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ARTICLE INFO ABSTRACT

Keywords: Globally, the impact of the coronavirus disease 2019 (COVID-19) pandemic has been enormous
SARS-CoV-2 and unrelenting with ~6.9 million deaths and ~765 million infections. This review mainly fo-
CQVID'l? cuses on the recent advances and potentially novel molecular tools for viral diagnostics and
?;agnostlc.s therapeutics with far-reaching implications in managing the future pandemics. In addition to
RNiiﬂ?ﬁ;f: Of GEP briefly highlighting the existing and recent methods of viral diagnostics, we propose a couple of
RPA potentially novel non-PCR-based methods for rapid, cost-effective, and single-step detection of
Lab-on-Chip nucleic acids of viruses using RNA mimics of green fluorescent protein (GFP) and nuclease-based
Ribozyme approaches. We also highlight key innovations in miniaturized Lab-on-Chip (LoC) devices, which
Vaccines in combination with cyber-physical systems, could serve as ideal futuristic platforms for viral
BCG diagnosis and disease management. We also discuss underexplored and underutilized antiviral

strategies, including ribozyme-mediated RNA-cleaving tools for targeting viral RNA, and recent
advances in plant-based platforms for rapid, low-cost, and large-scale production and oral de-
livery of antiviral agents/vaccines. Lastly, we propose repurposing of the existing vaccines for
newer applications with a major emphasis on Bacillus Calmette-Guérin (BCG)-based vaccine
engineering.

1. Introduction

The world has been fighting a fast-spreading global pandemic caused by the novel coronavirus called severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). So far, more than ~765 million people across the world have been infected with ~6.9 million
deaths (as of ond May 2023) (https://covid19.who.int/). However, according to the WHO, the number of infections and deaths is
estimated to be much more than what has been reported. The prolonged raging of the pandemic has caused loss of livelihoods and
negatively impacted the global economy, mental well-being, education, and other essential services and human activities.

The coronaviruses (CoVs) are single-stranded ribonucleic acid (RNA) viruses that carry a genome of ~30 kb and are of size ranging
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between 65 and 125 nm in diameter [1]. CoVs belong to the order Nidovirales, family Coronaviridae, and subfamily Orthocoronavirinae,
which is further divided into four genera: Alphacoronavirus (a-CoV), Betacoronavirus (f-CoV), Gammacoronavirus (y-CoV) and
Deltacoronavirus (8-CoV) [2,3]. The SARS-CoV-2 shares genomic similarities with other $-CoVs associated with the past epidemics [4,
5], and it consists of 16 non-structural proteins (nsps) and four structural proteins [1].

Mammals are known to be reservoirs of a-CoVs and p-CoVs, while birds mainly harbour y-CoV and 3-CoV, with some reports
indicating infections in mammals [6]. In general, bats, rodents, and avian species are known to be the natural reservoirs of diverse
CoVs [7-10]. SARS-CoV-2 has been predicted to be transmitted to humans from bats through an unknown intermediate, which remains
to be proved with supporting data [11]. It is also speculated that the virus might have undergone virulence- and
transmission-enhancing mutations in humans, further resulting in human-to-human transmission [12-14]. For details regarding
SARS-CoV-2 variant-specific virulence and transmission rates, refer to Carabelli et al. [14].

The genome of SARS-CoV can mutate at a rate of 0.80-2.38 x 10~2 nucleotide substitutions per site per year. Such high mutation
rates are ascribed to a lack of or poor proof-reading activities of the viral RNA polymerase [15]. Consequently, these viruses evolve
rapidly, aiding them in evading the host immune system accompanied by enhanced viral infectivity, replication, and mortality [16].
Faster mutation rates help viruses develop resistance to drugs, escape antibody response [14], switch hosts, and could reduce the
efficiency of nucleic acid-based viral diagnosis [12,17].

Over the last two years, several mutant variants differing in their genomic and antigenic properties have been characterized.
Among several variants of SARS-CoV-2 identified, some have been declared as variants of concern by the WHO based on their global
impact concerning infectivity and mortality. A recent epidemiological survey by the WHO (as of November 2021) (https://www.who.
int/en/activities/tracking-SARS-CoV-2-variants/), suggests five variants of concern, namely, Alpha (B.1.1.7; first reported in United
Kingdom (UK) in late December 2020); Beta (B.1.351, first reported in South Africa in December 2020); Gamma (P.1, first reported in
Brazil in early January 2021), Delta (B.1.617.2, first reported in India in December 2020) [18] and Omicron (B.1.1.529, first reported
from multiple countries). All the variants of concern were found to have mutations in the receptor-binding domain (RBD) and the
N-terminal domain of the spike (S) protein which may have implications for the viral pathogenesis. Some of these mutations are
predicted to cause increased affinity of the S protein to human angiotensin-converting enzyme 2 (hACE 2) receptors enhancing viral
attachment and entry into the host cells. These domains are also targets of the neutralizing antibodies produced in response to
vaccines.

The research findings over the past two years have enhanced our understanding of SARS-CoV-2 aetiology and pathophysiology of
the disease. The SARS-CoV-2 infection causes multiple disease phenotypes such as pulmonary dysfunction, haematological alterations,
inflammation, electrolyte imbalance, coagulation dysfunction with an increased risk of venous and arterial thromboembolism, liver
and kidney dysfunctions and cardiac muscle injuries [19]. Due to the diverse symptoms, it has been challenging to diagnose and
manage the disease in a timely manner. Moreover, a lack of clarity about the impact of comorbidities (e.g., cardiomyopathies, hy-
pertension, diabetes, etc.) on SARS-CoV-2 infection and disease progression made disease management even more challenging [20].

Clinical studies have played a significant role in identifying pathological markers to differentiate disease progression and reso-
lution. These studies have also played a key role in determining the antigenic/protective nature of specific viral proteins, leading to the
development of viral diagnostics, therapeutic, and protective strategies. Despite the faster pace of vaccine development and mass
vaccination, the continuous emergence of variants of concern poses a significant hurdle in the global efforts to end the pandemic [18].

Upon the dawn of any new viral pandemic, until the arrival of vaccines or drugs to effectively prevent or treat the viral infections,
reliable and rapid early diagnosis of the virus and quarantining the infected patients is critical to control the spread of the outbreaks.
The symptomatic diagnosis of COVID-19 was challenging, as most of its symptoms are shared by infections caused by other common
respiratory viruses. Therefore, viral genome detection-based diagnostics were developed and became the mainstay of pandemic
management.

2. Viral diagnostics
2.1. Methods employed to detect viral genome

Several methods are currently being used to detect SARS-CoV-2. One of the most used approaches is based on the molecular
detection of viral RNA by nucleic acid amplification test (NAAT). With a detection capability of as low as 1 to 10 copies of the viral
genome/pL, NAAT has been considered one of the most sensitive assays for viral diagnostics [21]. Labs across the world have primarily
been using reverse transcription followed by polymerase chain reaction (RT-PCR)-based methods for detecting the virus using RNA
extracted from the nasopharyngeal or oral swab samples of the suspects. It takes approximately 5-6 h for the RT-PCR method to
generate results, excluding the time taken for sample collection and transportation. It is considered as the gold standard method for
diagnosis. It has some advantages, such as it can be automated, multiplexed, and used for high-throughput testing and analysis. A
major disadvantage of this method is that it requires expensive equipment (thermocycler) and expertise for testing and analysis.
Therefore, this method is not suitable for point-of-care (POC) or resource-poor settings.

Another method of significance that has been used to detect viral genomes including SARS-CoV-2 is loop-mediated isothermal
amplification (LAMP) method [22-25]. To detect RNA, LAMP coupled to reverse transcription (RT-LAMP) is used. LAMP involves
auto-cycling strand displacement DNA synthesis by utilizing a DNA polymerase possessing high strand displacement activity and two
pairs of primers [26]. LAMP is performed at a constant temperature of 60-65 °C in a single tube and it does not require a thermocycler
[26]. It is cost effective and one of the rapid assays requiring only ~30 min to complete a test, making it suitable for POC or
resource-poor settings.
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Fig. 1. A flow chart for reverse transcription and Recombinase Polymerase Amplification (RT-RPA)-based method for detection of viral RNA. (A)
Single-stranded RNA (ssRNA) isolated from virus-infected samples is reverse transcribed. (B) cDNA subjected to isothermal amplification using
Recombinase polymerase amplification (RPA) reaction. ds-double-stranded; SSB-single-stranded DNA binding proteins.

