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Introduction

Incidence of human viral diseases worldwide

Infectious human diseases are caused by a host of 
medically important viruses such as the HBV, HCV, HIV, 
HPV, influenza, SARS-CoV-2, dengue, WNV, chikungunya 
and zika viruses. They result in severe morbidity and 
mortality in affected individuals and result in millions 
of deaths every year. Amongst all of them, the recently 
emerging SARS-CoV-2 is responsible for over 228 million 
cases worldwide with nearly 5 million cases of death 
reported (WHO 2021). Each of these viruses cause typical 
symptomatic disease: for instance, HBV and HCV affect the 
liver causing liver cirrhosis and hepatocellular carcinoma 
while the influenza virus and the SARS-CoV-2 mainly affect 
the respiratory tract. For the influenza virus, there occurs a 
high degree of variability of the viral hemagglutinin (HA) 
antigen which results in the high antigenic variability of 
the virus. The HPV mostly spreads through sexual activity 
and in severe cases, results in cervical cancer. The HIV 

also spreads predominantly through sexual activity and 
causes impairment of the body’s immune system leaving 
it susceptible to a host of bacterial and viral diseases. The 
Zika virus causes Guillain-Barre syndrome in adults [1-3] 
and microcephaly in fetus. For many of these viruses such 
as HIV, HCV and Zika viruses, there is no vaccine available 
even as these viruses mutate and evolve mechanisms to 
evade the body’s immune mechanisms. Importantly, there 
is a dearth of low-cost, easily administrable prophylactic 
and therapeutic vaccines for these diseases in developing 
countries where incidence of high rates of infectious viral 
diseases is reported and herein there lies a compelling 
need to generate plant-based vaccines against these deadly 
diseases [4,5].

Advantages of Plant-Made Vaccines

By and large plants are being increasingly employed 
as biofactories for generation of viral vaccine antigens 
and anti-viral antibodies using genetic engineering 
mechanisms. Plants are intrinsically favorable for vaccine 
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production as they incur low-cost and can be grown at 
large scales in industrial bioreactors or greenhouses. 
While parenteral vaccines require purification of the viral 
antigens, plant-derived oral vaccines do away with the time 
and cost incurred in the purification of these antigens due 
to their availability in the plant material consumed in order 
to provide immunity. Complex glycosylated antigens are 
efficiently expressed in plants which possess the inherent 
advantage of dispensing with risks such as contamination 
with human pathogens and endotoxins involved in 
equivalent insect, bacterial and mammalian cell systems 
[6]. Oral plant-made vaccines can be conveniently freeze-
dried and formulated into tablets at low costs [7-9]. These 
oral vaccines are shielded by the plant cell wall in the 
ambient conditions of the stomach while undergoing slow 
release in the gut. This dispenses with the need for cold 
chain facilities to store and transport the plant material 
unlike the high-cost fermentation-based and conventional 
mammalian cell technologies.

Transgenic Plants Expressing Proteins from 
Infectious Human Viruses

The edible vaccine against HBV expressing HBsAg in 
maize [10] when administered orally increased IgA levels 
in the serum and IgA and IgG in the feces along with the 
elicitation of long-term memory both systemically and 
at the mucosal level. The preS2-S antigen was expressed 
in carrots [11] by incorporating signals for transport and 
retention within the endoplasmic reticulum. The 143 amino 
acids of the HCV core protein N-terminus were expressed 
in tobacco chloroplasts [12]. In another study [13], canola 
plants transgenic for the HCV core protein demonstrated 
immunogenicity in mice administered with the oilseeds 
and oil bodies of these plants. Elevated levels of IgG, Th1 
responses and IL-4 cytokine levels were observed along 
with enhanced elicitation of IFN-gamma from CD4+ and 
CD8+ cells. The ethanol-inducible promoter was used to 
drive the chloroplast expression of the HPV16 L1 protein 
in Nicotiana tabacum plants which resulted in L1 protein 
accumulation at levels as high as 3 ug/mg plant material 
fresh weight. 

The S1 protein and its smaller receptor binding domain 
(RBD) have been expressed against SARS-CoV-2 in 
tobacco plants by British American Tobacco (BAT) and 
its US subsidiary, Kentucky Bio-Processing (KBP). This 
has been successful in eliciting robust immune responses 
during pre-clinical studies [14] and is currently advancing 
into Phase 1/2 clinical trials [15]. This is a very promising 
vaccine candidate as it induces potent immune reactions 
in just a single dose and can be stored at room temperature 
(BAT 2020). The S1 protein and its RBD contain complex, 
mannose rich glycans, therefore necessitating their 
expression along with N-terminal signal peptides in 
order to secrete these proteins into the endomembrane 

compartment [16]. Similar plant-derived strategies have 
been employed by BAT to generate nearly 10 million doses 
of vaccines against Influenza and Ebola viruses within a 
months’ time and the prospects of manufacturing 1-3 
million doses of the SARS-CoV-2 vaccine appear very 
promising [17]. The University of Western Ontario and 
the biotechnology company, Suncor in Canada have used 
algae for expressing the SARS-CoV-2 spike protein, based 
on which they have designed a SARS-CoV-2 diagnostic kit 
[18].

