle disease vaccine for poultry made from suspended-cultured tobacco cells (Floss et al., 2007). Although progress toward the commercialization of plant-based vaccines takes a long time and requires much effort, several candidate vaccines for humans use are being tested in clinical trials (Takeyama et al., 2015). Preclinical evaluation of the immune response and protection induced by these vaccines is critical, however the availability of appropriate animal models is limited due to differences in innate and adaptive immunities between humans and animal models as well as the often observed species-specific disease pathogenesis (Sharma et al., 2021).
The nontoxic B subunit of the heat-labile enterotoxin (LTB) of enterotoxigenic E. coli produced in potato or maize was orally administered to healthy participants to test its immunogenicity and safety. The serological survey revealed that the vaccinated volunteers had increased levels of serum IgG and IgA specific for LTB and that no adverse events due to vaccination were observed (Tacket et al., 1998; Tacket et al., 2004). The norovirus capsid protein VP1 was produced in potato plants in the same way as LTB. Volunteers were vaccinated with recombinant VP1 and twenty percent developed significant anti-VP1-specific serum IgG titers (Tacket et al., 2000).
Many plant-based vaccines have been developed to fight against the human immunodeficiency virus (HIV). For instance, a C4(V3)6 multiepitope protein has been designed with the aim of pursuing broad immunization against HIV. This C4(V3)6 chimeric protein is based on gp120 sequences (a glycoprotein protruding from the outer surface of the HIV virion), comprising epitopes of the conserved fourth domain (C4) and six tandem repeats of the third variable domain (V3), which represent different HIV isolates. The expression of C4(V3)6 in lettuce and tobacco was obtained without toxic effects on the growth of transgenic plants (Govea-Alonso et al., 2013).
Likewise, hepatitis B virus (HBV) surface antigen (HBsAg) has been produced in plants. HBsAg transgenic lettuce leaves were given orally to three adult volunteers. Two out of three vaccinated volunteers showed transient protective levels of HBsAg-specific IgG 2 weeks after the second dose, but no serum HBsAg-specific IgA was revealed (Kapusta et al., 1999). Another clinical study was conducted with oral HBsAg produced in transgenic potato plants. A total of 52.9% of the participants enrolled in the study from the two-dose group and 62.5% of participants from the three-dose group had elevated serum HBsAg antibody titers over the 70-days follow-up period after the first immunization (Thanavala et al., 2005).
Current human rabies vaccines are effective both before and after exposure to the rabies virus. Yusibov et al. (2002) fused chimeric protein-coding fragments of protein G and protein N with that of alfalfa mosaic virus coat protein binding RNA (AMV CPB) and introduced this fusion construct into tobacco mosaic virus (TMV) genetic materials. Spinach was infected with a recombinant virus to obtain transient expression of the chimeric rabies peptide. Three of the five volunteers previously vaccinated with an injectable commercial vaccine showed an elevation of rabies-specific IgG after oral administration of three doses of transduced spinach. In another protocol involving volunteers with no history of rabies vaccination, five of nine volunteers responded to spinach rabies antigen. Regardless of the order of vaccination, oral spinach rabies vaccine in combination with currently available vaccines can boost immunity against the rabies virus (Yusibov et al., 2002).
The influenza virus has 16 hemagglutinin (HA) subtypes, and in 2009, the H1N1 type influenza virus became pandemic. To control its propagation through vaccination, the rapid production of a new HA antigen was necessary. Medicago has developed technology to produce influenza virus HA virus-like particles (VLPs) in Nicotiana benthamiana with a transient expression system based on Agrobacterium tumefaciens. Phase I and II clinical trials of VLPs composed of the HA protein of the H5N1 influenza virus have been accomplished. After 6 months of vaccination with H5-VLP, the volunteers group indicated cross-protective CD4+ T-cell responses, which were not noticed in the placebo group, showing a strong induction of cell-mediated immunity to long-term by plant-derived H5-VLP. Thirty-four percent of the volunteers developed transient IgG and, in some cases, IgE to plant glyco-epitopes. After 6 months, most subjects’ antibody levels returned to baseline (D’Aoust et al., 2008). Another plant-based influenza vaccine has completed a phase I clinical trial. HA was also produced in N. benthamiana using an infiltration method of A. tumefaciens. HAC1 and HAI-05 were injected twice into mice and rabbits at 3-week intervals in preclinical experiments. In mice, the seropositivity rate of serum anti-HA antibody responses was 100%. Rabbits were also revealed to be HA seropositive. A phase I clinical trial for HAC1 and HAI-05 was conducted as a randomized, double-blind, placebo-controlled study with healthy volunteers between the ages of 18 and 49. Almost all adverse events were mild to moderate; the highest responses were spotted by hemagglutination inhibition and viral neutralizing antibody titers and were detected in the group immunized with the highest dose without adjuvant (Cummings et al., 2014).
A plant-based vaccine against SARS-CoV stably expressed protein S (S1) in low-nicotine tobacco and tomato plants. Preclinical studies have shown that the plant-derived vaccine generated an antibody response in mice. Another study analyzed the immunogenicity of the SARS-CoV N recombinant protein produced transiently in N. benthamiana. Tobacco-produced recombinant N protein induced a significant humoral immune response after the third parental injection (Shanmugaraj et al., 2021).