Reverse transcription followed by isothermal recombinase polymerase amplification (RT-RPA) is one of the recently developed
methods to detect viral RNA (Fig. 1). Unlike conventional PCR, RPA involves DNA amplification at constant temperature (usually
23-42 °C), eliminating the need for thermocyclers, and the time taken for amplification is a lot less (15-20 min) [27-29]. In RPA,
recombinase inserts primers onto complementary DNA strands via strand exchange. Single-strand binding proteins (SSB) are used to
displace the non-complementary strand and to stabilize the bound primers. Then, DNA polymerase (e.g., Bsu) initiates amplification,
and the whole process continues iteratively (Fig. 1). Moreover, the RPA enzyme mixture can be lyophilized and stored at room
temperature for several months. The amplified DNA can be detected by different platforms, including lateral flow devices and portable
incubation and detection instruments [30]. RPA has the potential to become an ideal POC test in clinical settings due to its, simplicity,
speed, and requirement of minimal low-cost equipment [31]. Its effectiveness as a POC test has already been demonstrated for
detecting human immunodeficiency virus (HIV) type 1 [32,33], foot-and-mouth disease virus [34], avian influenza A H7 virus [35],
rabies [36], ebola virus [37], and bacterial infections [38]. It has also been employed for developing rapid corona diagnosis kit [39,40]
either as a stand-alone or in combination with CRISPR Casl3a [30,41]. Compared to RT-PCR, POC methods are cost-effective, less
time-consuming, and can be performed by minimally trained technicians in POC settings (Fig. 2). However, RT-RPA suffers from lower
sensitivity compared to RT-PCR and RT-LAMP. Also, it requires expensive reagents, and primer and probe designing is more chal-
lenging [42].

Some key innovations in diagnostic platforms, such as the development of lab-on-chip (LoC) devices, could significantly accelerate
the pace of diagnosis. An LoC device involves encasing the miniaturized functional equivalents of the laboratory settings (e.g., heating,
centrifugation, mixing, and other treatments) onto a chip. Although the LoC was envisioned way back in the early 1990s [43], it is only
due to the recent advancements in the field of microelectronics and micro-electromechanical systems (MEMS), internet of things (IoT)
and artificial intelligence (AI), the feasibility of using LoC in a point-of-care (POC) setting has increased [44]. The LoC devices are
typically fabricated to work under low resource and remote settings [45]. Relatively, smaller input samples are processed on LoC to
amplify the target nucleic acid sequences either by a simple loop-mediated amplification (LAMP) or RPA followed by on-chip
detection. The test results are detected either as a visual output or fluorescence readout. Fig. 3 illustrates the components of a
typical LoC.
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Fig. 2. Comparative flow charts of RT-PCR and Point-of-care (POC) detection methods. POC devices (workflow depicted by numbers in green
circles) are cost-effective, less time-consuming, simpler and can be performed by minimally trained technicians in point-of-care settings compared to
RT-PCR-based diagnostics (workflow depicted by numbers in purple circles). RT-PCR: Reverse transcriptase-polymerase chain reaction; IoT: Internet
of things. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

RT-RPA and other nucleic acid detection methods can be performed using LoC [46] and can be integrated with automation and
cyber-physical systems, enabling smart diagnostics and patient monitoring. The diagnosis time can be further reduced by employing
rapid RNA isolation protocols, which take less than a minute for RNA extraction [47]. Very recently, RNA-extraction-free methods
have also been developed to detect SARS-CoV-2 [48].

2.2. Potentially novel non-PCR-based methods for RNA detection

Most of the current viral diagnostic methods rely on RT-PCR-based detection. Based on recent advances in the field of nucleic acids
research, we propose two new non-PCR methods for detecting the SARS-CoV-2 genome (and other RNA) sans amplification steps.
Unlike most of the existing methods, our proposed methods involve single-step detection.

2.2.1. RNA mimics of GFP for SARS-CoV-2 detection

RNA mimics of green fluorescent protein (GFP) are RNA aptamers that bind fluorophores such as 4-hydroxybenzylidene imida-
zolinone (HBI), resulting in activation of their fluorescence [49,50]. HBI resembles the fluorophore naturally found in GFP. The first
version of an RNA aptamer that mimicked GFP was called ‘Spinach’ [51]. Subsequently, several improved versions of RNA aptamers
called ‘Spinach 1.2°, ‘Broccoli’ and ‘Corn’ have been developed, which exhibit enhanced binding to the fluorophore, increased fluo-
rescence, and thermostability [49-52]. Similarly, multiple fluorescent dyes containing HBI fluorophores such as 3,5-dimethoxy-4-hy-
droxybenzylidene imidazolinone (DMHBI), 3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI), DFHBI-1T and BI were
developed, which exhibit higher extinction coefficient, lower background fluorescence in cells, and a red-shifted excitation and
emission spectra that match the commonly used filter cubes [53-55]. The latest versions of the RNA aptamer and the fluorophore can
detect a single molecule of mRNA inside live mammalian cells [53]. The proposed in vitro RNA aptamer binding assays can be carried
out between 20 and 60 °C [52]. These RNA aptamers can be fused to any RNA molecules through cloning followed by in vitro tran-
scription, which can then be used as probes to detect any target RNA molecules. A brief illustration of the proposed method is given in
Fig. 4(a—d). This could potentially be one of the simplest and most rapid assays because it does not require reverse transcription or
amplification of nucleic acids. Nor does it require any enzymes or proteins and thus can significantly bring down the cost of diagnosis
without necessarily compromising sensitivity, specificity, and reliability. Moreover, the method can be tweaked by altering assay
temperature to detect the target RNA even if it carries a few mismatches. Such a feature can be highly advantageous in detecting
rapidly-evolving viral variants. RNA aptamers, which mimic other coloured fluorescent proteins such as red fluorescent protein (RFP),
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Fig. 3. Diagrammatic representation of miniaturized Lab-on-chip (LoC) module. Microfluidic Lab-on-chip (LoC) consists of specialized microfluidic
patterning to ensure proper flow, release, and mixing of reagents required for RNA isolation and RT-PCR. Thermal loops present in the RT-PCR zone
provide suitable temperatures to carry out the reaction. The Serpentine micro channels ensure a controlled flow rate and minimal sample loss. The
multiplexed detection zone facilitates the detection of multiple pathogens in parallel chambers along with a suitable control either via colorimetric
(visual) or fluorescence-based methodologies. Internet of Things (IoT)-based methods can be employed for automating and sharing the data.

blue fluorescent protein (BFP), and cyan fluorescent protein (CFP) are also available which can be multiplexed for simultaneous
detection of more than one target RNA [52]. This method is yet to be tested for molecular diagnosis. However, a recent publication
reports development and use of DNA aptamer mimic of GFP for SARS-CoV-2 detection [56]. Currently, most of the estimated detection
cost of this method is attributed to the cost of fluorophores, which are synthesized commercially. In-house synthesis of these fluo-
rophores can potentially bring down the cost further. Other potential disadvantages include time and cost involved in synthesizing and
storing (cold-storage) labile RNA probes and the need for an expensive fluorescence-detecting equipment. A recent discovery of DNA
aptamer mimic of GFP could do away with the problems associated with synthesis and handling of RNA [56]. Similarly, recent
development of cost-effective smartphone-based devices coupled with machine learning-driven software could bring down the cost of
fluorescence detection associated with this method [57].
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2.2.2. Fluorescent probes and nucleases for SARS-CoV-2 detection

