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The COVID-19 pandemic has led to a dramatic loss of human life worldwide, presented an unprecedented challenge to public health, and caused economic and social disruption at a global scale. The reviews and articles reported in this Research Topics are examples of studies dedicated to small chemical compounds, peptides, nanobodies, and vaccines that could interfere with COVID-19 while one review focuses more specifically on research strategies to that could help facing future health crises.
Research about molecular mechanisms at play and development of appropriate animal models got started soon after the pandemic began. Bastolla et al. investigate the importance of ACE2 in reversing inflammation and its functional role in COVID-19 infection. They propose that degradation of ACE2 by SARS-CoV-2 may cause failing the termination of the inflammatory process, which is ultimately related to both severe COVID-19 infection and its many post-infection manifestations, including the multi-inflammatory syndrome of children (MIS-C). This hypothesis brings potential therapeutic perspectives that might alleviate severe complications of COVID-19 by inhibiting the processes that prevent the reversion of the inflammatory state. Nickl et al. discuss the different SARS-CoV-2 animal models that were developed to assist COVID-19 research and facilitate drug discovery. They highlight the importance of such models during the pandemic, how some could help study long-COVID and comment about future directions. The challenges posed by new SARS-CoV-2 variants to existing vaccines, the partial protection and vaccine refusal, among others, are fueling the development of alternative anti-COVID therapies based on small molecules inhibitors (SMI) or small peptides. Puhl et al. analyzed 25 drugs which are either approved, in the process of approval, or in the pipeline against COVID-19 for which both in vitro and in vivo data are available. They concluded that those drugs are structurally diverse, spanning a wide chemical space. Their characterization may help in identifying the fingerprints of a successful treatment for COVID-19, and provide insights about how to discover novel antivirals more efficiently in case of future pandemics. Ogbadoyi and Umar review the potential for development of therapeutics against COVID-19 based on different strategies, such as multicomponent and multi-target pan-viral therapies, multivalent or edible vaccines, and the use of natural products and phytopharming, as well as new methodologies like bioinformatics, computational biology and artificial intelligence methods, or nanomedicine. Villoutreix et al. report a mini review on furin, a critical host enzyme involved in several diseases that was shown to cleave and activate the SARS-CoV-2 spike protein. They extracted over 600 small compounds known to act on furin from open databases and analyzed these small molecules. Most of these compounds display structural alerts or have poor ADME-T properties and thus would need to be optimized in order to become drug candidates. Reboud-Ravaux and El Amri discuss the potential therapeutic power of induced degradations of viral proteins by PROTACs and of RNA by RIBOTACs for the treatment of COVID-19. They note that these approaches seem beneficial in the field of oncology or for autoimmune disorders and could definitively be valuable for infectious diseases. Buchwald review drug design strategies towards the identification of SMIs targeting protein-protein interactions (PPIs), such as the SARS-CoV-2 spike protein and the host ACE2, critical to virus attachment and entry into the cells. A summary of the progress in developing such PPI inhibitors is presented. Kahlenborn et al. report an observational study about the possible beneficial use of bismuth subsalicylate to Covid-19 patients suffering from gastric problems. They suggest that the preliminary positive results call for a detailed evaluation of this molecule as an adjunct treatment of Covid-19. Moroy and Tuffery discuss the rational design of peptides to assist the development of vaccines or as possible drugs, for instance to block protein-protein interactions or to act on enzyme active sites. Valenzuela-Nieto et al. review the use of nanobodies for the diagnosis and treatment of Covid-19 infection. Nanobodies are different from conventional monoclonal antibodies and their specific characteristics provide new possibilities for the generation of effective neutralizing antibodies. The authors discuss the current strategies for the production of nanobodies, and their application to help fighting SARS-CoV-2 infection, as well as other viral pathogens. Yan et al. note that vaccine efficacy has been greatly reduced by the advent of variants. This is of concern for the general population and even more so for vulnerable subjects. They comment about the benefits and risks of receiving booster vaccinations. Gold and Edwards present alternatives to traditional drug development models based, primarily, on patents. Having in mind the next pandemic, they state that open science partnerships (OSPs), combining the activity of the academic, philanthropic, and governmental sectors, and private incentives, will be instrumental to share knowledge and develop and evaluated SMIs. An example of this is the Viral Interruption Medicines Initiative, a not-for-profit Canadian OSP.
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Covid-19 is particularly mild with children, and its severity escalates with age. Several theories have been proposed to explain these facts. In particular, it was proposed that the lower expression of the viral receptor ACE2 in children protects them from severe Covid-19. However, other works suggested an inverse relationship between ACE2 expression and disease severity. Here we review the seemingly contradicting observations on ACE2 expression at the levels of mRNA, membrane protein and serum protein in humans and rodents and try to reconcile them at the light of the Renin-Angiotensin system (RAS) and bradykinin system, which constitute an integrated inflammatory system connected by common peptidases and interacting receptors. We find that ACE2 level is not monotonically related with age but it reaches a maximum at a young age that depends on the cell type and then decreases, consistently with almost all existing data. The increase with age of the protease Tumor necrosis factor alpha (TNF-α) converting enzyme (TACE), also known as ADAM17 (a disintegrin and metalloproteinase 17) that sheds ACE2 from the cell membrane to the serum predicts that the decrease occurs before and is steeper for ACE2 cell protein than for its mRNA. This negative relation between ACE2 level and Covid-19 severity at old age is not paradoxical but it is consistent with a mathematical model that predicts that higher viral receptor does not necessarily favour virus propagation and it can even slow it down. More importantly, the angiotensin-bradykinin system is characterized by a powerful positive feedback loop that enhances inflammation through the Angiotensin and Bradykinin receptors that upregulate ADAM17, which in turn downregulates ACE2 and upregulates TNF-α and the pro-inflammatory receptor of the cytokine interleukin 6 (IL6). Here we propose that ACE2 contributes essentially to reverse this inflammatory state by downregulating the pro-inflammatory peptides of the angiotensin-bradykinin system, and that failure to do this, possibly induced by the degradation of ACE2 by SARS-COV-2, may underlie both severe CoViD-19 infection and its many post-infection manifestations, including the multi-inflammatory syndrome of children (MIS-C). Within this view, lower severity in children despite lower ACE2 expression may be consistent with their higher expression of the alternative angiotensin II receptor ATR2 and in general of the anti-inflammatory arm of the RAS at young age.
Keywords: COVID-19, SARS-CoV-2, ACE2, renin angiotensin system, bradykinin, TACE/ADAM17, angiotensin receptors
INTRODUCTION
The Covid-19 pandemics (Zhou et al., 2020) has overcome four million confirmed deaths (Dong et al., 2020), and excess death indicates that the real number may be substantially higher. However, in contrast with the high mortality of the elderlies, children predominantly develop a mild form of Covid-19 and their mortality is very low, as part of a general trend of increasing Covid-19 severity with age. Age-stratified mortality rates with respect to detected cases increase very steeply with age, and even more steeply if we consider that most infections are asymptomatic at young age and they tend to go undetected. Figure 1 shows the approximately exponential increase with age of detected cases, hospitalizations, ICU and deaths with respect to the number of seropositives detected in population-wide antibody surveys in Spain at May 10, 2020. One can see that the increase with age is apparent at all levels of severity, except for a drop of ICU at high age that unfortunately is most likely explained by the saturation of the health system during the first pandemic wave.
[image: Figure 1]FIGURE 1 | Covid-19 severity increases exponentially with age. Black: Cases detected through positive PCR. Red: PCR-positive patients that required hospitalization. Green: PCR-positive patients in ICU. The drop at high age probably reflects the saturation of the health system during the first wave of the pandemics. Blue: Deceased patients with positive PCR (the real toll estimated with excess deaths is unfortunately much higher). The thin black line reports the fraction of seropositive for each age class, which is used as the normalization for the fractions reported in the figures. Panels (A) and (B) refer to female and male patients, respectively. Data are from Spain but they are qualitatively similar in other countries.
Several theories have been proposed to explain why Covid-19 is so mild with children, recently reviewed by Zimmerman and Curtis (Zimmerman and Curtis, 2020). One group of theories postulates different immune response in children. Cristiani et al. (Cristiani et al., 2020) invoke the strength of the innate immunity of children, which is further reinforced by the frequent infections and the vaccines that they are exposed to, which enhance their trained immunity. However, although the immune response to SARS-CoV-2 of children and adults is markedly different, Pierce et al. argued that the greater severity of hospitalized adults compared to children could not be attributed to their less efficient immune responses (Pierce et al., 2020). A second group of theories is based on factors that put aged adults at increased risk, including co-morbidities and, above all, differences in the endothelial system. The uncompromised state of the endothelial system of children may protect them from the most severe complications of Covid-19 that originate from endothelial inflammation and dysfunction, as reviewed in a Nature news article (Cyranoski, 2020). However, the theory that captured most attention is probably the one based on the variation of the viral receptor ACE2 with age. It was recently observed that ACE2 mRNA and serum protein is lower in children than in adults (Bunyavanich et al., 2020; Muus et al., 2020; Saheb Sharif-Askari et al., 2020; Pavel et al., 2021), and it was proposed that lower receptor levels protect children from severe SARS-CoV-2 infection. Nevertheless, data on ACE2 expression across age are contradictory. Some works found that ACE2 protein in cells is lower in children than in adults (Inde et al., 2020) and others reached the opposite conclusion (Ortiz et al., 2020; Zhang et al., 2021).
Here we go beyond the dichotomy between children and adults and propose an alternative interpretation of the data, supported by observations that indicate that ACE2 mRNA and protein expression are not monotonic with age. ACE2 mRNA starts from zero during foetal life and reaches a maximum at young age, either adolescence or twenties depending on the examined organ (Inde et al., 2020; Muus et al., 2020), after which they decay with age (Chen et al., 2020), as also observed in mice (Booeshaghi and Pachter, 2020). At the protein level, decay of ACE2 was observed in adult rats and mice (Xie et al., 2006; Yoon et al., 2016) and humans (Zhang et al., 2021), with strong inter-individual variation and cell-type dependent maximum age (Inde et al., 2020; Ortiz et al., 2020).
ACE2 cell protein level behaves differently from ACE2 mRNA, due to the shedding of ACE2 from the cell membrane to the serum produced by the metalloprotease ADAM17 (Lambert et al., 2005) (a disintegrin and metalloproteinase 17), also known as Tumor necrosis factor alpha (TNF-α) Converting enzyme (TACE) since it activates this crucial cytokine. The expression of ADAM17 increases through age (Dou et al., 2017; Liu et al., 2019), which predicts increasing ACE2 shedding and implies that the maximum expression is achieved at earlier age for ACE2 protein than for ACE2 mRNA (see below).
Whereas the comparison between children and adults supports a positive correlation between ACE2 level and disease severity, the comparison between young and old adults supports their negative correlation. That lower receptor level is not necessarily a protective factor is predicted by a mathematical model according to which, in some circumstances, viruses propagate in the infected organism more slowly with higher receptor level (Ortega-Cejas et al., 2004) (see section Effect of Receptor Level on Viral Propagation). Most importantly, low ACE2 levels expose the lungs to acute inflammation (Imai et al., 2005), and ACE2 is low in most common chronic pathologies including hypertension, angiocardiopathy, type 2 diabetes, chronic renal failure, pulmonary diseases and liver diseases (Li et al., 2020a; Pagliaro and Penna, 2020). For these reasons, several authors proposed that the severity of Covid-19 is exacerbated by the degradation of ACE2 by the virus (Annweiler et al., 2020; Sun et al., 2020a; Ciaglia et al., 2020; Gurwitz, 2020; Offringa et al., 2020; Verdecchia et al., 2020).
HYPOTHESES
In this paper, we propose the following hypotheses.
1. One of the main functions of ACE2 consists in contributing to reverse the inflammatory state produced by the peptides of the Angiotensin and Bradykinin system and their receptors (we advocate for considering it an integrated system).
2. The activity of this molecular system increases through age at multiple levels, including chromatin remodelling, gene regulation and protein degradation. This hypothesis is highly consistent with the “inflammaging” theory. Key molecular events that contribute to this trend are the decrease of ACE2 at old age, the decrease through age of the alternative Angiotensin receptor ATR2 that is highly expressed in children, and the increase through age of the protease ADAM17/TACE that degrades ACE2 and activates TNF-α. We illustrate how the current data on ACE2 expression are consistent with this hypothesis.
3. The angiotensin-bradykinin system is characterized by a powerful positive feedback loop that amplifies the inflammation by downregulating its negative regulator ACE2 both at the transcription level and at the protein level, the latter through the protease ADAM17/TACE. At the same time, ADAM17 activates inflammatory cytokines such as TNF-α and Interleukin 6 (IL6).
4. The degradation of ACE2 by SARS-CoV-2 may strengthen the positive feedback loop described above. We propose that this is one of the main triggers of the acute inflammation observed in severe Covid-19.
5. The differential activity of the inflammatory system through age and sex may provide an explanation for the extreme differences in severity between groups of Covid-19 patients.
Figure 2 illustrates graphically the pathways of the angiotensin/bradykinin peptides, their inflammatory receptors ATR1, BKR1 and BKR2, their downregulator ACE2 and the negative effect that SARS-Cov-2 has on it.
[image: Figure 2]FIGURE 2 | The figure illustrates the positive feedback loop of inflammation, namely: The inflammatrory peptides AngII(1–8), BK(1–8) and LysBK(0–8) signal through the inflammatory receptors ATR1, BKR1 and BKR2, which in turn downregulate the negative regulator ACE2. Our hypotheses are the following: (A) One of the main functions of ACE2 consists in terminating the inflammatory state produced by the peptides of the Angiotensin and Bradykinin system and their receptors. (B) The activity of this inflammatory system increases through age at multiple levels, including chromatin remodelling, gene regulation and protein degradation, and this has the effect of downregulating ACE2. (C) The degradation of ACE2 by SARS-CoV-2 strenghens the positive feedback loop of inflammation, enhancing the acute inflammation observed in severe Covid-19. (D) The differential activity of the inflammatory system through age and sex may provide an explanation for the extreme differences in severity between groups of Covid-19 patients.
Angiotensin Converting Enzyme 2 in the Context of the Angiotensin and Bradykinin System
The Angiotensin converting enzyme 2 (ACE2), the receptor of SARS, SARS-CoV-2 and other coronaviruses, plays a regulatory role in the RAS and in the Kallikrenin-kinin system (KKS), whose signalling peptides are the family of angiotensin for the RAS and bradykinin for the KKS. These two systems are strongly coupled, since they share some of their main functions (control of blood pressure, blood coagulation, control of inflammatory processes, regulation of the immune system response after infection or traumatic events) and two key enzymes, the carboxy-peptidases ACE and ACE2 that regulate the signal peptides of both systems. Their receptors, which belong to the large family of G-protein coupled receptors (GPCR), may act in a synergistic manner, forming complexes that mutually enhance each other signalling through allosteric interactions (Rukavina Mikusic et al., 2020). Thus, it can be considered that RAS and KKS form an integrated system.
In the RAS, ACE produces the pro-inflammatory and vasoconstrictor peptide Angiotensin II (Ang-II, which we also denote as Ang1-8 since it consists of the first 8 amino acids of the peptide Angiotensin I or Ang1-10), while ACE2 downregulates it, transforming it into the form Ang1-7 that mediates vasodilator and anti-inflammatory effects through the Mas receptor (a GPCR that forms complexes with others of the same system). Moreover, ACE2 transforms Ang1-10, the precursor of Ang1-8, into the form Ang1-9 that is later transformed into Ang1-7 by ACE.
Ang II signals through the pro-inflammatory receptor ATR1, whose action is counteracted by the alternative receptor of AngII, ATR2, which has anti-inflammatory effects. Therefore, the functioning of the RAS arises from a fine dynamical balance between ACE and ACE2 at the level of the production of the signalling peptides, and between ATR1 and ATR2 at the level of the transmission of the signal.
In the KKS, ACE2 degrades Des-Arg-Bradykinin and Lys-Des-Arg-Bradykinin (BK1-8 and LysBK0-8), two peptides that signal through the receptor BKR1 that is expressed upon inflammation, and ACE degrades BK1-9 and LysBK0-9, so that the action of ACE in the KKS is anti-inflammatory, in contrast with its action in the RAS, while it increases blood pressure in both systems. Bradykinin signalling produces vasodilation, decreases blood pressure, increases vascular permeability and induces capillary leakage. These actions can produce the edemas suffered by severe Covid-19 patients. Moreover, bradykinin enhances the inflammation locally by recruiting neutrophils and leukocytes.
The involvement of the KKS in Covid-19 cases has been discussed in recent publications (Garvin et al., 2020; Nicolau et al., 2020; van de Veerdonk et al., 2020). It is consistent with the observation that a fraction of Covid-19 patients present hypotension: 66% of critical patients (Michard and Vieillard-Baron, 2020), and 8% of hospitalized patients compared with 39% with hypertension (Lala et al., 2020).
Both bradykinin and Angiotensin II upregulate the protease ADAM17/TACE that removes ACE2 from the cell membrane, activates TNF-α and transforms the receptor of the cytokine IL6 to a soluble form that enhances inflammation (Matthews et al., 2003; Rose-John, 2012). These processes cause a synergistic positive feedback loop that amplifies inflammation.
We represent in Figure 3 the reduced molecular network of the angiotensin/bradykinin system. The figure represents different peptide species, their transformations through the peptidases ACE and ACE2, the anti-inflammatory receptors ATR2 and Mas, and the metalloprotease ADAM17/TACE.
[image: Figure 3]FIGURE 3 | Simplified representation of the Renin-Angiotensin system and the Kallikrein-Bradykinin system, coupled through the peptidases ACE and ACE2 that act on both families of peptides and through the allosteric interactions between the G-protein coupled receptors of both families. Peptides of the angiotensin (Ang) and bradykinin (BK) family are represented as rectangles, coloured arrows indicate their transformations and circles indicate the peptidases that catalyse them (black arrows). Membrane receptors are indicated as triangles and the boxes indicate the main effects of their signalling. The colour code represents inflammatory effects (orange: pro-inflammatory; green: anti-inflammatory, blue: Neutral or not clear at present). Also represented as ellipses are Vitamin D, which downregulates Renin and the down-stream effectors NFkB and NOX, and Interferons α and β, both of which upregulate ACE2 with anti-inflammatory effects, and γ, which downregulates ACE2.
Furthermore, ACE2 has been recently shown through evolutionary rate correlation analysis to possess strong biological interactions with proteins in the coagulation pathway such as Clusterin and Fibrinogen alpha, beta and gamma chains and with proteins involved in cytokine signaling such as X-C Motif Chemokine Receptor 1 (XCR1), Interferon alpha/beta receptor 2 (IFNAR2) and toll-like receptor 8 (TLR8) (Varela et al., 2021).
The Main Functional Role of Angiotensin Converting Enzyme 2 May Consist in Reversing the Inflammation Process.
ACE2 counteracts high blood pressure in the RAS and low blood pressure in the KKS, but it has anti-inflammatory effects in both systems. Interestingly, several studies have shown that ACE2 knockout mice do not present significant hypertension or cardiac anomalies, but they show enhanced response to Ang-II stimulation (Alghamri et al., 2013) and they develop lung edema after acute-inflammation (Imai et al., 2005). Edema is not the mechanical consequence of increased blood pressure, which does not happen in ACE2 KO mice, but it may derive from increased vascular permeability due to high bradykinin levels (van de Veerdonk et al., 2020). This is supported by the observation that attenuation of pulmonary ACE2 activity impairs inactivation of the DABK/BK1R axis and facilitates neutrophil infiltration (Sodhi et al., 2018). These observations connect ACE2 with the termination of the inflammatory process, as further discussed below.
A crucial link between ACE2 and the inflammatory process goes through ADAM17. This metallo-protease sheds ACE2 from the cellular membrane to the serum (Lambert et al., 2005), from which it is rapidly eliminated through urine, and it is triggered by Angiotensin II via AT1Rs (Deshotels et al., 2014; Xu et al., 2017). In addition, bradykinin triggers BKR1s, which also upregulate ADAM17 (Parekh and Sriramula, 2020), establishing a synergistic mechanism that enhances ACE2 degradation. At the same time, ADAM17 activates the cytokine TNF-α and it transforms the receptor of the cytokine IL6 into its soluble form that is pro-inflammatory (Matthews et al., 2003; Rose-John, 2012), initiating a cascade process that, through the transcription factor nuclear factor kB (NFkB), promotes the activation of the inflammatory response.
Here we summarize the main steps with which the RAS and the KKS participate in the inflammation process.
1. The infection activates the RAS, enhancing Ang1-8 production
2. High Ang-II/ATR1 generates a positive feedback by upregulating the expression of ACE, downregulating ACE2 (Koka et al., 2008), and upregulating ADAM17/TACE. This positive feedback loop leads to lower ACE2 and higher local Ang-II production.
3. At the same time, Ang-II/ATR1 enhances the inflammation:
• Ang-II/ATR1 activates the KKS, which induces vasodilation and possible drop of blood pressure, increased capillary leakage and recruitment of neutrophils.
• The Ang-II/ATR1 axis has different effects on the two receptors of the KKS, BKR1 and BKR2. Through IL1 and TNF-α, ATR1 upregulates the BKR1 receptor of DABK, whose level increase through the decrease of ACE2, activating the DABK/BKR1 axis. BKR1 contributes to upregulating ADAM17, producing another positive feedback loop.
• At the same time, the other bradykinin receptor BKR2 is sensitized by ATR1, with which it forms a dimer (Rukavina Mikusic et al., 2020). However, increased ACE downregulates the ligand of BKR2, so the effect on BKR2 signalling is unclear.
• Ang-II/ATR1 upregulates the Vascular Endothelial Growth Factor (VEGF) through TGF-beta and Angiopoietin-2, thus amplifying capillary leakage. At the same time, VEGF may be also activated by BKR2.
• Ang-II/ATR1 and DABK/BKR1 recruit macrophages and neutrophils to the infection.
4. At some point, ACE2 is upregulated and it contributes to reversing the inflammation in a cascade process: ACE2 degrades Ang-II and Ang1-10, downregulating the Ang-II/ATR1 axis, produces Ang1-7, upregulating the anti-inflammatory Ang1-7/Mas, and degrades DABK, diminishing vascular leakage. Downregulation of ATR1 de-sensitives the BKR2 receptor and reduces the level of the BKR1 receptor (whose ligand is also decreased), and, through them, ADAM17-TACE, which in turn decreases TNF-α and the pro-inflammatory IL6 soluble receptor. Moreover, the lower activity of ATR1 reduces ACE, further reducing AngII, and reduces the VEGF.
Consistent with this view, ACE2 is upregulated during inflammation (Hanafy et al., 2011), in part through interferon I stimulation (Ziegler et al., 2020). ACE2 upregulation is also observed in a recent analysis of mRNA expression of bronchoalveolar lavage fluid cells (Garvin et al., 2020) and lung cells (Wu et al., 2020) of Covid-19 patients. However, the ACE2/ACE ratio is decreased in most chronic inflammatory diseases (Li et al., 2020a; Pagliaro and Penna, 2020). As discussed below, we hypothesize that epigenetic mechanisms have a role in the discrepancy between short term activation and chronic reduction of ACE2.
Severe Covid-19 as a Failure of Angiotensin Converting Enzyme 2 to Revert Inflammation
As discussed above, ACE2 plays a key role in reverting the inflammatory process in the context of the RAS and the KKS, and its downregulation favour endothelial damage, capillary leakage and angioedema, as shown by Imai et al. and Kuba et al. among others (Imai et al., 2005; Kuba et al., 2005). It has been shown that SARS-CoV (Haga et al., 2008) and SARS-CoV-2 degrade ACE2. We hypothesize that the degradation of ACE2, especially in presence of low initial levels, or the failure to upregulate ACE2 may prevent the termination of the inflammatory process and perpetuate the propagation of inflammation through the affected organs, leading to organ damage and severe manifestations that can be life threatening.
In a transcriptomic study of lung tissue obtained from patients who died of Covid-19 in China it was found that the viral load was low in all samples. According to the authors, this “suggests that the patient deaths may be related to the host response rather than an active fulminant infection” (Wu et al., 2020).
A retrospective study of almost 48,000 Covid-19 patients discharged from English hospitals (and, accordingly, negative to the virus in their large majority) found rates of hospital readmission and death 3.5 and 7.7 times greater, respectively, than in age- and comorbidities-matched controls, and higher rates of respiratory, diabetes and cardiovascular events, evidencing elevated rates of multi-organ dysfunction in individuals discharged from hospital (Ayoubkhani et al., 2021). These observations indicate that many severe consequences of Covid-19 arise from the immune-inflammatory response rather than being a direct consequence of SARS-COV-2 infection.
Increase of ADAM17 in Severe Covid-19 Patients
A key role in the activation of the inflammatory process is played by ADAM17/TACE, which eliminates ACE2 from the cell membranes preventing its anti-inflammatory function (Lambert et al., 2005), it transforms the pro-inflammatory cytokine TNF-α into the active form and it transforms the receptor of the cytokine IL6 to its soluble form, which is pro-inflammatory, contrasting the anti-inflammatory effect of the membrane bound IL6R (Matthews et al., 2003; Rose-John, 2012).
A recent study on a cohort of 102 Covid-19 patients from Mexico found that ADAM17 is increased in the serum of Covid-19 patients with respect to healthy donors, and in severe patients with respect to mild ones. Possibly as a consequence of this increase, some of the proteins shed in the serum by ADAM17, including TNF-α, its receptors TNFR1 and TNFR2 and T-cell immunoglobulin and mucin domain 3 (TIM3), but not transforming growth factor beta (TGF-β), are increased in the serum of these patients at the protein level while their mRNA is unchanged, which suggests increased ADAM17 activity (Palacios et al., 2021). Moreover, increased level of ADAM17 and its substrates TNFR1 and TIM3 was higher in patients that died of Covid-19 compared with survivors.
These results support the proposed central role that ADAM17 may play in severe Covid-19, and suggest that the dangerous positive feedback loop of ACE2 downregulation through the action of ADAM17 is active in Covid-19 patients, in particular severe ones.
Variation of Angiotensin Converting Enzyme 2 Across Age
Several studies based on RNA-seq experiments found that the mRNA of ACE2 is absent in the early foetus and it is lower in children than adults (Bunyavanich et al., 2020; Inde et al., 2020; Muus et al., 2020; Saheb Sharif-Askari et al., 2020). A similar observation applies to the ACE2 protein in serum (Pavel et al., 2021). Therefore, it was proposed that the low expression of the virus receptor ACE2 hinders the propagation of SARS-CoV-2 in children organs. However, several studies, including also some of those cited above, indicate that the expression of ACE2 with age is not monotonic, since ACE2 expression decreases at advanced age in several organs after reaching a maximum.