Transient Expression of Protein Antigens 
from Human Viruses

Lactuca sativa plants have been used to express the 
HBV S/preS121-47 antigen transiently which upon oral 
administration elicited immune reactions in mice even 
in the absence of any adjuvant. The resultant antibodies 
neutralized HBV infections in the HepG2-NTCP cell lines 
[19]. This shows great promise as a strong anti-HBV edible 
vaccine candidate. Transient agro-infiltration was used 
to express the HCV E1E2 heterodimer in Lactuca sativa 
plants [20]. Also, an E1E2 variant devoid of the E2 protein 
N-glycosylation site was separately produced. Both of these 
antigens generated weak IgM expression against HCV in 
mice although the latter showed higher IgA levels. Also, 
mucosal and systemic immunity was observed in mice 
wherein a priming injection with the HCV dimer produced 
in HEK293T cells followed by two subsequent oral booster 
shots with the lettuce expressed E1E2 dimer [20].

An influenza virus-derived fusion protein consisting of 
the conserved region of the HA2 subunit (76-130 amino 
acids) of Influenza A virus and the M2e peptide fused in 
the form of four tandem copies along with the Salmonella 
typhimurium flagellin protein was expressed transiently 
in Nicotiana benthamiana using a self-replicating vector 
based on PVX [21]. Upon intranasal administration of 
this fusion protein in its purified form, anti-M2e serum 
antibodies were found to be enhanced and this provided 
potent protection against influenza A virus strain A/
Aichi/2/68 (H3N2) challenge at lethal doses. 

Transient expression in N. benthamiana of HPV 16 L1:L2 
chimaeras consisting of conserved peptides 17-36, 56-81, 
65-81, and 108-120 of the HPV L2 protein each of which 
were substituted into the DE loop of the HPV16 L1 protein 
at position 131 or into the C-terminus of the L1 protein 
at position 431, generated cross-neutralizing antibodies 
against other HPV types including HPV-11, 18 and 58 as 
well as against HPV-16 in mice [22]. In another study, 
transient expression of a trivalent HPV vaccine candidate 
against HPV types 35, 52 and 58 in N. benthamiana 
showed robust anti-HPV L1-specific humoral immunity 
to amounts similar to that induced by the classic HPV 
Gardasil vaccine [23].
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Plant Virus VLP-Based Vaccines Expressed in 
Plants

Bivalent chimaeric VLPs composed of HBcAg presenting 
on their surface the immunological epitope of the ORF2 
capsid protein of the Hepatitis E virus was expressed in 
infiltrated leaves of N. benthamiana using the vector, 
pEAQ-HT. The resultant plant extracts reacted robustly 
with the anti-HBcAg mAb and the swine serum positive 
for the anti-HEV IgG [24]. 

Production of influenza VLPs in plants has been 
pioneered worldwide by Medicago. Initially, vaccine 
candidates involving monovalent VLPs representing 
antigens from pandemic influenza strains including the 
H5N1 [25,26] and the H7N9 [27] were produced following 
which quadrivalent VLPs based on the HA antigen to 
combat seasonal flu were manufactured [28]. The latter 
met with great success in the completed phase 1 [29], 
phase 2 [30] and phase 3 human clinical trials [28]. Also, 
a couple of phase 3 trials were performed which revealed 
that plant-derived HA VLPs were more protective against 
influenza in adults at levels equivalent to the conventional 
seasonal flu vaccines generated in eggs [28]. This vaccine 
has progressed to come under active consideration as a 
universal influenza vaccine by public health agencies 
worldwide. An influenza HA vaccine based on TMV [31] 
was produced which successfully assembled into HA 
VLPs containing a novel glycosylation site of the H3N2 
influenza 2017 strain and this was shown to be highly 
immunogenic. Significantly, this glycosylation site was 
not present in the egg-adapted vaccine strain [32]. These 
HA VLPs elicited expeditious pro-inflammatory cytokines 
from dendritic cells of human and mouse origin in vitro. 
Additionally, they stimulated T cells to exhibit antigen-
specific reactions. Immunization of mice led to accretion 
of T- and B-cells along with dendritic cells in the draining 
lymph nodes. HA-only VLPs were shown to assemble 
and bud out of plant plasma membranes resulting in 
enveloped particles which protected against influenza in 
Phase I/II human clinical trials [33]. Rapid production of 
the H7N9 HA antigen protected ferrets and mice against 
influenza virus infection [25] in addition to proving 
successful in human clinical trials with high levels of 
cellular and humoral immunity [29]. H1 and H5 HA VLPs 
were expressed in plants [34] which showed interactions 
with human macrophages and monocytes which appeared 
more virus-like when compared to the egg-produced split 
vaccines. 