Another potentially novel non-PCR approach we propose uses hybridization of viral RNA and specifically designed fluorescent DNA
Probes (labelled with 5’ fluorophore and 3’ quencher) that are complementary to the unique regions of viral RNA, followed by a
nuclease-mediated cleavage. Nucleases that are commercially available can be exploited to either preferentially cleave (e.g., T7
exonuclease from New England Biolabs) the fluorescent probe DNA from DNA:RNA hybrids leaving the unbound fluorescent ssDNA
probe uncleaved (Fig. 5A) or preferentially cleave (e.g., Nuclease P1 from New England Biolabs) the fluorescent ssDNA probe leaving
the fluorescent probe DNA:RNA hybrids uncleaved (Fig. 5B). In both cases, nuclease-mediated cleavage of the fluorescent probe results
in emission of the fluorescence due to the release of the fluorophore quenching by the quencher. However, in one case, the fluorescence
intensity will be positively correlated with the viral genome copy number (Fig. 5A) while in the other, the fluorescence intensity will be
negatively correlated with the viral genome copy number (Fig. 5B). For this method, it is advisable to employ multiple probes that are
complementary to unique regions of SARS-CoV-2 RNA because relying on one probe could lead to false negatives originating from
higher mutagenic rates of viral nucleic acids. Such false negatives constitute an important and frequently reported issue in diagnostic
virology [58-60]. Employing several fluorescent probes also increases the sensitivity of detection. In Fig. 5, we have depicted the
working principle of this method for only one probe targeting one of the unique regions of viral genome. The method can be modified
to include multiple probes targeting multiple unique viral RNA regions. Potential disadvantages of this method include cost of the
enzymes along with cold-storage requirement, and fluorescence-detecting equipment. The disadvantage associated with fluorescence
detection can be addressed as discussed above, but technologies to enable mass production of enzymes that can be stored at room
temperature are yet to be developed.

Our proposed new methods can be used to detect RNA from any other pathogens, and these methods can be integrated into LoC-
based diagnostics. Upon implementation, these novel methods are expected to provide new avenues for research and development of
alternative, low-cost, and more efficient fluorescent riboprobes and deoxy riboprobes, nucleases with increased specificity towards
DNA in DNA:RNA hybrids, fluorophores with enhanced extinction coefficient, and new RNA/DNA aptamers which serve as mimics of
different coloured fluorescent proteins such as GFP, RFP, and BFP.

2.3. Serological diagnosis of SARS-CoV-2

Serological tests are currently used as an alternative or to complement nucleic acid-based detection of SARS-CoV-2 due to the ease
and low cost of diagnosis. The majority of the antigen and antibody-based tests are currently available as POC test strips, which are
advantageous over nucleic acid detection that requires expensive reagents, equipment, and a laboratory set up for diagnosis [61].
These tests use serum samples or other biological fluids such as respiratory lavage, nasopharyngeal swabs, or faecal samples for
detecting viral antigens or antibodies specific to the viral antigens. The specificity of SARS-CoV-2 diagnosis based on detection of IgM
and IgG antibodies has been ~95-100%, with sensitivity of 84% and 94% for IgM and IgG, respectively [62]. In addition, it is rec-
ommended to use an antibody test in conjunction with a RT-PCR test to increase the diagnostic accuracy.

Antibodies are typically detected using enzyme-linked immunosorbent assay (ELISA) or lateral flow assays (LFA). The most
commonly detected antigens of SARS-CoV-2 are S, N, E, and M proteins. Clinical studies suggest that the detection of N protein has
shown the highest sensitivity in SARS-CoV-2 diagnosis as N protein is the most abundant and highly immunogenic viral protein
produced in the host cells. On the other hand, antibodies targeting the receptor-binding domain (RBD) of the S protein are found to be
the most specific and neutralizing in nature [63]. Therefore, detection of more than one viral antigen is recommended to improve both
the sensitivity and the specificity of viral diagnosis. A major drawback of serological detection of viral antigens is the cross-reactivity of
the antibodies with the epitopes not unique to SARS-CoV-2 [64]. This problem can be addressed by designing more specific antibodies
based on bioinformatic identification of potentially unique epitopes [65,66].

3. Therapeutics for COVID-19 and beyond
3.1. Host-directed therapies

SARS-CoV-2 infections cause hyper inflammation and excessive cytokine responses, resulting in end-organ dysfunction/mortality
[67,68]. The COVID-19 infections also dampen the natural killer (NK) cell response, as evident from the reduced circulating NK cell
number and exhausted phenotype [69]. Several host-directed therapies are currently being evaluated to ameliorate aberrant host
immune and inflammatory responses as part of a holistic and long-term treatment of COVID-19 patients [70,71]. NK cell-based im-
munotherapies are being clinically evaluated (ClinicalTrials.gov Identifier: NCT04344548, NCT04365101, NCT04280224) to boost
antiviral immune responses against COVID-19 [72,73].

Mesenchymal stem cells (MSCs) from dental pulp and umbilical cord with regenerative and differentiation properties act as
immuno-modulators and prevent inflammatory response by reducing the cytokine levels [74,75]. Phase 1 and 2 clinical trials involving
COVID-19 patients with moderate to severe lung damage showed that MSC isolated from the umbilical cord are safe, well-tolerated,
and they markedly reduced lung lesion size in the patients [76-78]. Moreover, MSC-derived extracellular vesicles have been explored
to express decoy ACE-2 protein to capture SARS-CoV-2 S protein to limit viral infections [79]. Similarly, the wild-type and
affinity-matured soluble decoy ACE-2 have been proposed as potential antiviral therapeutic strategy [80,81].

Next, based on findings from in vitro studies, several promising monoclonal antibodies (mAbs) exhibiting neutralizing activity
against SARS-CoV-2 have been selected and subjected to preclinical [82,83] and clinical trials (ClinicalTrials.gov Identifier:
NCT04545060) to treat COVID-19. These mAbs are mostly specific to epitopes originating from the RBD and non-RBD regions of the S
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use (https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines).

protein. Results from some of these trials show reduced viral load in the patients treated with these mAbs [84]. Similarly, nanobodies
(nAbs) are being explored to target SARS-CoV-2. nAbs are single-domain antibody fragments comprising a single monomeric variable
domain of the antibody. A variety of nAbs that displayed effective viral neutralization in in vitro assays are currently in preclinical
development. Some of these are designed to target the RBD of SARS-CoV-2 S protein in order to disrupt its interaction with human
angiotensin-converting enzyme 2 (hACE2) [85]. These nAbs are yet to be tested in animal models and human trials. Interestingly,
when a cocktail of non-competing, unique, neutralizing antibodies targeting the S protein was tested in vitro, antibody escape mutants
were not generated compared to treatments with individual mAbs or a cocktail of competing mAbs (mAbs targeting the overlapping
epitopes).

Another therapy involves targeting complement protein 5a (C5a). Experimental evidence showed that SARS-CoV-2 nucleocapsid
protein binds to mannan-binding lectin serine protease 2, activating the downstream complementation pathway and C5a generation
[86,87]. Also, higher concentrations of C5a and other complement proteins were found in patients with severe COVID-19 [87,88]. C5a
is a well-known anaphylatoxin that causes widespread tissue damage in addition to attracting neutrophils and monocytes to the site of
infection [89]. It also activates the blood coagulation system [90]. Therefore, monoclonal antibodies targeting C5a has been explored
as a host-directed therapy to reduce acute respiratory distress syndrome and thrombotic microangiopathy associated with CoV in-
fections [89,91].

Type I interferons (IFN-I) with a broad antiviral activity have been clinically evaluated to treat COVID-19 either independently or
in combination with other drugs [92-94]. IFN-I are a group of cytokines comprising seven subtypes; IFNa, -, - §, -T, -¢, -®, and -k [95,
96]. Due to their non-specific antiviral effects, IFN-I interferons are often evaluated in the context of emerging viral infections,
including those caused by Influenza viruses and the CoVs closely related to SARS-CoV-2, such as Middle East respiratory syndrome
(MERS), and SARS [92,97-103]. A review of several studies has revealed that IFN-I may account for safe, efficient, and easy to upscale
COVID-19 treatment during the early stages of infection [92]. A recent retrospective study of ~450 COVID-19 patients revealed that
the early use of IFN-a decreased mortality, but the late use of IFN-a resulted in increased mortality and delayed recovery [104].
Furthermore, some reports indicate that IFN-I interferons exacerbate the inflammation in the patients with severe COVID-19 but not in
the cases of mild COVID-19 [105,106]. Therefore, more precise information is required to establish the therapeutic effects of IFN-I to
treat COVID-19. Further studies along these lines should consider dose, route, and the timing of administration of IFN-I and the target
population for effectively utilizing the IFN-based therapies [106].