Recently, Medicago, a Canadian biopharmaceutical company in Quebec, has been involved in the development and production of a plant-based vaccine against COVID-19 infection. The technology used to manufacture the vaccines was based on the synthesis of virus-like particles (VLPs) in plant cells by transient expression. VLPs without genetic material mimic the native structure of the virus, allowing the body’s immune system to mount a strong immune response. This COVID-19 VLP (Co-VLP) developed by Medicago company utilizes a full-length spike protein from the SARS-CoV-2 viral genome that trimerizes and assembles into VLPs inside plant cells. The vaccine combined the VLP strategy as an antigen and the squalen-tocopherol based emulsion (AS03) as an adjuvant and has recently completed phase 3 clinical trials (Hager et al., 2022). Results showed an efficacy of 69.5% against any symptomatic Covid-19 caused by five variants that were identified by sequencing. In a post hoc analysis, vaccine efficacy was 78.8% against moderate-to-severe disease and 74.0% among the participants who were seronegative at baseline. No severe cases of Covid-19 occurred in the vaccine group, in which the median viral load for breakthrough cases was lower than that in the placebo group by a factor of more than 100. Solicited adverse events were mostly mild or moderate and transient and were more frequent in the vaccine group than in the placebo group. No adverse effects related to vaccine-associated disease aggravation were observed (Hager et al., 2022). This is, to the best of our knowledge, the first plant-based vaccine against COVID-19 to successfully complete phase 3.
Another company, Kentucky BioProcessing (KBP), located in Owensboro, Kentucky, United States, is also competing to market its innovative, fast-growing plant-based COVID-19 vaccine KBP-201, which uses N. benthamiana as an expression host. KBP-201 adjuvanted with CpG oligonucleotide is currently in phase I/II clinical trials in the United States (Shanmugaraj et al., 2021). Likewise, iBio, based in Bryan, Texas, is developing the plant-based vaccine candidates IBIO-200, a VLP-based vaccine, and IBIO-201, a SARS-CoV-2 spike-based subunit vaccine targeting the SARS-CoV-2 nucleocapsid protein (IBio, 2020). Baiya Phytopharm, a Thai start-up, is using its BaiyaPharming™ protein expression platform to manufacture a subunit vaccine against SARS-CoV-2 in N. benthamiana. Six candidate vaccines were studied for efficacy, and based on the findings, a candidate was selected that reported better immunogenicity in monkeys and mice (Baiya Phytopharm, 2020).
In summary, researchers around the world are making tremendous efforts using various available platforms to develop effective and safe plant-derived vaccines to control many diseases, including COVID-19 (Table 2). With the emergence of transient production technology, the plant expression system is considered a viable approach. It has attracted increasing interest among pharmaceutical companies for production of recombinant biopharmaceutical (for both therapeutic and vaccine applications) due to its potential streamlined scalability (Shanmugaraj et al., 2021).
TABLE 2 | Status of transgenic plants biotechnology in Africa.
[image: Table 2]PLANT-BASED VACCINES AGAINST COVID-19 IN AFRICA: CHALLENGES AND PROSPECTS
The COVID-19 pandemic has given the world, especially developing countries, a valuable lesson. While most African countries are still struggling with the pandemic, developed countries are racing against time to provide vaccines to their populations and achieve herd immunity as quickly as possible to overcome a pandemic that is throwing a shadow over all walks of life. However, we should also praise the African government, healthcare professionals, and the public who have made extraordinary efforts to avoid the worst-case scenarios of COVID-19 in Africa. These countries must also be vigilant and continue to expand their ability to diagnose and act according to precautionary measures.
At present, the battle against COVID-19 in Africa has reached a new level. If the African continent does not want to be left at the back of the queue and return to normal life, massive vaccination campaigns should be initiated immediately or in the very near future. Any unwanted delay in immunization programs could lead to a significant increase in death rates and negatively affect the economic sector of these developing countries and worsen their already ailing economies. The limited capacity of African countries to manufacture their own vaccines for COVID-19 is neither new nor surprising because implementing vaccine manufacturing is a heavy investment that necessitates tens to hundreds of millions of dollars. Therefore, these countries should strive to secure a vaccine in the required quantities; at present, the importation of a suitable vaccine is the only possible option. Africa must identify other solutions and alternatives so that a robust and satisfactory vaccination program can be initiated to attain the required objectives quickly and efficiently. Biotechnology has a pivotal role to play in making this a reality, potentially via plant-based vaccines. Biotechnology could move the continent from dependency to increased self-sufficiency and security with regard to supply. However, making this aspiration a reality is not easy due to a variety of constraints.
The state of biotechnology in Africa, at this time, is seriously flawed and weak. The current status of agricultural biotechnology adoption on the African continent is presented in Table 3. Improving and upgrading technical capabilities, legal regulations, infrastructure, human, and financial resources is the first step toward a new era of biotechnology in Africa, thus creating a strong basis for the development of vaccines. One of the most injurious factors affecting the progression of biotechnology on the continent is that only a limited number of countries are legally authorized to use genetically modified crops (only seven African countries have functional regulatory frameworks (Chambers et al., 2014)). Subsequently, considerable effort should be made by governmental and nongovernmental agencies to invest in this field so that scientific research can provide scientific proof of the advantages of biotechnology and genetic engineering, thus gaining regulatory and public acceptance of these products. Moreover, launching new Afro-African or Afro-international initiatives and collaborations would be fruitful in terms of the exchange of expertise through training programs or capacity-building initiatives, and related efforts are also needed to build capacity in agricultural stewardship. To succeed in any endeavor, both public and private sector activities should be encouraged.