Papaya mosaic virus (PMV) was used to display peptides 
derived from the M2 ion channel protein of influenza 
which stimulated antibody responses and protected 
mice against challenge with the H1N1 strain [35,36]. The 
above composition when combined with nanoparticles 
of nucleoprotein multimers protected mice against the 
H1N1 and H3N2 strains [37]. Moreover, these PMV VLPs 

possessed inherent adjuvant activity that significantly 
augmented immunogenicity and afforded 100% immunity 
against challenge with the WSN/33 influenza virus [38]. 
Display of peptides derived from the influenza nucleocapsid 
protein and the M1 matrix protein on the PMV surface 
showed strong in vitro reactions from B- and T-cells, while 
showing stimulation of antigen-specific CD8+ T cells in in 
vivo mouse models [39-41]. Zahmanova et al. [42] report 
the expression of a fusion protein composed of the M2e 
peptide of the influenza virus and the P2 loop of the ORF2 
protein of HEV in N. benthamiana which obtained a high 
yield of the HEV capsid protein up to levels as high as 10% 
of the total soluble protein content. Notwithstanding, only 
the HEV 100-160 amino acids as well as the chimaeric M2e 
HEV 110-160 polypeptide were able to assemble into VLPs 
and the latter was capable of being recognized by anti-M2e 
antisera.

The trimeric H7 hemagglutinin protein of influenza 
was conjugated to the nanodiamond particle surface and 
expressed in N. benthamiana [43,44] which showed robust 
H7-specific IgG immune reaction in mice. Medicago’s 
candidate vaccine composed of the H5N1A/Indonesia/5/05 
HA VLP was the first described case of administration of a 
plant-derived VLP vaccine into humans [27] which elicited 
96% immunity in clinical trials. Resistance against influenza 
A H6N2 virus was observed in chickens administered with 
transiently expressed H6-derived influenza A VLP vaccine 
in N. benthamiana [45]. The HA protein of the influenza 
virus is the principal factor of virus neutralization and the 
only mandatory vaccine component. This protein is well-
expressed and folds correctly in plants due to which it has 
met with great success. The main benefit of plant-derived 
vaccines is their immense scalability for manufacture 
of vaccines for pandemic infections such as influenza. 
Additionally, they can be accommodated easily as ‘rapid 
response’ vaccines. Biotechnology organizations such 
as Fraunhofer USA Center for Molecular Biotechnology 
in Delaware, Kentucky Bioprocessing in Owensboro, the 
Project GreenVax consortium with partners from Texas 
A&M University system and G-Con from Texas as well as 
Medicago USA in North Carolina have been involved in the 
production of plant-based influenza vaccines [46]. Up to 
10 million doses of the H1N1 influenza VLP vaccine was 
produced by Medicago in just 1 month as per cGMP Phase 
I regulations [47]. 

The HPV L2 protein was displayed on the surface of 
grapevine fanleaf virus VLPs considering that the L2 minor 
capsid protein is a preferred candidate to generate HPV 
vaccines that are widely protective [48]. The HBcAg VLPs 
were used to display the HPV L2 protein and additionally 
the L2 protein was fused to an immunoglobulin molecule 
that formed recombinant immune complexes (RIC) [49], 
both of which elicited good immune response and were 
even more robust when administered together as vaccine 
formulations. 
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Medicago has led the way ahead of other companies to 
develop a plant-based VLP vaccine against SARS-CoV-2 
using their prior knowledge on plant-produced influenza 
VLPs. Specifically, they transformed the SARS-CoV-2 spike 
protein into N. benthamiana through Agrobacterium-
mediated transformation [50] which generated VLPs 
containing the spike protein as well as the plant lipid 
membrane. These VLPs contained a mutated version 
of the S protein possessing stabilizing point mutations 
namely, R667G, R668S and R670S 217 substitutions at 
the region of the S1/S2 cleavage site [51]. This vaccine has 
successfully passed through phase I clinical trials wherein 
it was shown to be safe, potently immunogenic and well-
tolerated. Presently, this VLP vaccine formulation is in 
phase 2-3 clinical trials and it is predicted that Medicago 
would produce as high as 10 million doses every month 
[52,53]. 