3.2. Vaccines

3.2.1. Current status of approved vaccines against COVID-19
In the era of modern medicine, vaccination has proved to be one of the most effective, least expensive, and simplest intervention
strategies, dramatically altering the way infectious diseases, epidemics and pandemics have been managed over the past century.
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Table 1
Non-specific or heterologous immunity of BCG against different diseases.
Vaccine Name of the disease against which BCG Clinical Trial Study model (Human/Animal) Reference
provides cross protections D
Yellow fever - Healthy adults [110,131]
BCG Influenza NCT02114255 Healthy adults (male) [113,131]
Hepatitis NCT02444611 Children [131,132]
HIV NCT00331474 Infants [131,133]
NCT02062580 Infants [131,134]
NCT02606526 Infants [131,135]
Malaria NCT00126217 Children [131,136]
NCT00131794 Children [131,137]
NCT02692963 Healthy adults [131,138,
139]
Pertussis NCT02771782 Healthy adults (female) [131,140]
Diphtheria NCT02771782 Healthy adults (female) [131,140]
Sepsis, reduced childhood mortality — Neonates and children [131,141]
Pneumonia and sepsis — Neonates [131,142]
Respiratory tract infections - Tuberculosis negative adolescent [131,143]
Pneumonia in geriatric population - Tuberculin negative adults (>65 years old) [131,144]
Melanoma - Retrospective study in adult melanoma patients [131,145]
vaccinated with BCG in childhood
Bladder cancer - Adult bladder cancer patients and healthy adults [131,146]
Ongoing clinical trials COVID-19 NCT04328441 Healthy adult (Health care workers) [147-149]
involving BCG
NCT04327206 Healthy adult (Health care workers) [148-150]
NCT04348370 Healthy adult (Health care workers) [148]
NCT04417335 Healthy adult (>60 years) [149,151]
NCT04350931 Healthy adult (Health care workers) [148,151]
NCT04373291 Healthy adult (Health care workers) [131,151,
152]
NCT04414267 Healthy adult (>50 years) [131,151,
152]

NCT04379336 Healthy adult (Health care workers)
NCT04384549 Healthy adult (Health care workers)
NCT04475302 Healthy dult (>60 years)
NCT04461379 Healthy dult (Health care workers)
NCT04537663 Healthy dult (>60 years)
NCT04369794 Healthy dult (>18 years)
NCT04534803 Healthy dult (>60 years)
NCT04542330 Healthy dult (>65 years)

Vaccination across various age groups also protected the human population against several other deadly infectious diseases over the
last century. Vaccines break the chain of disease transmission in a short span of time and bring down disease-associated morbidity and
mortality. Although infection and vaccination can both presumably induce B and T cell responses, they could significantly vary
qualitatively and quantitatively owing to the immune evasion strategies employed by the active virus.

Natural exposure to SARS-CoV-2 can achieve herd immunity, but mass vaccination is still considered the most promising means to
induce rapid and more uniform herd immunity across the human population. As a result, approvals for pre-clinical and clinical safety
and protective efficacy of the various vaccine candidates against SARS-CoV-2 have been fast-tracked to bring the most promising
candidates to market. The WHO website describes the most updated landscape of the vaccines in various stages of clinical trials [107].

Currently, multiple vaccines have been approved for administration to the public to protect against COVID-19 (Fig. 6). Among
SARS-CoV-2 proteins, the S protein has been a major target for vaccine development as it plays a critical role in viral pathogenicity.
Among the recently approved vaccines, the mRNA-based vaccine Moderna mRNA-1273 (developed by Moderna, Inc, USA) encoding
for the S protein of SARS-CoV-2 is a new type of vaccine approved for the first time for human use. Lately, one more S protein-encoding
mRNA vaccine called Comirnaty (produced by Pfizer and BioNTech) has been approved both for adults and children above 12 years of
age. Unlike the other vaccines, mRNA-based vaccines do not involve the usage of virus particles but have a shorter shelf life and require
cold storage (—20° Celsius or colder). Among other approved vaccines, Covishield (developed by Oxford-AstraZeneca), Janssen
COVID-19 (developed by Johnson and Johnson, USA), Sputnik V (developed by Gamaleya Research Institute of Epidemiology and
Microbiology, Russia), Covaxin (co-developed by Bharat Biotech, India, and Indian Institute of Medical Research-National Institute of
Virology, India), and CoronaVac (developed by Sinovac, China) are prominent vaccines being mass-produced and currently being
administered. Among these, Covishield, Janssen COVID-19, and Sputnik V use adenoviral vectors expressing the S protein of SARS-
CoV-2, while Covaxin and CoronaVac make use of inactivated SARS-CoV-2 virus particles. All these vaccines are being monitored
to test their efficacy against the multiple new variants of SARS-CoV-2, which underlie the recent resurgence in COVID-19 infections in
several countries. For the list of other vaccines, which are currently under various stages of clinical trials, refer to (https://www.who.
int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines).

Thanks to the overwhelming number of global COVID-19 infections, there has been a heightened demand for vaccines that has not
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Fig. 7. BCG-induced trained immunity and heterologous protection against secondary infections. The figure describes various mechanisms un-
derlying induction of trained immunity by BCG involving a complex network of circulating peripheral myeloid cells, metabolic rewiring, epigenetic
reprogramming, and hematopoietic stem and progenitor cells’ activation leading to myelopoiesis. (A) BCG induced activation of hematopoietic stem
and progenitor cells, leading to myelopoiesis. (B) Activation of TLR4 receptors by BCG cell wall lipids triggering downstream signalling events
leading to activation of NF-kB pathway. (C) Activation of Dectin-1 receptor causing increased glycolysis. (D) Initiation of post-phagocytic events in
phagocytic cells. (E) Release of mycobacterial cyclic dinucleotides such as c-di-AMP and c-di-GMP, which bind to the endoplasmic reticulum (ER)-
associated sensor called stimulator of interferon genes (STING) with subsequent activation of IRF3-dependent transcription and cytokine production.
(F) Muramyl dipeptides (MDP) released by BCG binds to the cytosolic nucleotide-binding oligomerization domain 2 (NOD2) receptor. (F1) Upon
stimulation with MDP, the NOD2 receptor binds to RIP2, activating the IRF pathway. (F2) NOD2 also causes increased glycolysis. Enhanced pro-
duction of acetyl-CoA induces epigenetic reprogramming via histone modifications causing widespread expression of inflammation-related genes.
(G) Insulin-like Growth Factor 1 receptor (IGF1 R) activation by mevalonate enhances glycolysis. (H) Increase in glycolytic intermediates further
increases the flux of acetyl-CoA into the TCA cycle. Glutamine lysis further augments a-ketoglutarate and fumarate levels. (I) Increased fumarate
levels inhibit histone demethylases, enhancing histone methylation of the promoters of the genes governing inflammation. (J) Pyruvate dehy-
drogenase complex (PDH) also translocates into the nucleus and causes the production of acetyl-CoA and increases histone acetylation. (K) The
metabolic and epigenetic reprogramming from various pathways leads to enhanced antigen processing and presentation via MHC I and II. (L)
Enhanced production of several pro-inflammatory cytokines in combination with antigen presentation, amplifies the T cell response (CD4 and CD8 T
and Th17 response) against secondary infections.

been matched by global manufacture and supply. To address this shortage, there is a renewed interest in heterologous prime-boost
vaccination strategies wherein individuals primed with one type of vaccine are advised to take an alternative vaccine as their sec-
ond dose. For example, a recent trial was conducted in the UK to test the reactogenicity and safety of two vaccines, Covishield and
Comirnaty, in two alternative combinations [108]. Both the combinations of heterologous vaccine schedules induced higher immune
responses compared to their homologous counterparts. Similar trials are going on involving other vaccine combinations.