TABLE 3 | Plant based vaccines and present status of preclinical and clinical trials.
[image: Table 3]Plant-based vaccines, with their significant advantages and benefits, are a reasonable option for use in third world countries, including Africa. Following the mass production of plant-based vaccines in each African country and the performance of successful clinical trials, it will be necessary to promote partnerships and cooperation with pharmaceutical companies before we can move to commercialization and the implementation of mass vaccination protocols in Africa. Although these third-generation vaccines have proven their potential to revolutionize the field of vaccinology, as we highlighted above, regulations and laws in many African countries still restrict the marketing of genetically modified plants for human use. With this regard, legal obstacles must be overcome to provide the population of Africa with an opportunity to benefit from these pharmaceuticals as soon as possible. We should not avoid the fact that more research needs to be carried out in this nascent field in Africa where candidate plants need to be studied and clinical trials need to be conducted on African land with the overall aim of obtaining legal and public acceptance for the use of a plant-based vaccine on the continent. It is important to note that this ambitious strategy will not only be effective in confronting the emerging COVID-19 but will also create a strategy to rapidly and accurately tackle any future pandemic, highly infectious pathogens, or life-threatening diseases affecting larger masses of the population. These possibilities may be more likely if plant-produced pure proteins are marketed instead of GM plants. Such proteins can also be injected if this is more appropriate.
It is important to perform a large clinical trial of plant-based vaccines in Africa to test their efficacy, verify their safety, and confirm their ability to meet the regulatory requirements. The production of a plant-based vaccine for COVID-19 in Africa could also benefit from the achievements made thus far, as some vaccines have been evaluated in clinical and pilot trials. Furthermore, the increasing levels of attention given by the scientific community, as demonstrated in the increasing number of published reports, can provide a useful foundation to initiate the successful manufacturing of these products.
The next few months will be very challenging for Africa and the world in general to prove their ability to harness this technology to save lives. Interestingly, plant-based pharmaceuticals have the potential to positively affect immunization targeting respiratory illnesses. The clinical trials carried out on candidate plant-based vaccines thus far have strengthened the realistic possibility of a publicly marketed African COVID-19 plant-based vaccine in the short term. However, for this to occur, a range of technical, infrastructural, regulatory, public, and financial challenges need to be overcome.
CONCLUSION
COVID-19 is a potentially life-threatening disease that has affected the lives of millions of people around the world and can only be controlled by the development of suitable vaccines. The discovery of plant-based vaccines is one of the prime breakthroughs in the biotechnology discipline, represents a worthy alternative for the alleviation and prevention of infectious disease outbreaks and shows undeniable potential to counteract COVID-19. Plant-based vaccination is considered a milestone for the creation of vaccines and could be particularly applicable for immunizing the populations of developing countries, including Africa, where high costs and logistical problems can constrain massive vaccine programs. In addition to their scalability, the exploitation of plant-based vaccines provides the potential for generating low-cost, easy-to-administer, safe and effective vaccines to combat COVID19 and other infections.
Although plant-based COVID-19 vaccines are easily accessible and stable, there are some limitations that limit the development of such vaccines in Africa. Perhaps the main challenge will be testing the efficacy of such vaccines in large clinical trials to validate their safety and confirm their ability to meet regulatory requirements. United efforts by conventional African vaccine developers and immunologists could be of great value to produce an alternative form of vaccines. Adequate research and advancement in this area are vital, as such activities could lead to an era in which infectious diseases can be controlled more effectively, including COVID-19. The benefits of plant-based plant-based pharmaceuticals must outweigh the challenges faced by this interesting product. Thus, it is expected that regulatory approval will eventually be given after positive clinical trials to help control outbreaks of infectious diseases in Africa. Once plant-based vaccines have been deployed and distributed, COVID-19 could be eradicated or controlled.
Plant-based vaccines are less likely to be available in the near future, as developing and testing these medicines remains a significant challenge and could take time. However, accelerating the industrial level development of these types of vaccines will be crucial if we are to face the current COVID-19 pandemic and future outbreaks of other infectious diseases.
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Pathogen or Antigen Expression Plant Clinical Trial References