The SARS-CoV-2 S protein B- and T-cell epitopes 
were displayed on CPMV surface and this vaccine was 
administered parenterally [54]. A similar CPMV-derived 
strategy has been used to develop SARS-CoV-2 diagnostic 
kits that are highly stable, inexpensive to produce and 
can be stored at ambient temperatures for long periods of 
time that would prove valuable in resource-poor settings. 
A ubiquitin variant (UbV) analog capable of recognizing 
the SARS-CoV-2 deubiquitinase has been developed to 
control SARS-CoV-2 infection [55]. PMV-based viral 
nanoparticles carrying UbVs of these viruses can enter 
human cells and efficiently preclude virus infection. In this 
regard, PMV VNPs have already been shown to enter lung 
epithelial cells when used as a nasal spray. Hence, these 
PMV VLPs harboring the UbVs could be loaded into an 
inhaler so as to introduce it into the nasal cavity and lungs 
of SARS-CoV-2 infected patients. Our laboratory has been 
involved in engineering a Geminivirus, the Bean yellow 
dwarf virus to produce large amounts of the UbV protein 
against the SARS-CoV-2 and the Middle east respiratory 
syndrome virus (MERS) [56]. 

Properly assembled RICs and VLPs that express the 
ZE3 antigen of the Zika virus elicited strong anti-Zika 
neutralizing immune reactions in mice when both were 
administered separately while demonstrating a synergistic 
increase in neutralization levels upon codelivery of both 
RICs and VLPs. Plant-produced HBcAg VLPs displaying 
on their surface the ZE3 peptide also showed notable 
increases in neutralization reactions as well as increased 
antibody titers [1]. This was accompanied by significant 
enhancement of IFN-gamma levels implying potent Th1 
or Th1/Th2 cell-mediated immune responses essential 
for virus neutralization. In another study [57], the EDIII 
envelope protein of the Zika virus was displayed on 
CMV particles which stimulated enhanced antibody 
levels and Zika virus neutralization while precluding the 
enhancement of infection by the dengue virus. 

Dengvaxia, the sole licensed anti-dengue vaccine is not 
safe enough in young, seronegative patients and this 
results in a dire need for safe, effective alternatives. N. 
benthamiana plants were used to transiently express VLPs 
of the dengue virus containing structural proteins (SP) as 
well as a truncated version of the dengue non-structural 
protein lacking the RdRp and this formulation elicited 
strong immune responses [58]. This investigation shows 
how VLPs can be used optimally to generate viable vaccine 
candidates for combating enveloped infectious viruses. 

Vaccines Generated Using Plant Virus-
Derived Vectors 

The small S HBsAg antigen was expressed at high yields 
(300 mg/kg wet weight) in N. benthamiana using the 
deconstructed TMV-derived cDNA MagniCON vector 
(Icon Genetics, Halle, Germany). This strategy met with 
great success as the recombinant antigen displayed the 
HBV ‘a’ antigenic determinant in its conformationally 
correct form and consisted of the full-length S protein 
with dimers linked through disulfides that assembled 
into functional VLPs [59]. HBV vaccine biopharming was 
first established by the Arizona Biodesign Institute [60] 
wherein they expressed the middle M polypeptide of the 
HBsAg in plants. Administration of this antigen in murine 
models elicited better B-cell immune response compared 
to that of the S protein [61]. Also, the MagniCON vector 
was used to express the HBcAg core antigen which yielded 
highly immunogenic VLPs that were expressed to levels as 
high as 2 g/kg wet weight [62]. 

L1 capsid epitopes of HPV types 16, 18, 31 and 45 were 
expressed in vectors wherein the CMV replicase gene was 
inserted. This led to increased expression of these highly 
antigenic proteins to levels as much as 25-27 ug/mg total 
soluble protein [63] which was much better than that of 
the quadrivalent Gardasil vaccine. This implied that the 
CMV viral RdRp structural elements and their associated 
regulatory genes function as RNA silencing suppressors 
leading to multi-fold enhancements in the HPV antigen 
expression. 

The HBcAg-zDIII fusion protein was expressed 
transiently in N. benthamiana using a MagnICON vector 
[1] via Agrobacterium infiltration. This showed anti-
Zika humoral and cell-mediated immune responses in 
mouse models while triggering antibodies that did not 
enhance infection by the dengue virus. This proved to be 
an inexpensive and safe option for enabling Zika virus 
immunity. 