At the mRNA level, decrease of ACE2 mRNA at advanced age was observed in an analysis of several human tissues collected in the GTeX database (Chen et al., 2020) and in mouse lung samples (Booeshaghi and Pachter, 2020). Single cell data of human respiratory cells reported in Figure 3G of Muus et al. (Muus et al., 2020) are also consistent with decrease or stationarity of ACE2 mRNA after a maximum reached at 10–25 years in multiciliated cells and 25–40 years in alveolar type 2 (AT2) cells. A recent preprint by Inde et al. (Inde et al., 2020) also found a maximum of ACE2 mRNA in mouse lungs at few days after birth, evidenced a minimum at approximately 10 days and an increase at least until 9–11 months, which in mice is middle age. For human data, the same preprint found a maximum of ACE2 mRNA short after birth in the hearth and at about 10 years in the testis (Fig. 6C and 6D of (Inde et al., 2020)). Inde et al. also present data of ACE2 mRNA in human lungs in their Figure 3G, which does not show the existence of a maximum but cannot rule it out due to the sparsity of data at advanced age.
Concerning ACE2 protein in cells, which is the relevant molecular species for virus propagation, western blot analysis of rat lungs (Xie et al., 2006) and mouse aorta (Yoon et al., 2016) indicate that ACE2 membrane protein levels decrease with age in adult rodents. These studies did not include juvenile animals and examined three age classes: 2 (3 for rats), 12 and 24 months, corresponding to young adults, middle age and old. In mouse thoracic aorta, the whole anti-inflammatory arm of the RAS to which ACE2 belongs decreases with age, while the pro-inflammatory arm of the RAS increases with age (Yoon et al., 2016).
In humans, a study found that children below 10 years have on the average higher ACE2 protein in AT2 lung cells than adults, although these values vary considerably from cell to cell and from individual to individual (Ortiz et al., 2020). However, this comparison depended on the discretization of ACE2 expression with an arbitrary threshold of more than 1% of positive cells, and it included adults with asthma that downregulates ACE2, whose exclusion would have raised the p-value. Moreover, other cell types did not confirm the same trend as AT2 lung cells. Zhang, Guo et al. (Zhang et al., 2021) found that ACE2 positive cells in lung biopsy samples from 26 children and 24 adults were significantly decreased in patients older than 50 with respect to children. This reduction was observed in bronchial cells but it was not significant in pulmonary alveolar cells, and it was also observed at the mRNA level. The study by Inde et al. (Inde et al., 2020) also found extreme intra- and inter-individual heterogeneity, but it reached the opposite conclusion that ACE2 protein in human lung epithelial cells increases with age; however, also this conclusion was reached measuring the percentage of cells that express ACE2 above a threshold. Inde et al. also plot ACE2 intensities versus the donor age in their Figures 1C,G, but these figures do not suggest a clear increase of ACE2 with age. Furthermore, they did not observe increase of ACE2 with age in AT2 cells, which are the cell type with maximum ACE2 expression in the lungs (Li et al., 2020b).
We conclude that most existing data are consistent with a decrease across age of ACE2 mRNA and protein levels in rodents and several human cell types. Accordingly, we plot in Figure 4A a model in which ACE2 expression starts in the last stage of foetal life, reaches a maximum at young age and then decreases at old age, with data inspired on the data of Muus et al. (Muus et al., 2020) in multiciliated cells. The position of the maximum depends on the cell type and it is influenced by the strong inter- and intra-individual variability evidenced by several studies (Inde et al., 2020; Ortiz et al., 2020).
[image: Figure 4]FIGURE 4 | (A): Proposed model of the dependence of ACE2 with age at the three levels of mRNA, protein in the cellular membrane and protein in serum. The mRNA data are inspired by human multiciliated cells reported in Figure 3G of Muus et al. (2020). The cell protein levels result from time-independent mRNA translation and shedding through ADAM17 that we assume to increase with age as exp (age/25y); other functional forms such as power law yield qualitatively similar results. (B): The severity of pediatric cases of Covid-19 in China (Dong, 2020), rescaled to take into account undetected cases, and put in the context of severe Covid-19 cases of children and adults from Figure 1.
For understanding the relation between ACE2 mRNA and protein expression it is necessary to consider the expression of the metalloprotease ADAM17/TACE that sheds ACE2 from the cell membrane to the serum, from which it is rapidly lost through urine. The expression of ADAM17 increases with age (Dou et al., 2017; Liu et al., 2019), consistent with the increase with age of Ang-II and its receptor ATR1 (Yoon et al., 2016) that upregulates ADAM17 (Deshotels et al., 2014; Xu et al., 2017) together with the bradykinin receptor BKR1 (Parekh and Sriramula, 2020).
As a result of mRNA expression and shedding through ADAM17, the stationary concentration of ACE2 cell protein is proportional to the ratio ACE2mRNA/ADAM17. We plot this function in Figure 4A, where we assume that ADAM17 increases exponentially with age as exp (age/25years). Other functional forms such as power law with exponent 1/3 yield qualitatively similar plots. One can see that the maximum of ACE2 cell protein is reached at earlier age than the maximum of ACE2 mRNA, as the consequence of the increase of ADAM17 with age. ACE2 cell protein decreases in rats and mice from 3 to 12 months (Xie et al., 2006; Yoon et al., 2016) while ACE2 mRNA increases in mice of the same age (Inde et al., 2020). Although this comparison involves different species (rats versus mice) or different cell types (aorta versus lungs), it is consistent with the above prediction. ACE2 protein in the serum is proportional to the product of the cell protein times the shedding rate, i.e. it is proportional to ACE2 mRNA averaged over the different cell types. We depict in Figure 4A the proposed behaviour of ACE2 versus age at the levels of mRNA, cell protein and serum protein.
Covid-19 Severity Across Age Presents a Minimum
A paediatric study in China observed that the severity of Covid-19 in children (not including the MIS-C syndrome) decreases with age (Dong, 2020): the proportion of severe and critical paediatric cases was 10.6, 7.3, 4.2, 4.1, and 3.0% for the age groups<1, 1–5, 6–10, 11–15 and 16–18 years, respectively (Figure 4B). This decrease of severity from young children to teen-agers is consistent with the drop in the hospitalization rate in Spain from the age class 0–10 to 10–20 that one can see in Figure 1. Covid-19 severity increase with age in adults (Figure 1), therefore severity versus age has a minimum (Figure 4B). Suggestively, the shape of this curve appears inversely related to the ACE2 protein level across age (Figure 4A), although the position of the maximum of ACE2 depends on the cell type. Another recent paper analysed similar data but proposed a direct instead of inverse relationship between Covid-19 severity and ACE2 expression (Inde et al., 2020). However, most existing data suggest that ACE2 expression decreases at high age, although this point is still debated, and the increase of severity with age is a very clear property of Covid-19.
Comorbidities Support a Negative Relation Between Angiotensin Converting Enzyme 2 and Covid-19 Severity
As discussed in more detail in Ref. (Bastolla, 2021), this inverse relationship between ACE2 levels and Covid-19 severity might rationalize not only the influence of age and sex but also most of the other known risk factors of Covid-19 examined in the OpenSAFELY study (Williamson et al., 2020), including diabetes, hypertension, obesity, vitamin D deficit (that may explain at least part of the risk factors connected with ethnicity) and perhaps even the curious protecting effect of smoke that increases ACE2 expression (Saheb Sharif-Askari et al., 2020).
The ATR2 Receptor
The proposed inverse relationship between ACE2 expression and Covid-19 severity has an exception in children, who experience mild Covid-19 but express less ACE2 than adults. However, children express more than adults the Ang-II receptor ATR2, which competes with ATR1 and counteracts its inflammatory effect (Kaschina et al., 2017).
The decrease of ATR2 with age has been disputed (Gao et al., 2012), but most works support it, and they also concluded that the receptor binding activity of ATR2, which is most relevant in this context, decreases with age. Both ATR1 and ATR2 are GPCR, and they can form complexes between themselves and with other receptors, including BKR2 (Rukavina Mikusic et al., 2020), underscoring complex regulatory interactions and downregulation of ATR1 by ATR2. We propose that the high level of the ATR2 receptor in children may compensate their lower ACE2 level.
This proposal is consistent with the protective influence on Covid-19 severity of angiotensin receptor blockers that block the signaling of ATR1, as evidenced by a meta-analysis of several clinical trials (Guo et al., 2020), and of anti-ATR1 auto-antibodies (Papola et al., 2021), which are known to induce the increase of ATR2 expression (Sun et al., 2020b).
Epigenetic Enhancement of the Inflammatory Process
An increasing amount of evidence indicates that inflammation related genes in general, and ACE2 in particular, are subject to epigenetic control through chromatin modifications. Transcriptional memory provides faster and enhanced transcription upon repeated stimulations, and it is a common hallmark of interferon-stimulated genes, mediated by histone variants such as H3.3 and histone modifications that favour transcription (Kamada et al., 2018) and by de-methylation of CpG islands at active promoters, associated with sustained stimulation by the proinflammatory cytokine TNF-α (Zhao et al., 2020) that is activated by ADAM17.
The ACE2 gene has been shown to be subject to transcriptional memory through CpG island demethylation that increases through age (Corley and Ndhlovu, 2020), and ACE2 transcription in samples of patients with comorbidities associated with severe COVID-19 was correlated with the expression of genes related to histone modifications (Pinto et al., 2020). Similarly, genome-wide CRISPR screens identified several chromatin modifiers that facilitate SARS-COV-2 infection (Wei et al., 2020), likely by upregulating ACE2.
The transcriptional memory of the ACE2 gene has been interpreted as evidence of a positive correlation between ACE2 expression and Covid-19 severity (Pruimboom, 2020). However, it is important to note that the transcriptional memory also acts on pro-inflammatory genes (Kamada et al., 2018; Zhao et al., 2020). The reported decrease of the ACE2/ACE ratio in chronic inflammatory diseases associated with severe Covid-19 (Li et al., 2020a; Pagliaro and Penna, 2020) suggests that the pro-inflammatory side prevails in this balance, with the final result to decrease the ACE2/ACE ratio through the transcriptional downregulation of ACE2, which is also consistent with the theory of inflammaging, which postulates that the increase through age of inflammatory processes contributes to the phenomenology of aging and senescence (Franceschi et al., 2007).
Future work should address the complex regulation of ACE2 and other inflammatory and anti-inflammatory genes from a system perspective, considering multiple levels of regulation (epigenetic, transcriptional, post-translational).
Effect of Receptor Level on Viral Propagation
The theory according to which lower ACE2 level may protect from severe disease is based on the premise that lower receptor level hinders the propagation of the virus. But is this assumption warranted? Mathematical models of virus propagation, tested with experiments with bacteriophages, suggest that there is an optimal receptor density at which the virus propagates fastest, with viral velocity declining both for lower and for higher receptor density (Ortega-Cejas et al., 2004) (see Figure 5). A mathematical model of the dependence of Covid-19 mortality on receptor density fitted to both Covid-19 and SARS 2003 data of lethality across age and sex suggests that both viruses propagate in a regime in which increasing receptor density slows down their propagation (Bastolla, 2021). Thus, the inverse relation between ACE2 expression and Covid-19 severity is not implausible.
[image: Figure 5]FIGURE 5 | Mathematical model of the velocity of viral propagation in an organ as a function of the receptor density (adapted from the formulas presented in Ref. (Ortega-Cejas et al., 2004) tested with experiments on bacteriophage propagation).
The Role of Interferons
It has been recently shown that type-I interferons (IFN-I = IFN-α, IFN-β) upregulate ACE2 expression (Ziegler et al., 2020) and ACE2 has been shown to coevolve with interferon alpha/beta receptor 2 (IFNAR2) throughout mammalian evolution, in the sense that their evolutionary rates are strongly correlated (Varela et al., 2021). Interestingly, IFN-β are used as anti-inflammatory therapy in multiple sclerosis (Kieseier, 2011), supporting their anti-inflammatory role. We conjecture that the upregulation of ACE2 by IFN-I may contribute to stop the inflammatory cascade. This conjecture is consistent with the recent finding that impaired type-I IFN response (Hadjadj et al., 2020), auto-antibodies against IFN-α (Bastard et al., 2020) and genetic variants that hinder interferon activation (Zhang et al., 2020) are associated with more severe Covid-19 cases. Moreover, mutations of the IFN-I receptor have been found to be risk factors of severe Covid-19 through genome wide association studies (GWAS) analysis (Pairo-Castineira et al., 2020). Finally, SARS-COV-2 infection is characterized by low levels of IFN-I (Blanco-Melo et al., 2020), partly because the virus dysregulates IFN-I (Konno et al., 2020). Therefore, we suggest that IFN downregulation cooperates with ACE2 dysregulation by SARS-COV-2 in preventing the arrest of the inflammatory process in severe Covid-19 cases. However, interferon therapy did not provide any reduction of mortality or hospitalization in the Solidarity clinical trial (olidarity Trial Cons, 2020).
Therapeutic Perspectives
Our hypothesis supports several candidate drugs that might alleviate severe complications of CoViD-19 and even its post infection consequences (MIS-C and long Covid-19) by inhibiting the processes that prevent the reversion of the inflammatory state. Luckily for several of these drugs clinical trials are already on-going.

1. Human recombinant ACE2 has been suggested as a potential therapeutic agent against SARS-CoV-2. It can have a double protective effect. On one hand, it can alleviate the inflammatory process, and in the other one it can sequester the virus and difficult its entry in the cells (Batlle et al., 2020; Huang et al., 2021). A recent case report presents very promising results, and clinical trials are ongoing (Zoufaly et al., 2020).
2. Angiotensin receptor blockers (ARB) that block the ATR1 receptor, downregulating the inflammatory process and preventing the positive feedback loop of Ang-II through upregulation of ACE and downregulation of ACE2. They are often discussed together with ACE inhibitors (ACE-I) that reduce the formation of Ang-II. However, ACE has anti-inflammatory effect on the KKS, where it downregulates bradykinin, so that one of the known adverse effects of ACE-I is the upregulation of KKS eventually leading to edema. Moreover, Ang-II can be also formed through other peptidases. The possible therapeutic role of ARB and ACE-I was suggested by several groups already at the time of SARS 2003 and later proposed for SARS-COV-2 (Annweiler et al., 2020; Sun et al., 2020a; Ciaglia et al., 2020; Gurwitz, 2020; Offringa et al., 2020; Verdecchia et al., 2020). Although there was the concern that, by upregulating ACE2, ARB and ACE-I might favour the virus, meta-analysis of several clinical studies suggested that they are associated with lower mortality of COVID-19 in patients with hypertension, with odds ratio 0.57 (95% CI, 0.38–0.84) (Guo et al., 2020). The clinical trials NCT04312009 and NCT04311177 are ongoing to test possible protective effects, although caution is necessary if blood pressure becomes too low, which is a frequent consequence of severe Covid-19 (Lala et al., 2020; Michard and Vieillard-Baron, 2020), probably through the activation of the bradykinin axis.
3. Drugs that enhance the ATR2 receptor. Their effect may be in principle similar to ARB.
4. The product of ACE2, Ang1-7, which exerts anti-inflammatory and anti-fibrotic effects (Chappell and Al Zayadneh, 2017) through the receptor Mas. However, its mechanism of action is still not fully known, it is rapidly degraded by ACE, and it has a moderate affinity for ATR1, thus it might produce effects contrary to the intentions.
5. IFN-I that upregulate ACE2. Although interferon may promote inflammation, IFN-β (type I) is used as anti-inflammatory drug to treat multiple sclerosis (Kieseier, 2011). However, the Solidarity clinical trial did not observe any reduction of Covid-19 mortality upon IFN-I treatment (olidarity Trial Cons, 2020).
6. Other drugs that upregulate ACE2.
7. Inhibitors of TACE/ADAM17, which may prevent the degradation of ACE2 and the increase of TNF-α.
8. Inhibitors of IL-1 and TNF-α, which are successfully used to treat KD and MIS-C, might also be useful to treat Covid-19 for preventing excessive activation of the KKS.
9. Vitamin D, which exerts a protective role by downregulating ATR1 and ADAM17, and in this way limits the inflammatory process and protects ACE2 from excessive shedding. A preprint reporting a retrospective study of almost 5 million people found an association between vitamin D deficiency and Covid-19 severity (Israel et al., 2020), and a clinical study with 76 patients found that a high dose of Calcifediol, a metabolite of vitamin D, significantly reduced the ICU treatment for hospitalized Covid-19 patients (Entrenas Castillo et al., 2020).
Of course, experimental verifications of the above hypothesis are necessary, and clinical trials are urgently needed to test these therapeutic indications.
CONCLUSION
As reviewed above by us and elsewhere by many other authors, the peptidase ACE2, besides being the cellular receptor of SARS-COV-2 and other coronavirus, exerts a central regulatory role in inflammatory processes by downregulating the main pro-inflammatory peptides of the Renin-angiotensin system (RAS) and the Kinin kallikrein system (KKS) (Figure 3). These two highly integrated signalling systems, whose receptors act synergistically and strengthen each other, activate the inflammatory response, activate cytokines starting from a central controller of inflammation such as TNF-α, which is activated by the same protease TACE/ADAM17 that degrades ACE2 and recruits macrophages and neutrophils. We propose that the main role of ACE2 consists in terminating this inflammatory process. Failure to do so, because of ACE2 degradation or failure to activate it, may exacerbate the inflammatory response leading to organ damage, including edema, and it may be responsible of the most severe consequences of Covid-19 even after the infection has been resolved, as it happens in the Multi-inflammatory syndrome of children (MIS-C).
Because of the central role of ACE2 both for SARS-COV-2 propagation and for controlling the inflammatory process, and because of the very marked increase of Covid-19 with age (Figure 1), a strong effort has been dedicated to elucidate how ACE2 expression changes with age. However, these works have produced conflicting results, that have been interpreted either as support of the theory that the receptor expression favours SARS-COV-2 infection or as support of the opposite theory that high ACE2 expression favours milder disease because of its anti-inflammatory role.
We have shown that these contrasting results on ACE2 expression across age can be reconciled going beyond the dichotomy between adults and children and recognizing that ACE2 expression does not change monotonically with age but it starts in late foetal life, reaches a maximum at a young age that depends on the cell type and exhibits strong inter-individual and inter-cellular variation, and decreases at advanced age. At the protein level, this decrease precedes that of mRNA, Remove starts before and it is more accentuated than at the mRNA level, due to the increase with age of the activity of the protease TACE/ADAM17 that sheds ACE2 from the cell membrane to the serum. This proposed behaviour, represented in Figures 4A, is consistent with essentially all existing data on the ACE2 expression across age in rodents and humans, except some of the figures of the preprint by Inde et al. (Inde et al., 2020).
The complexity and the intricacies of ACE2 regulation will require future approaches that integrate multiple regulatory levels, from chromatin remodelling that plays a key role in transcriptional memory to regulation through transcription factors and post-translational regulation through ADAM17 and other proteases that degrade ACE2. This is an important subject, since the decrease of ACE2 with age, and the simultaneous increase of the pro-inflammatory components of the RAS may play an important role in the theory of inflammaging, which postulates that the increase through age of inflammatory processes contributes to the phenomenology of aging and senescence (Franceschi et al., 2007).
The proposed decrease of ACE2 across age and the observed decrease of the ACE2/ACE ratio in chronic inflammatory diseases often associated with severe Covid-19 (Pagliaro and Penna, 2020; Li et al., 2020a) support a negative relationship between Covid-19 severity and ACE2 expression (Figure 4B). This is not as paradoxical as it seems, since a mathematical model of virus propagation across cells predicts that an increase of the receptor level does not necessarily accelerate viral propagation and it may even slow it down (Ortega-Cejas et al., 2004) (see Figure 5 for illustration). Furthermore, ACE2 is located in the X chromosome and its protein expression is higher in females than in males in murine models (Xie et al., 2006), which may extend the proposed negative correlation also to the comparison between sexs. Interestingly, in a recent analysis of human lung transcriptomic data it was found that the proinflammatory angiotensin receptor ATR1 is significantly more expressed in male tissues than in female ones, while the anti-inflammatory ATR2 has similar expression in both sexes (Hachim Ibrahim et al., 2021), which is also consistent with the hypothesis presented here.
The exception to this proposed negative relationship is constituted by children, who express less ACE2 than adults and experience much milder disease. However, in children the RAS is much less dis-balanced towards the pro-inflammatory side than in adults. In particular children express more ATR2, which is anti-inflammatory.
Of course, experimental work is needed for supporting the hypothesis presented in this review, but we hope that they may help rationalizing apparently conflicting observations.
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Since the COVID-19 outbreak in China in 2019, the pandemic has spread globally. There is no definitive cure, but vaccines have greatly protected humans from symptomatic infections and severe complications. However, vaccine efficacy has been greatly reduced by the advent of SARS-CoV-2 variants worldwide. The World Health Organization has classified the variants into two groups: variants of concern (Alpha, Beta, Gamma, Delta, Omicron) and variants of interest (Lambda, Mu). Clinical trials and modifications of vaccines are currently undertaken to improve their clinical efficacies. This is particularly worrying in immunocompromised patients since breakthrough infections with multiple lineages of variants can pose a continuous threat of severe diseases in these vulnerable subjects, though there is no evidence showing immunocompromised patients are at a higher risk of vaccine-associated adverse events. However, there is no consensus on the schedule, benefits, and risks as well as contraindications (both absolute and relative) of receiving booster vaccinations. This review looks into the efficacy and safety of COVID-19 vaccination booster to guide clinical decisions on when and who to receive booster vaccination.
Keywords: COVID-19, vaccinations, booster, risks analysis, review
INTRODUCTION
Since the outbreak of COVID-19 infection in late 2019 in China, it has spread globally causing massive morbidity and mortality. It spreads through contact, droplets, and aerosol transmission (PriyankaChoudhary et al., 2020). The morbidity and mortality rates in developed countries slowed down because COVID-19 vaccines provided immune protection against SARS-CoV-2 (Arbel et al., 2021; Yan et al., 2021a). In spite of the high efficacy and safety profile of vaccines as reported in various studies, some patient groups are still undecided whether to receive vaccinations (Abu-Farha et al., 2021; Yigit et al., 2021a; Choudhary et al., 2021; Zhou et al., 2021). Previous studies and guidelines have documented the special considerations for different clinical special populations, and medical staff should assist in the risk–benefit analysis to make a proper clinical decision (Yan et al., 2021b; Furer et al., 2021; Powers et al., 2021; Soiza et al., 2021).
Worldwide, a significant portion of people in developed countries has completed COVID-19 vaccination schedule, while some in developing and under-developed countries have not completed basic vaccination schedules due to resources scarcity and income disparity (The Lancet Infectious Diseases, 2021; Van De Pas et al., 2022). Vaccination does not confer sufficient lifelong protection: post-vaccination humoral responses decrease after 3–6 months (Chemaitelly et al., 2021; Levin et al., 2021; Erice et al., 2022). Early studies on booster vaccination show that the infection rate in the booster cohort is lower compared with those without receiving a booster (Bar-On et al., 2021). Of even greater concern, vaccine efficacy dwindles when it comes to Delta- and Omicron-related variant infections, which is associated with higher viral load and transmissibility (Campbell et al., 2021; Torjesen, 2021). Patients without sufficient protective efficacy run a higher risk of symptomatic infection, severe hospitalization, mortality, and long COVID-19 syndrome (Yan et al., 2021c).
This prompts a key question: who should receive a booster 6 months after the last dose since vaccination per se may be associated with risks? This paper evaluates the risk and benefits of booster vaccination to assist clinical decision making. Literature data were retrieved from electronic databases (PubMed, Medline, Scopus, Cochrane, Google Scholar) on December 14, 2021, with the following keywords: COVID-19, Vaccine, Booster, and Variants. Related articles are reviewed to address the key question.
COVID-19 Variants
Since the outbreak in 2019, various variants have been identified worldwide. The transmissibility and mortality of SARS-CoV-2 have been changing with the new mutations. Various reports have shown the reduced efficacy of vaccines to neutralize SARS-CoV-2 variants. WHO has proposed the classification of SARS-CoV-2 variants into two major types: variants of concern (VOC) and variants of interest (VOI) (WHO, 2021a). Their characteristics are listed in Table 1 (WHO, 2021a). In view of the emerging variants globally, vaccine efficacy against different variant strains are recorded in Table 2.
TABLE 1 | Summary of characteristics of SARS-CoV-2 variants by the WHO Classification (WHO, 2021a). a) Variants of concern.
[image: Table 1]TABLE 2 | COVID-19 vaccine efficacy against symptomatic infection 14 days after complete vaccination schedule (without booster) against variant strains 2 weeks after administration, stratified by region.
[image: Table 2]BENEFITS OF BOOSTER VACCINATION
Waning humoral responses have been reported worldwide 6 months after completion of vaccination (one to three doses, depending on vaccination design) (Levin et al., 2021; Chemaitelly et al., 2021; Shrotri et al., 2021). This is particularly evident in men, participants older than 65 years old, or people with immunosuppression (Levin et al., 2021) for BNT162b2 (Pfizer-BioNTech) recipients. In spite of the waning antibody titer after 6 months of completion of BNT162b2 (Pfizer-BioNTech) vaccination, the protection against hospitalization and death persists at a robust level. The estimated effectiveness of BNT162b2 (Pfizer-BioNTech) against SARs-CoV-2 infection peaked at 77.5% (95% CI, 76.4–78.6) in the first month after the second dose, but it progressively dropped to 20% 5 months after the second dose (Chemaitelly et al., 2021). Thus, reinfection by SARS-CoV-2 is possible (Cromer et al., 2021). Vaccine protection against major variants of SARS-CoV-2 is summarized in Tables 2–8. One of the major concerns is that all vaccines express the ancestral SARS-CoV-2 spike protein, whereas currently circulating variants such as Delta variant possess several mutations to evade the response, resulting in a 4-fold lower neutralizing antibody response to Delta-variant infections (Kent and Juno, 2021).
TABLE 3 | BNT162-b2 (Pfizer-BioNTech) vaccine efficacy (without booster) against different clinical severity in variant strain infection 2 weeks after administration.
[image: Table 3]TABLE 4 | mRNA-1273 (Moderna) vaccine efficacy (without booster) against different clinical severity in variant strain infection 2 weeks after administration.
[image: Table 4]TABLE 5 | ChAdOx1 nCoV-19 (AZD 1222) vaccine efficacy (without booster) against different clinical severity in variant strain infection 2 weeks after administration.
[image: Table 5]TABLE 6 | Ad26.COV2.S (Janssen) vaccine efficacy (without booster) against different clinical severity in variant strain infection 2 weeks after administration.
[image: Table 6]TABLE 7 | Sputnik V COVID-19 Vaccine (Gam-COVID-Vac) vaccine efficacy (without booster) against different clinical severity in variant strain infection 2 weeks after administration.
[image: Table 7]TABLE 8 | Coronavac (Sinovac) COVID-19 vaccine efficacy (without booster) against different clinical severity in variant strain infection 2 weeks after administration.