isease System
Enterotoxigenic LBT Trasgenic (stable)  Potato Phase 1 Tacket et al. (1998)
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Enterotoxigenic LBT Transgenic Maize Phase 1 Tacket et al. (2004)
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Cholera cTB Transgenic Rice Phase 1 Nochi et al. (2009)
Hepatitis B virus Viral major surface protein Transgenic Lettuce Phase 1 Kapusta et al. (1999)
Hepaitis B virus Transgenic Transgenic Potato Phase 1 Thanavala et al. (2005)
Influenza virus HA Transient N. benthamiana Phase 1 Cummings et al. (2014)
(H1N1)
Influenza virus HA Transient N. benthamiana Phase 1/2 D'Aoust et al. (2008)
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Influenza virus Recominant H1, H3, and 2 B hemmaglutinin ~ Transient N. benthamiana Phase 3 Tregoning (2020)
proteins
HIV C4V3) 6 Transient Lettuce Precinical Govea-Alonso et al. (2013)
HIV CTB-MPR Transient Tobbaco Preclinical Matoba et al. (2009)
HIV Gp-41 Transient Tobacco Precinical Kessans et al. (2016)
HIV p17/p24 Transient Tobacco Preclinical Meyers et al. (2008)
HIV p24 Transient Tobacco Precinical Perez-Figueira et al. (2004)
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patens (2015)
Norovirus Capside protein Transgenic Potato Phase 1 Tacket et al. (2000)
Rabies virus Glycoprotein and nucleoprotein Transient Spinach Phase 1 Yusibov et dl. (2002)
Ebola Zmapp Transient N. benthamiana Phase 2/ Venkataraman et al. (2021)
3 completed
Rotavirus VP2, VP4, VPG, VPT VLP transient N/A Phase 1 Gision, (2013)
SARS-CoV 1 protein Transgenic Tomato Preciinical Pogrebnyak et al. (2005)
SARS-CoV Nucleocapside protein Transient N. benthamiana Preclinical Zheng et al. (2009)
SARS-CoV-2 S protein Transient N. benthamiana Preciinical Bio, (2020)
SARS-CoV-2 ROP N/A N/A Preclinical GFLAS, (2020)
SARS-CoV-2 Spike protein Giycoprotein S1 antibody /A N. benthamiana Preciinical Baiya Phytopharm, (2020)
SARS-CoV-2 1 protein Trangenic N. benthamiana Preciinical Marmedov et al. (2020)
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Medicago, (2022)
Hager et al. (2022)