Expression of Human Viral Polypeptides as 
Fusion Proteins

Reportedly, a PVX-based vector was used to express 
the HCV core protein which was fused to the HBsAg at 
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its C-terminus. This construct was codon-optimized for 
efficacious expression in tobacco [64]. An enhancement 
in the core protein yield was observed upon co-expression 
of the Tomato bushy stunt virus p19 viral suppressor. 
Similar protein fusions involving the HCV peptide antigen 
and the PMV capsid protein have also been reported. The 
PMV-HCV E2 glycoprotein fusion was used as a vaccine 
to immunize mice which generated extended humoral 
immune response [65]. Oral HCV vaccines expressed 
in edible crops have been developed using the HCV E2 
surface glycoprotein immunogenic R9 mimotope fused to 
carrier molecules such as the HBsAg [66], the CTB [67], 
the Alfalfa mosaic virus surface [68] and the CMV [69-71]. 

The influenza virus M2e peptide was fused to Salmonella 
typhimurium flagellin protein by Mardanova et al. [72] 
which elicited anti-M2e antibodies in mice and provided 
protection against challenges from various HCV strains 
even when administered at lethal doses. A wider range 
of protection could be achieved if both the M2e and 
HA2 influenza domains were administered together to 
formulate a single vaccine candidate [73-76]. Moreover, 
if the above strategy can be combined with a carrier VLP 
or an adjuvant, it could enhance their immunogenicity 
even further [75-77]. Tomato plant hairy roots were used 
to express the HPV16 E7 protein fused with SAPKQ, a 
nontoxic form of the Saponaria officinalis saporin protein 
[78]. This demonstrated anticancer activity against 
tumors in mice thereby serving as low-cost biofactories for 
developing therapeutic HPV vaccines. 

In a study by the iBio American company, the SARS-
CoV-2 major surface glycoprotein S (spike protein) was 
fused to a carrier protein lichenase from Clostridium 
thermocellum b-1,3-1,4-glucanase followed by expression 
of this fusion protein in plants [https://www.biospace.
com/article/ibio-s-fastpharming-platform-produces-
decoy-therapeutic-to-bind-tosars-cov-2/ (accessed on 
16 September 2020)]. SARS-CoV-2 diagnostic reagents 
were expressed in plants by the South African company, 
Cape Bio Pharms (CBP) [79]. Several other biotechnology 
companies such as Nomad, Protalix, Ventria and 
Greenovation Biopharmaceuticals have joined the race for 
the development of plant-derived SARS-CoV-2 vacciens 
[80]. Additionally, academic institutions such as the 
Infectious Disease Research Center at the Laval Univeristy, 
Quebec, Canada in collaboration with Medicago is involved 
in developing therapeutic antibodies against SARS-
CoV-2. Several countries including the USA, Mexico, UK, 
Germany, South Korea, South Africa and Thailand are also 
involved in molecular biopharming against SARS-CoV-2 
[80]. 

The current precedency of other plant-derived vaccines 
against viruses such as influenza is an encouraging factor 
towards developing similar vaccines against SARS-CoV-2. 
While the SARS-CoV-2 spreads worldwide at pandemic 

proportions, manufacture of vaccines in plants affords 
low-cost, easy to administer, safe, stable and efficacious 
options to combat deadly viral diseases. An ideal 
vaccination regimen involving plant-based vaccines would 
combine initial parenteral administration of transiently 
expressed purified injectable vaccines developed in plants 
subsequently followed by oral boosters with plant material 
expressing the vaccine antigen [81]. 

Therapeutic Antibodies

Genetic engineering of plants has primed the development 
of homogenous, human-like ‘tailored’ glycans which have 
proved to be better than that of mammalian systems [82]. 
This becomes important because correct glycosylation is 
essential for stability and proper functioning of antibodies 
[83]. Elimination of endogenous b1,2-linked xylose and 
a1,3-linked fucose sugars that are plant-specific [84,85] 
and engineering of the plants to encode the entire human 
sialylation pathway has enabled the generation of plant-
derived antibodies having greater potency and increased 
capability to recognize immune receptors [86,87]. Safe and 
efficacious plant-based therapeutic antibodies have been 
expressed at high levels against viruses such as the dengue 
virus [88], west nile virus [89] and the chikungunya 
virus [90]. Ebola virus infections in rhesus macaques and 
humans have been successfully treated using antibodies 
expressed in glycoengineered plants [91-93]. 

Of the several plant systems used in antibody production, 
the bean yellow dwarf geminivirus (BeYDV) system is 
highly efficient as this virus replicates the antibody gene of 
interest to high copy numbers inside the plant cell nucleus 
[94,95]. Additionally, many multimeric proteins can be 
expressed simultaneously in a non-competing fashion 
using a single BeYDV vector compared to RNA virus-
derived systems which necessitate the use of multiple non-
competing viruses to express different proteins [95]. Also, 
the host range of the BeYDV vector is broad and therefore 
proteins can be expressed in many dicot plants at high 
yields [96]. 