3.2.2. Repurposing old vaccines against COVID-19: harnessing the benefits of heterologous (trained) immunity

Among various vaccines that were considered for repurposing against COVID-19, Bacillus Calmette-Guerin (BCG) vaccine appeared
to be a promising prophylactic approach. BCG is a live attenuated vaccine derived from Mycobacterium bovis. Due to the high antigenic
similarity between M. bovis and M. tuberculosis, BCG was initially developed for its utility as a childhood vaccine given at birth to
protect against tuberculosis [109]. Clinical evidence collected over the last century revealed that BCG also provides non-specific
protection called “trained or heterologous immunity” against several diseases, including those caused by viruses such as, influenza
A virus (HIN1), herpes simplex virus 2 (HSV-2), respiratory syncytial virus (RSV), yellow fever virus, human papilloma virus (HPV),
vaccinia virus, hepatitis B, herpes simplex virus (HSV), Japanese encephalitis, and ectromelia virus. Earlier, BCG was also used as a
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Fig. 8. Engineering BCG to protect children against TB and COVID-19.

The figure describes how the anti-viral benefits of BCG and cyclic dinucleotide-based STING agonists are harnessed by employing the recombinant
BCG (rBCG) approach. BCG vaccine can be genetically engineered to simultaneously express STING agonists (cyclic dinucleotides) and SARS-CoV-2
antigen(s) (e.g., S protein). The rBCG approach can be utilized as a primary vaccination for children aged 0-5 years, conferring protection against
both childhood TB and COVID-19. Based on the duration of protection conferred against prevailing strains of SARS-CoV-2, primary immunization
can be followed by a heterologous booster vaccine (other than BCG) at later time points to augment SARS-CoV-2 or pan-corona virus-specific
immune responses further.

therapeutic vaccine against bladder cancer, Buruli ulcer, diabetes, and leprosy in adults [110-120]. Therefore, BCG was subjected to
clinical testing on frontline nursing staff and the adult populations in several countries to investigate its protective ability against
COVID-19 (Table 1). In countries where childhood BCG vaccination is followed, the relative incidence and mortality rate due to
COVID-19 appeared to be lower compared to the other countries with no childhood BCG vaccination. Several nations, including the
United States, Australia, Germany, India, and the Netherlands conducted clinical trials to evaluate the ability of the BCG vaccine to
protect against COVID-19 among high-risk individuals. These studies are in different stages of clinical trials, and preliminary studies
indicate that BCG is safe and well-tolerated among the immunized individuals [121]. Children (age 0-5 years) in countries with a very
high coverage rate of BCG vaccination were found to be far less susceptible to COVID-19 compared to nations with no BCG policy
[122-127]. Similar conclusions were drawn from observational studies in large paediatric cohorts, showing reduced hospitalization
rate, morbidity, and mortality among BCG-vaccinated children [128].

Further clinical evidence suggests that BCG vaccination stimulates the innate and adaptive immunity both in a specific as well as a
non-specific manner towards secondary infections [129]. For example, BCG therapy was found to be highly effective in HPV patients
suffering from respiratory papillomatosis by restoring antiviral T-cell response and balancing Th1/Th2/Th17 cytokines [130].

Analysis of underlying mechanisms suggests that innate immune cells, such as monocytes and NK-cells, undergo activation of
cellular signalling events, metabolic rewiring, and epigenetic reprogramming upon exposure to the BCG vaccine (Fig. 7). These
mechanisms collectively constitute trained immunity, imparting memory-like characteristics to innate immune cells. Activating
various pro-inflammatory cytokines such as Interleukin-1 (IL-1) B, Interferon (IFN)-y, Tumour Necrosis Factor (TNF)-a, and IL-6 results
in enhanced antigen-presenting capability of the trained innate immune cells, thereby stimulating adaptive and innate immunity
towards other pathogens [128,153,154].

As illustrated in Fig. 7, induction of trained immunity is initiated by the recognition of BCG cell wall components (glycolipids,
peptidoglycan, lipoarabinomannan, and muramyl dipeptide) by cell surface and intracellular pattern recognition receptors (PRRs),
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such as Toll-like receptor (TLR) 4 and nucleotide-binding and oligomerization domain (NOD)-2. Activation of TLR4 triggers signalling
events leading to activation of the NF-kB pathway and transcriptional activation of genes involved in inflammatory processes. Some
studies suggest that resting innate immune cells prefer oxidative phosphorylation over glycolysis. However, BCG-activated cells switch
to glycolysis, which plays a crucial role in epigenetic modulations of the genes encoding the inflammatory cytokines (e.g., TNFa and
IL6) [155]. Further, exposure to BCG causes modulations in glutamine and cholesterol metabolism resulting in similar epigenetic
effects [155,156]. All these events cooperatively augment responsiveness to other pathogens. BCG-induced trained immunity has been
observed in circulating cells, self-renewing hematopoietic progenitor cells and tissue-resident macrophages [157-160], and confers
long-term memory (up to several decades) to the innate immune cells.

3.2.3. Engineered BCG as a vaccine against diverse infectious agents

Next, we focus on how BCG has been engineered to serve as a vaccine against diverse infections by introducing genes encoding
specific antigens. As highlighted in Fig. 8, we propose a dual approach involving genetically engineered BCG vaccine that expresses
Stimulator of Interferon Gene (STING) agonist and a single or multiple highly conserved epitopes (e.g., epitopes originating from N and S
proteins) belonging to a wide variety of coronaviruses, including SARS-CoV-2 [161]. Note that STING is a well-known inducer of IFN-I-
mediated antiviral immunity. In a recent study, a synthetic STING agonist confers protection against severe SARS-CoV-2 infection,
especially if administered early during the disease process [162]. We have shown earlier that such a STING-based dual approach
confers significant protection against M. tuberculosis [163] and bladder cancer [164]. This approach could possibly help in developing
pan-coronavirus BCG-based vaccines for all age groups. Moreover, BCG, being a highly attenuated slow-growing microorganism, it is
less likely to cause severe side effects often associated with protein and RNA-based vaccines caused by heightened immune responses.
Indeed, a recent study demonstrated the immunogenicity of a recombinant Mycobacterium paragordonae expressing SARS-CoV-2 RBD
[165], further underscoring the utility of live vaccines in developing COVID-19 vaccines. Owing to its several advantages, such as
safety, mass vaccination coverage (~75% of children worldwide), low cost, amenability to genetic engineering, the convenience of
production and vaccination, and thermal stability, the BCG vaccine can serve as a promising tool for mitigating SARS-CoV-2 and other
viruses.

Further, a genome-wide analysis comparing the protein sequences of M. bovis BCG and various antigenic proteins of other child-
hood vaccines with SARS-CoV-2 revealed a list of shared epitopes [166]. For example, the hsp65 protein of BCG shares an epitope with
the S protein of SARS-CoV-2 [167]. It is speculated that having shared epitopes may potentially activate cross-reacting memory B and T
cells. These data assert the need for future epidemiological studies in paediatric population to determine the protective effect of various
childhood vaccines (those sharing epitopes with SARS-CoV-2) against COVID-19 [168-170]. A recent study demonstrating some
protection by measles, mumps, and rubella (MMR) booster vaccine against COVID-19 infection and disease severity in adults appears
to support the above-mentioned hypothesis of cross-protection against COVID-19 by other vaccines [169].

3.2.4. Reverse vaccinology: A desirable strategic plan to design new vaccines

The term “reverse vaccinology”, coined by Rappuoli, is a genome-based approach for vaccine design and development [171,172].
Traditional vaccine development approaches involve laborious and time-consuming testing of immunogenic and protective potential
of several pathogen-derived antigens to identify and develop the best candidate vaccines. On the other hand, reverse vaccinology
employs in silico analysis of genome and protein sequences of pathogens, facilitating systematic identification of all the potential
antigens for downstream testing and development of vaccine candidates [172]. This approach can significantly reduce the time and the
cost needed to identify vaccine candidates and is also suitable for the difficult-to-culture pathogens [173]. Reverse vaccinology ap-
proaches are currently being used for designing vaccines against diverse viruses, bacteria, and other parasitic infections [171,174,
175]. The bioinformatic approaches used in reverse vaccinology consider the following features of a pathogen to identify the potential
useful antigens/epitopes: (a) unique protein sequence, (b) high-scoring B cell and T cell epitopes, (c) highly conserved sequences, (d)
peptide sequences that can bind to pattern recognition receptors of the innate immune system, and (e) ability to be presented by the
major histocompatibility complex (MHC) molecules irrespective of their diversity among human populations [176].