N/A: not available; LTB: B subunit of the heat-labile enterotoxin; HA: hemagglutinin; MPR: membrane proximal (ectodomain) region; GFP: green fluorescent protein; RDP: receptor binding
domain; CTB: cholera toxin B; MPR: membrane proximal (ectodomain) region of god1; HIV: Human Immunodeficiency Virus. VLP: Virus Like Particles. S1 protein: S1 subunit of spike
protein, VP: viral proteins.
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African Country

Botswana
Burundi
Cameroon
Comoros
Democratic Republic of Congo
Egypt
Ethiopia
Gambia
Ghana

ory coast
Kenya
Malawi
Mauritius
Morocco
Mozambique
Nigeria
Porkinafaso
Rwanda
South Africa
Tanzania
Tunisia
Uganda
Zambia
Zimbabwe

Proposed Plant

soybean and maize
Cassava, sweet potato®, yams, soybeans, banana, taro, pineapple
Cowpea

Sugarcane

Banana, cassava, potato®, soybean, maize, and rice

Maize, wheat, potato?, banana, cucumber, melon, squash, tomato
Maize, noog, teff

Groundnut, rice, millet, and sorghum

Cowpea, rice, maize

Coffee tree and the cocoa tree, rice, millet, com, plantain, eggplant and peppers
Maize, cassava, swest potato®, sorghum, potato®, banana

Cowpea, banana

Sugarcane

Cereals, forage, date palm, ditrus, olives, tomato

Maize

Cowpea, sorghum, cassava, rice, maize

Cowpea, sorghum

Potato®

Maize, cassava, potato®, sugarcane, sorghum

Maize

Potato®

Banana, cassava, rice, potato®, maize

maize, sorghum, cassava and millet, groundnut, wheat, soya, and sugar
Cassava, cowpea, maize, sorghum, soybean

aCanmot be consumed raw and cooking will inactivate the antigen. it may be used for purification of the profsin.
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