Given the fact that rabies virus antibodies generated 
in equines are of varied quality and with limitations 
in their yield, there is a compelling need to synthesize 
plant-made anti-rabies antibodies. Powerful, broadly-
neutralizing, correctly assembled anti-rabies antibodies 
in their humanized IgG form have been synthesized in 
transgenic N. tabacum plants [97] wherein they expressed 
anti-rabies activity equivalent to that of Mabs generated in 
hybridomas and were more efficacious than the currently 
available commercial rabies Ig vaccine (HRIG; Rabigam). 

Recombinant plant-based antibodies against the SARS-
CoV-2 can decelerate the progress of viral infection 
while giving the body adequate time to produce its own 
antibodies even before the infected patient develops the 
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Covid-19 disease. The success of convalescent patient 
sera in diminishing the severity of Covid-19 disease 
symptoms provides proof-of-concept regarding the 
promise of therapeutic antibodies in precluding this 
disease [98,99]. Therefore, plants form ideal biofactories 
for the expression of antibodies for virus diagnosis and for 
passive immunotherapy. 

TMV-based MagnICON vectors have been used to 
express three anti-Ebola, human-mouse chimaeric Mabs 
in N. benthamiana via agroinfiltration [91]. A cocktail of 
the above three Mabs provided 100% immunity against 
lethal challenge with Ebola virus in macaque models 
and were more potent than antibodies expressed in CHO 
cells. Another medley of anti-Ebola Mabs [93] designated 
the ZMapp was developed by biotechnology companies 
namely the Dreyfus of Toronto in collaboration with San 
Diego Mapp Biopharmaceuticals. This was subsequently 
manufactured by Kentucky Bio-Processing. ZMapp 
afforded 100% immunity from Ebola virus challenge in 
macaque models. Also, it was capable of reversing severe, 
advanced stages of Ebola disease in animals and led to 
full recovery. ZMapp was also capable of recognizing the 
greatly prevalent Ebola Guinea variant. Upon testing in 
humans, ZMapp proved to be efficacious and was seen to 
outperform the efficacy of other therapeutics against Ebola 
[100]. 

Besides, the cytokine storm elicited following SARS-
CoV-2 infection can be suppressed by plant-made 
therapeutic antibodies in many severe cases of Covid-19 
disease. Antibodies such as the tocilizumab/Actemra 
and sarilumab/Kevzara cocktail capable of recognizing 

the IL-6R (interleukin-6 receptor) and touted for 
rheumatoid arthritis therapy could be repurposed for 
Covid-19 immunotherapy and are presently under clinical 
trials [Long Island Press (2020), Swiss Broadcasting 
Corporation (2020)]. 

Plant-Based HIV Vaccines

Out of the 38 million people suffering with HIV infection, 
nearly 24 million are under antiretroviral therapy (ART) 
[101]. Every year about 700,000 new cases of HIV are 
reported and several of these patients die from full-blown 
chronic AIDS, a majority of which occur in Africa. There 
is a compelling need for the generation of a successful 
prophylactic anti-HIV vaccine considering the reality 
that several people where the HIV is endemic, cannot 
undergo ART due to poor socioeconomic status. Also, 
the application of ART necessitates life-long treatment 
accompanied by many side effects. A probable candidate 
anti-HIV vaccine was generated in 1987 in the USA which 
entered phase I clinical trials followed by more than 30 
candidate vaccines reportedly in phase I/II human trials 
mainly in the USA and Europe [101]. 

HIV belongs to the family of retroviruses called the 
lentiviruses with genome composed of two single-stranded 
RNAs and several viral polypeptides that are encapsidated 
into the enveloped viral capsid (Figure 1). 

Out of the 2 HIV types reported namely the HIV-1 and 
HIV-2, HIV-1 and its subtypes are responsible for a majority 
of the AIDS pandemic. HIV-1 and HIV-2 share several 
similarities such as their key gene arrangement, methods 

 

  Figure 1: Schematic structure of the HIV virus. (Adapted from Medical Research Council, UK. Discovery of Key Component of HIV 
Virus Yields Drug Target. Drug discovery and development. August 11, 2016. [102]).
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of transmission, intracellular replication mechanisms and 
clinical outcomes, although both result in AIDS [102]. 
Nevertheless, HIV-2 shows lower transmissibility and 
diminished likelihood of advancement to AIDS. The basic 
mechanistic differences between infections caused by these 
two viruses demonstrate broader concerns of retroviral 
pathogenesis that are yet to be completely understood. 
Epidemiologically, HIV-2 occurs mostly in West Africa, 
while the HIV-1 has spread worldwide. In clinical terms, 
majority of individuals infected with HIV-2 remain non-
progressors in the long-term while most individuals 
infected with HIV-1 progress [103].