In reverse vaccinology for viruses, the viral genomes are sequenced and aligned to identify the regions unique to the given strain of
the virus. So far, hundreds of thousands of SARS-CoV-2 genomes have been sequenced and their sequences are available in public
databases (https://www.ncbi.nlm.nih.gov/sars-cov-2/). Further, an open-source genome browser was developed for interactive
sequence visualization with downstream applications, including vaccine design [177]. For example, a recent study has designed
potentially effective vaccine targets using reverse vaccinology and machine learning (ML) [178] In this study, the authors compared
genomes of several CoVs using Vaxign-ML and predicted the S, nsp3, and nsp8 proteins to be highly antigenic. As an additional
strategy, a comparison of the three-dimensional structures of the viral proteins has been used to gain further understanding of the
motifs involved in viral adhesion, entry, host recognition, presentation by MHC molecules, binding affinities to antibodies, and pattern
recognition receptors of the innate immune system [179]. Often, transcriptomic and proteomic data sets are integrated during the
antigen selection procedure. Peptides predicted to exhibit the most favourable interactions with immune receptors will be selected for
downstream testing [180,181].

There are certain disadvantages of reverse vaccinology approaches. First, it assumes that all the genes are expressed by the
pathogen all the time. Second, it assumes that all the antigens are expressed during infection and are abundantly available to elicit
immune responses. Third, this approach relies exclusively on protein antigens and omits other important immunogens such as
polysaccharides and glycolipids. Fourth, the lack of a high-throughput system to evaluate the protective immunity of the shortlisted
candidate antigens is still a limitation [182,183]. Nonetheless, reverse vaccinology has been successfully used to develop vaccines
against various pathogens, including viruses. The pace of vaccine discovery can be significantly enhanced by employing Al. For
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example, Ong et al. [178] employed the Vaxign reverse vaccinology-machine learning platform to predict possible vaccine candidates
for COVID-19.

3.2.5. Challenges and bottlenecks in vaccine development

Vaccines are considered to be the best antidote in our fight against several pathogens, including viruses. However, several chal-
lenges and bottlenecks underlie the successful development of a safe and effective vaccine. The foremost is the identification of the
antigens/epitopes of the pathogen that can induce the most protective and sustainable immune responses. Although predictions about
the immunogenicity of the potential antigens can be made based on in silico analysis of nucleic acid and protein sequences, it still
remains at large as a hit-and-miss strategy in finding a successful vaccine candidate. For instance, despite several years of research
endeavours, vaccines for several deadly diseases, including acquired immunodeficiency syndrome (AIDS), tuberculosis (TB), and
malaria, are still unavailable [184,185]. Therefore, it entails parallel testing of multiple potential candidates in preclinical animal
models, followed by clinical testing in human populations. Unfortunately, no reliable markers exist to predict the success of a vaccine
against a given infection. One of the formidable challenges stems from the life cycle of the pathogens and their subcellular locations
[186,187]. For example, viruses like HIV, Hepatitis B, and Hepatitis C, can stay in the lysogenic or latent stage for several years before
reactivation [188,189]. Similarly, localization of the pathogens to several subcellular locations, such as phagosome, mitochondria,
nucleolus, and endoplasmic reticulum, poses additional challenges in detecting and/or targeting the pathogen by the immune system
[190]. Inssilico identification of mitochondrial localization signals in SARS-CoV-2 genomes by a recent study indicates that the virus can
hijack host mitochondria for replication and infection [187,191]. Should the virus reside in mitochondria, it may evade its detection by
the host cytosolic surveillance system.

The next challenge comes from the lack of ideal animal models for preclinical evaluation of the vaccine candidates for their
immunogenicity and protective efficacy [192]. Significant variation in their biology, genetics, and expression levels of viral entry
receptors (e.g., ACE2 for SARS-CoV-2) amongst several animal models and humans results in differential sensitivity to viral infection
and varied pathogen-specific immune responses [193,194]. Therefore, detailed viral infection studies using animal models need to be
carried out to decide the best model for vaccine testing [192]. Recently, humanized animal models, reminiscent of human tissues, are
being developed and explored to understand viral pathogenesis and to evaluate the efficacy of vaccine candidates [194,195].

Another bottleneck is the duration of protection imparted by the vaccine candidates. Akin to natural viral infections, antibodies
generated due to vaccination may dwindle within a few months, entailing a need for booster doses at regular intervals, for sustained
protection [196]. Lastly, rapid production and immunization of the entire human population remain a greater challenge as some
vaccines have shorter shelf lives and require cold storage [197].
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4. Targeted RNA-cleaving tools as potential antiviral therapeutics

Over the last two decades, tools to cleave viral RNA have been explored to develop alternative antiviral strategies. We briefly
describe below some of the RNA-cleaving tools with the potential to be developed as novel antiviral therapies for future use. RNase H, a
ubiquitous ribonuclease that specifically cleaves RNA in a RNA:DNA was explored to cleave viral RNA by exogenously providing DNA
oligos that are complementary to viral RNA [198,199]. DNA oligos were proposed to protect against viruses via at least two different
mechanisms. One, by blocking viral RNA translation and/or by blocking interactions of the viral RNA with the host or other viral
components necessary for the viral pathogenesis. The other mechanism is through RNase H-mediated cleavage of viral RNA [200].

Another method used to cleave viral mRNA in human cell lines and animal models involves the use of engineered bacterial
ribozymes [201-204]. Several studies have reported usage of engineered RNase P and hammerhead ribozymes to cleave viral RNA. In
this review, we focus on RNase P-based ribozymes. RNase P, which is primarily involved in the 5’ maturation of tRNAs in all three
domains of life, has been engineered to cleave any target RNA. This strategy uses two alternative approaches. The first approach
employs an external guide sequence (EGS) designed to base-pair with the target RNA to be recognized by the endogenous RNase P,
resulting in the target RNA cleavage [201] (Fig. 9A). The second approach employs the catalytic M1 RNA of bacterial (Escherichia coli)
RNase P fused to a guide sequence (GS), designed to base-pair with the target RNA, which is then cleaved by M1 RNA. This approach is
called M1GS [201] (Fig. 9B). Customized EGSs and M1GSs have been successfully used to block viral replication in bacterial and
mammalian cultured cells and mouse models [205-210]. Further, in vitro evolution procedure has been used to create ribozyme
variants with improved target RNA cleavage efficiency [206,211-215]. In spite of these developments, progress has not been made to
enable testing ribozyme-based antiviral strategies in clinical settings. This lack of progress is perhaps due to some challenges the
ribozyme-based antiviral strategies currently face.

One of the challenges associated with the M1GS strategy is the accessibility of the target RNA inside the cells. To address this
challenge, specific sequences can be added to the ribozymes to facilitate their cellular colocalization with the target RNA to enhance
their cleavage efficiency. One such strategy involves the fusion of ribozymes with the constitutive transport element (CTE), an RNA
motif that can interact with intracellular RNA helicases [216]. The idea behind this strategy is to produce helicase-bound hybrid
ribozymes in cells. Such a modification enhanced ribozyme activity in vivo, permitting cleavage of sites previously found to be
inaccessible [216]. Another such strategy involves tethering ribozymes to viral packaging signal, facilitating colocalization of the
ectopically expressed ribozyme with the target viral RNA [217]. Similarly, different promoters are used to drive the expression of
customized ribozymes to control their subcellular localization and expression levels [218]. For example, Bertrand and colleagues
(1997) [218] designed ribozymes against HIV-1 and Simian immunodeficiency virus (SIV) using various expression cassettes con-
taining promoter sequences from the human U1 snRNA, U6 snRNA, tRNAM®! genes, or Pol II fused to different processing/stabilizing
sequences. The ribozymes driven by tRNAM®Y, U1, and U6 promoters were nuclear-localized and expressed at high levels, while the
ribozymes produced by the standard Pol II promoter were cytoplasmic and expressed at lower levels. Further, they demonstrated that
ribozymes against SIV and HIV were effective only when they were cytoplasmically co-localized with its target RNA. In a recent study
in human cell lines, the CRISPR-Cas9 system was used to cleave RNA of SARS-CoV-2 and influenza viruses [219], further emphasizing
the need to pursue RNA-cleaving tools as antiviral approaches.