[image: Table 8]Vaccination Efficacy Against Variants of Concern
VOC include Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529) variants. They have been associated with higher transmissibility and reduced vaccination efficacy. Despite being infected with B.1.1.7 (Alpha) and B.1.351 (Beta) variants after mRNA-based vaccination, the protection against severe, critical, or fatal COVID-19 cases remains 96% in Qatar (Chemaitelly et al., 2021). The vaccine efficacy against symptomatic infection quickly drops from over 90% before the spread of Delta variant to 42–80% after the spread of the variant (Tang et al., 2021a; Pouwels et al., 2021; Sheikh et al., 2021). This efficacy also dwindles as time elapses (Barouch et al., 2021; Ciabattini et al., 2021; Naaber et al., 2021; Pegu et al., 2021).
However, recent studies have shown that the mRNA-based booster vaccine still induces a robust immune response to variants, though weaker when compared with its prototype. The mRNA-based booster vaccination is safe and well tolerated (Ebinger et al., 2021). It boosts antibody production to neutralize variant strains especially wild-type D614G (p < 0.0001). The neutralization titers against B.1.351 (Beta), P.1 (Gamma), and B.1.617.2 (Delta) are either low or undetectable 1 month after vaccination (Ebinger et al., 2021). The vaccine-mediated protection against variants in the respiratory tract is durable but delayed (Gagne et al., 2021). It is dependent on anamnestic antibody responses which can be maximized by a booster dose (Gagne et al., 2021).
Upon receiving BNT162b2 (Pfizer-BioNTech) booster vaccination, the infection and severe illness rates are lower, compared with those without booster vaccination in Israel (Bar-On et al., 2021). A third-dose booster vaccine in Israel showed a significant reduction of confirmed infection and severe illness by a factor of 11.3 and 19.9, respectively (Bar-On et al., 2021). This finding is consistent with another serological study which showed that the occurrence of breakthrough infection with SARS-CoV-2 correlated with neutralizing antibody titers during the peri-infection period (Bergwerk et al., 2021). Therefore, an elevated titer is protective against breakthrough infections. This is particularly important in ambulatory and inpatient settings in less developed countries where the resources are scarce and the hospital wards are usually crowded to favor transmission. A similar booster recommendation is recommended in recipients of CoronaVac since over one-fifth of recipients become seronegative 2 months after the second dose of vaccination (Yigit et al., 2021b). Vaccination protects patients in ambulatory and inpatient care settings (Thompson et al., 2021). A full-dose mRNA-based vaccination (even without booster) is associated with 90% (95% CI, 86–93) effectiveness against intensive care unit (ICU) admission and 91% (95% CI, 89–93) effectiveness against emergency care visits. The effectiveness of Ad26.COV2.S is 68% (95% CI, 50–79) against hospitalization and 73% (95% CI, 59–82) against emergency care visits.
Various studies show a close association between infection rate and serological titer of circulating antibody levels after vaccination (Bergwerk et al., 2021; Khoury et al., 2021). The vaccination regimen of ChAdOx1 nCoV-19 also recommends a booster regime since it induces multifunctional antibody responses, including antibody-dependent neutrophil/monocyte phagocytosis, complement activation, and natural killer activation (Barrett et al., 2021).
Some special populations are at high risks of breakthrough infections. The incidence risk ratio in the immunocompromised patient is 1.66 (95% CI, 1.17–2.35) even after full-dose mRNA-based vaccination. An increased incidence is observed over time, showing the decreasing protective efficacy as time elapsed. However, among those with COVID-19 infection, vaccination significantly reduces the risk of death (hazard ratio 0.20, 95% CI, 0.08–0.49) (Liu et al., 2021a).
Vaccination Efficacy Against Variant of Interest
VOI include Lambda (C.37) and Mu (B.1.621) variants. A study using a micro-neutralization assay following mRNA vaccine demonstrated a 1.6-fold reduction of neutralizing titers compared with the wild-type virus, increasing the likelihood of infection and disease transmission after vaccination (Zuckerman et al., 2021). The Lambda variant harbors two key mutations in the receptor-binding domain (RBD), L452Q and F490S, changing the antigenicity and infectivity. Cell line studies show that the convalescent and vaccine-based sera recorded 1.3- to 2.5-fold lower neutralizing antibody titers (Wang et al., 2021). The reason of partial escape from neutralizing antibodies in vaccinated individuals behind is closely related to the increased affinity between RBD and angiotensin-converting enzyme 2 (ACE2) binding, leading to increased processing of spike protein to yield a higher fusion activity and syncytium formation in these variants (Moghaddar et al., 2021). The antibody titer drop after 6 months against Lambda variant is 3-fold, leading to breakthrough infections (Liu et al., 2021b). The rapidly dropping antibody titers against Lambda and Mu infections can be countered by a third-dose booster to cope with the surge of variants transmission.
The Mu variant demonstrates a remarkable resistance to antibodies by convalescent plasma and vaccine-induced protection (Uriu et al., 2021). Pseudovirus model serological assay was performed on Mu variant infection. It was 9.1 times as resistant as the parenteral virus in response to mRNA-based vaccination (BioNTech), 2.0 times as resistant to neutralization by convalescent serum, and 1.5 times as resistant to neutralization by vaccine serum as the Beta variant. Similar resistance has been reported in inactivated vaccine-elicited antibodies (Xie et al., 2021).
RISKS OF BOOSTER VACCINATION
A booster vaccination is not without risks. Myocarditis has been reported worldwide, particularly in young male recipients after receiving the second dosage of BNT162b2 (Pfizer-Biotech) vaccine (Mevorach et al., 2021). The risk ratio 30 days after the second dose in fully vaccinated recipients (without booster) is 2.35 (95% CI, 1.10–5.02), while the risk ratio rises to 8.96 (95% CI, 4.50–17.83) in male subjects between 16 and 19 years old. It is uncertain whether the third dose will trigger further myocardial damage. However, severe complications such as myocarditis or allergy from the first two doses of BNT162b2 are relatively rare (Barda et al., 2021). Guillain–Barre syndrome has also been reported in adenovirus-vectored COVID-19 vaccines (WHO, 2021b). For the majority of fully vaccinated recipients who have no significant associated complications, a booster vaccination may be safer.
The booster may greatly safeguard the effect offered by the first two dosages. When serum antibody titer drops below the protective threshold, a “start over” vaccination may still be necessary, which may also trigger complications. Studies also reveal that antibody levels in the aged population are relatively lower after full vaccination, though no severe complications are observed (Wei et al., 2021). Therefore, a booster vaccination may be necessary for this population.
Overall, vaccination is very safe, though common transient side effects happen, and a booster is a good option that significantly consolidates the protective effect to fight against this long-term pandemic. It is recommended that the earliest time to receive a booster is 6 months after the initial vaccination (Chemaitelly et al., 2021; Levin et al., 2021). A future study evaluating long-term serum antibody titer and booster clinical trials are needed for guidance on booster vaccination.
WHETHER TO ADVOCATE BOOSTER VACCINATION
Though booster vaccination is associated with both benefits and risks, overall it is safe and effective. The BNT162b2 third-dose booster vaccination in Israel showed that the side effects were mild and self-limiting, including immunocompromised patients and senior citizens (Shapiro Ben David et al., 2021). The most common side effects were fatigue (19.6%), myalgia (9.2%), and fever (8.1%) in immunocompromised patients and fatigue (21.3%), myalgia (9.9%), and fever (9.2%) in senior citizens. Over two-thirds of the recipients developed a better or similar response compared to the second dose. This is consistent with the study in the United Kingdom which showed that although there were numerous local or systemic side effects in the short term, the vaccine efficacy exceeded 60% within 2–3 weeks (Menni et al., 2021).
One concern of advocating booster vaccination is related to equity (The Lancet Infectious Diseases, 2021). The income disparity between developed countries and developing countries results in a competition for gaining access to vaccinations. Up to August 9, 2021, over 80% of the vaccines were distributed to high-income countries, while only 20% were in low-income countries with only 3% of the African population fully vaccinated (without a booster) (Kherabi et al., 2021; The Lancet Infectious Diseases, 2021). This results in increasing reporting of variants in different countries, in particular from low-income countries (see Supplementary Appendix with reports of different variants reported internationally). Vaccines thus should be made available to other countries before offering domestic booster vaccinations to reduce variants transmission and new variants from evolving (Dyer, 2021; Schaefer et al., 2021).
The vaccination schedule should be individualized for different populations, such as healthy individuals without previous SARS-CoV-2 infection and COVID-19 survivors with prior SARS-CoV-2 infection. The underlying reason is related to the waning trajectory of antibody titers in different populations. After a two-dose schedule of mRNA-based vaccination, healthy subjects developed similar antibody levels to COVID-19 survivors who recover from the infection for 1 year and receive single-dose mRNA-based vaccination (Gluck et al., 2021). None of the study participants experienced reinfection. The half-life of anti-SARS-CoV-2 IgG antibody ranges between 85 and 158 days (Lumley et al., 2021; Dan et al., 2021; den Hartog et al., 2021), while some studies also show the immunity may last over 300 days (Gluck et al., 2021; Lee et al., 2021). There is uncertainty about the booster schedule for different populations, and this may create a burden on healthcare service and spark controversy on vaccine equity between developing countries and developed countries (The Lancet Infectious Diseases, 2021). Overall, vaccine boosters quickly increase antibody levels since the large number of memory B cells and plasma cells derived from previous immunity drives rapid antibody productions after booster vaccination (Ebinger et al., 2021; Gobbi et al., 2021; Liao et al., 2021; Turner et al., 2021). Booster vaccination thus is protective against SARS-CoV-2 infection, but the booster schedule requires further studies.
Though vaccine recipients may have more persistent nasopharynx-homing SARS-CoV-2-specific T cells compared to infection-naïve subjects (Neidleman et al., 2021), a further booster vaccination still induces a stronger immune response while giving manageable side effects (Ebinger et al., 2021).
CURRENT RECOMMENDATION ON BOOSTER VACCINATION
The US Center for disease Control and Prevention and French National Authority of Health have recommended prioritization of booster vaccination for high-risk groups, subjects aged over 65 years, subjects between 50 and 64 years with underlying medical conditions, healthcare workers, and residents of long-term care facilities (Burki, 2021; Kherabi et al., 2021). The United Kingdom is currently considering a third-shot booster vaccination for all adults (Burki, 2021).
Healthcare workers are at high risk of infection. The British study of BNT162b2 vaccine showed vaccine effectiveness of 70% (95% CI 55–85) 21 days after the first dose and 85% (95% CI 74–96) 7 days after two doses in healthcare staff when the dominant variant was Alpha (B.1.1.7) (Hall et al., 2021).
The timing to receive booster vaccination is subject to debate. A study focusing on the immunogenicity and efficacy of ChAdOx1 nCoV-19 (AZD1222) recommends a 3-month interval to receive a booster since a high protective efficacy is maintained until 3 months (Voysey et al., 2021). Efficacy was higher with a 12-week prime–boost interval (vaccine efficacy 81.3%, 95% CI 60.3–91.2), compared with a 6-week interval (vaccine efficacy 55.1%, 95% CI 33.0–69.9). Meanwhile, BNT162b2 (Pfizer) vaccine recommends a 6-month interval to receive a booster (CDC, 2021a).
Whether subjects with previous SARS-CoV-2 should receive a three-dose vaccination schedule and when they should receive the booster vaccination as antibody titers drop are still under debate. The antibody responses to the first vaccine dose in individuals with pre-existing immunity are equal to or exceed the titers found in naïve individuals after the second dose of BNT162b2 (Pfizer-BioNTech). The antibody titers against VOC, Delta variant (1.617.2), in COVID-19 recoverers (at least 11 months after complete resolution of the previous infection) receiving one-dose ChAdOx1 nCoV-19 vaccine are similar to or higher than the counterparts receiving two-dose BNT162b2 (Pfizer-BioNTech) (Havervall et al., 2021). BBV152 (Bharat Biotech) vaccine of India also induces a similar response in COVID-19 recoverers, suggesting one-dose vaccinations can give similar antibody levels as two-dose vaccinations (Kumar et al., 2021). Their adverse reaction to vaccination is higher than those of healthy adults (Krammer et al., 2021). COVID-19 recoverers receiving a second-dose vaccination show no additional benefits since they have reached the peak of their immunity after the first dose (Lozano-Ojalvo et al., 2021). These studies suggest that one-dose vaccinations in COVID-19 recoverers is sufficient to confer protection non-inferior to healthy individuals with two-dose vaccinations (Cavalcanti et al., 2021; Vicenti et al., 2021), and they should be put lower on the vaccination priority list (Saadat et al., 2021). Despite the similar efficacy, the post-vaccine symptoms are more prominent for those with prior infection after the first dose (Ebinger et al., 2021).
CONTRAINDICATIONS FOR VACCINATION
The absolute and relative contraindications of vaccination are documented in Tables 9 and 10. Absolute contraindications include mainly severe allergic reactions to its constituents shown in Table 9 (USCDC, 2021a). Relative contraindications and recommended actions are listed in Table 10. Subjects with relative contraindications are recommended to discuss individual risk profiles to plan their vaccination decision. Counseling should include risk factors, relative contraindications, benefits and risks of vaccinations, alternative vaccines, and risks of without vaccinations. Table 11 documents the ingredients of 24 COVID-19 vaccines with emergency use authorizations by national regulatory authorities (as of October 26, 2021).
TABLE 9 | Absolute contraindications of vaccinations.
[image: Table 9]TABLE 10 | Common relative contraindications of vaccinations reported in literatures and guidelines.
[image: Table 10]TABLE 11 | Components of 24 COVID-19 vaccines with emergency use authorizations by national regulatory authorities (as at October 26, 2021).
[image: Table 11]RECOMMENDATIONS FOR BOOSTER VACCINATION
Heterologous vaccination (Com-COV study) is safe and induces robust immunity without serious adverse events (Borobia et al., 2021; Liu et al., 2021c; Moghnieh et al., 2021). This has been performed in subjects receiving “BNT162b2 (Pfizer/BioNTech) plus ChAdOx1 nCoV-19 (AZD1222)” and “BNT162b2 (Pfizer/BioNTech) plus BBIBP-Cor-V (Sinopharm).” The interim analysis documents that heterologous ChAdOx/BNT immunization regimen with 10–12 weeks vaccination interval is well tolerated and slightly more immunogenic compared to homologous BNT/BNT vaccination with 3-week intervals. A recent randomized controlled trial showed that heterologous vaccination with other vaccines after the initial two doses (either two-dose ChAdOx-1 or BioNTech) yields a higher SARS-CoV-2 anti-spike IgG titer and stronger cellular response (Munro et al., 2021). This may be a viable choice for countries without a stable source of vaccines or in immunocompromised patients who could not produce sufficient protective antibodies (Borobia et al., 2021; Liu et al., 2021c; Hillus et al., 2021; Moghnieh et al., 2021). Initial SARS-CoV-2 vaccination response can predict booster response; thus, reassessment of antibody response may be a viable choice whether to receive homologous or heterologous vaccination (Perkmann et al., 2021).
Timing of vaccinations is vital in certain patients after specific treatments. Suboptimal immunological response has been found in patients receiving BNT162b2 (Pfizer-BioNTech) after rituximab administration (Kant and Geetha, 2021). Delaying vaccination for 6 months after rituximab administration or B-cell reconstitution has been suggested in previous studies (Kant et al., 2021). Vaccine booster schedule should be individualized according to the half-life of immunity decline. A British study shows that an extended interval before the second dose of ChAdOx1 nCoV-19 leads to increased antibody titers, while a third dose of ChAdOx1 nCoV-19 induces antibody that correlates with higher efficacy after second dose due to robust T-cell responses (Flaxman et al., 2021).
Patients receiving immunosuppressants or with chronic kidney impairment receiving renal replacement therapy also have suboptimal anti-SARS-CoV-2 antibodies after the second dose (Boyarsky et al., 2021a; Boyarsky et al., 2021b; Bensouna et al., 2021; Kamar et al., 2021; Peled et al., 2021; Werbel et al., 2021). A booster dose of mRNA-1273 vaccine induces serological response in 49% of renal recipients who are refractory to produce antibodies after two doses (Benotmane et al., 2021). This is similar in patients receiving solid organ transplants on immunosuppressants and with negative antibody titers before the third dose: 25% of them develop high-positive antibodies after a third dose, while over two-thirds of them remain negative (Werbel et al., 2021). A significant proportion of patients who fail to develop immunity after a third-dose booster is on triple immunosuppressants (Benotmane et al., 2021). The SENCOVAC study shows that an absence of antibody protection is associated with kidney transplant recipients due to their immunosuppression therapy (odds ratio 20.56, p < 0.01), while receiving BNT162b2 increases the chance of antibody response (odds ratio 6.03, p = 0.02) (Quiroga et al., 2021). These patients are advised to adopt persistent isolation measures and consider booster vaccines to optimize protection against COVID-19 infection (Quiroga et al., 2021). Use of rituximab is common in cancer or autoimmune disease treatments leading to failure of immunological response (Yahav et al., 2021). Heterologous vaccination leads to stronger induction of antibodies and CD4 T cells in immunocompromised patients: SARS-CoV-2-specific antibodies and T-cells response after second vaccination were induced 100% and 70.6% in transplant recipients (Baker et al., 2021; Schmidt et al., 2021).
A recent systematic review compared the relative likelihood of non-responders (Galmiche et al., 2021). The proportion of non-responders is higher among solid organ transplant recipients (range 18–100%), hematological malignancy (range 14–61%), cancers (2–36%), and dialysis usage (2–30%). Risk factors of failure of antibody induction include older age, use of corticosteroids, immunosuppressants, and anti-CD20 agents.
Currently, a new approach is consideration of immunosuppressant dosage adjustment or additional booster to maximize immunological response induction (Albach et al., 2021; Yan et al., 2021b; Connolly et al., 2021; Mackintosh et al., 2021; Yahav et al., 2021). With vaccination-refractory in immunocompromised subjects (solid organ transplant recipients) (Chavarot et al., 2021), recommendation of an additional dose is encouraged since a third vaccine dose increases the seropositivity prevalence from 40% to 68% (Husain and Argyropoulos, 2021). The seropositivity is protective against symptomatic infection, while it is unlikely to carry a significant risk of adverse events (Husain and Argyropoulos, 2021).
Cancer patients benefit from third-dose vaccinations since they run a high risk of failed induction of immune memory (Peeters et al., 2021). The CANVAX Cohort Study shows that immune responses to SARS-CoV-2 vaccines are moderately impaired in patients with cancer, while antibody testing may be effective to identify immune-inert patients to receive booster vaccinations (Naranbhai et al., 2021). A third-dose BNT162b2 (Pfizer/BioNTech) vaccination demonstrated a median 3-fold increase of neutralizing antibody response with mild adverse events (Shroff et al., 2021). This should be similarly considered in cancer patients with active anti-neoplastic treatment (Peeters et al., 2021). In view of the breakthrough infections with multiple lineages of variants, immunocompromised patients are at risk of severe diseases (Deng et al., 2021; D'Amelio et al., 2021). In terms of safety, immunocompromised patients are not at an increased risk of vaccine-related adverse events (Mackintosh et al., 2021).
RECOMMENDATION FOR BREAKTHROUGH INFECTION
Breakthrough infections have been reported worldwide. Breakthrough infections are mild in healthy adults (Abbasi, 2021). Thus, management of breakthrough infections should include a thorough clinical history review to determine the presence of risk factors and appropriate actions (Figure 1).
[image: Figure 1]FIGURE 1 | Management algorithm for COVID-19 breakthrough infection. Common reasons include the following: (A) Abuse of drugs. (B) Baseline multiple comorbidities. (C) Changing strains. (D) Decreasing antibody level. (E) Elderly.
Common reasons related to this include: 1) infection of variant strains (Bosch et al., 2021); 2) low circulating antibody levels as time elapsed from the previous second dose (Chemaitelly et al., 2021; Levin et al., 2021); 3) insufficient induction of antibody due to multiple comorbidities or immunocompromised state (Albach et al., 2021; Arya et al., 2021); 4) history of substance abuse (Wang et al., 2022); and 5) old age (Butt et al., 2021; Glatman-Freedman et al., 2021).
Within 6 months after the last dose of mRNA-based vaccination, the antibody is still protective against COVID-19 disease (El Sahly et al., 2021; Thomas et al., 2021). Consideration of vaccine-resistant variant strain infection should be the top priority. Low serum antibody level leading to insufficient protective efficacy is the common reason for breakthrough infections. Booster vaccination after 6 months, regardless of antibody level, should be considered (Ebinger et al., 2021; Gobbi et al., 2021; Liao et al., 2021; Turner et al., 2021), though there is evidence suggesting breakthrough infections do not necessarily correlate with lack of vaccine-induced immunity (Duarte et al., 2021).
Patients with multiple comorbidities leading to the immunocompromised state should consider booster vaccination, with either homologous or heterologous vaccines (Baker et al., 2021; Schmidt et al., 2021). The multiple comorbidities include solid organ transplant patients on immunosuppressants (Werbel et al., 2021), autoimmune diseases with failed induction of antibody despite full-dose vaccination schedule (Yahav et al., 2021), chronic kidney disease with renal replacement therapy (Boyarsky et al., 2021a; Boyarsky et al., 2021b; Bensouna et al., 2021; Kamar et al., 2021; Peled et al., 2021; Werbel et al., 2021), poorly controlled hypertension, diabetes mellitus (Brosh-Nissimov et al., 2021), and cancers (Peeters et al., 2021).
CONCLUSION
This paper provides an updated evaluation of booster vaccination: its necessity, concerns, and benefits on variant strains. It gives a detailed description of the efficacy and safety of vaccination on variant strains. However, there are limited data on the effect of booster vaccination on Omicron strains at the time of writing, and Omicron-strain vaccination has been under development by vaccine manufacturers; thus, clinical trials of newly modified vaccines have not started. Booster vaccination brings benefits to the waning immunity and protective efficacy of COVID-19 vaccines. Booster vaccination induces immunological memory by elevating circulating anti-SARS-CoV-2 antibody level. Its associated risk is manageable, while risk–benefit analysis should be evaluated by medical health staff to manage comorbidities and rule out contraindications for vaccinations. Special populations should have an alternative vaccination schedule to boost their protective antibodies against multiple lineages of SARS-CoV-2 variants. These patients are not at a higher risk of vaccine-associated adverse events. More research is required on the schedule of booster vaccination and the type of booster vaccine for special populations.
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While we currently have multiple highly effective vaccines approved for use against SARS-CoV-2 in the USA and other countries, there are far fewer small molecule antivirals approved to date. The emergence of the latest SARS-CoV-2 variant, Omicron which is heavily mutated in the spike protein, is also raising concerns about the effectiveness of these current vaccines and increasing the call for more therapeutic options. At the time of writing only remdesivir is approved by the FDA while molnupiravir (already approved in the United Kingdom) and Paxlovid (PF-07321332) have emergency use authorizations from the FDA. Repurposed molecules, such as dexamethasone and baricitinib, have been authorized for emergency use in some countries and are used in combination with remdesivir. After 2 years we are only now starting to see the progression of further molecules through animal models to assess their efficacy before clinical trials. As datasets accumulate from both in vitro and in vivo animal efficacy models, this may allow us to understand the physicochemical properties necessary for antiviral activity and enable the search for additional antivirals. We now summarize 25 small molecule drugs that are either approved, in the process of approval or in the pipeline for COVID which have both in vitro and in vivo data. We demonstrate that these drugs are structurally diverse and cover a wide chemistry space. This information may aid our understanding of what it takes to be a promising treatment for COVID-19 and propose how to discover antivirals faster and more efficiently for the next pandemic.
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INTRODUCTION
At the time of writing, we are still in the midst of a major a global health crisis caused by the virus Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) that was originally reported in Wuhan, China in late 2019 (Coronaviridae, 2020; Wu et al., 2020). This virus causes the disease COVID-19 3 and shares aspects of pathology and pathogenesis with the earlier Severe Acute Respiratory Syndrome (SARS) and Middle East Respiratory Syndrome (MERS) (Liu et al., 2020a). SARS-CoV-2, SARS-CoV and MERS-CoV belong to the same family (Coronaviridae) and genus (Betacoronavirus). SARS-CoV-2 results in cough, loss of smell and taste, respiratory distress and pneumonia as well as a host of other symptoms (Pan et al., 2020) including extrapulmonary events characterized by a sepsis-like disease collectively called 2019 coronavirus disease (COVID-19) (WHO, 2020). SARS-CoV-2 directly interacts with angiotensin converting enzyme 2 (ACE2) receptor in many cell types (Brann et al., 2020; Bunyavanich et al., 2020; Sungnak et al., 2020; Whitcroft and Hummel, 2020). SARS-CoV-2 rapidly spread worldwide prompting the World Health Organization to declare the outbreak a pandemic, with more than 1.5 million cases confirmed in less than 100 days.4 The high infection rate has caused considerable stress on global healthcare systems leading to over 6 M deaths from COVID-19 at the time of writing (January 2022, World Health Organization COVID-19 dashboard).
In the USA, there are 3 vaccines available to protect against SARS-CoV-2 (Huang et al., 2021; Kyriakidis et al., 2021; Rehman et al., 2021), and globally there are over 20 vaccines currently approved (Craven, 2021). COVID-19 continues to represent an ongoing public health crisis for which vaccines represent our first line of defense. The recent identification in South Africa (and subsequently in other countries) of a new strain B.1.1.529 named Omicron as a variant of concern due to its heavily mutated nature with over 30 changes to the spike protein alone suggests it may reduce vaccine efficacy (Callaway, 2021) although those who received boosters may be better protected. This rapidly developing scenario would suggest the urgent need for other therapeutic approaches to address this and future variants.
There are limited options when it comes to small molecule antivirals, with only remdesivir being FDA approved currently in the US. Several other already approved drugs were quickly touted by the popular press, such as hydroxychloroquine and ivermectin, based on either limited in vitro or clinical data and subsequent clinical trials have demonstrated their resounding lack of efficacy (Galan et al., 2021; Vallejos et al., 2021). There have been extensive repurposing efforts since the pandemic began and numerous computational approaches have proposed drugs to be tested. Much of this early work has been reviewed by us and others previously (Ekins et al., 2020; Muratov et al., 2021). As the general public have observed that vaccines for COVID-19 were developed rapidly in months, there is the unrealistic expectation that antiviral small molecule drugs can also be developed as rapidly. Unfortunately, those in the industry accept that it normally takes a decade or more for a small molecule to progress through the various stages from drug discovery to the clinic at a cost in excess of $1 billion (Paul et al., 2010). Repurposing already FDA approved drugs may be expected to progress much more rapidly.
We were keen to evaluate small molecules which have both in vitro activity and have been tested in vivo against one of the various SARS-CoV-2 animal models (mouse, hamster or non-human primate etc.) (Muñoz-Fontela et al., 2020). While this evaluation is likely not comprehensive and because of the fast-moving nature of COVID-19 research it will almost certainly be rapidly outdated. Our goal is therefore to understand the classes of molecules that have shown promise to date. Obviously, there are major pharmaceutical companies, with seemingly unlimited resources and capabilities, involved in identifying molecules (e.g., Pfizer) or licensing them from others (e.g., Merck). Those outside of these larger pharmaceutical companies in either smaller companies or increasingly in academia need to find a way to collaborate with those who have the capabilities to test molecules under BSL3 conditions in vitro and in vivo. This will require different skill sets such as coordinating complex, multidimensional projects and may include multiple international partners which may add other issues related to funding and intellectual property.