The envelope of the virus contains trimers of the HIV 
protein gp120 and gp41 heterodimers that interact with 
each other non-covalently. More than 12 subtypes of HIV-
1 and several of its recombinant forms are so far reported 
to be in circulation [104]. The pathogenicity of HIV is 
complicated due to the high mutation frequency of the 
major envelope protein gp120 and this has tremendous 
impact on anti-HIV immunity [105]. Therefore, this 
makes the HIV envelope highly variable in addition to 
the high rate of mutations in the viral genome (~1-10 
mutations for every replication cycle of the virus). Besides 
the above, there occurs high conformational resilience 
along with glycan coverage. Additionally, HIV is capable of 
undergoing immune evasion through several mechanisms 
[106]. Polyvalent anti-HIV vaccines that are able to 
recognize conserved domains of the viral envelope can help 
in overcoming the high frequency of changes generated in 
the viral envelope [107]. 

Zhang et al. [108] generated transgenic tobacco 
expressing the HIV p24 capsid protein. Karasev et al. 
[109] expressed the Tat protein in spinach which elicited 
immune priming when administered following a primary 
injection with a DNA vaccine specific to the Tat protein. 
In another investigation [110], the HIV p24 antigen was 
expressed in the green alga, Chlamydomonas to levels 
as great as 0.25% of total cellular protein. An anti-HIV 
lectin called cyanovirin was expressed in tobacco [111]. 
The dense mannose glycans of the glycosylated HIV 
gp120 was targeted by the banana lectin [112] possessing 
activity against HIV replication. Recently, rice endosperm 
was engineered to express proteins such as cyanovirin-N, 
griffithsin (a lectin from algae) and HIV Mab 2G12 capable 
of neutralizing HIV by recognizing gp120 [113]. Upon 
expression of these proteins in lettuce and tobacco, this 
resulted in better virus neutralization in comparison with 
an equivalent cocktail generated conventionally. An anti-
HIV polyvalent and multi-epitopic vaccine C4(V3)6 based 
on gp120 was produced in tobacco [8] and lettuce [114] 
both of which showed potent immune reactions against 
HIV [115]. A chimaeric protein containing epitopes of 
gp120 and gp41 was expressed in Physcomitrella patens 
(a moss plant) yielding a vaccine, pol-HIV which was 
found to elicit immune reactions in mice [48,116]. The 

DsRed fluorescent protein was designed to carry the HIV 
epitope ELDKWA that has the ability to capture the HIV 
neutralizing antibody 2F5, followed by its expression in 
transgenic tobacco [117]. This paved the way for generating 
and purifying high yields of idiotype-specific HIV mAbs. 
In another study, an immunogenic multi-epitopic HIV 
protein was expressed in tobacco which elicited g-IFN and 
T-helper cell reactions in mice upon oral administration 
[118].

Medicago Inc. expressed the HIV Env protein in fusion 
with the transmembrane and cytoplasmic tail domains of 
the influenza HA protein to generate HIV VLPs that budded 
successfully in plant cells [119,120]. This formulation 
afforded superior immunogenicity and shows great 
promise as a booster vaccine that could be employed in 
heterogenous prime-boost vaccination regimens. Different 
studies reported transgenic N. benthamiana [121] as well 
as transplastomic N. tabacum [122] expressing the HIV 
Gag-derived VLP-like molecule. Of these, the transgenic 
N. benthamiana demonstrated stabilized expression of 
the Gag protein and this was shown to interact with the 
co-expressed gp41 leading to the successful generation 
of enveloped VLPs. The above VLPs stimulated strong 
immunity to the Gag protein in murine models. CPMV was 
used to display a HIV-1 gp41 epitope on its surface which 
upon parenteral administration elicited neutralizing 
responses in mice against 3 strains of HIV [123-125]. 

Griffithsin, an effective inhibitor of HIV entry was 
produced in tobacco using a TMV-based vector which 
obtained yields of more than 1 g/kg fresh leaf weight. 
This possessed strong capability to recognize gp120 [126]. 
This resulted in the manufacture of 20 kg griffithsin per 
year at much lesser costs [127] compared that of similar 
production systems based on mammalian cells [128]. Large 
scale production of 2G12 and 2F5 anti-HIV neutralizing 
antibodies has been reported in transgenic rice [129], 
tobacco [130] and maize [131, 132]. Fraunhofer IME has 
acquired license for expressing HIV 2G12 antibodies in 
tobacco plants towards examination in human Phase I 
clinical trials. The 2G12 antibody has been expressed in 
rice [113] along with a couple of antiviral lectins enabling 
inexpensive synthesis of preformulated anti-HIV cocktails. 
In another reported study [133], MagnICON vectors were 
used to express CAP256-VRC26 anti-HIV bNAbs (broadly 
neutralizing antibodies) containing post-translational 
modifications in N. benthamiana. Table 1 enlists some 
examples of plant-derived vaccines generated against HIV 
and subsequently tested in animal models [101].