Another challenge in developing nucleic acid-based therapeutics originates from the lack of a safe, effective, and targeted in vivo
delivery of the nucleic acids. However, due to an increased interest in developing nucleic acid-based therapeutic agents to cure various
diseases, several attempts are being made to effectively deliver RNA and DNA to cells using different technologies, including nano-
technology, in in vitro and in vivo models [220-223]. In this context, it is vital to note the development of attenuated strains of Sal-
monella as a vehicle to deliver nucleic acid-based vaccines. Salmonella, a group of invasive bacteria, were engineered to serve as gene
delivery agents because of their ability to enter human cells and transfer genetic material to the host cells [224-227]. These attenuated
strains can target specific cells, such as dendritic cells, macrophages, and epithelial cells [225,228]. Most notably, Bai et al. [205]
demonstrated that customized M1GS could be delivered not only to cell lines but also to mice through oral delivery using an attenuated
strain of Salmonella bacteria (SL101), which carries deletions of virulence loci ssrA/B [205,229] (Fig. 9C). This strain exhibited
efficient gene transfer activity in the inoculated mice with little cytotoxicity and pathogenicity. In the strategy used by Bai et al. (2010)
[205], the Salmonella strain was transformed with a construct containing M1GS, customized to target and cleave the overlapping
mRNA region of M80.5 and protease, two murine cytomegalovirus (MCMV) proteins essential for the viral replication. The trans-
formed Salmonella bacteria were orally fed to MCMV-infected mice, resulting in Salmonella infection of the liver and spleen cells. In
these cells, lysis of Salmonella bacteria released plasmid DNA containing M1GS followed by its expression to produce M1GS ribozyme,
which then pairs with target viral mRNA and cleaves it. As a result, the treated mice displayed reduced viral gene expression, decreased
viral titres, and improved survival compared to the untreated mice or mice treated with Salmonella containing control ribozyme
(inactive) sequences.

The next challenge is to develop a safe, effective and targeted delivery system for humans. Interestingly, some viral vector systems
have been utilized to deliver and express ribozymes to cleave HIV RNA in humans. Some of these ribozyme-based antiviral tools are
currently in various stages of human clinical trials [230]. Moreover, a recent innovation that could possibly provide additional so-
lutions includes the generation of bacterial cells controlled by chemically synthesized genomes [231]. Such a strategy can be used to
create harmless bacteria that can serve as carriers of ribozymes or other viral RNA-cleaving tools to target and inhibit viral multi-
plication in humans. Further, it might be worth exploring engineering suitable bacterial strains to recognize the hACE2 receptor (as in
the case of SARS-CoV-2) to gain systemic entry in humans, ensuring the entry of the engineered, antiviral ribozyme-carrying bacteria
into the cells invaded by the virus. Lastly, efforts should be made to test the therapeutic efficacy of the above-described approaches
individually and in combination with other known approaches to control viral multiplication synergistically. Given the lives and
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Table 2
List of viral antigens, antibodies, and antiviral agents produced using plant-based systems.
S. Product Plant species used for Application Status of Clinical Reference
No. production trials
Antigen/Vaccine/Antiviral therapeutics
1 Covifenz Nicotiana benthamiana A vaccine against COVID-19 Phase 3 completed, [258]
approved for usage in
Canada (2022)
2 HAI-05 Nicotiana benthamiana Recombinant hemagglutinin (rHA) Influenza Phase 1 completed [263,
vaccine (2011) 264]
3 Quadrivalent virus-like particles Nicotiana benthamiana Vaccine against Influenza Phase 3 completed [265,
(VLP) Vaccine (2019) 266]
4 Locteron Lemna minor Recombinant Interferon (IFN-a2b); Induces Phase 1 and 2 [267,
antiviral activity in Hepatitis C Virus (HCV) completed (2009) 268]
patients
5 Poliovirus capsid viral protein 1 Chloroplasts of Nicotiana Viral protein 1 (VP1) subunit oral booster NA [269]
(VP1) tabacum cv. Petit Havana vaccine against polio
and Lactuca sativa
6 Human Immunodeficiency Virus Nicotiana benthamiana Viral protein used for immunization against NA [270]
type I (HIV-1) and rabies virus HIV-1 and rabies
antigenic peptide
7 HIV-1 p24 capsid protein Nicotiana tobacum For production of p24 capsid peptide as NA [271]
antigen to develop HIV vaccines
8 HIV gp120 multi-epitopic Lactuca sativa Vaccine against multiple HIV strains NA [272]
envelope protein
9 CPDrg24 peptide of rabies virus Nicotiana benthamiana Viral protein used for immunization against NA [273]
and Spinacia oleracea rabies
10 Hepatitis B viral envelope protein  Lupinus luteus and Lactuca ~ Edible vaccine for Hepatitis B NA [274]
sativa
11 Hepatitis B core antigen (HBcAg)  Nicotiana benthamiana Production of Hepatitis B core antigen (HBcAg) ~ NA [275]
12 Human respiratory syncytial Nicotiana tabacum Expression of RSV G-proteins in plant viruses NA [276]
virus (RSV) A2 strain G-protein and used for immunizing mice to test their
immunogenicity and protective efficacy
against RSV
13 Human Papilloma Virus (HPV) 16  Solanum lycopersicum Prophylactic and therapeutic vaccines against NA [277]1
L1-based chimeric virus-like HPV-induced tumors.
particle (cVLP)
14 Dengue-Ebola recombinant Nicotiana benthamiana Vaccine against dengue and Ebola NA [278]
immune complexes (DERIC)
complexes
15 Ebola glycoprotein (GP) in fusion ~ Nicotiana benthamiana Antigen-antibody fusion vaccine against Ebola ~ NA [279]
with 6D8 anti-Ebola IgG
Antiviral antibodies
1 Zmapp Nicotiana benthamiana Chimeric antibody used for monoclonal Phase 3 completed [260]
antibody (mAb) therapy for Ebola (2020)
2 P2G12 Nicotiana tabacum mAb therapy for HIV-1 Phase 1 completed [280]
(2011)
3 Humanized 6D8 mAb Nicotiana benthamiana IgG1 targeting the Ebola virus glycoprotein NA [281]
GP1
4 Antibody 2A10G6 Nicotiana benthamiana Neutralizing mAb against flavivirus group of NA [282]
viruses (dengue, yellow fever, West Nile,
Japanese encephalitis virus, and tick-borne
encephalitis virus
5 mAb HSV8 Nicotiana benthamiana Human-derived antibody which neutralizes NA
Herpes Simplex Virus (HSV)
6 Anti-HIV IgG Nicotiana benthamiana Anti-HIV IgG antibodies NA [275]

livelihood of millions at stake, intensifying global efforts to develop effective alternative antiviral therapeutic strategies could be a vital
step in fighting the current and future pandemics.

5. Plant-based platforms for the production of antiviral agents

5.1. Large-scale production of viral antigens/antibodies in plants

Large-scale synthesis of proteins plays a major role in dealing with viral infections, from detection to disease management. The
proteins produced constitute viral antigens, antibodies to detect viral antigens, and antiviral agents, including protein-based vaccines.
Currently, large-scale production of therapeutic proteins (TPs) involves the usage of mammalian, yeast, or bacterial cell culture
systems. However, these systems suffer from several disadvantages such as the involvement of complex processes of production and
purification, high cost, a requirement of cold storage and transportation, short shelf-lives of purified TPs, the need for health care
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personnel for administration, and the risk of human pathogenic contamination during production/storage/transportation [232-234].

An additional challenge associated with TPs is that they are not feasible for oral delivery because they will be degraded by stomach
acids and proteases in the digestive system. Moreover, systemic delivery of TPs is also not possible due to their inability to cross in-
testinal membrane barriers [235]. Collectively, these shortcomings have become limiting factors in the large-scale production of TPs.
Although several attempts have been made to modify TPs to facilitate their oral delivery, no clinically approved oral peptide drugs are
available. Therefore, TPs are primarily delivered through injection, but their targeted delivery poses several challenges. Production of
recombinant TPs in plants offers an ideal alternative platform to traditional manufacturing processes with several advantages as
described below (for details, see the review by Kwon and Daniel) [233]. In a significant development, US Food and Drug Adminis-
tration (FDA) has recently approved plant cells for cost-effective large-scale production of protein drugs using current good
manufacturing practice (cGMP) hydroponic growth facilities [233].