While thousands of papers (nearly 200,000 articles in PubMed at the time of writing) have been written relating to COVID-19, it would be impossible to compress this knowledge into a single review. For example, there are also likely thousands of clinical trials globally, which is outside the scope of this effort. Instead, we will describe in vitro screening efforts and the molecules derived from these screens that progressed to in vivo models as this is more manageable and valuable for future drug discovery efforts.
In Vitro Screening
Early in the SARS-CoV-2 pandemic many of the repurposing efforts used FDA approved drugs that had previously been shown to have antiviral activity against other related viruses. Several of these drugs had low μM activity and a selectivity index (SI) greater than 10 in Vero cells, including nitazoxanide (EC50 2.12 μM), remdesivir (EC50 0.77 μM, and chloroquine (EC50 1.13 μM). This work alone represented one of the earliest articles describing the use of remdesivir and chloroquine (Wang et al., 2020a). While chloroquine was identified early on, the derivative hydroxychloroquine was in multiple clinical trials in China by February 2020. It is also worth noting that the in vitro activity of hydroxychloroquine (EC50 4.51 μM) was not as potent as chloroquine when assessed at four different multiplicities of infection (Liu et al., 2020b). However, it is likely this work generated significant interest in this compound that led to the subsequent numerous clinical trials. Other groups confirmed this activity in Vero cells and also demonstrated activity in Caco-2 but not Calu-3 cells (Clementi et al., 2020). Several groups showed similar activity for remdesivir in Vero cells (EC50 1.65 μM), with increased activity in human epithelial cultures (EC50 0.01 μM) and Calu-3 (EC50 0.28 μM) (Pruijssers et al., 2020). Additional molecules were identified including eight artemisinins and lumefantrine (EC50 23.50 μM) which were tested in Vero cells and time of addition studies suggested this was working post entry (Cao et al., 2020). While not a focus of the current analysis, natural products were also tested in vitro, such as lycorine (EC50 0.31 μM) and oxysophoridine (EC50 0.18 μM), and many of these had activity in Vero cells with increased potency over drugs like gemcitabine (EC50 1.24 μM) and chloroquine (EC50 1.38 μM) (Zhang et al., 2020a). Larger collections of molecules were also tested in Vero cells which resulted in identification of niclosamide (IC50 0.28 μM) and ciclesonide (IC50 4.33 μM) as hits (Jeon et al., 2020). Additionally, the antiviral tilorone (IC50 4 μM) was identified as an early hit (Jeon et al., 2020) and has previously been shown to have similar activity against MERS (Ekins and Madrid, 2020) and Ebola (Ekins et al., 2015a) [as has remdesivir (de Wit et al., 2020)]. An earlier preprint (Jeon et al., 2020) also included the antimalarial pyronaridine (IC50 31 μM). The FDA approved antiparasitic, ivermectin (IC50 2.8 μM) was also shown to have in vitro activity in Vero cells, which likely also sparked early interest in this molecule (Caly et al., 2020). 12,000 clinical stage or FDA approved compounds in the ReFRAME library were screened against Vero cells. 21 hits were identified with promising dose response relationships in Vero cells including apilimod (EC50 0.023 μM) and clofazimine (EC50 0.310 μM) (Riva et al., 2020). Further, the PIKfyve kinase inhibitor apilimod was tested in 293T cells (EC50 0.012 μM) and Huh-7 cells (0.088 μM) (Riva et al., 2020). A second group demonstrated how SARS-CoV-2 modified phosphorylation in infected cells and proposed kinase inhibitors as important (Bouhaddou et al., 2020) including apilimod which showed activity in Vero (IC50 < 0.08 μM) and in A549 cells (IC50 0.007 μM) (Bouhaddou et al., 2020). A protein interaction map identified FDA and clinical stage compounds binding to sigma-1 and 2 receptors which act as host factors, with the most potent compound identified in Vero cells being PB28 (IC90 280 nM) (Gordon et al., 2020a). Much of this early in vitro screening work was in Vero cells, and when promising compounds are tested in human cells, they may have very different activity likely due to the lack of the host protein TMPRSS2 (Shulla et al., 2011; Hoffmann et al., 2020; Shang et al., 2020).
Other cell types have also been used for larger screens, such as a quantitative HTS in Huh7 cells, which tested 1425 compounds and identified 11 novel compounds with activity IC50 < 1 μM including lactoferrin which showed potent activity (IC50 308 nM) (Mirabelli et al., 2020). An enzyme-linked immunosorbent assay (ELISA) and cell viability assay screen of 1528 compounds led to 19 hits, out of which 4 were the most active in Vero cells and included cetilistat (EC50 1.13 μM), diiodhydroyquinoline (EC50 1.38 μM), abiraterone acetate (EC50 1.94 μM) and bexarotene (EC50 2.01 μM) (Yuan et al., 2020). A screen of the Prestwick library in hPSC lung organoids identified imatinib (EC50 4.86 μM), mycophenolic acid (EC50 0.15 μM) and quinacrine (EC50 2.83 μM) (Han et al., 2020). This was followed by testing in mice treated with these 3 drugs infected with SARS-CoV-2 pseudovirus and showed significant decreases in infected cells (Han et al., 2020). This is of interest for several reasons, one being that others had not observed in vitro SARS-CoV-2 activity for quinacrine in Vero cells (Jeon et al., 2020). Quinacrine and tilorone have also previously been demonstrated to possess activity against Ebola infected HeLa cells (Ekins et al., 2015a) and not Vero cells (Lane et al., 2019a) and we more recently have tested these compounds in several cell types infected with SARS-CoV-2 (Puhl et al., 2021a). Target-based screens have also been performed, with a FRET-based screen of Mpro which assessed 10,000 compounds, finding 7 primary hits and one of these being ebselen (IC50 0.67 μM) which also had activity in Vero cells (EC50 4.67 μM) (Jin et al., 2020a). It should be noted that from all this predominantly in vitro testing, very few compounds have progressed to in vivo animal models of SARS-CoV-2 infection.
Antivirals of Most Interest
Remdesivir
There are currently few small-molecule drugs approved for COVID-19 (Hall et al., 2021), including remdesivir (Eastman et al., 2020), which as described above originally demonstrated activity in Vero cells (Wang et al., 2020a; Pruijssers et al., 2020), human epithelial cells and in Calu-3 cells (Pruijssers et al., 2020) infected with SARS-CoV-2 prior to clinical testing. Remdesivir represents a “repurposed prodrug” which was originally developed for Hepatitis C virus, then repurposed for treating Ebola virus (EBOV) and has since reached clinical trials for EBOV (Mulangu et al., 2019). Remdesivir’s target specificity and potency towards RNA polymerase was noted early on (Gordon et al., 2020b), as it causes irreversible chain termination. A primary human lung epithelium infection model and a lung organoid model were used to show remdesivir could suppress viral infection (Mulay et al., 2020). Remdesivir was therefore repurposed very quickly (Wang et al., 2020a; Pruijssers et al., 2020) obtaining an emergency use authorization and then FDA approval in less than a year (Eastman et al., 2020). Subsequently, there have been many clinical studies for remdesivir, but the effectiveness of this drug is far from comprehensive (Wang et al., 2020b; Goldman et al., 2020; Spinner et al., 2020; Barratt-Due et al., 2021) and yet still it is the only small molecule approved by the FDA (while molnupiravir and paxlovid have emergency use authorizations) for use alone against COVID-19. This antiviral is severely limited by its requirement to be administered I.V. and its use is therefore restricted to a hospital setting. We are aware of remdesivir oral formulations being tested so these may overcome the limitations in future.
Molnupiravir
Molnupiravir (EIDD-2801, MK4482) is a prodrug that was identified as an inhibitor of influenza A and respiratory syncytial virus acting as an RNA mutagen and like remdesivir was initially developed as a hepatitis C inhibitor in the early 2000s. This was shown early on in the pandemic to be active in vitro against SARS-CoV-2 and progressed to in vivo testing in mice and hamster (Sheahan et al., 2020; Rosenke et al., 2021; Wahl et al., 2021). We are not aware of any clinical trial (NCT04392219) data that has been peer reviewed yet for this molecule although Merck have obtained emergency use authorization from the FDA. Molnupiravir was initially reported to have reduced the risk of hospitalization or death by approximately 50% compared to placebo for patients with mild or moderate COVID-19 (NCT04575597) (Anon, 2021), although this was recently adjusted to 30% (Anon, 2021b) and may impact its ultimate approval. Molnupiravir is approved in Britain for use in people with mild to moderate COVID-19 and at least one risk factor for developing severe illness, such as obesity, older age diabetes, and heart disease.
Paxlovid
The rapid development of the potent Mpro inhibitor PF-07321332 and clinical testing demonstrates the capabilities of a major pharma. However, it is worth pointing out that its development also began nearly 20 years earlier from a potent Mpro inhibitor for SARS-CoV-1. This compound was also a known P-glycoprotein substrate requiring it to be tested in vitro in Vero E6 cells with a P-gp inhibitor as these cells express high levels of this efflux transporter (Owen et al., 2021). The molecule is also a substrate for CYP3A4. Clinically this compound is used in combination with the protease inhibitor ritonavir to inhibit its metabolism and has been branded as Paxlovid (Owen et al., 2021). Like for molnupiravir, we are not aware of any clinical trial data that has been peer reviewed and published yet for this molecule at the time of writing, although Pfizer have also obtained an FDA emergency use authorization. This drug has been reported to reduce the risk of hospitalization or death by 89% compared to placebo in non-hospitalized high-risk adults with COVID-19 in interim analysis of phase 2/3 EPIC-HR study in which no deaths were reported in patients who received Paxlovid compared to 10 deaths in patients who received placebo. One of the major limitations of this drug is its complex synthesis and limited supply of the clinical material. Therefore, efforts to develop inhibitors that are more readily synthesized may be ideal and there is considerable activity around developing additional Mpro inhibitors such as GC376 (Dampalla et al., 2021).
PF-00835231
PF-00835231 is potent inhibitor of Mpro, which binds covalently to the protease and is administered i. v. PF-00835231 is an analog of rupintrivir, a human rhinovirus (HRV) Mpro inhibitor. PF-07304814 is a phosphate prodrug that is rapidly converted in vivo to the active moiety, PF-00835231, which exhibits high selectivity over human proteases, acts as a broad-spectrum protease inhibitor and demonstrates potent antiviral activity in vivo (Boras et al., 2021). PF-07304814 exhibits an encouraging preclinical profile that has the ADME, safety, and once converted to PF-00835231, SARS-CoV-2 antiviral activity to support progression to the clinic as a COVID-19 single-agent antiviral treatment. The favorable profile of PF-07304814 enabled the rapid progression to clinical trials (NCT04627532 and NCT04535167) (Boras et al., 2021).
Favipiravir
Favipiravir is an approved antiviral in Japan for pandemic influenza and has also demonstrated some activity against Ebola and other viruses in vivo animal models, suggesting a broad-spectrum activity. Like molnupiravir, favipiravir leads to mutations in the viral RNA (Driouich et al., 2021). Favipiravir is not potent and often requires high doses leading to some toxicity in animal models. To date most of these SARS-CoV-2 in vivo studies have been in hamster (Kaptein et al., 2020; Driouich et al., 2021; Touret et al., 2021).
Dexamethasone
As inflammation is one of the hallmarks in COVID-19 and particularly severe in hospitalized patients, the role of anti-inflammatory agents such as steroids was studied early on. By July 2020 a clinical trial had showed the effectiveness of dexamethasone by decreasing mortality in patients requiring supplemental oxygen or mechanical ventilation (Group et al., 2021). More recent trials in patients with moderate to severe infection against SARS-CoV-19 showed survival benefits of using dexamethasone when given in addition to the standard of care (Tomazini et al., 2020). We are not aware of any in vitro or in vivo studies for this compound that enabled its progression to clinical trials.
Fluvoxamine
Like dexamethasone, other molecules have apparently progressed to clinical trials without apparent in vitro or in vivo testing against SARS-CoV-2. One such molecule is the selective serotonin reuptake inhibitor fluvoxamine, which is used to treat obsessive compulsive disorder and depression, with promising recent clinical trial results against SARS-CoV-2. This molecule has been shown to bind the sigma receptor, reduces inflammation and protects against septic shock in mice (Rosen et al., 2019). The first small trial was a double blind randomized fully remote contactless clinical trial with 80 patients treated with fluvoxamine 100 mg and 72 patients with a placebo, dosed 3 times a day. Patients on fluvoxamine had lower odds of clinical deterioration (Lenze et al., 2020). The most recent study described a clinical trial performed in Brazil with 741 patients given fluvoxamine 100 mg twice daily for 10 days. Amongst high-risk patients with early diagnosed COVID-19 hospitalization was reduced (Reis et al., 2021). There are several likely mechanisms for fluvoxamine against SARS-CoV-2 (Sukhatme et al., 2021). One of them is that sigma 1 receptor agonists like fluvoxamine and fluoxetine are lysosomotropic (Hallifax and Houston, 2007; Kazmi et al., 2013). Given the lysosomal egress of β-coronaviruses from infected cells, lysosomotropic drugs like fluvoxamine could have antiviral effects in the virus laden lysosomes (Homolak and Kodvanj, 2020).
Pyronaridine
A machine learning model was used to identify pyronaridine tetraphosphate (Ekins et al., 2015b) for testing against EBOV and subsequently this molecule inhibited EBOV and Marburg in vitro as well as demonstrating significant efficacy in the mouse-adapted EBOV (ma-EBOV) model (Ekins et al., 2018; Lane et al., 2019a; Lane et al., 2019b). Pyronaridine was identified as a possible virus entry inhibitor (Lane and Ekins, 2020). Pyronaridine tetraphosphate is used as an antimalarial in several countries as part of a combination therapy with artesunate (Pyramax). Pyronaridine alone also demonstrated significant activity in the guinea pig-adapted model of EBOV infection (Lane et al., 2020a). It has been recently shown that this compound possesses in vitro activity against SARS-CoV-2 (Bae et al., 2020; Jeon et al., 2020; Puhl et al., 2021a) and pyronaridine is in a clinical trial administered in combination with artesunate. Using A549-ACE2 cells, which support SARS-CoV2 growth to about 107 PFU/ml, pyronaridine showed SARS-CoV-2 inhibition demonstrating IC50 0.23 μM and a good selectivity index and binding to SARS-CoV-2 spike RBD (Kd 0.62 μM) (Puhl et al., 2021a) while more recently it has been shown to inhibit Plpro (IC50 1.8 μM) (Puhl et al., 2021b). Pyronaridine is of particular interest as the Cmax data for pyronaridine in our previous mouse pharmacokinetics studies (i.p. dosing) suggested that plasma levels that are above the average IC50 observed for SARS-CoV-2 inhibition in vitro (Lane et al., 2019b) can be reached with dosing well below the maximum tolerated dose. Pyronaridine also has excellent in vitro ADME properties with a long half-life that makes a single dose treatment possible (Lane et al., 2019b; Puhl et al., 2021a). We have recently assessed the in vivo efficacy of pyronaridine in a K18-hACE2 mouse model of COVID-19 (Puhl et al., 2021b) where it resulted in a decreased viral load and improved lung histopathology. Cytokine and chemokine analysis showed increased INF-1β levels and decreased IL-6, CXCL1, CCL4 (Puhl et al., 2021b) (Table 1).
TABLE 1 | Inhibitors of SARS-CoV-2 in vitro and in vivo in mouse or hamster.
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Many FDA-approved kinase inhibitors have previously been proposed as broad-spectrum antiviral therapies (Baranov et al., 2020) as they have multiple host protein targets required for the viral life cycle, replication, and infection of multiple virus types. Kinase inhibitors also possess anti-inflammatory and cytokine inhibitory activity properties which may address the lung damage from respiratory virus infections (Baranov et al., 2020). One of the earliest molecules to be computationally repurposed using a knowledge graph approach was the AAK1 and JAK1/2 kinase inhibitor baricitinib (Richardson et al., 2020). The mechanism was eventually validated in vitro and in human patients (Stebbing et al., 2020; Lenz et al., 2021) as well as in combination with hydroxychloroquine (Titanji et al., 2021). This molecule was granted an FDA emergency use authorization in combination with remdesivir. Subsequently, protein kinase inhibitors have been proposed for treating SARS-CoV-2 and have demonstrated in vitro (Riva et al., 2020; Weisberg et al., 2020; Baranov et al., 2020; Hoang et al., 2021; Zhang et al., 2020b; Zhao et al., 2020) and in vivo activity while several are also in clinical trials (Raghuvanshi and Bharate, 2021; Drayman et al., 2021). We also recently screened a panel of 45 kinase inhibitors in a model of SARS-CoV-2 in the β-coronavirus murine hepatitis virus (MHV), a model of SARS-CoV-2 infection, and identified 10 compounds with activity (Puhl et al., 2021c). 2 compounds demonstrated activity against SARS-CoV-2, HCov-229E and MHV (entrectinib and vandetanib) for which the main mechanism remains to be elucidated (Puhl et al., 2021c). Imatinib, masitinib and vandetanib are all kinase inhibitors that have similar low µM in vitro activity against SARS-CoV-2. Out of these, only masitinib (Drayman et al., 2021) showed a decrease in viral load in mice, while vandetanib reduced lung inflammation in mice and altered cytokine levels indicative that this might be useful to address the cytokine storm in COVID-19 (Puhl et al., 2021c). Imatinib did not decrease viral load in hamsters infected with SARS-CoV-2 (Touret et al., 2021) (Table 1) and clinically it did not decrease the time to discontinuation of ventilation and supplemental oxygen from more than 48 consecutive hours in patients with COVID-19 that required supplemental oxygen (Aman et al., 2021).
Quaternary Ammonium Compounds
A text mining approach undertaken by our team and collaborators recently described hundreds of molecules that have been identified with antiviral effects against coronaviruses in the literature (Baker et al., 2020). One of these was cetylpyridinium chloride, the quaternary ammonium compound used in mouthwashes and nasal sprays which destroys the viral capsid upon direct contact (Baker et al., 2020). Several pilot clinical trials have also suggested the utility of this and other mouthwashes to destroy the virus (Eduardo et al., 2021; Seneviratne et al., 2021). Others have shown a more than 98% reduction of SARS-CoV-2 S pseudovirion entry in 293/hACE2 cells when the cells were treated with lysosomotropic agents increasing endosomal pH, such as ammonium chloride and bafilomycin A (Ou et al., 2021).
Phospholidosis
A recent article (Tummino et al., 2021) focused on compounds originally identified from a repurposing screen that showed no relationship between sigma 1 receptor potency and SARS-CoV-2 antiviral activity. They demonstrated that for cationic amphiphilic drugs (CADs), phospholipidosis was observed in cells and correlated strongly with their in vitro antiviral activity. We recently discussed (Lane and Ekins, 2021) this study and pointed out that compounds with a basic pKa (>6.5) and cLogP of >2 tend to be lysosomotropic and accumulate in the lysosomes (Nadanaciva et al., 2011), which is a key for many phospholipidosis-inducing compounds. 4 phospholipidosis-inducing drugs (amiodarone, sertraline, PB28 and tamoxifen–Table 1) that showed in vitro activity were tested in a 3-days mouse efficacy model for SARS-CoV-2 infection and these did not show efficacy as measured by viral load (and neither did elacridar a compound that is not a CAD) (Tummino et al., 2021). We pointed out that phospholipidosis may not even be relevant in the mouse model for SARS-CoV-2 as the authors showed amiodarone offers neither antiviral protection nor hallmarks of phospholipidosis. Others have described how CADs accumulate in different subcellular compartments (e.g., mitochondria and lysosomes) (Vater et al., 2017a; Vater et al., 2017b) and basic amines may also lead to accumulation in these compartments and change the pH, inhibiting entry for some viruses. This approach has been proposed as a strategy to decrease SARS-CoV-2 viral infection (Gorshkov et al., 2021). In summary, many CADs have antiviral activity and induce phospholipidosis during chronic treatment and yet this toxicity is reversible and therefore manageable (Salata et al., 2017).
Drug Transporters
CADs are also of interest because of potential for interfering with human drug transporters. Cationic compounds with SARS-CoV-2 antiviral activity (chloroquine, hydroxychloroquine and quinacrine) inhibited OCT and MATE transporters in vitro (Martinez-Guerrero et al., 2021). An independent study has also evaluated 25 drugs used in COVID-19 clinical trials to assess the potential for drug-drug interactions (Yee et al., 2021). Transporters can also be targeted to reach viral sanctuary sites such as the brain and testes. As an example, the human equilibrative nucleoside transporters 1 and 2 (ENT) are of interest because their substrates may gain entry to the testes and other sites. We are at the early stages for understanding these structure-inhibitor and structure-substrate relationships for these transporters (Miller et al., 2021a; Miller et al., 2021b; Miller et al., 2021c) and most recently evaluated remdesivir and molnupiravir (Miller et al., 2021a). This illustrated how these transporters may have a role in the efficacy of these compounds and how it may differ for each based on the affinity for these transporters.
Targeting the Cytokine Storm
It has been demonstrated that SARS-CoV-2 causes an imbalance in the human immune system which may lead to a cytokine and chemokine storm (Costela-Ruiz et al., 2020) impacting PDGF, VEGF (Huang et al., 2020), IL-6 (Herold et al., 2020; Wang et al., 2021), IL‐8, IL‐10 (Wang et al., 2021), TNF‐α (Wang et al., 2021) and IFN-α and -β (Molony et al., 2017; Hu et al., 2018; Zhang et al., 2020c; Xia et al., 2020; Yuen et al., 2020). Furthermore, an impaired type I interferon response has already been observed in COVID-19 (Hadjadj et al., 2020), which is followed by increased circulating levels of IL-6 and TNF-α. This may also result in acute respiratory distress syndrome (ARDS), coagulation disorders, and eventually multiple organ failure (Costela-Ruiz et al., 2020; Chen et al., 2021). Disease severity is linked to a highly dysregulated innate immune response, which is broadly characterized by a delayed interferon I (IFN-I) and IFN-III response relative to symptom onset and possibly peak virus replication, and the production of an exuberant inflammatory response (Lowery et al., 2021), exacerbated proinflammatory cytokine production and in extensive cellular infiltrates in the respiratory tract, resulting in lung pathology (Lowery et al., 2021). Gene expression in human lung only mice demonstrated interferon-stimulated genes and inflammatory cytokines including IL6, CXCL8, CXCL10, TNF and CCL5 were induced from infected lung tissue (Wahl et al., 2021). Hence, in this mouse model, SARS-CoV-2 causes an upregulation of the innate immune response.
Most recently, a randomized, placebo-controlled trial of Janus-kinase inhibition using tofacitinib, has been reported to improve COVID-19 survival, in the presence of background glucocorticoid treatment (received by 89% of patients) (Guimaraes et al., 2021). Antivirals that can dampen the cytokine storm in a selective manner would provide a useful therapeutic approach for treating patients, for example vandetanib (Puhl et al., 2021c) (Table 1).
Physiochemical Properties of Antivirals
What should the perfect COVID drug look like? In an ideal world, a molecule that directly addresses one or more viral target as well as having host effects to modulate the cytokine storm would be considered promising. We have focused on a small set of compounds which are predominantly already approved drugs or drug candidates, that we have separated into those that demonstrated some degree of in vivo efficacy in various animal models for SARS-CoV-2 and those that do not. Interestingly, 17 out of 25 molecules displayed activity against host targets or mechanisms (Table 1). Our criteria are broad so that we can capture molecules that may have a direct antiviral effect or a host effect. Therefore, viral load reduction alone was not a solo-criteria and in some cases, molecules showed improvements in histopathology alone, and these were considered active. Clearly there has been some concern around CADs and whether they represent a waste of resources based on a small in vitro: in vivo analysis (Tummino et al., 2021). Our analysis of physiochemical properties for these 25 drugs that have been tested in vitro and in vivo (Table 2) clearly shows a wide range of logP and pKa values, such that there are molecules that comply with requirements for phospholipidosis [basic pKa (>6.5) and cLogP of >2) and CADs (cLogP (≥3) and pKa (≥7.4)] in both the in vivo active and inactive groups (Table 2). This perhaps provides a larger and more convincing dataset than this earlier study (Tummino et al., 2021) to demonstrate why we should pursue CADs as antivirals alongside other classes of molecules.
TABLE 2 | A. Calculated and predicted physicochemical properties for SAR-CoV-2 inhibitors. pKa and LogP calculated with ChemAxon software (Budapest, Hungary). Predictions using a machine learning model (Lane et al., 2020b) for lysosomotropic activity are highlighted in the last 3 columns, CAD paper = (Tummino et al., 2021) known lysosomotropic = (Nadanaciva et al., 2011; Kazmi et al., 2013).
[image: Table 2]Computational Approaches to Guide Drug Discovery: Machine Learning Models
To date we have collated hundreds of drugs that have in vitro data against this virus primarily in Vero cells (Wang et al., 2020a; Liu et al., 2020b; Jeon et al., 2020; Jin et al., 2020b). This has enabled machine learning models and even with these relatively modest datasets we have shown that such models can be used to select additional compounds for testing (Gawriljuk et al., 2021). In addition, we can use these molecules that have been tested to date to visualize the in vivo in active and inactive molecules (Figure 1A) and these appear to show the coverage of this property space is relatively even and not clustered in any particular area. Similarly, the in vivo active and inactive molecules are well dispersed in the thousands of molecules in the SuperDrug database (Figure 1B). Selecting compounds close to the active molecules in these property spaces may be one way to help select additional compounds for future testing. Other sources of in vitro data are available as groups have screened libraries such as the NIH NCATS OpenData portal (Anon, 2022) and this resource could be used for modeling. In addition, as datasets are built up specifically for antiviral targets like Mpro, PLpro or others, these could be used for target specific machine leaning models that could be combined with the whole cell models.
[image: Figure 1]FIGURE 1 | t-SNE plots using 1024-bit ECFP6 fingerprints as input features to visualize compounds tested in vivo versus (A). compounds tested in vitro and used for a machine learning model, (B). versus approved drugs in SuperDrug to illustrate the coverage of molecular property space.
Impact Beyond COVID-19
Several in vivo studies of small molecule drugs have described the direct measurement of cytokine and chemokine levels or gene expression patterns as an attempt to understand these drugs and their effects on inflammation. The utility of this is that we may be able to identify molecules with a specific pattern of increased or decreased cytokine levels that may be the mirror image for biomarkers for other lung or other diseases. This is analogous to the connectivity map (CMap), which brings together data on genes and thousands of drugs and disease states used in several repurposing projects to identify new uses for old drugs (Lamb et al., 2006; Lamb, 2007; Zimmer et al., 2010; Subramanian et al., 2017). There is therefore the potential to find new drugs that could be potentially useful for these other (lung) diseases which may not currently have viable treatments or with limited treatment options (e.g. lung fibrosis).