When tyrosyl protein sulfotransferase was co-expressed 
in the above plants, this led to the incorporation of 
O-sulfated tyrosine in the complementarity determining 
portion of the heavy chain H3 loop of these bNAbs. 
Additionally, these antibodies folded and functioned in a 
manner similar to those expressed in mammalian cells. 



 
 Venkataraman S. Plant-Based Vaccines Against Infectious Human Viral Diseases: Spotlight on HIV Vaccines. J AIDS 
HIV Treat. 2021;3(3):54-68.

J AIDS HIV Treat. 2021
Volume 3, Issue 3 61

They were also highly potent against some HIV subtype 
C strains. Thus, plants have proved to be optimal systems 
for multiple post-translational modifications towards 
production of antibodies for passive immunization against 
HIV as well as for serving as alternate therapies for the 
current HIV antiretroviral treatment schemes. Lately, 
transient expression of a fusion protein containing an 
anti-HIV bispecific broadly neutralizing antibody and 
lectin was demonstrated in N. benthamiana [134]. Also, 
N. benthamiana-based transient expression has been 
reported for the generation of the HIV Env gp140 antigen 
[135].

Conclusion

In accordance with the intention of this mini-review, a 
majority of the details on plant-based vaccines against 
important human viruses as discussed above have been 
clearly presented in the paper by Venkataraman et al. 
[81]. This paper conveys useful up-to-date information 
on developments in this area in addition to plant based 
therapeutic antibodies for prevention and treatment of 
human viral diseases. Specifically, this review discusses 
vaccines against important human viruses such as HPV, 
HCV, HBV, Influenza virus, HIV, Zika virus and SARS-
CoV-2. Highlighted are details regarding the worldwide 
incidence of these viral diseases, molecular characteristics 
of these viruses that are of relevance to vaccine design 
and recent advancements in the synthesis of plant-
derived vaccines against these important viruses. This 
article shows that by virtue of being highly effectual, 

low-cost and facile to administer, plant-based vaccines 
present great promise in confronting the global incidence 
of viral diseases in the near future. Also, in light of the 
urgent necessity to control the HIV/AIDS epidemic 
worldwide, plant-based vaccine expression systems can 
be of tremendous value in prophylaxis and therapy of HIV 
disease. Once an efficacious plant derived HIV vaccine 
is developed, plant molecular pharming could be a good 
solution for combating HIV infections as they present 
several advantages over other vaccine/therapeutic 
production platforms [101]. A gamut of plant-based 
products such as antiretroviral microbicides, vaccine 
bioformulations and broadly neutralizing monoclonal 
antibodies are currently under development that could 
have several positive implications on the epidemiology, 
prevalence and incidence of HIV. At the least, plant-
based vaccines can be administered as booster shots in 
heterologous prime/boost regimens considering that large 
quantities of vaccine material are needed for repeated 
booster vaccinations [137]. 

Taking into consideration all of the latest literature 
presented in this mini-review as above, the work by 
Venkataraman et al. [81] presents a comprehensive 
picture of recent plant-based vaccines against the most 
important infectious human viruses. Nevertheless, the 
details of plant-derived vaccines against other human 
viruses such as the rift valley fever virus, the respiratory 
syncytial virus, the chikungunya virus, west nile virus and 
the SARS-CoV-1 need to be addressed and this could the 
subject for another review. 

Table 1: Some representative examples of plant-based anti-HIV vaccine candidates expressed in plants and tested in animal 
systems.

HIV antigen 
expressed Plant expressed in Animal in 

which tested Immunogenicity detected Reference

C4(V3)6 Lettuce Mice Elicitation of humoral and cell-mediated 
immune reactions  [114]

C4V3 Tobacco Mice Generation of systemic mucosal antibody 
reactions and proliferation of T cells  [136]

Multi-HIV Tobacco Mice Stimulation of humoral immune response [8] 

Gp41 Tobacco Mice Strong CD4 and CD8 T cell as well as serum 
antibody immune responses  [137]

p17/p24 Tobacco Mice Elicitation of humoral and T cell immunity  [138]

p24 Arabidopsis Mice Stimulation of serum IgG  [139]

p24 Tobacco Rabbit HIV-specific humoral immune reactions  [140]

C4(V3)6 and C4V3 are chimeric, multiepitopic proteins modeled based on the HIV gp120 and were engineered to test their 
immunization capability against HIV; multi-HIV represents the multi-epitopic chimaeric HIV protein derived from epitopes of 
gp41 and gp120 HIV proteins. (Adapted from Tremouillaux-Guiller et al. [101]).
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