By and large, plants are safe hosts and are free of adventitious agents that can infect humans and animals. Large-scale production of
TPs, also called biopharming, can be achieved either using whole plants or plant cell cultures. Between the two, plant cell cultures are
preferred to minimize the regulatory concerns and to expedite approval by the regulatory bodies [236]. Akin to mammalian cells, plant
cells carry out post-translational modifications of foreign proteins, including the formation of disulphide bonds, glycosylation, folding,
and assembly [237,238]. Moreover, tests are available to determine if recombinant TPs expressed in plants are bioactive or not. For
example, different human interferons having antiviral properties were expressed in plants and shown to be bioactive using human cell
lines [239-242].

Plant cells are totipotent, wherein a single cell can develop into a complete plant. This feature has been exploited to generate
transgenic plants expressing proteins of interest through tissue culture methods. Commonly, TP-coding genes are inserted into the
nuclear or chloroplast genomes (transplastomic plants) mainly by using Agrobacterium (a group of gram-negative bacteria) or a bio-
listic gun (gene gun) [233]. Codon-optimization of the foreign genes for expression in chloroplasts can increase protein expression
levels by 5 to 50-fold [243]. Ectopic expression of proteins in chloroplasts offers several advantages. First, the inserted gene copy
number can reach >10,000 per cell because a plant cell contains several chloroplasts and each chloroplast carry several copies of the
circular chloroplast genome. Due to this high copy number of the inserted gene, maximum expression levels of transgenes can reach up
to 70% of the total leaf protein [244]. Second, it eliminates the risk of foreign gene dispersal through pollen because chloroplasts
follow maternal inheritance in most plant species [245]. Third, site-specific integration of genes of interest eliminates positional ef-
fects, and multiple genes can be inserted in a single transformation event using homologous recombination [246,247]. Fourth, gene
silencing has not been observed in chloroplasts, and the effects of toxic proteins are minimized by sequestering them within these
organelles [248]. Most importantly, TPs expressed in chloroplasts can indefinitely maintain their stability in lyophilized plant cells by
preserving their folding and functional efficacy even when stored at ambient temperature, eliminating the need for cold storage [249].

Several transient expression systems are available to express TPs in whole plants that do not require generation of stable transgenic
plants. One such expression vector system involves using a high-efficiency tobacco mosaic virus RNA-based overexpression vector
(TRBO) [250] for transient expression of proteins of interest. This system is rapid (~6 weeks from cloning to obtain purified proteins)
and low-cost because it neither requires the generation of stable transgenic plants nor expensive infrastructure. More importantly,
foreign proteins can be expressed at as high as 5.5 mg/g of fresh weight of plant tissue, the highest among the existing plant-based
expression systems [250,251]. For the TRBO vector, infection efficiency with Agrobacterium tumefaciens is very high, thus mini-
mizing hyper response-mediated cell death in infiltrated leaves. Although this is a virus-based vector, infectious virus particles will not
be formed since it lacks the viral coat protein. Therefore, the biocontainment of these viral vectors is not a problem, as they will be
confined to the infiltrated leaves. In the recent past, plant-made TPs had been orally delivered to treat Alzheimer’s disease, diabetes,
hypertension, and Gaucher’s or ocular diseases in mouse/rat models [252-256]. In Table 2, we have listed some examples of antigens,
antibodies, and other proteins produced in plants that are used against viral infections, including their clinical trial status. For more
examples, refer to Altindis et al. [257]. The most notable example from the list is Covifenz, the recent-most vaccine developed by
Medicago Inc. and approved by Canada for use against COVID-19 [258]. Covifenz consists of plant-based virus-like particles (VLP) of
SARS-CoV-2 spike protein belonging to the original strain [258].

Another example is ZMapp, a combination of three humanized monoclonal antibodies generated in tobacco plants against the Ebola
virus [259]. These antibodies not only resulted in the reversion of advanced Ebola virus disease in nonhuman primates [260] but also
showed promising results in clinical trials in humans [261]. Manufacturing economics of plant-made therapeutic and industrial en-
zymes revealed that plants offer substantial cost advantages over alternative platforms [262]. Delivery of TPs without the need for
expensive purification procedures can dramatically reduce the cost further. In Fig. 10, we provide a schematic pipeline outlining how
plant-based platforms can be employed to mass-produce pathogen-specific antibodies (e.g., antibodies against SARS-CoV-2). This
scheme involves isolation of the B cells from the patients, followed by total RNA isolation, cDNA library construction, and sequencing
to identify genes that produce the pathogen-specific antibodies. Following this, the genes expressing the antibodies of interest can be
cloned into any of the desirable plant expression vectors. Upon production, the antibodies shall be tested for their efficacy, and the
promising antibodies can undergo large-scale production, as outlined in Fig. 10. Once established, this kind of pipeline can be easily
extended to any new pathogens, including viruses and their variants.

5.2. Oral delivery of plant-made therapeutic proteins
Plants have cell walls filled with tightly packed lignin and cellulose, which provide natural protection to ectopically expressed TPs
when orally ingested because human enzymes cannot degrade these carbohydrates. However, bioencapsulated TPs are released into

the gut lumen upon digestion by gut bacteria [283,284]. Various tags, such as receptor-binding proteins and cell-penetrating peptides,
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are fused to TPs to facilitate their uptake by gut epithelial cells via the membrane barriers and deliver them to the circulatory or the
immune system [285]. These tags use different cellular routes and mechanisms for delivering the fused TPs [286-290]. The intro-
duction of endogenous protease cleavage sites (e.g., Furin) as part of the tags fused to TPs facilitates the release of TPs from the rest of
the tag upon their uptake [291].

Plant-based protein expression systems have recently been used for oral delivery of TPs using leaf powder in mouse models,
eliminating the time-consuming and cost-enhancing protein purification and cold storage [233,252,255,256,285,292-296]. Fig. 11
provides a brief illustration of the steps and mechanisms involved in expressing TPs in plants and their oral delivery in mammalian
systems. In these experiments, the cholera toxin B subunit (CTB) proved to be a highly desirable tag for efficient systemic delivery of
TPs. Note that recombinant CTB (rCTB) is a component of the clinical human cholera vaccine being used internationally for over a
decade [297]. If the TPs must be delivered to the intestine as their site of action, then fusing tags is not required. ACE-2 expression has
been found to be the highest in the brush border of intestinal enterocytes [298]. Moreover, gastrointestinal symptoms are found in a
subset of patients [299,300] and viral RNA can be detected in rectal swabs [301,302]. Therefore, oral delivery of non-purified
plant-expressed antiviral TPs to the GI tract could be worth exploring as a treatment option.

Moving forward, plants offer promising options for similar oral drug delivery of TPs in humans as a rapid, safe, and low-cost
alternative. It appears that such promising plant-based technologies are currently underutilized and underexplored. We reckon that
management of current and future pandemics would greatly benefit by utilizing these tools to their fullest potential, not just as stand-
alone tools but as a significant component of integrated approaches in fighting viral infections.

6. Concluding remarks
Due to the severity and widespread nature of the COVID-19, the pandemic has pushed the scientific community to carry out studies
at an unprecedented pace to find solutions to control the viral infection and its spread. Global efforts have resulted in developing

several diagnostic tools and clinically approved vaccines for use across age groups. Although the pandemic currently appears to be
waning worldwide, having diverted most of the resources to deal with this pandemic has enormously impacted the research and
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management of other diseases. Moreover, the prolonged duration of the COVID-19 pandemic has resulted in an unprecedented
negative impact on all aspects of human life, including the global economy, public health, mental well-being, education, and allied
sectors. Therefore, the need for the global scientific community to collectively address the current and the future pandemics has never
been higher before. Finally, we conclude that coordinated efforts to explore, integrate, and streamline the current and newer tech-
nologies are required to strengthen the viral diagnostics and therapeutics, aimed at rapid control of morbidity and mortality rates.
Hopefully, such combined efforts would leave us better prepared for future pandemics.
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