Addressing COVID-19 Symptoms
Several of the symptoms of COVID-19 include impacts on the peripheral nervous system. Olfactory dysfunction was described early on as well as the diagnosis and management of these symptoms (Whitcroft and Hummel, 2020). Loss of the sense of smell (hyposmia/anosmia) and/or taste (hypogeusia/ageusia) have been widely reported (Lechien et al., 2020; Mao et al., 2020), can predict SARS-CoV-2 infection and have been added to the list of major symptoms (Menni et al., 2020) as well as the Center for disease Control and Prevention’s website of symptoms (CDC, 2020). 64–67% of those testing positive (>7,000) in a study in the US and United Kingdom described a loss of smell and taste (Menni et al., 2020). Surveys have shown that taste and smell dysfunction may be an early symptom of COVID-19 in over 50% of those questioned (Mercante et al., 2020) and another study reported resolution of these symptoms in 48.7% of patients within 4 weeks of onset (Boscolo-Rizzo et al., 2020). While at first glance these may not seem as severe as other symptoms of the virus such as fever and cough, they can be long-lived based on what we know of other viral infections (Suzuki et al., 2007). There are considerable ongoing efforts in drug and vaccine discovery for COVID-19 (with hundreds of drugs in various stages of research and clinical trials ongoing), yet there is relatively little discussion of how SARS-CoV-2 might be causing these specific symptoms (Bilinska and Butowt, 2020) or even whether these could be targets for pharmaceutical intervention. To date, there have not been proposals to mitigate the taste and smell symptoms as a treatment strategy. Besides SARS-CoV-2 directly interacting with angiotensin converting enzyme 2 (ACE2) receptor in the nasal epithelium (Whitcroft and Hummel, 2020), nasal goblet cells (Sungnak et al., 2020) and olfactory mucosa (Brann et al., 2020) there have been few alternative suggestions of how the virus might be causing these symptoms or how to treat them. For example, decreased IL-6 improved smell and taste in COVID-19 patients (Cazzolla et al., 2020). SARS-CoV-2 infection of non-neuronal cell types has been proposed to lead to olfactory dysfunction in COVID-19 patients (Brann et al., 2020). One group has recently proposed that ACE2-independent pathways may be involved such that alternative viral receptors may yet be identified (Bilinska and Butowt, 2020). Significant differences in the level of gene expression of ACE2 in different age groups (Bunyavanich et al., 2020) may explain differences in susceptibility. There is considerable previous discussion for the side effects of drugs including the impact of ageing (Schiffman, 1997; Schiffman et al., 2002) and anosmia and agusia (Schiffman and Doty, 2015; Schiffman, 2018) diseases, which include drug treatment for other diseases (including other viruses such as influenza) (Schiffman, 1983a; Schiffman, 1983b). The exact mechanisms by which SARS-CoV-2 and other neurotropic or neuro-invasive viruses impair these chemical senses are not yet fully understood (Bilinska and Butowt, 2020; Xydakis et al., 2020). Interestingly, while many papers have discussed the role of GPCR’s in the role of taste and smell (Meunier et al., 2020), there has been no discussion on whether these receptors themselves could be directly or indirectly affected by SARS-CoV-2. Further research into the likely many mechanisms responsible for chemosensory losses may provide insights into the virus and provide new knowledge for the development of treatments. This would also point to the need for more investment in this research area. Clearly, prior to COVID-19 few patients were seen with sensorineural viral anosmia which limited clinical research. We now have an abundance of research subjects (Xydakis et al., 2020) and it would be important to take advantage of this situation as it could inform how we address future coronaviruses. Certainly, there are many other important symptoms associated with COVID-19 gathering some public attention such as hair loss (trichodynia and telogen effluvium) that need to be addressed (Rossi et al., 2021; Sharquie and Jabbar, 2021; Starace et al., 2021). Small molecules addressing these many COVID-19 symptoms may also provide future generations of antivirals that can further differentiate themselves from remdesivir, molnupiravir and paxlovid.
The Need for Global Collaborations
One of the challenges we identified from the very outset of the pandemic was identifying laboratories that could perform the in vitro and in vivo testing of efficacy for small molecules. Many of the collaborators we had previously worked with for different viruses were setting up testing against SAR-CoV-2, with much of the work done in Vero cells initially. We ran into the challenge of using Vero cells with 3 compounds identified previously for Ebola virus, which had more cytotoxicity in Vero versus human cell lines such as HeLa (Bae et al., 2020). There was a long lag time before human cell line models became accessible for testing with SARS-CoV-2. Subsequently, we have been keen to assess a molecules’ activity against as many cell lines as possible (Puhl et al., 2021a). The potential for P-glycoprotein to have a role in effluxing compounds out of Vero cells as noted by Pfizer (Owen et al., 2021) is one issue, another might be the lack of an interferon response in Vero cells. As an example, pyronaridine does not appear to be a P-gp substrate based on testing in Caco-2 cells (Lane et al., 2019b) so this may be having a lesser impact. From our experience we found the lack of a clear coordinated US (and for that matter global) response has led to silo-ing of capabilities such that there are initiatives that could probably assist companies in developing small molecule antivirals, but these are relatively difficult to gain entry to. There were many US government agencies as well as philanthropic organizations and websites that promoted calls for molecules and research for COVID (e.g. NIAID, BARDA etc). After numerous submissions in response to government agencies, foundations, and requests for funding there was little in the way of responses. This could be because of the strict filter implemented in order to wade through the massive numbers of applications or it could be the criteria set for antivirals has been set too high e.g., direct acting molecules were likely preferred over host targeting molecules, or molecules with known mechanisms of action were preferred over those with no known mechanism. We have been fortunate to be able to coordinate testing and collaborations with many other global academic laboratories, driven by the shared desire to find molecules that could be rapidly brought to patients, rather than by a financial return. We are also starting to see others share their experiences of COVID drug discovery such as the COVID Moonshot and we can likely learn from these for future efforts (von Delft et al., 2021).
Future Prospects: Accelerating the Drug Discovery Pipeline
After spending a significant amount of our time over the past 2 years on COVID-19 drug discovery what have we learnt? First, few laboratories still have a comprehensive drug-discovery pipeline for the disease. While many academic laboratories are experts at the biology or the animal model development, they lack compounds and are reliant on big pharmaceutical companies to supply them. This requires academics to access pharmaceutical companies who may already have molecules with antiviral activity. This relationship is symbiotic: the academics likely get funded for the experiments and the industry obtains the data they need from key opinion leaders. Other approaches are available in the USA such as the NIAID antiviral testing capabilities which contracts out the testing to academic laboratories. When COVID-19 was identified, in vitro testing in Vero cells was available after several months followed by Caco-2 and Calu-3 cells. We have been able to additionally obtain testing against A549 cells at several academic laboratories in the USA and Brazil. Being able to submit molecules for testing against a panel of human and animal cells from the outset would be ideal in future and potentially speed up identification of molecules and perhaps filter out compounds that may be less useful. We initially, could not move pyronaridine forward until we could also demonstrate the molecule was active against SARS-CoV-2 in human cells, just as it showed activity differences between Vero and Hela cells for EBOV. There also needs to be a clear pathway for anyone to route their molecules through an in vitro-in vivo profiling service provided globally. Even now this does not really exist with each country likely focused on their own researchers. In the USA, there is a patchwork of government agencies such as BARDA, NIH etc. each advertising resources wanting to identify small molecules and using websites to solicit information. This is a one-way street and submitting information does not guarantee a response. What is needed is a truly global initiative with a transparent pathway from the very outset to counter the next pandemic virus.
One wonders how much has been financially invested by researchers and small companies without any guarantee of funding or reward, in the hope that they can hit the lottery and find a molecule that they can then convince a large pharma company to license. For every small company that licenses a drug to a major pharma there are likely many hundreds that are currently striving to get to that point. Increasingly, the bar will continue to be set higher. Remdesivir is a relatively low bar to overcome (e.g., find a drug that can demonstrate efficacy that is not administered i. v.). Molnupiravir will be harder (find a drug that likely will not have the mutation concerns or require less frequent dosing), and paxlovid harder still (find a drug as potent, orally delivered that does not interfere with CYP3A4). After these there will likely be combinations of these and other drugs as we have seen for HIV and hepatitis C. Already there have been efforts to predict synergistic combinations (Jin et al., 2021)We will then probably move into finding drugs that specifically address some of the symptoms like loss of smell and taste, decrease inflammation as well as impact long COVID. This will unfortunately require a long wait for those patients suffering from these symptoms now.
We will likely see these newer drugs brought to market more rapidly than any other drugs to date because of the unmet need. This in turn will set expectations for faster review for drugs for other diseases like cancer which have generally been expedited, but COVID-19 has clearly identified the ‘need for speed’ in drug discovery. There is also a need for efficiency and there was certainly redundancy of testing as many groups tried the same or similar compounds or experiments. This may point to a need for some degree of coordination of efforts being needed. As the Omicron variant suggests, we will need to move very quickly to keep up with this moving target of COVID-19. The next pandemic could be worse so we will need to be ready with broad spectrum antivirals. We cannot afford to rest on our laurels as often happens after outbreaks make the news (e.g. Ebola, Zika, flu). Our global medicine cabinet needs more antivirals targeting different mechanisms and we therefore should not be too selective about avoiding compounds that may appear undesirable such as CADs or impact cytokines. These characteristics of molecules may turn out to be desirable features. Recent publications while this was in review, include additional compounds like cannabidiol which has an EC50 ∼1 μM and can significantly inhibit viral replication in mouse lungs when treated for a week before infection (Nguyen et al., 2022). The mechanism appears to be via induction of the interferon pathway. We would expect to see many other molecules identified that may possess promising direct antiviral or host effects, but these may have to overcome considerable hurdles to compete with the drugs that are either approved or emergency authorized currently. The situation with COVID-19 is dynamic and we have also seen the recent removal of authorizations for two monoclonal antibodies by the FDA as they are infective against Omicron. This also points to the need for continual drug discovery and development of antivirals for COVID-19 and why it may be important to understand the physicochemical properties and potential mechanisms of molecules that have been identified to date, so we can learn from them.
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The global spread of severe acute respiratory syndrome corona virus-2 (SARS-CoV-2) variants is alarming. In addition to vaccines, effective antiviral agents are urgently needed to combat corona virus disease 2019 (COVID-19). In this review, we will give insights on several canonical approaches using current medicinal chemistry. They target host (TMPRSS2, cathepsins B/L, furin) and viral (3CLpro and PLPro) proteases involved in virus cell entry and virus production, respectively. Innovative mechanisms of drug action are now explored whereby the drug triggers a cellular event that reduces the level of disease-implicated protein or RNA. The potential therapeutic power of induced degradations of viral proteins by PROTACs and of RNA by RIBOTACs for the treatment of COVID-19 will be discussed. Degraders of host cell RNA-binding proteins (RNA-PROTACs) may also constitute a therapeutical opportunity. First applicated to oncology, these novel technologies may be of a particular interest to obtain therapeutics susceptible to act on mutated viruses.
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INTRODUCTION
Due to the global outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), pharmaceutical companies and academic institutions are actively pursuing efforts to develop new vaccines, repurpose existing drugs and discover of small inhibitors. Host and viral proteases have been especially targeted by inhibitors to block their functions in virus entry and cell cycle. High local concentrations of these inhibitors are needed to obtain a large clinical benefit but they could facilitate off-target binding and side-effects (Adjei, 2006). Such occupancy-based strategy is based on inhibitor binding into an active site. Other putative protein targets to combat COVID-19 are devoid of binding site. Their control can be obtained by decreasing their cellular level in so-called event-driven pharmacology (Cromm and Crews, 2017). These novel therapeutic approaches comprise nucleotide-based techniques [small interfering RNA (siRNA), antisens oligonucleotides, genome editing CRISPR-Cas9 strategy], and targeted protein degradation (TPD) techniques. TPDs examplified by PROteolysis TArgeting Chimeras (PROTACs), molecular glues, LYsosome-TArgeting Chimeras (LYTACs) and Antibody-based PROTACs (AbTACs) (Alabi and Crews, 2021; Bond and Crews, 2021) may constitute a new area of drug discovery to combat SARS-CoV-2 and the uncontrolled spread of virus variants. Other new chemical modalities use RNA-PROTACs that target specific RNAs to degrade RNA-binding proteins for their degradation (Ghidini et al., 2021). The degradation of the viral RNA itself can be induced with ribonuclease targeting chimeras (RIBOTACs) (Di Giorgio and Duca, 2020).
VIRUS CELL CYCLE AND THERAPEUTICAL APPROACHES
The enveloped SARS-CoV-2 is single-stranded positive-sense RNA virus. Its genome encodes Non-structural proteins Nsps (Nsp1-Nsp16) (replicase complex), nine accessory proteins (ORFs) and four major structural proteins: S (Spike), E (Envelope) M (Membrane), and N (Nucleocapsid) (Arya et al., 2021) (Figure 1A). Nsps are produced by processing by viral proteases, papain-like protease PLpro (Nsp5) and main protease 3CLpro (Nsp3), of the polyproteins pp1a and pp1ab. Virus entry into the host cells occurs via two pathways: endocytosis or membrane fusion after protein S binding to the cellular angiotensin-converting enzyme 2 receptor (ACE2) (Figure 1A). The homo-trimeric spike glycoprotein that protrudes from the viral surface has two major subunits, the S1 subunit implicated in receptor recognition and the membrane-anchored S2 subunit mediating fusion between the viral and the host cell membranes. The host protease cleavage site called S1/S2 is located at the border between S1 and S2 subunits. The concerted action of ACE2 binding and S protein processing by the transmembrane serine protease 2 (TMPSSR2) induces irreversible conformational changes that promote virus-cell fusion (Senapati et al., 2021). Several other host proteases have been suggested to promote cell entry, cathepsins B/L and furin (Figure 1A). The uncoating by nucleocapsid degradation allows the release of the viral RNA into the cytoplasm to be translated. Two overlapping open reading frames (ORFs) encodes for polyproteins pp1a and pp1ab that are processed by the proteases 3CLpro and PLpro leading to Nsp 1–16 which form the replicase/transcriptase complex (RTC). The subgenomic RNAs are translated in the four structural proteins and some accessory proteins. New viral particles are assembled at intracellular membranes. Host and viral proteases as well as RNAs constitute targets to obtain anti-SARS-CoV-2 agents; protein and RNA degraders may also lead to next-generation of drugs (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) Simplified diagram of life cycle of SARS-CoV-2 and host and viral targets for antiviral development. The host’s machinery is used to translate the released single-stranded positive RNA into a large polyprotein. After autocatalytic cleavage of 3CLpro, the polyprotein is cleaved at 14 different sites with 11 of these by 3CLpro. The intracellular virus replication is followed by the release of the newly packaged SARS-CoV-2. Cellular and viral proteases are highlighted as potential targets for antiviral development. PROTACs or molecular glues drugs may potentially target proteases such as 3CPpro, or proteins such as the envelope protein E. RNA targeting molecules such as RIBOTAC and RNA PROTAC may also constitute antivirals. The sites of action of molnupiravir and RNA targeting small molecules are also indicated. ACE2: angiotensin-converting enzyme 2; CatL: cathepsin L; CatS: cathepsin S; pp1a, pp1ab: polyproteins; RTC: replication transcription complex; RER: rough endoplasmic reticulum; ERGIC: endoplasmic-Golgi intermediate compartment. (B) Protease inhibitors. (a) TMPRSS2 inhibitors. (b) Cathepsin L inhibitors. (c) Furin inhibitor MI-1851. (d) 3CLpro inhibitors. PF-0732132 is found in the drug paxlovid. MPI8 inhibits both 3CLpro and CatL.
HOST PROTEASES
Virus cell entry occurs via two independent pathways, endosomal mediated and TMPRSS2 mediated (Figure 1A). Among type II transmembrane proteases of the human respiratory tract known to cleave surface proteins of respiratory virus, the activity of TMPRSS2 was found the most crucial for SARS-CoV-2 entry and pathogenesis (Hoffmann et al., 2020b). TMPRSS2 aided by TMPRSS4 also facilitates virus entry into human small intestinal enterocytes participating to clinical complications (Zang et al., 2020). By priming the spike protein, TMPRSS2 facilitates the fusion of viral and host membranes whereas endosomal cathepsin B/L facilitates the fusion of viral and endosomal membranes (Figure 1A). These proteases can work independently. Recently, a suboptimal S1/S2 spike cleavage and inability to utilize TMPRSS2 was observed for the Omicron BA.1 variant that bears multiple spike mutations compared to the Delta one, thus favoring the endocytic pathway (Meng et al., 2022).
Camostat mesylate is a clinical TMPSSR2 inhibitor (phase I) that can partially block SARS-CoV-2 entry into cell lung line Calu-3, without cytotoxicity. This TMPSRRS2 inhibitor has the potential to treat COVID-19 in humans (Hoffmann et al., 2020b). Several other TMPRSS2 inhibitors are in clinical or pre-clinical phases: nafanostat approved in Japan (phase II), bromhexine (phase IV) and gabexate (preclinical phase) (Figure 1Ba). The TMPRSS2 main exosite is a novel target for inhibitors (Singh et al., 2020). Whereas TMPRSS2 acts locally at host cell membrane, the cysteine protease cathepsin L (CatL) with its acidic optimum pH is the major protease that cleaves the virus S1 subunit within endosomes (Ou et al., 2020). CatS is the major endosomal protease that mediates antigen presentation and antibody production (Beers et al., 2005). About 10 FDA approved drugs have an inhibitory activity against CatL but no available drug can specifically inhibit CatL (Dana and Pathak, 2020). Among them, are found oxocarbazate and the vinylsulfone K777 (pre-clinical phase) (Figure 1Bb). A combination of TMPRSS2 and cathepsins B/L inhibitors could lead to a complete blockade of viral entry due to a strong synergy (Hoffmann et al., 2020b; Liu T. et al., 2020; Padmanabhan et al., 2020; Hashimoto et al., 2021). Cathepsin L and 3CLpro share common structural and electrochemical similarities. The dual non-covalent inhibitor MPI8 that inhibits the viral 3CLpro and the host cathepsin L selectively versus cathepsins B or K is a potent antiviral in vitro (Cao et al., 2022; Ma et al., 2022) (Figures 1Bb,d).
Emerging evidence suggests that furin plays a critical role in viral entry and propagation. SARS-CoV-2 bears a polybasic sequence PRRAR at the S1/S2 cleavage site that can be cleaved by furin (Hoffmann et al., 2020a; Peacock et al., 2021). Several peptide-based and small-molecule inhibitors of furin have been developed (Dahms et al., 2021; Osman et al., 2022). A combination of the furin inhibitor MI-1851 (Figure 1Bc) with various TMPRSS2 inhibitors enhances the antiviral potency (Bestle et al., 2020). A novel antibody against furin cleavage site constitutes a suitable approach to decrease viral infectivity (Spelios et al., 2022).
VIRUS PROTEASES
The viral 3-chymotrypsin-like protease (3CLpro or Mpro) and papain-like protease (PLpro), and the RNA-dependent-RNA polymerase (RdRP) appeared as traditional targets to combat virus. Two oral antiviral treatments have been approved with molnupiravir targeting RdRP developed by Merck, and nirmatrelvir (PF-07321332) in paxlovid targeting 3CLpro developed by Pfizer (Figures 1A,B). The third drug, remdesivir developed by Gilead targeting RNA polymerase is less accessible (expensive intravenous infusions).
3CLpro and PLpro activities represent rate-limiting steps in viral replication (Cannalire et al., 2022). Active 3CLpro is a homodimer containing a noncanonical Cys145-His41 dyad whereas 3CLpro contains the classic Cys112-His273-Asp287 triad for papain-like proteases. 3CLpro cleaves the C-terminal region of the precursor protein at 11 sites whereas PL cleaves the N-terminal region of the viral precursor protein at three sites. 3CLpro shows glutamine-specific cleavage activity not observed in human proteases making it an interesting target (Ullrich and Nitsche 2020). Nearly 200 3D-structures of 3CLpro have been released favoring identification of new inhibitors by structure-based rational design or virtual screening of large collections of molecules (Liu Y. et al., 2020; Zhang et al., 2020; Singh and Villoutreix, 2021; Luttens et al., 2022). A lot of structurally diverse compounds (synthetic or natural) displaying 3CLpro inhibitory activity are summarized in earlier reviews (Akaji and Konno, 2020; Chen et al., 2021) (Figure 1Bd). Many are covalent peptidomimetics such as Ac-Abu-D-Tyr-Leu-Gln-VS (Rut et al., 2021) but non-covalent ones are now reported (Han et al., 2022) (Figure 1Bd). Efforts have been made to avoid peptidyl secondary amides (Yamamoto et al., 2022). Ultra-large virtual screening identifies an inhibitor showing comparable efficacy as PF-07321332 against SARS-CoV-2, and antiviral efficacy against SARS-CoV-1 and MERS (non-covalent Cpd 19) (Luttens et al., 2022). No peptidic compound is reported as orally available.
Fewer inhibitors of PLpro are known and potent and specific inhibitors are still needed (Ma and Wang, 2022). Additionally, PLpro contributes to immune escape by cleaving post-translational modified host proteins involved in innate immune response, (ubiquitin and ubiquitin-like protein ISG15 from interferon (IFN) responsive factor) (Freitas et al., 2020).
TARGETED PROTEIN DEGRADATIONS
Protease inhibitors rely on the accessible binding sites. The emerging TPD technologies can target proteins devoid of binding site, categorized as “undruggable” before. They draw inspiration from natural proteasomal protein degradation to specifically eliminate disease-relevant proteins. They are based on the design of small molecules called “degraders” able to induce the proteasomal degradation of the targeted protein. Two major types are known: PROteolysis TArgeting Chimeras (PROTACs) firstly developed in 2001 by Crews and Deshaies (Sakamoto et al., 2001; Sakamoto et al., 2003), and non-chimeric molecules known as molecular glues (Lu et al., 2014). In both cases, the association between the protein of interest (POI) and an E3 ubiquitin ligase is induced allowing the ubiquitin transfer to the POI and its subsequent degradation by proteasome (Figure 2A). The feasibility of PROTAC technology had led to clinical trials using the first oral PROTACs [ARV-110 (phase I) and ARV-471 (phase II)] for prostate and breast cancer treatment (Arvinas, Inc., 2019a; Arvinas, Inc., 2019b), and more recently, KT-474 (Kymera Therapeutics) and NX-2127 (Nurix Therapeutics) for autoimmune disorders and B-cell malignancies treatment, respectively (Qi et al., 2021). Several molecular glues such as the immunomodulatory “ImID” small molecules that bind to E3 ligase cereblon (thalidomide, lenalidomide and pomalidomide) have been approved for liquid cancers and four other ones are in clinical trials (Chamberlain and Hamann, 2019).
[image: Figure 2]FIGURE 2 | Schematic representation of degrader strategies. (A) Targeted protein degradation by chimeric PROTACs and molecular glues. Hetero-bifunctional PROTACs and molecular glues induce the proximity of a protein target (POI) and biological effector (E3) allowing POI ubiquitination and its targeting to proteasome for degradation. PROTAC and molecular glue are released allowing their subsequent use in a new cycle of POI induced degradation. The capability of PROTACs to induce MHC-I peptides is outlined. The chemical structure of THAL-SNS032 (PROTAC) and immunomodulators IMiDs (molecular glues) are shown. Schematic structure of: (a) trivalent PROTACs, (b) multitarget drugs. (B) RNA-PROTACs direct RBPs to proteasomal degradation. A short oligonucleotide binds to the RNA domain of the RBP. Linked by a spacer to a motif susceptible to binds an E3 ligase, it mediates RBP ubiquitination and degradation. (C) RIBOTACs induce the degradation of RNA itself.
PROTACs are hetero-bifunctional small molecules comprising two ligands connected by an organic linker, a ligand targets the POI and the other an E3 ligase (Bondeson et al., 2018; Burslem and Crews, 2020; Reboud-Ravaux, 2021). Compared to nucleic-acid strategies, PROTACs have the advantage to lead to an acute and reversible reduction of the targeted protein cell level and a reversible chemical extinction of all properties of POI (Verma et al., 2020). Molecular glues are monovalent small molecules (MW < 200 Da) that do not require a binding pocket on the POI and are good therapeutic candidates for undruggable proteins. They reshape the surface of an E3 ligase inducing the binding of a protein leading to assembly of a possibly cooperative ternary complex. Novel mechanisms for their action have been described (Alabi, 2021) such as polymerization enhancing interaction with a E3 ligase or, for bulky and aggregated proteins, an induced degradation via autophagy (Alabi, 2021). New degrader technologies such as LYTACs and AbTACs are developed to broaden the spectrum of protein targets to extracellular and membrane proteins (Alabi, 2021; Lin et al., 2021).
The TPD technologies can now be considered as newly emerging antiviral strategies that may counteract pathogen viruses by inducing the degradation of either viral or host protein targets (Alabi and Crews, 2021; Verma, 2021; Grohmann et al., 2021; Desantis and Giracci, 2022). For example, a NS3/4A protease degrader of the hepatitis C virus (HCV) has been reported (de Wispelaere et al., 2019). Anti-influenza activity was reported for oseltamivir-based PROTAC derivatives (Zhou et al., 2021). Protein degraders for SARS-CoV-2 3CLpro were hypothesized (Liu Y. et al., 2020). Design of PROTAC structures were obtained by computer modeling of the interaction between 3CLpro and cereblon E3 ligase (Shaheer et al., 2021). The countereffect of potential deubiquitinase action of PLpro is not experimentally evidenced. In parallel, a novel and potential capability of PROTAC compounds as anti-SARS-CoV-2 has been reported with an antiviral PROTAC targeting the envelope protein E that acts as viroporin. (Martinez-Ortiz and Zhou, 2020). This non-glycosylated envelope protein is a feasible target since inhibition of SARS coronavirus envelope protein ion channel affects several virus functions such as virulence, membrane permeabilizing activity and the viral assembly (Pervushin et al., 2009). Moreover, viral epitopes derived from the proteasomal degradation of protein E can be presented to MHC-I and promote the generation of antibodies against the viral protein (Jensen et al., 2018) (Figure 2A). This may result in the development of host T-cell activity against the viral protein. In view to combat resistance to viral mutations, host-directed antivirals are also promising. Four first-in-class indomethacin (INM)-based-PROTACs inhibit SARS-CoV-2 replication and exhibit broad-spectrum anti-viral activity in the Coronaviridae family (Desantis et al., 2021). THAL-SNS032 is a commercial cyclin-dependent-kinase 9 (CDK9)-directed PROTAC that has anti-human cytomegalovirus (HCV) activity. It inhibits SARS-CoV-2 replication (Hahn et al., 2021). Targeting androgen regulation of TMPRSS2 and ACE2 is a possible strategy to combat COVID-19 (Qiao et al., 2020; Deng et al., 2021). Androgen receptor-inhibitory therapies might reduce susceptibility to COVID-19 symptoms and mortality (Stopsack et al., 2020). Besides inhibitors (e.g., darolutamide, enzalutamide, flutamide and apalutamide), PROTACs targeting the androgen receptor could be protective against COVID since increased mortality and morbidity is observed in men (Wadman, 2020).
RNA-PROTACS AND RIBOTACS
Targeting conserved viral RNA structures and sequences is a novel approach to inhibit viral infection and progression. Interactions between RNA and small molecules are poorly understood rendering RNA difficult to target (Costales et al., 2020; Hegde et al., 2021). Nevertheless, RNA-PROTACs have been designed and synthesized producing degraders of RNA-binding proteins (RBPs) whose defects are observed in many diseases (Figure 2B) (Ghidini et al., 2021). The RNA binding site of RBPs can be used to produce RNA-PROTACs. These chimeric structures are composed of a small-RNA mimics that docks the RNA binding site of the RBP and of a peptide able to recruit the E3 ligase. This delivery of peptide to its target site by the oligonucleotide successfully provokes RBP degradation in cancer cells (Ghidini et al., 2021). Several RBPs in the host cells are predicted to bind to the SARS-CoV-2 RNA genome (Sun et al., 2021).
Ribonuclease targeting chimeras (RIBOTACs) are chimeric molecules inducing the degradation of RNA itself (Figure 2C), able to destroy cancer associated RNA (Kargbo, 2020) or SARS-CoV-2 RNA structures sequences (Di Giorgio and Duca, 2020; Haniff et al., 2020; Hegde et al., 2021). The PROTAC concept to the RNA field, firstly developed by the Disney group has now been extended (Costales et al., 2020; Liu Y. et al., 2020). The small molecule RIBOTAC has been shown to reduce SARS-CoV-2 RNA levels in a cellular model (Haniff et al., 2020). Using a 15-nucleotide complementary antisense oligonucleotide (ASO) linked to an RNase L recruiter the viral titer was reduced in virus-infected Vero E6 cells (Su et al., 2021).
DISCUSSION
Intensive efforts of the scientific community are needed to face potential future pandemics in order to discover broad-spectrum antiviral agents with new scaffolds and better resistance profiles. Viral 3CLPro and RdRP show the highest degree of conservation across different CoVs and are among the most characterized SARS-CoV-2 targets. Two small molecules nirmatrelvir (PF-07321332) in paxlovid targeting 3CLpro and molnupiravir targeting RdRP were recently introduced in clinics. Having no known homolog in host cell, 3CLpro remains an ideal target to identify new efficient inhibitors with broad-spectrum activity against coronavirus. Being catalytically inactive in the monomeric form, the development of dimerization inhibitors may also potentially lead to a new class of compounds as previously observed with the homodimeric HIV-1 protease (Bannwarth et al., 2009) and recently for SARS-CoV main protease (Goyal and Goyal, 2020). The underexplored PLpro is less conserved across CoVs family and could appear as less attractive in view of future CoV outbreaks. The antiviral efficacy of protease inhibitors could benefit of the use of drug combination therapy (host TMPRRS2 and cathepsins B/L) (Padmanabhan et al., 2020) or of multitarget drugs binding simultaneously to viral 3CLpro and host cathepsin L (Ma et al., 2022).
The increasing understanding of proteasomal protein degradation and RNA biology provides powerful and practical opportunities for the development of novel anti-SARS-CoV-2 agents. TPD using PROTACs and molecular glues may target not only viral or host enzymes but also a large variety of “undruggable” proteins such as structural proteins as previously suggested (Martinez-Ortiz and Zhou, 2020) or potentially many other ones. PROTACs have been applied to degrade a large variety of proteins, cytoplasmic, nuclear, membrane-bound and multipass transmembranes ones as well as “hard to drug” proteins (e.g., KRAS and Myc families) (Bond and Crews, 2021). In the case of 3CLpro, developing PROTACs using existing enzyme inhibitors could combine occupancy-driven and event-driven technologies avoiding enzyme accumulation in infected cells and lowering side-effects since PROTACs are recycled. They have many advantages over traditional protein inhibitors (Burslem and Crews, 2020). Acting in a catalytic manner allowing for substoichiometric usage, their effect persists until the POI reaccumulates. Off-target side effects and toxicity may be reduced. Nevertheless, the PROTAC large molecular weight (“beyond rule of 5”) may result in low bioavalaibility. Modifications of the linkers can efficiently enhance cell permeability and activity (Klein et al., 2021). Click-chemistry can also be used for intracellular PROTAC synthesis (Lebraud et al., 2016; Schiedel et al., 2018). Recent developments of PROTAC technology (kinetic and pharmacokinetic studies, covalence, resistance, new ligands) favor the increase of PROTAC repertoire (Hu and Crews, 2022). Pro-drug PROTACs could be beneficial by improving clinical delivery and metabolic stability (Wei et al., 2021). Recently trivalent PROTACs with their branched trifunctional scaffold (Figure 2Aa) were designed and proved to enhance protein degradation via combined avidity and cooperativity (Imaide et al., 2021; Zheng et al., 2021). By augmenting the binding valency, various multispecific agents are now prospectively developed opening up to various applications beyond PROTACs (Figure 2Ab) (Deshaies, 2020). Such newly created drugs acting on different proteins may possibly perturb the viral cycle for example at the protein assembly level. They could be directed towards distinct domains of the same protein, or even two distinct proteins belonging to a multiprotein complex. The low-molecular-weight molecular glues may have also utility by targeting undruggable proteins and complexes implicated in virus cell cycle. They can be utilized according different mechanisms to induce degradation of neosubstrates (Alabi, 2021). A better understanding of protein-protein interfaces will greatly facilitate rational design of molecular glues (Kozicka and Thomä, 2021).
Structure-function studies of viral non-structural, structural and accessory proteins as well as those implicated in interaction with cell proteins are essential to select potential targets for drug development against COVID-19 (Gorgulla et al., 2021; Singh and Villoutreix, 2021). The discovery of small ligands is needed, even very poor binding ones susceptible to be introduced in PROTACs, molecular glues or other multispecific agents (Mayor-Ruiz et al., 2020). The avidity and cooperativity in ternary complexes (POI-PROTAC-E3) compensate for low binary binding affinities or poor cellular permability allowing for the use of weak, non-functional ligands (Imaide et al., 2021). In silico screening platforms comprising ultra-large-scale ones, artificial intelligence and machine learning techniques are essential to discover novel protein ligands. (Gupta and Mohanty, 2021; Villoutreix, 2021; Luttens et al., 2022). As well, the innovative RNA-targeting strategies could lead to promising developments that will benefit of RNA-targeting drug discovery platforms (Warner et al., 2018).
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Blocking protein-protein interactions (PPIs) involved in the initiation of the cell attachment and entry of viruses is an important antiviral mechanism of action including for neutralizing antibodies. Doing it with small-molecule inhibitors (SMIs) is challenging, as it is for all other PPIs, and might require the exploration of chemical space beyond that of typical drug-like structures. However, it could lead to new antiviral agents suitable for oral administration and acting on alternative targets, considerations that are essential for the development of widely acceptable and broad-spectrum preventive or curative therapeutics. Fostemsavir, an antiretroviral that acts via blocking of the gp120–CD4 PPI, supports the feasibility of the concept. Here, a brief review of relevant drug design considerations is presented together with a summary of the progress made toward the identification of SMIs targeting the PPI between the SARS-CoV-2 spike protein and ACE2 that initiates the viral attachment and cellular entry of this coronavirus causing the COVID-19 pandemic. SMIs identified in various screening assays that were also confirmed to have antiviral activity in a live virus or pseudovirus assay with an IC50 < 30 µM so far include several organic dyes (methylene blue, Evans blue, Congo red, direct violet 1), verteporfin, DRI-C23041, and cannabigerolic and cannabidiolic acids. While specificity and activity profiles still need improvement, results so far already provide proof-of-principle evidence for the feasibility of SMIs targeting the SARS-CoV-2-S–hACE2 PPI. Methylene blue, which is approved for clinical use, is orally bioactive, and could act by multiple mechanisms of action, might have potential for repurposing for COVID-19 prevention and treatment.
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INTRODUCTION
New drugs introduced during the past century, such as antibacterials (penicillin, 1943) anti-inflammatories (cortisol, 1952), antipsychotics (chlorpromazine, 1953), contraceptives (norethindrone, 1960), anxiolytics (diazepam, 1963), immunosuppressant (cyclosporin A, 1983), antidepressants (fluoxetine, 1987), TNFα-inhibitors (infliximab, 1998), and PD-1–PD-L1 inhibitors (pembrolizumab, nivolumab, 2014)—all shown with their first year of US market approval, are responsible for most of the unprecedented medical progress that happened since then and have completely altered the way life is conducted in industrialized nations. However, truly effective antivirals are still lacking, as the recent coronavirus-inflicted COVID-19 pandemic made painfully clear. The search for antivirals has its own particular challenges, as viruses hijack the reproduction machinery of their host organisms, but progress in drug discovery and development as a whole has been frustratingly slow due to a variety of problems (Proudfoot, 2002; Munos, 2009; Paul et al., 2010; Scannell et al., 2012).
Despite enormous increases in research and development (R&D) investments, the number of newly introduced drugs in the United States remained stubbornly stagnant since the 1960s staying around 20–30 per year (Figure 1) and ∼85% of them represented no or only modest improvements (Wolff, 1995) demonstrating a pervasive need for innovation. This is probably best illustrated by the fact that the number of new drugs approved by the United States Food and Drug Administration (FDA) that were developed per $1 billion of R&D spending in the drug industry (inflation-adjusted) has been decreasing exponentially since 1950, being steadily halved about every 9 years (Scannell et al., 2012). This is mainly due to the highly increased regulatory burden, the unrealistic public expectation of no side effects, the need to outperform existing old drugs, and the depletion of effective new targets for traditional drug design approaches (Walters et al., 2011; Bodor and Buchwald, 2012; Scannell et al., 2012). Regarding the last, it is commonly estimated that there are only about 500 to 1,500 human protein targets that are both “druggable” and “disease modifying”, i.e., only about 2–7% of the ∼20,000 canonical (nonmodified) human proteins encoded by individual genes (Hopkins and Groom, 2002; Russ and Lampel, 2005). In general agreement with this, a survey of small-molecule drug targets counted ∼550 human proteins (plus another ∼180 non-human ones) (Santos et al., 2017). Thus, we are probably beginning to run out of traditional protein targets, at least human ones, and quite likely most low-hanging fruits among such targets that can provide therapeutic benefits have already been picked.
[image: Figure 1]FIGURE 1 | The number of all new drugs launched annually in the United States with FDA approval. The number of all new drugs are shown as blue columns with that of new biologics (approved biologic license applications, BLAs) as superimposed green columns. Except for a few peaks in the 1950s, 1990s, and the last decade, it has been quite steady in the 20–30 per year range. Graphic prepared based on data from (Reuben, 1996; Mullard, 2016a; 2020).
SMALL-MOLECULE INHIBITORS OF PROTEIN-PROTEIN INTERACTIONS
Protein-protein interactions (PPIs), the focus of the present review, represent possible additional, alternate targets as evidenced by the increasing number of clinically approved biologics targeting them (Figure 1). For example, one of the latest such successes was the development of cancer immunotherapies targeting immune checkpoint PPIs such as CD80–CTLA4 and PD-1–PD-L1, which has been named Science Breakthrough of the Year in 2013 (Couzin-Frankel, 2013). Unfortunately, PPIs are difficult to modulate with small molecules as the corresponding protein interfaces tend to lack well-defined ligand-binding sites where sufficiently strong interactions can take place to ensure the energy of interaction needed for high affinity binding. Nevertheless, the sheer number of such PPIs, estimated to be in the 300,000 (Zhang et al., 2012; Cheng et al., 2018) to 650,000 (Stumpf et al., 2008) range for humans, implies that a considerable number should still be druggable. Drugs need to be quite potent to be able to compete with naturally present ligands, to be sufficiently specific for their intended target, and to not need unacceptably high doses. Typically, they need to have affinities in the mid-nanomolar range. For example, the median value for all approved drugs has been estimated to be around 20 nM (Overington et al., 2006), which corresponds to a free energy of binding of ΔG0 = –RT·lnKD = –5.94·log10KD [kJ/mol] = 45.7 kJ/mol. To achieve such high energy, small-molecule endogenous agonists and drugs of classic targets such as G-protein coupled receptors (GPCRs) typically bind at binding sites that are fully buried and allow interactions along the entire ligand surface (Figure 2A) (Buchwald, 2019). Since PPI interfaces tend to be relatively large and flat surfaces that lack such well-defined deep pockets, strong binding is difficult to achieve here with small molecules, as interactions are limited to only parts of the total ligand surface. This is illustrated in Figure 2, which compares the 3D structure of a typical fully buried small-molecule agonist at a classic GPCR target (purinergic P2Y12 receptor) with that of a surface-bound small-molecule inhibitor (SMI) of a PPI (venetoclax bound to BCL-2).
[image: Figure 2]FIGURE 2 | Comparing the binding of small-molecule drugs at PPI interface to that at classic targets such as G-protein coupled receptors (GPCRs). (A) 3D structure of the purinergic P2Y12 receptor (a type Aδ GPCR) with an agonist (2MeSADP). Protein structure (PDB ID# 4PXZ (Zhang et al., 2014)) is shown covered with a semi-transparent gray surface; the ligand is shown as darker CPK structure. Two different perspectives are included with the one on the right being a 90° rotated and somewhat enlarged view. Here, the receptor-bound ligand is faded as it fully buried inside the receptor and obscured by the covering surface. (B) 3D structure of BCL-2 (a pro-survival protein targeted in cancer therapeutics) with an FDA-approved SMI of PPI (venetoclax). Structure (PDB ID# 6O0K (Birkinshaw et al., 2019)) is shown as before; however, here the bound PPI inhibitor is barely buried leaving large parts of its surface exposed as indicated by the more vivid colors where directly visible.
Not surprisingly, binding pockets on protein-protein interfaces that are suitable to accommodate small molecules are indeed considerably smaller than those of traditional protein-ligand interactions (Fuller et al., 2009). Typically, existing drugs target a single binding pocket with an average volume of ∼300 Å3, whereas SMIs of PPIs target multiple (3–5) smaller pockets (∼100 Å3) (Fuller et al., 2009). As the achievable maximum energy is limited by the pocket size (Buchwald, 2008), adequate binding affinity at protein interfaces can only be achieved by molecules large enough to reach a sufficient number of such smaller pockets (as illustrated in Figure 2B). The need for larger size can also be seen from the perspective of ligand efficiency, LE, defined as the binding energy per unit size–typically the binding free energy per non-hydrogen atom (Na), LE = ΔG0/Na (Hopkins et al., 2004). Typical ligand-receptor protein interactions have LE of ∼1.5 kJ/atom (Hopkins et al., 2004; Hajduk, 2006; Reynolds et al., 2007; Buchwald, 2008), which corresponds to an about two-fold increase in affinity (decrease in KD or IC50) with the addition of each (non-hydrogen) atom. Such high LE is almost impossible to achieve at PPI interfaces where the bound SMI ligand can interact only along part of its surface (Figure 2B). Thus, to achieve the free energy needed for 20 nM binding (45.7 kJ/mol) with an LE of 1 kJ/atom, structures with more than 45 non-hydrogen atoms are needed, which is already larger than desired for typical “druggability”. SMIs of PPIs were indeed found to be larger than classic drugs including receptor ligands, ion channel modulators, and enzyme inhibitors (Neugebauer et al., 2007).
On the other hand, biologics, such as antibodies and fusion proteins, can interact with proteins along a broader surface and a variety of epitopes without having to rely solely on druggable pockets to achieve adequate affinity and specificity. An increasing number of biologics are being used clinically as they can be highly specific (Figure 1); however, they cannot cross cell membranes, thus cannot reach intracellular targets (Verdine and Walensky, 2007; Hughes et al., 2011; Neklesa et al., 2017), and their protein nature also causes solubility, stability, route of administration (i.e., no oral bioavailability), and biodistribution limitations. Further, since they are foreign proteins, they can act as antigens and elicit strong immune responses in some recipients (Suntharalingam et al., 2006; Wadman, 2006; Leader et al., 2008). All these problems are further exacerbated by their typically long elimination half-lives, which makes it difficult to rapidly eliminate unwanted effects when they occur (Huck et al., 2018). Not surprisingly, FDA-approved biologics encountered more post-market safety issues than did small-molecule drugs (Downing et al., 2017). SMIs of PPIs may represent viable alternatives lacking these problems, if the difficulties related to affinity/specificity can be overcome. While such SMIs were not pursued until relatively recently because they were considered unlikely to be successful due to the aforementioned challenges, during the last 2 decades, it has become clear that SMIs can be effective against at least some PPIs. Most small-molecule PPI modulators are SMIs (i.e., antagonists)—our sole focus here, as so far there are only a limited number of identified small-molecule PPI ‘agonists’ (i.e., enhancers or stabilizers) (Thiel et al., 2012; Milroy et al., 2014; Andrei et al., 2017). SMIs of PPIs, as antagonists in general, can be orthosteric, directly interfering with the interface and competing with the protein ligand, or allosteric, binding away from the interface but causing sufficient conformational change to block binding of the protein ligand.
Tens of PPI-targeting SMIs have reached preclinical development (Arkin and Wells, 2004; Wells and McClendon, 2007; Wilson, 2009; Buchwald, 2010; Arkin et al., 2014; Milroy et al., 2014; Song and Buchwald, 2015; Scott et al., 2016), and three are approved by the FDA for clinical use: lifitegrast (Gadek et al., 2002), venetoclax (Souers et al., 2013), and fostemsavir (Meanwell et al., 2018) (Figure 3). Lifitegrast (SAR 1118) is a LFA-1–ICAM-1 inhibitor developed first at Sunesis (Zhong et al., 2012) from a series originating at Genentech (Gadek et al., 2002) and then clinically by SARcode/Shire; it was approved by the FDA for the treatment of dry eye in 2016 (Xiidra) (Scott et al., 2016). Venetoclax (ABT-199) is part of a small-molecule series developed by Abbott and later AbbVie and designed to target PPIs in the B cell lymphoma 2 (BCL-2) family (Souers et al., 2013). It received FDA approval in 2015 for treatment of chronic lymphocytic leukemia (CLL), small lymphocytic lymphoma (SLL), and later acute myeloid leukemia (AML) (Venclexta, Venclyxto) (Mullard, 2016b). Fostemsavir (BMS-663068) is a water soluble prodrug of temsavir developed by Bristol-Myers Squibb that acts by blocking gp120 binding to CD4 to limit HIV attachment and entry; it was approved by the FDA for clinical use in the US in 2020 as an antiretroviral for adults living with HIV/AIDS (Rukobia) (Meanwell et al., 2018). Finally, maraviroc (Selzentry) is an antiretroviral that can be considered an allosteric SMI of the gp120–CCR5 PPI as it targets CCR5 and stabilizes a conformation no longer recognized by the HIV envelope (Melby and Westby, 2009; Tan et al., 2013). These successes, and particularly that of fostemsavir reemphasize the feasibility of SMIs of PPIs as drug discovery strategy for antivirals. Such SMIs could yield novel therapies that are not only more patient friendly than antibodies (i.e., suitable for oral or inhaled administration), but also less immunogenic, more controllable (shorter half-life/better biodistribution), and possibly even less strain- and mutation-sensitive.
[image: Figure 3]FIGURE 3 | SMIs of PPIs approved for clinical use by the FDA. In addition to lifitegrast (an LFA-1–ICAM-1 inhibitor) and venetoclax (a BCL-2–BIM/BAK inhibitor), they include two anti (retro)virals: maraviroc, an allosteric CCR5 inhibitor, and fostemsavir, a prodrug of temsavir, a gp-120–CD4 PPI inhibitor.
TARGETING SARS-COV-2 SPIKE PPIS AS ANTIVIRAL STRATEGY
SARS-CoV-2—Background
While human coronaviruses (CoVs), enveloped positive-stranded RNA viruses mostly responsible for upper respiratory and digestive tract infections, have been circulating for long, SARS-CoV-2 (severe acute respiratory syndrome-coronavirus 2), the most recent one to emerge, became particularly infamous by being the most infectious agent in a century (Tiwari et al., 2020) and the one responsible for the COVID-19 pandemic that caused hundreds of millions of infections and millions of deaths worldwide (Matheson and Lehner, 2020; Shang et al., 2021; V'Kovski et al., 2021). SARS-CoV-2 is one of the seven CoVs known to infect humans, four of which (HCoV 229E, OC43, NL63, and HKU1) are responsible for about a third of the common cold cases and three that are highly pathogenic and caused recent epidemics associated with considerable mortality: SARS-CoV(-1) (2002–2003, ∼10% mortality), MERS-CoV (2012, ∼35% mortality), and now SARS-CoV-2 (2019-), which is less lethal but more transmissible (Guy et al., 2020; Rajgor et al., 2020). While estimates vary, about 3% of the individuals infected with the original SARS-CoV-2 strain needed hospitalization, and the average infection fatality ratio (IFR, percentage of those infected that do not survive) was around 0.5% but in a strongly age-dependent manner increasing exponentially from 0.001 to 0.002% in <20 years old to 10–20% in those >80–90 years old (Salje et al., 2020; O'Driscoll et al., 2021; COVID-19 Forecasting Team, 2022). While difficult to estimate due to changes in vaccination status and treatment options (Bhattacharyya and Hanage, 2022), it has been considerably, several-fold reduced with the more later emerged omicron (B.1.1.529) variant, but likely remained higher than that of influenza (IFR << 0.1%) (Liu et al., 2022; Matsuyama, 2022).
CoVs, which are classified into four genera (α-, ß-, γ-, and δ-CoV), initiate infection with the binding of their spike (S) protein to cell surface receptors followed by membrane fusion and virus entry. For SARS-CoV(-1) and SARS-CoV-2 (as well as HCoV-NL63), the receptor is angiotensin converting enzyme 2 (ACE2) (Lan et al., 2020; Shang et al., 2020; Sivaraman et al., 2021; Zhang et al., 2021). For MERS-CoV, it is dipeptidyl peptidase 4 (DPP4), and for HCoV-229E, human aminopeptidase N (APN; CD13) (V'Kovski et al., 2021). Some ß-coronaviruses (e.g., HCoV-OC43) bind to sialic acid receptors (Tortorici et al., 2019). Thus, blockade of the SARS-CoV-2-S–hACE2 PPI can disrupt infection efficiency, and abrogation of this interaction is a main goal in the development of vaccines and neutralizing antibodies (nAbs) for the COVID-19 pandemic (Jiang et al., 2020; Lv et al., 2020; Tai et al., 2020). In fact, the spike protein is the principal target of nAbs generated following infection by SARS-CoV-2, with the majority of those identified so far recognizing epitopes within the receptor-binding domain (RBD) that binds ACE2 (Sui et al., 2014; Lv et al., 2020; Wang et al., 2020; Wu et al., 2020; Yuan et al., 2020). The spike protein also is the SARS-CoV-2 component of mRNA and adenovirus-based vaccines approved for use (Harvey et al., 2021).
The SARS-CoV-2 spike protein is a homotrimer with monomer units of ∼180 kDa; it is highly glycosylated and is post-translationally cleaved into an S1 and S2 subunit. S1 consists of the amino-terminal domain and the RBD and is responsible for binding to ACE2; S2 includes the trimeric core and is responsible for membrane fusion (Ou et al., 2020; Wang et al., 2020). The RBD located within the S1 domain is known to switch between a standing-up and a lying-down position for receptor binding and immune evasion, respectively (Gil et al., 2020; Shang et al., 2020). Notably, there is a multi-basic furin cleavage site at the S1-S2 boundary, which is unique within b-lineage betacoronaviruses and sarbecoviruses, and is important for the increased infectivity and virulence facilitating the conformational change required for receptor binding (Coutard et al., 2020; Hoffmann et al., 2020; Harvey et al., 2021). It is also an important part of the discussions surrounding the controversies regarding the possible origins of this CoV (Cohen, 2021; Ambati et al., 2022).
There are several possible targets for therapeutic interventions in the CoV lifecycle: viral attachment and entry, uncoating, gRNA replication, translation in ER and Golgi, assembly, and virion release (Guy et al., 2020; V'Kovski et al., 2021; Zhao et al., 2022). Viral attachment and entry are particularly promising among them because they are the first steps in the replication cycle and take place at relatively accessible extracellular sites (Melby and Westby, 2009). They are also well suited for a PPI inhibition focused approach, the subject of the present review. However, targeting viral entry also has its own challenges, as the envelope and fusion glycoproteins are usually the most variable of all virus-encoded proteins. Indeed, the amino acid sequences can vary both within and between individuals, making the spectrum of antiviral activity for any entry inhibitor an important consideration (Melby and Westby, 2009). RNA viruses are known to accumulate mutations over time yielding antibody resistance and requiring the use of antibody cocktails to avoid mutational escape (Baum et al., 2020). Not surprisingly, several SARS-CoV-2 mutants have already emerged some being variants of concern (VOC) with increased transmissibility, higher disease severity, and resistance to neutralizing antibodies, including those elicited by current vaccines (Cai et al., 2021; Gobeil et al., 2021; Harvey et al., 2021; Kupferschmidt, 2021; Wibmer et al., 2021). Currently, as labeled by the WHO, these include alpha (B.1.1.7; first identified in UK, Sep 2020), beta (B.1.351; South Africa, May 2020), gamma (P.1; Brazil, November 2020), delta (B.1.617.2; India, October 2020), and omicron (B.1.1.529; multi/S. Africa, November 2021). Emergence of escape variants is likely to continue as the accumulation of RBD mutations is facilitated by the structural plasticity at the RBD-ACE2 interface, further eroding the activities of therapeutic antibodies and serums of vaccine recipients (Nabel et al., 2022).
Therapeutic Need for Small-Molecule Antivirals
Based on the above, it would be particularly important to have broadly cross-reactive agents that can neutralize a wide range of antigenically disparate viruses (Sui et al., 2014). SARS-CoV(-1) and SARS-CoV-2 share close to 80% amino acid identity in their S proteins, raising the possibility of conserved immunogenic surfaces on these antigens, as supported by the identification of some antibodies of possibly broader activity (Lv et al., 2020; Wec et al., 2020; Starr et al., 2021; Martinez et al., 2022; Park et al., 2022) such as the more recently identified RBD-specific antibody DH1047 (Martinez et al., 2022) or the ACE2-mimicking S2K146 (Park et al., 2022). Nevertheless, most SARS-CoV antibodies are not cross-reactive; for example, none of the 206 RBD-specific monoclonal antibodies derived from single B cells of eight SARS-CoV-2 infected individuals in one study cross-reacted with SARS-CoV(-1) or MERS-CoV RBDs (Ju et al., 2020). As already discussed, targeting such PPIs with SMIs is undoubtedly more challenging, but if successful, it could lead to alternative antiviral treatment options with possible benefits including less strain-specific activity.
Despite the undeniable success of the COVID-19 vaccination program, there remains a considerable need to develop new antivirals and especially oral ones, as a significant portion of the population is either unwilling to be vaccinated or unable to do so due to pre-existing medical conditions. Effective oral treatments could have significant impact on this pandemic as they can be taken easily following the first symptoms. Remdesivir, the first small-molecule COVID-19 drug approved by the FDA, must be given intravenously. Considerable effort and financial resources have been invested in the repurposing of approved drugs as possible small-molecule antiviral agents for SARS-CoV-2, but with only minimal success so far. For example, the large WHO Solidarity trial found that repurposed antiviral drugs including hydroxychloroquine, remdesivir, lopinavir, and interferon-β1 had little or no effect on hospitalized COVID-19 patients, as indicated by overall mortality, initiation of ventilation, and duration of hospital stay (WHO Solidarity Trial Consortium et al., 2020). Further, a paper suggested that most drugs identified in many of the screening assays as possibility for being repurposed against SARS-CoV-2 are not working because they inhibit in the in vitro assay by being cationic amphiphilic drugs that cause phospholipidosis, which, however, does not translate into in vivo activity (Tummino et al., 2021). This observation has been questioned and should be treated with caution as many of these molecules have both in vitro and in vivo efficacy with no reported phospholipidosis (Lane and Ekins, 2021).
Regardless, there is an ongoing need to not just repurpose existing drugs but develop novel ones that can combat such infections (Zhao et al., 2022). Recently, two new drugs with classic antiviral mechanisms (i.e., inhibition of protease activity or viral reproduction) have shown promise and granted emergency use authorization by the United States Food and Drug Administration (FDA) for the treatment of COVID-19: molnupiravir (Jayk Bernal et al., 2021) and nirmatrelvir (part of the nirmatrelvir/ritonavir combination Paxlovid) (Owen et al., 2021). Molnupiravir is a prodrug of the synthetic nucleoside derivative N4-hydroxycytidine that exerts antiviral action through introduction of copying errors during viral RNA replication. It was developed originally for the treatment of influenza at Emory University and acquired by Ridgeback Biotherapeutics, who later partnered with Merck (Jayk Bernal et al., 2021). Nirmatrelvir (PF-07321332) is an inhibitor of the SARS-CoV-2 main protease (Mpro) developed at Pfizer starting from PF-00835231, an inhibitor of recombinant SARS-CoV(-1) Mpro identified during the response to the 2002 SARS outbreak (Owen et al., 2021). It showed very promising clinical results as Paxlovid (nirmatrelvir/ritonavir). In addition, AT-527, a double prodrug of a guanosine nucleotide analog, derived from Atea Pharmaceuticals’ nucleotide prodrug platform and shown to be efficacious and well tolerated in hepatitis C virus (HCV) infected subjects (Good et al., 2021), was also pursued, but it was not successful in its first clinical trial. Lessons learned from RNA viruses so far proved that the size and quality of existing antiviral libraries needs to be increased and diversified and polymerase and protease drugs need to be complemented with others targeting different viral proteins (Edwards et al., 2022).
Small-Molecule PPI Targeting Approaches
Following the outbreak of COVID-19, due to the immense therapeutic need generated by the pandemic it created, tremendous screening and drug discovery efforts were invested into the identification of effective preventive or therapeutic antiviral interventions in both academic and industrial settings (Ghosh et al., 2020; Shyr et al., 2020; Xiu et al., 2020; Su et al., 2021; Zhao et al., 2022). Here, those directed at identifying SMIs of the SARS-CoV-2-S–hACE2 PPI will be highlighted briefly; some of the earliest ones have been summarized in (Chang et al., 2021). Various screening campaigns have been conducted aiming to identify promising hits mainly from repositionable (repurposable) drug and existing chemical libraries. Assays used (often after virtual screening, i.e., in silico preselection typically via molecular docking in AutoDock or Glide) included ELISA (enzyme-linked immunosorbent assay) types (Carino et al., 2020; Bojadzic et al., 2021b; Fu et al., 2021), AlphaLISA (Hanson et al., 2020), Luminex bead-based (Tsegay et al., 2021), surface plasmon resonance (SPR) (Day et al., 2021; Yu et al., 2021; Zhu et al., 2021), affinity selection-mass spectrometry (van Breemen et al., 2022), NanoBiT (Xiong et al., 2021; Yu et al., 2021), CEBIT (condensate-aided enrichment of biomolecular interactions in test tubes) (Pei et al., 2022), and others. Some possible natural product inhibitor have been highlighted in (Ma et al., 2021); however, most are just molecular docking based hypotheses. Considering that several publications relied solely on in silico derived hypotheses or just one in vitro (often cell-free) inhibitory assay, here, only those compounds will be highlighted first that inhibited this PPI in vitro and have concentration-dependent antiviral activity confirmed in a live virus or pseudovirus assay with a sufficiently promising IC50.
In fact, following the emergence of the SARS-CoV(-1) epidemic in the early 2000s, a few groups already performed high-throughput screening (HTS) assays to identify possible antiviral candidates targeting various early steps in its cell invasion. As part of this, some putative SMI candidates of viral entry have been identified, including, for example, SSAA09E2 (from a screening using a SARS/HIV-luc pseudotyped virus infection assay; pseudovirus IC50 9.7 μM) (Adedeji et al., 2013) and VE607 (from a screening using protection from SARS-CoV-induced cytopathic effects, CPE, in Vero cells as a phenotypic indicator; live virus IC50 1.6 μM) (Kao et al., 2004) (see structures in Figure 4). Other inhibitory small-molecule candidates acting by different mechanism have also been identified; they include, for example, SSAA09E1, SSAA09E3 (Adedeji et al., 2013); MP576, HE602 (Kao et al., 2004); ARB 05–018137, ARB 05–090614 (Severson et al., 2007); K22 (Lundin et al., 2014); and others–see reviews in (Du et al., 2009; Gil et al., 2020; Xiu et al., 2020). Most of these had low micromolar activity (Xiu et al., 2020); however, none of them led to approved preventive or curative therapies for human CoV diseases mainly because in addition to their relatively low (i.e., not nanomolar) potency, they were also not particularly suitable for clinical translatability. They could not pass the preclinical development stage and enter clinical trials due to their poor bioavailability, safety, and pharmacokinetics (Xiu et al., 2020).
[image: Figure 4]FIGURE 4 | Compounds identified before the COVID-19 pandemic as possible SMIs of the SARS-CoV(-1)-S–hACE2 PPI. SSAA09E2 and VE607 have been identified as viral entry inhibitors for SARS-CoV(-1) with low micromolar activity, see text for details.
SMIs of the SARS-CoV-2-S–hACE2 PPI with confirmed antiviral activity in a live virus or pseudovirus assay having IC50 < 30 µM are from the studies listed below in approximate chronological order of their corresponding publications (structures shown in Figure 5). Whenever possible, therapeutic (selectivity) index (TI, SI) estimates are also included as an indicator of the relative safety, as it quantifies the separation between toxic and effective concentrations, TI = TC50/IC50.
• A computational screening interrogating 57,641 compounds followed by SPR screening of a library of 3,141 compounds by Day and co-workers at Griffith University, Australia identified three candidates showing concentration-dependent antiviral activity in vitro: Evans blue, lifitegrast (Figure 3), and lumacaftor (Day et al., 2021) (March 2021). Of these, Evans blue was the most promising candidate and the only one with IC50 < 30 μM; it had a KD of 2 μM for SARS-CoV-2-S and inhibited SARS-CoV-2 infection in Vero E6 cells with an IC50 of 28 μM. According to the authors, it was also non-toxic for up to 1 mM (TC50 > 1,000 μM), suggesting a sufficiently large therapeutic index (TI > 30).
• Our work at the University of Miami, Florida, United States identified several organic dyes (Congo red, direct violet 1, Evans blue) and novel druglike compounds (DRI-C23041, DRI-C91005) that inhibited the interaction of ACE2 with the spike proteins of SARS-CoV-2 as well as SARS-CoV(-1) with low micromolar activity in cell-free ELISA-type assays (IC50’s of 0.2–3.0 μM) (Bojadzic et al., 2021b) (May 2021). Of these, DRI-C23041, Congo red, and direct violet 1 (Figure 5) were also confirmed to inhibit the entry of two different spike-bearing pseudoviruses into HEK293/Vero E6 cells with IC50’s of 5.6/7.4, 20.3/27.4, and 35.8/16.4 μM, respectively. They were also relatively noncytotoxic in the same assay having TC50 > 400 μM for DRI-C23041 (i.e., TI > 70) and >100 μM for Congo red and direct violet 1 (TI > 5). Evans blue, which was the best hit in the work from Day, was identified as an inhibitor, but was not tested here in viral assays as other compounds were more active.
• During this screening, we also identified methylene blue as a SMI and confirmed that it had a quite promising IC50 of 3.5 μM in this viral assay (Bojadzic et al., 2021a) (January 2021). This is of possible interest as a methylene blue is an inexpensive and widely available drug approved by the FDA for the treatment of methemoglobinemia and used for other medical applications. It was also identified by several other groups as having anti-SARS-CoV-2 activity and confirmed to have low micromolar activity in concentration-response studies including with live viruses, possibly due to additional multiple mechanisms of action (Gendrot et al., 2020; Cagno et al., 2021; Gendrot et al., 2021; Murer et al., 2022). Methylene blue seems to be a promiscuous PPI inhibitor with low micromolar activity and a relatively narrow TI, but with multiple evidence suggesting that it clearly inhibits SARS-CoV-2 including VOCs such as delta (B.1.617.2) (Chuang et al., 2022).
• Fu and co-workers at the New York University School of Medicine, United States screened a library of 958 FDA-approved drugs using ELISA-based HTS, and identified five drugs, N-acetylcysteine (NAC), tiopronin (TPR), verteporfin (VP), calcitriol, and racecadotril, to inhibit RBD–ACE2 interaction at both low and high concentrations (Fu et al., 2021) (July 2021). Of these, verteporfin (Visudyne) significantly inhibited pseudovirus entry into hACE2 overexpressing HEK293T cells (IC50 < 0.1 μM) while having a half cytotoxic concentration TC50 ≈ 10 μM (implying TI > 100). Before this work, verteporfin was confirmed by another group to potently inhibit the cytopathic effect produced by SARS-CoV-2 infection with an IC50 < 0.31 μM with indications that the porphyrin ring structure binds the ACE2 receptor (Gu et al., 2021) (December 2020).
• Xiong and co-workers at the Chinese Academy of Sciences, Shanghai and Beijing, China and collaborators virtually screened and filtered compounds from the SPECS database and then purchased 109 selected candidates for follow-up biological testing including NanoBiT and SPR assays to check their ability to block the SARS-CoV-2-S-RBD–ACE2 PPI (Xiong et al., 2021) (Sep 2021). From these, they highlighted two inhibitors as sufficiently promising in pseudovirus assays with some separation between efficacy and cytotoxicity: DC-RA016 (ZINC125276) (IC50 = 22.4 μM) and DC-RA052 (IC50 = 68 μM). The IC50 for DC-RA016 was, however, somewhat overstated due to the way the concentration-response curve was fitted (with a non-zero bottom) as this compound barely caused 50% inhibition at 100 μM (Figure 4B in (Xiong et al., 2021)). Nevertheless, its structure was included here for illustration (Figure 5).
• Finally, van Breeman and co-workers at Oregon State University, Corvallis, OR, United States used affinity selection-mass spectrometry for the discovery of botanical ligands to the SARS-CoV-2 spike protein and found cannabinoid acids from hemp (Cannabis sativa) to be allosteric as well as orthosteric ligands with micromolar affinity for the spike protein (van Breemen et al., 2022) (January 2022). In follow-up virus neutralization assays, cannabigerolic acid and cannabidiolic acid prevented infection of human epithelial cells by a pseudovirus expressing the SARS-CoV-2 spike protein and prevented entry of live SARS-CoV-2 into cells including for variants B.1.1.7 and B.1.351 with IC50’s of 21 and 23 μM (7.7 and 8.4 μg/ml) in the pseudovirus and 67 and 103 μM (24 and 37 μg/ml) in the live virus assay for cannabidiolic and cannabigerolic acid, respectively, where their cytotoxicities were not yet significant (van Breemen et al., 2022). Cannabidiolic acid seems to have a TC50 around 80 μg/ml (Fig. S4 in (van Breemen et al., 2022)) giving TI ≈ 10.
[image: Figure 5]FIGURE 5 | Compounds identified so far since the outbreak of COVID-19 as possible SMIs of the SARS-CoV-2-S–hACE2 PPI. Only compounds that have been confirmed to have antiviral activity in a live virus or pseudovirus assay with promising enough activity (IC50 < 30 µM) are shown.
Some of the other works that identified SMI hits but did not include confirmation in viral assay or the inhibitory activity in these assays was not sufficiently potent include (again, in chronological order of their corresponding publications):
• Carino and co-workers at the University of Perugia, Italy used in silico prescreening followed by in vitro confirmation using a commercial SARS-CoV-2 spike inhibitor screening assay kit and found that naturally occurring and clinically available triterpenoids, such as glycyrrhetinic and oleanolic acids, as well as primary and secondary bile acids and their amidated derivatives, such as glyco-ursodeoxycholic acid and semi-synthetic derivatives such as obeticholic acid, reduced the RBD–ACE2 binding (Carino et al., 2020) (October 2020). However, these compounds showed only weak activity and concentration dependence. None of them caused 50% reduction at the highest concentration tested (10 μM). Activities were not confirmed in viral or pseudoviral assays.
• The group of Hanson an co-workers at the National Center for Advancing Translational Sciences (NCATS), National Institutes of Health (NIH), Bethesda, MD, United States used an AlphaLISA assay based HTS of 3,384 small-molecule drugs and preclinical compounds suitable for repurposing and identified 25 possible hits (Hanson et al., 2020) (November 2020). However, of these only corilagin was validated in cherry-picking as showing activity against ACE2−RBD with an IC50 of 5.5 μM, and there was no confirmation in viral assays.
• Zhu and co-workers at Peking Union Medical College, Beijing, China used SPR to screen a library of 960 compounds and identified demethylzeylasteral as having promisingly high affinities for S-RBD and ACE2 (KD of 1.0 and 1.7 μM for S-RBD and ACE2, respectively) (Zhu et al., 2021) (Dec. 2020). In a pseudovirus assay, it inhibited entry of SARS-CoV-2 pseudovirus into HEK293T cells to “a certain extent” at nontoxic concentration (7% inhibition at 0.37 μM).
• Yu and co-workers at the Shanghai University of Traditional Chinese Medicine, Shanghai, China used SPR and NanoBit assays to verify the spike protein-binding activity of compounds selected via virtual screening from traditional Chinese medicines and then their inhibitory activities on SARS-CoV-2-S-RBD–ACE2 PPI (Yu et al., 2021) (May 2021). They found glycyrrhizic acid to be the most efficient and nontoxic broad-spectrum anti-CoV SMI with a KD of 0.87 μM toward SARS-CoV-2-S1 as suggested by SPR, but an IC50 of only 22 μM for disrupting the corresponding PPI in the NanoBiT assessment. There was no confirmation in viral assay.
• Tsegay and co-workers at Seattle Children’s Research Institute, Seattle, WA, United States screened 2,701 compounds from an “FDA-approved drug screening library” for their ability to inhibit the binding of recombinant SARS-CoV-2 spike to hACE2 in a Luminex bead-based assay and identified 56 that inhibited in a concentration-dependent manner (June 2021) (Tsegay et al., 2021). Best SMIs were thiostrepton, oxytocin, nilotinib, and hydroxycamptothecin with IC50’s in the 4–9 μM range, but there were no cell-based activity or toxicity assessments.
• Pei and co-workers from Tsinghua University, Beijing, China used CEBIT to screen 2572 FDA approved drugs for their ability to inhibit this PPI and identified six candidate compounds that were confirmed by SPR to bind with KD of 17–780 μM: varenicline, sennoside A, quercetin, quinacrine, methylene blue, and sunitinib (Pei et al., 2022) (March 2022).
In addition to SMIs, peptide-based inhibitors of PPIs are also a possibility–see (Lee et al., 2019; Wang et al., 2021; Trisciuzzi et al., 2022) for recent reviews. Some peptide disruptors have also been reported for SARS-CoV-2–hACE2, but so far none have been very effective (Gil et al., 2020; Xiu et al., 2020; Zhang et al., 2020). A stapled peptide approach carried out at the University of Southern Denmark, Odense, Denmark showed some promise with an IC50 of 3.6 μM for inhibition of the PPI, but no cell-based confirmations were performed (Maas et al., 2021). Relatively high affinity peptide binders of the SARS-CoV-2 spike RBD (KD: 80–970 nM) have been identified by affinity selection-mass spectrometry from a screening of 800 million synthetic peptides at the Massachusetts Institute of Technology (MIT), Cambridge, MA, United States ; however, they turned out to not compete for ACE2 binding (Pomplun et al., 2021). Because of bioavailability, metabolic instability (short half-life), lack of membrane permeability, and other issues, developing peptides into clinically approved drugs is difficult and rarely pursued (Otvos and Wade, 2014; Henninot et al., 2018)—a main reason why we focused here on small-molecule compounds that represent an approach much more likely to ultimately transition into clinical development.
SUMMARY AND OUTLOOK
Blocking of PPIs involved in the initiation of cell attachment and entry of CoVs can provide efficient antiviral therapeutics and is the main mechanism of action of biologics such as neutralizing antibodies. SMIs face more challenges to achieve this, as they do for all other PPIs; however, they could lead to new alternative antiviral agents that are suitable for oral administration and act by a different mechanism of action than existing small-molecule antivirals such as protease or viral reproduction inhibitors. Oral bioavailability is highly desirable to achieve widespread usage and compliance (Neklesa et al., 2017), and oral therapeutics are much more suitable for long-term use and/or broadly acceptable preventive use (including for transmission control of viral diseases) than any other routes of administration (Cochrane et al., 1999; Moia et al., 2013). Broadly specific activity is also of considerable interest as it could make possible mutation resistant, multi-strain, or even pan-CoV inhibition. While it is usually difficult if not impossible to achieve with antibodies that tend to be target-specific, it could be more achievable with SMIs. For example, we have shown that while the corresponding antibodies did not cross-react for the human vs. mouse CD40–CD40L PPI, our SMIs did and even maintained similar potencies (Margolles-Clark et al., 2009; Bojadzic and Buchwald, 2019). The impact of SARS-CoV-2 variants on spike and RBD structure and on nAb activity, which could also affect SMIs, has been summarized recently (Nabel et al., 2022). Computational simulations of SARS-CoV-2 spike flexibility and its interactions with other proteins are being carried out and should provide helpful tools for future screening efforts (Pedebos and Khalid, 2022).
SMIs of the SARS-CoV-2-S–hACE2 PPI identified so far and summarized above provide proof-of-principle evidence for the feasibility of such a small-molecule approach, but it remains to be seen if they can ultimately lead to clinically usable therapies as specificity and activity profiles still need improvement. While specific goals vary somewhat depending on the specifics of the project, small-molecule drug candidates are generally expected to have, among others: • potency in at least the hundred-nanomolar range (i.e., IC50 < 100 nM meaning pKi > 7) (the median of existing drugs being ∼20 nM); • adequate selectivity/specificity (>20× versus other targets is a reasonable minimum and >100× is desirable); • good safety profile (TI > 30 and optimally >100 in early studies plus passing of all toxicity studies); • adequate solubility and partition properties (needed to achieve acceptable formulation and desired delivery to the intended target); and • acceptable oral bioavailability and duration of action (somewhat flexible, but oral bioavailability F% > 30% and elimination half-life t1/2 > 4 h are reasonable goals) (Williams, 2005; Smith and O’Donnell, 2007; Bodor and Buchwald, 2012). Some of these are undoubtedly more difficult to achieve with small molecules targeting PPIs than with those targeting classic drug targets such as GPCRs, ion channels, and enzymes that have pre-formed domains (pockets) to bind their natural ligands with good affinity and specificity. Problems related to lack of good binding pockets and thus a relatively low ligand efficiency (LE) have been reviewed briefly earlier (Small-Molecule Inhibitors of Protein-Protein Interactions; see also illustration in Figure 2). Because of this, SMIs of PPIs tend to be larger structures than classic drugs (Neugebauer et al., 2007), and it is now well-recognized that the chemical space of existing drugs and corresponding screening libraries does not correspond well with that of promising SMIs of PPIs (Pagliaro et al., 2004; Neugebauer et al., 2007; Reynès et al., 2010; Sperandio et al., 2010; Morelli et al., 2011). Fortunately, computational prescreening including exploration of relevant physicochemical properties can provide valuable information (Villoutreix et al., 2012; Trisciuzzi et al., 2019) and there are now databases, such as TIMBAL (Higueruelo et al., 2009), 2P2I (Bourgeas et al., 2010), or iPPI-DB (Labbe et al., 2016; Torchet et al., 2021), that contain an increasing number of 3D structures for protein-protein and protein-inhibitor complexes. These can make computationally enriched library selection much more successful, which has been shown to accelerate hit discovery (Milhas et al., 2016). A chemical library of >10,000 compounds dedicated to PPI inhibition has been developed (Fr-PPIChem) and is freely available upon request for experimental screening against PPIs (Bosc et al., 2020).
Larger structures, often with multiple aromatic rings, are usually better suited for effective PPI inhibition (Che et al., 2006; Fletcher and Hamilton, 2006; Hershberger et al., 2007); however, these tend to violate the widely used “rule-of-five” (Ro5) criteria, which includes MW < 500 (Lipinski et al., 1997; Lipinski, 2004) and has been widely used to guide candidate selection and ensure adequate oral bioavailability and ADME (absorption, distribution, metabolism, and excretion) profile. Nevertheless, an increasing number of new drugs have been launched lately (including venetoclax and fostemsavir discussed earlier) that significantly violate these empirical rules proving that oral bioavailability can be achieved even in the “beyond the rule-of-five” chemical space (DeGoey et al., 2017; Doak and Kihlberg, 2017). Along these lines, it is instructive to highlight that the first promising lead during the development of venetoclax (ABT-199) was ABT-737, which was so far from being suitable for formulation as a drug that one of its developers jokingly described it as having “the biophysical properties of brick dust” (Mullard, 2016b). Similarly, the incredibly tedious process of medicinal chemistry optimization that was required to make the original lead of the series that ultimately led to fostemsavir (BMS-663068) as a clinical product is nicely described in detail in (Meanwell et al., 2018).
Hits obtained so far for this PPI (Figure 5) reemphasize that our approach relying on the chemical space of organic dyes as a starting point when screening for SMIs of PPIs makes sense. For example, Evans blue which was the best hit identified from a HTS of >3,000 compounds selected after in silico prescreening of ∼60,000 structures (Day et al., 2021), came up as a hit from our screening of a much smaller library of <100 dyes (Bojadzic et al., 2021b). For obvious reasons, organic dyes have good affinity for proteins (Hunger, 2003), and they contain privileged structures for protein binding (Che et al., 2006; Fletcher and Hamilton, 2006; Hershberger et al., 2007). Thus, contrary to commonly available drug-like libraries, they are a good starting point to identify SMIs of PPIs. We have even found organic dyes that are promiscuous PPI inhibitors (Ganesan et al., 2011; Ganesan and Buchwald, 2013). Of course, organic dyes are not particularly suitable for therapeutic development because of their strong color (plus, for azo dyes, their quick metabolic degradation (Levine, 1991; Feng et al., 2012)). Nevertheless, we have shown in at least one case (the CD40–CD40L PPI, a member of the TNF superfamily) that new drug-like SMIs can be developed by first using this chemical space to identify the molecular scaffold required for activity and then removing the color-causing chromophore(s) while retaining PPI inhibitory activity (Chen et al., 2017; Bojadzic et al., 2018). Specificity can be an issue with dyes, and indeed most dyes found here as promising SMIs of the SARS-CoV-2-S–hACE PPI seem to be quite non-specific as the specificity plot shown in Figure 6 illustrates (data from (Bojadzic et al., 2021b)). Also, many azo-containing dyes are likely PAINS (pan-assay interference compounds) that can show up as false positives in screening assays (Baell and Walters, 2014; Aldrich et al., 2017); thus, they need to be treated carefully to ensure, for example, that the PPI inhibitory activity seen is not due to aggregation/polymolecular conglomeration. Nevertheless, medicinal chemistry optimization for specificity should still be feasible, and it is worth remembering that modern medicinal chemistry emerged in the early 20th century from the synthetic dye industry of the late 19th century (mostly in Germany at that time) (Paterson, 1984). Following the discovery of the first synthetic dye in 1856, Paul Ehrlich (1854–1915) (Drews, 2004; Bosch and Rosich, 2008), who acquired his medical doctor’s degree with a thesis on “the theory and practice of histological staining”, laid the foundations of chemotherapy. The analogy between the azo –N=N– bond common in many of these dyes and the arsenic bond –As=As– led to his search of arsenicals and ultimately to the discovery of arsphenamine (Salvarsan, no. 606), the first modern antimicrobial, in 1909. A few years later, the testing of thousands of azo dye related compounds and the contributions of Gerhard Domagk (1895–1964) led to the discovery of Prontosil (1932), the first effective sulfonamide antibacterial.
[image: Figure 6]FIGURE 6 | Illustrative selectivity plot comparing inhibitory activity of SMIs against two PPIs. Selectivity plot showing the inhibitory activity of some of the compounds found to inhibit the SARS-CoV-2-S-RBD–hACE2 as the targeted PPI (quantified as log IC50) versus that against another non-targeted PPI (here, TNF-R1–TNF-α PPI). More active and selective compounds are clustered toward the lower right corner. Figure prepared with data from (Bojadzic et al., 2021b).
None of the SMIs of SARS-CoV-2-S–hACE2 identified so far and discussed here (Figure 5) have reached clinical development (Zhao et al., 2022); in fact, none seem to have even been evaluated in existing preclinical animal models for SARS-CoV-2 (Takayama, 2020; Saravanan et al., 2022). Methylene blue, a phenothiazine dye we have identified as such an SMI (Bojadzic et al., 2021a), is, in fact, included in the WHO List of Essential Medicines and is orally bioactive; thus it might have some potential for repositioning for COVID-19 prevention and treatment especially as its low micromolar anti-CoV activity, possibly due to multiple mechanisms of action, has been confirmed by several other groups (Chuang et al., 2022). Overall, results summarized here provide proof-of-principle evidence for the feasibility of such SMI approaches toward antivirals that inhibit CoV attachment and entry, and they serve as a first guide of the chemical space needed to achieve this.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV2) is a positive-sense-single stranded RNA virus and the cause of the coronavirus disease 2019 (COVID-19). The World Health Organisation has confirmed over 250 million cases with over 5.1 million deaths as a result of this pandemic since December 2019. A global outbreak of such intensity and perseverance is due to the novelty of SARS-CoV2 virus, meaning humans lack any pre-existing immunity to the virus. Humanised animal models, from rodents to primates, simulating SARS-CoV2 transmission, cell entry and immune defence in humans have already been crucial to boost understanding of its molecular mechanisms of infection, reveal at-risk populations, and study the pathophysiology in vivo. Focus is now turning towards using this knowledge to create effective vaccines and therapeutic agents, as well as optimise their safety for translatable use in humans. SARS-CoV2 possesses remarkable adaptability and rapid mutagenic capabilities thus exploiting innovative animal models will be pivotal to outmanoeuvre it during this pandemic. In this review, we summarise all generated SARS-CoV2-related animal models to date, evaluate their suitability for COVID-19 research, and address the current and future state of the importance of animal models in this field.
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1 COVID-19 ORIGIN AND SARS-COV2 TRANSMISSION
A pandemic is defined as a disease that is prevalent in an entire country or the world, and thus is undoubtedly the correct term for the coronavirus disease 2019 (COVID-19) outbreak. COVID-19 is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV2) which has been pinpointed to have originated from Wuhan, China in December 2019 and has since then spread over all continents including Antarctica (Triggle et al., 2021). Before the COVID-19 outburst there were already two identified and relatively well-known human coronaviruses causing severe respiratory pneumonia namely, SARS-CoV and MERS-CoV. They both originate from bats but spilled over to intermediate hosts namely, civets and dromedary camels, respectively. The origin of SARS-CoV2 is also suggested, based on its sequence similarity to the SARS-CoV, to have originated from bats and later spilled over to an animal reservoir, however it is not yet confirmed (Forni et al., 2017). Bats are and continue to be a copious source for novel viral sequences (Jiang et al., 2022). The bat species are among one of the oldest mammals and they exhibit great diversity and are widely spread across the globe (X. M. Zhang et al., 1992). Cross-species mixing between different kinds of bats has facilitated a maintenance of less discriminatory viruses capable of infecting a broader variety of hosts. Bats are thus a carrier of a pool of viruses able to perform inter-species transmission, which has been a reason for concern long before the COVID-19 outbreak (Calisher et al., 2006). SARS-CoV2 is a pneumotropic virus that mainly spreads through respiratory secretions like coughing and sneezing. The transmission may also occur via contaminated surfaces where the virus can survive up to 6 days, making preventive measures such as surface disinfection, hand hygiene and masks important in combating transmission (Leclerc et al., 2020).
Once infected, COVID-19 manifests in a large variety of symptoms however, the most common ones include fever, sore throat, fatigue, cough, dyspnoea and immune system dysregulation, often ending with cytokine storm (Ragab et al., 2020). SARS-CoV2 is not only capable of affecting the respiratory system by pulmonary infiltration and inflammation but can spread to multiple organ systems. For the majority of people the disease symptoms are mild and the infection runs its course without any medical intervention but for approximately 5–10%, it severely affects the fitness of the individual and for another 2% it has a mortal outcome (Gavriatopoulou et al., 2021).
The SARS-CoV2 consists of approximately 29.9kB of single-stranded, non-segmented, positive-sense RNA.(Triggle et al., 2021). The genome is composed by 13–15 open reading frames largely resembling the make-up of MERS-CoV and SARS-CoV. The genome contains 11 protein coding genes with ultimate expression of 12 expressed proteins (Lu et al., 2020).
Structurally, it consists of four proteins namely, spike (S), envelope (E), membrane (M) and nucleocapsid (N) (Figure 1A). These proteins play important parts in entry, fusion and replication in the host cells. The non-structural have roles imperative to viral pathogenesis by regulating early transcription, helicase activity, gene transactivation and countering antiviral response (J Alsaadi and Jones, 2019; Tang et al., 2020).
[image: Figure 1]FIGURE 1 | ACE2-mediated entry of SARS-COV2 into a cell (A) The SARS-CoV2 virion consists of structural proteins, namely spike (S), envelope (E), membrane (M), nucleocapsid (N) The positive-sense, single-stranded RNA genome (+ssRNA) is bound by N in a beads-on-a-string formation. (B) SARS-CoV2 binds to the cell via S interaction with the host’s ACE2 receptor. Entry to the host cell either goes through receptor-mediated endocytosis where fusion is potentiated by the cleavage of S2 by Cathepsin L or by cell surface fusion via the TMPRSS2 serine protease. Following fusion, the virion is uncoated and the viral genome released. Created with Biorender.com.
The spike glycoprotein plays a pivotal role in the pathogenesis of SARS-CoV2 as it pivotal for the entry into the host cell. It is assembled as a homotrimer and inserted in multiple copies into the virus membrane, giving the virus a crown-like appearance, thus its name coronavirus (Jackson et al., 2022). It consists of two functional subunits, S1 and S2, that both part take in the entry of the virus. The S1 subunit has a receptor-binding domain (RBD) and is responsible for anchoring the host cell upon binding between the RBD and the human angiotensin-converting enzyme 2 (hACE2), thus stabilizing the virus (Hoffmann et al., 2020). Once the RBD region of the S1 subunit binds to the hACE2, the virus enters the host’s endosomes via ligand-mediated endocytosis or membrane-fusion. Once bound to the ACE2, the S protein undergoes conformational changes, which are important to therapeutically limit its infection cycle (Wrapp et al., 2020). Although several mutations have been found in the RBD of the S1 subunit, its affinity to and interaction with the hACE2 is preserved in most species however not in mouse (Chan et al., 2020; Wrapp et al., 2020). The S2 subunit functions as a fusion protein between the virus and the host cell membrane. The S2 exhibit three different conformational changes during the process namely, i) native state before fusion, ii) intermediate state and iii) post fusion hairpin state (Qing and Gallagher, 2020; Walls et al., 2020). Finally the S protein is cleaved either by the host cell surface serine protease TMPRSS or by host’s Cathepsin L in the endosomal compartment at the S2′ cleavage site (Figure 1B; Simmons et al., 2005). The cleavage releases a fusion peptide, which initiates the fusion pore formation. Once the pore expands and the cell membranes of both the virion and the host are combined, the viral genome can be released in to the cytoplasm. The cell membrane or endosomal fusion, represent the two different modes of entry for the viral genome to be released.
The N protein, composed by two separate domains, is present in the nucleocapsid complex that tightly binds the RNA genome of the virus. Both the N-terminal and C-terminal domain can bind to RNA but is more efficient when both bind simultaneously (Chang et al., 2006). The N protein bind the viral RNA genome in a beads-on-a-string conformation. The ribonucleotide protein (RNP) complex is subsequently packaged in to viral particles enveloped by a fatty lipid bi-layer (Fehr and Perlman, 2015).
The envelope protein is a relatively small protein that plays a substantial role in viral assembly. The protein assemble in to the host membrane forming protein-lipid pores referred to as viroporins. The envelope protein is highly conserved between SARS-CoV and SARS-CoV2 (Fehr and Perlman, 2015).
SARS-CoV2’s membrane protein is the most abundant structural protein and is a transmembrane with a short NH2 terminal on the outside and a long cytoplasmic COOH terminus. Completion of viral assembly is potentiated partly by the binding between M proteins and N proteins leading to a stabilization of the N-Protein and RNA complex internally (Thomas, 2020).
2 INFECTION ROUTE AND ACE2 FUNCTION
The primary route of entry for the SARS-CoV2 is the upper respiratory tract. The virus gains access to the host cells by binding to the ACE2 receptors and subsequently introduced in to the cytoplasm via receptor-mediated endocytosis. The virus particles then goes through uncoating. The RNA and proteins needed for translation are released followed by transcription and assembly, finally the viral loads are shed thus completing the viral replication cycle (Jiang et al., 2020). As the virus sheds, the newly replicated and released particles bind upon another host cell and the cycle starts again. The ACE2 receptor is a carboxypeptidase consisting of 805 amino acids that removes a single amino acid from the C terminus of its substrates (Turner and Hooper, 2002). The ACE2 receptors are expressed in alveolar epithelial cells and capillary endothelial cells that are abundant in organs such as the lungs, kidneys, brain and gut hence explaining the multisystem infection found in a substantial amount of patients (Samavati and Uhal, 2020). The physiological role of ACE2 in humans is to convert angiotensin I and II to angiotensin 1–9 and angiotensin 1–7, respectively. This is one of the steps making up the Renin Angiotensin Aldosterone System (RAAS) a system, which functions to elevate blood volume and arterial tone via sodium and water reabsorption and vascular tone (Nehme et al., 2019). Infection results in a decrease of physiologically available ACE2 receptors thus disrupts the RAAS system, leading to potential downstream complications such as inflammation and circulatory dysfunction (Guo et al., 2020).
3 TRANSLATIONAL STUDIES: IMPORTANCE OF MOUSE MODELS
Since the start of the COVID-19 pandemic, we have gained substantial knowledge about the SARS-CoV2 virus in terms of its genetic make-up, transmission, infection and pathogenesis. This allows us to develop therapeutic agents to combat it. However, to perform scientifically sound and reliable research it is of the utmost importance to work with an appropriate model organism for in vivo study. The laboratory mouse is the most used animal in medical research as they are inexpensive, easy to handle, are genetically very similar to humans and can be genetically modified relatively easy (Sellers, 2017). They are often present as inbred strains, making it a highly controlled system, which is desirable in medical research. The mouse as an organism for translational research in COVID-19 medical research is however not well suited for COVID-19 as the ACE2 receptor of the mouse is not efficiently bound by the SARS-CoV2 virus, thus rendering the mouse immune to severe infection. This seemingly huge barrier has been surpassed by the generation of various modified mouse models capable of infection (Jia et al., 2020), as exemplified in the text below.
The COVID-19 outbreak pointed out a desperate need for relevant animal models for SARS-CoV2 research. As mentioned above wild type mouse cells and tissues are not very susceptible to SARS-CoV2 due to lack of human ACE2 specifically. Basically, mouse Ace2 does not bind the virus efficiently enough to mediate cell entry. To overcome this obstacle and study COVID-19 in mouse models, researchers have developed several approaches such as “murinisation” of SARS-CoV2 (Dinnon et al., 2020; Gu et al., 2020) or humanisation of mouse models (McCray et al., 2007; Tseng et al., 2007; Menachery et al., 2016). Alternatively they used different animal models which are sensitive to known SARS-CoV2 variants, such as hamsters, ferrets or non-human primates (Enkirch and von Messling, 2015; Finch et al., 2020; Munster et al., 2020; Rockx et al., 2020; Gruber et al., 2021).
Several transgenic mouse models have been developed and used in COVID-19 research to overcome limits of mouse Ace2 and generate inexpensive models with high-throughput study potential. The models are based on ubiquitous or cell/tissue specific expression of human ACE2, a protein well-known for its importance in SARS-CoV2 entry in the cell.
3.1 K18-hACE2 Model
This mouse model expresses hACE2 under control of the epithelial cell cytokeratin-18 promoter, expressed in subset of epithelial cells (Table 1). Even though the model has been generated to study SARS-CoV during 2003 epidemics, it remains relevant for SARS-CoV2 research too (McCray et al., 2007). K18-hACE2 model is susceptible to both strains of SARS-CoV, one and 2. In the context of COVID-19 research, the model responds to the infection by progressive weight loss, high viral titres in the lung at the beginning of infection, and with progressing infection increasing viral titres in the brain and gut. Other less severely affected organs are heart, kidney and spleen (Figure 2). (McCray et al., 2007; Rathnasinghe et al., 2020).
TABLE 1 | Overview of COVID-19 mouse models and their characteristics.
[image: Table 1][image: Figure 2]FIGURE 2 | Detected SARS-CoV2 replication in COVID-19 mouse models. The organs where viral replication has been detected in specific COVID mouse models are depicted schematically. Created with Biorender.com.
3.2 HFH4-hACE2 Model
The model expresses hACE2 under lung ciliated epithelial cell-specific promoter (HFH4/FOXJ1), which was supposed to drive lung-specific hACE2 expression. However, detailed characterization of the model revealed a moderate hACE2 expression in other tissues such as the brain, eye, heart, liver, kidney and gut (Figure 2). The model is highly responsive to SARS-CoV2 infection with main replication of the virus in lungs, eyes, heart and brain accompanied with severe symptoms such as interstitial pneumonia sometimes succumbed to lethal encephalitis (Table 1) (Menachery et al., 2016; Jiang et al., 2020).
3.3 pCAGG-hACE2 Model
A model generated with multiple random integrations of pCAG-hACE2 cassette throughout the genome. Cytomegalovirus enhancer with chicken β-actin promoter (CAG) allows ubiquitous and constant expression of hACE2 in all tissues but mainly in lung, brain, heart and kidney (Table 1). This model is highly susceptible to SARS-CoV1 and 2 after intranasal application. The infection starts with initial exponential growth of viral titre in lungs and continues with gradual transmission to the brain. Slight presence of the virus was also observed in heart, kidney, spleen and small intestine (Figure 2). Of note, the lethal titre of the virus for the pCAGG-hACE2 model (2 × 102 to 2 × 104 TCID50) is lower than in case of K18-hACE2 model (104 to 105 TCID50) This fact might be connected to multiple insertion of pCAGG-hACE2 cassette in the genome in combination with ubiquitous and strong expression of hACE2 (Tseng et al., 2007; Asaka et al., 2021).
3.4 Ace2-hACE2 Model
Two major Ace2-hACE2 models have been generated to more closely mimic expression pattern of Ace2. The first model by was generated by random integration of a hACE2 cDNA under control of Ace2 promoter (Yang X. H. et al., 2007). The model indeed recapitulates endogenous expression of Ace2 in tissues such as lung, kidney, heart and intestines; the model is responsive to SARS-CoV2 infection with the major impact on lung tissue (Bao et al., 2020b).
The second Ace2-hACE2 model, generated by Sun S.-H. et al. (2020), is based on replacement of Ace2 coding sequence with hACE2 and tdTomato cDNA (Table 1). Therefore, the expression of transgenic cassette hACE2-IRES-tdTomato is under control of endogenous Ace2 promoter and present only in one or two copies depending on zygosity. Despite the lack of clinical symptoms or elevated mortality, this model responds to SARS-CoV2 infection by interstitial pneumonia of distinct scale depending on age. Sun’s group also points out different abundance of hACE2 throughout-tissues in human (kidney, heart, oesophagus, bladder, ileum) and hACE2 in their model (liver, spleen, small intestine, ovary, and brain), however without further explanation. Furthermore, the group identified brain, lung and trachea as the main tissues of SARS-CoV2 replication (Figure 2; Sun S.-H. et al., 2020).
3.5 hACE2(LoxP-STOP) Model
hACE2 (LoxP-STOP) also termed TgCAGLoxPStopACE2GFP is a model generated by random integration of a loxP-CRE dependent cassette under the CAG promoter (Table 1). In the presence of Cre recombinase, the STOP cassette is removed and expression of hACE2 cDNA and eGFP is turned on. This model allows for conditioned, tissue-specific and traceable expression of hACE2-IRES-GFP transgene (Bruter et al., 2021). Dolskiy and collective have tested two inducible and ubiquitously expressed Cre-ERT2 drivers (UBC-ACE2 and Rosa26-ACE2) to promote conditioned hACE2 expression. In this case, the most severely affected organs were lung and brain (Figure 2). Their results further suggested that severity and infection progress is dependent on the particular Cre driver, more specifically on its expression potency. Furthermore, relatively recent changes in renin-angiotensin system due to hACE2 overexpression can be another factor influencing response to the infection (Dolskiy et al., 2022).
3.6 Rosa26-chACE2
A model similar to the previous one, but a CAG-LoxP-STOP-LoxP-hACE2 cassette is inserted in Rosa26 locus in a site-specific manner (Table 1). Therefore, transgene copy number depends on zygosity. The model has not been validated yet through SARS-CoV2 infection. It is available at Czech Centre for Phenogenomics and will be soon available via European Mouse Mutant Archive (EMMA) (Czech Centre for Phenogenomics, 2021).
Of note, transgenic models have an important role in SARS-CoV2 research. However, their ectopic expression of ACE2 protein, specifically in case of K18-hACE2, HFH4-hACE2, and pCAGG-hACE2 models may lead to different response, development and impact of the infection. This fact to some extend limits translatability of gathered data to clinical practise (Shou et al., 2021). Therefore, ACE2 under control of endogenous Ace2 promoter or conditional expression might provide more precise understanding of systemic or tissue-specific importance of ACE2 in the context of COVID-19.
3.7 Sensitised Mouse Models
In order to circumvent the desperate need for COVID-19 mouse models in the peak of pandemics, researchers focused on development of alternative SARS-CoV2- sensitive mouse models. Paradoxically, a rapid generation of such models was mediated by viruses. Inhalation or intranasal application of a viral vector carrying hACE2 gene under strong promoter may lead to humanisation of upper and lower respiratory tracts. This approach allows fast, affordable and versatile generation of a sensitive model in various mouse strains and genetic backgrounds. It has been shown that the most suitable viral vectors for rapid humanisation happen to be adeno-associated virus, adenovirus, and lentivirus.
3.8 AAV-hACE2
Two independent groups have used Adeno-Associated vector of serotype 9 to deliver a cassette with hACE2 under control of CMV to the lung (Table 1; Israelow et al. (2020) have used commercially available AAV-CMV-hACE2 plasmid for AAV production and applied the vector virus via injection into the trachea. The De Gasparo’s group assembled the AAV-CMV-hACE2 plasmid by subcloning hACE2 cDNA isolated form HEK293 cells and the vector was administered with forced inhalation into the lung and upper respiratory system. Both groups confirmed functionality of AAV-mediated humanisation where treated mice became susceptible to SARS-CoV2 infection accompanied with progressive inflammatory immune response in lung (Figure 1; Israelow et al., 2020; De Gasparo et al., 2021). In addition to establishing a new sensitized model, Israelow and collective focused on deciphering the role of type I interferon during SARS-CoV2 infection. Whereas, De Gasparo and collective tested bispecific antibodies that reduced SARS-CoV2 infection and weight loss associated with ongoing virus infection. Humanisation with AAV offers rapid, adaptable mouse model with long-term transgene expression and low immunogenicity which is crucial for immunological studies (De Gasparo et al., 2021; Kovacech et al., 2022).
3.9 AdV-hACE2
Replication defective Adenovirus encoding hACE2 (AdV-hACE2) was used to humanise several mouse strains in order to overcome unavailability of transgenic models (Table 1). The vector is delivered intranasally and it is capable to sensitise lung tissue for SARS-CoV2 entry and replication. In other organs, low levels of SARS-CoV2 replication was also identified, such as heart, spleen, brain and liver (Figure 2). Sensitised models suffer from weight loss, develop lung pathologies and respond positively to treatment with neutralising antibodies. However, the model has limitations in the form of bronchial inflammation associated with AdV delivery (Hassan et al., 2020).
3.10 Lenti-hACE2
Lentiviral vectors can be also used for sensitising a mouse to SARS-CoV2. Two independent publications describe utility of a lentiviral vector encoding hACE2 and its ability to avoid significant immune response in lung tissue before SARS-CoV2 exposure (Table 1). The advantage of lentiviral systems is their integrative character, with possibly stable long-term expression allowing re-infection studies in the sensitised mice. Both publications emphasize the role of IFNAR1 depletion and its impact on SARS-CoV2 progression in sensitised models. However, the collectives also point out the presence of mild COVID-19 symptoms in the models, probably due to relatively low expression of hACE2 by lentivirus (Rawle et al., 2021; Katzman et al., 2022).
Transgenic mouse models, expressing hACE2, represent convenient systems for large-scale, rapid (compared to other animal models), and relatively inexpensive SARS-CoV2 research. However, their availability during pandemics has been limited and their expansion in larger cohorts is time-consuming and expensive. Furthermore, distinct transgenic models differ in their response to infection, some suffer from lethal neuroinvasion, some show only mild symptoms. In general, variability of these models is significant, and no universal transgenic model has been established yet (Yang XH. et al., 2007; Yang XH. et al., 2007; McCray et al., 2007; Tseng et al., 2007; Menachery et al., 2016; Jiang et al., 2020; Sun J. et al. (2020) Bruter et al., 2021; Dolskiy et al., 2022).
In contrast with transgenic models stand virus-sensitised models, which can be generated on wide variety of genetic backgrounds and genotypes in relatively large scale and short-time. Sensitised models often do not develop severe disease mainly due to absence of neuroinvasion, but their symptoms and impact on lung tissue resembles pathology in COVID-19 patients. Moreover, the distribution and scale of hACE2 expression varies with tropism of a used viral vector or promoter. Importantly, use of viral vectors may be associated with a risk of potential inflammation leading to interference with subsequent SARS-CoV2 infection (Hassan et al., 2020; Israelow et al., 2020; De Gasparo et al., 2021; Rawle et al., 2021; Katzman et al., 2022).
3.11 Other Animal Models
Alternatives to mouse models are other animals that are naturally susceptible to SARS-CoV2, such as hamsters (Mesocricetus auratus, Phodopus roborovskii, Cricetulus griseus), ferrets (Mustela putorius furo) minks (Neovison vison) (Shuai et al., 2021)and non-human primates (Macaca mulatta, Macaca fascicularis, Chlorocebus aethiops) (Enkirch and von Messling, 2015; Finch et al., 2020; Gruber et al., 2021; Munster et al., 2020; Rockx et al., 2020). In these models there is no need for genetic modifications in order to study COVID-19 progression. Nevertheless, the models are less frequently used either due to lack of research tools, limited availability, high costs, complex husbandry or associated ethical concerns.
3.12 Murinised SARS-CoV2
While most efforts have been made in generating mouse models humanising the ACE2 to potentiate study of entry and infection in vivo, efforts have also been made in murinising the SARS-CoV2 virus itself. In a study by Muruato et al. (2021), they used a reverse genetic system and in vivo adaptation to successfully generate SARS-CoV2 strains capable of infecting mice (Muruato et al., 2021). Following infection of the murinised SARS-CoV2 strain the mouse lung exhibited substantial damage manifested with inflammation, immune infiltration, and pneumonia. The infection with the adapted virus was however only exhibited in the upper respiratory tract, thus is inappropriate for studies focusing on multisystem infection. It is worth mentioning that the novel adaptation of the virus was shown to keep its ability to infect human airway cells (Muruato et al., 2021). This system, with a murinised SARS-CoV and a standard wild type laboratory mouse, overcomes tropism leading to encephalitis seen in infected transgenic mouse models whilst offering a system applicable for both in vivo mouse studies and in vitro studies on human primary cells (McCray et al., 2007; Winkler et al., 2020). In a study from 2020 the investigators had also produced a murinised SARS-CoV2 via reverse genetics to remodel the interaction between the mouse ACE2 and the virus which resulted in a recombinant virus able to infect the BALB/c mice. It was able replicate in both young and old mice however leading to more severe disease in older mice and exhibiting more clinically relevant phenotypes as compared to the disease presentation between non-modified SARS-CoV2 and transgenic mouse models (Dinnon et al., 2020). This gives the murinised ACE2 system better face validity, however the construct validity is decreased.
4 RECENT TRANSLATIONAL APPLICATIONS OF RODENT MODELS SUSCEPTIBLE TO SARS-COV2
The transgenic and transiently sensitised, humanised mouse models of SARS-CoV2 infection have gifted scientists the opportunity to study the potential destruction this, so far, relentless virus can cause to its host in vivo. Towards the beginning of the pandemic, initial studies using these models focused on the mechanisms in which viral entry can occur as well as their points of entry, the tissues primarily affected and the pathology of those tissues. These ongoing attempts to recreate infection have assisted our understanding of the infection timeline and has provided a guide to possible symptoms to be aware of in COVID-19 patients. Discussed here are animal studies performed in order to obtain risk assessments of new variants and evaluate the efficacy and safety of candidate anti-viral drugs for treatment in COVID-19 patients.
4.1 Risk Assessments of Variants of Concern
Particular mutations in the RBD have been key to identifying variants of concern. N501Y is one substitution that is characteristic of the Alpha (B.1.1.7) variant but is also found in the Beta (B.1.351), Gamma (B.1.1.28) and Omicron (B.1.1.529) variants (European Centre for Disease Prevention and Control, 2021; He et al., 2021). This means that N501Y is present in all but one variant of concern. In silico models predicted that this substitution occurs at a key residue for the RBD that is directly responsible for its strengthened affinity for ACE2 (Shahhosseini et al., 2021). The influence of N501Y was proved using a hamster model, where both donors and recipients inoculated with virus carrying N501Y showed significantly increased viral load in nasal washes and lung and trachea homogenates at 1–4 dpi compared to virus carrying a predecessor ‘wild-type’ spike protein. Substitutions S982A and D1118H were also shown to decrease viral fitness (Liu et al., 2022). Interestingly, N501Y increases the infectivity of hosts expressing both either hACE2 or mACE2 (Pan et al., 2021), as it has been revealed that variants with this substitution possess an 8-fold higher affinity for the receptor (Bayarri-Olmos et al., 2021). While this demonstrates a key application of using animals in order to evaluate the potential potency of infection with rapidly evolving variants, we need more studies that apply these principles in the established transgenic and sensitised animal models expressing hACE2. This is because, ultimately, we will require data on how mutations in SARS-CoV2 will affect transmission between, and the health of, humans in the future.
Studies of this nature have been carried out. K18-hACE2 mice infected with B.1.1.7 show increased weight loss and hyperthermia earlier compared to mice exposed to B.1.351 or the initial WA-1 variant of concern. However, B.1.1.7 and B.1.351 infected mice display more severe clinical manifestations overall compared to WA-1 in a viral dose-dependent manner, with WA-1 infected mice displaying a 50% lower mortality rate at a dose of 103 pfu (Horspool et al., 2021). Again in K18-hACE2 mice, whilst both WA-1 and B.1.1.7 inoculated intranasally caused COVID-19-like disease in the mice, a lower dose of B.1.1.7 was required to cause a severe disease state (Bayarri-Olmos et al., 2021). In contrast, C57Bl/6J hACE2 knock-in mice display reduced viral load in lung and nasal turbinate, and a more minor lung pathology and inflammatory response on exposure to WA-1, B.1.1.7 or B.1.351 variants compared to the K18-hACE2 model, where viral RNA is concentrated at the epithelia of larger airways (Winkler et al., 2022). This is most likely attributed to the difference in approach of hACE2 expression in these two mouse lines and highlights the benefits of multiple rodent models of infection, chosen depending on the study focus, but also shows how different models could be affected when exposed to differing strains. Here, studies using models that more accurately recreate human infection to novel strains will possess increased extrapolative power.
The appearance of the B.1.1.529 (Omicron) variant in late 2021 came with heightened suspicions whether the current vaccines and therapies in progress would still provide suitable protection against a variant with >30 mutations in the RBD compared to variants described so far (Hodcroft, 2021). Halfmann et al. found that K18-hACE2 mice inoculated with B.1.351 showed significantly increased viral load in nasal turbinate and lung tissue homogenates at 3 dpi, and greater weight loss at 6 dpi compared to B.1.1.529 infected mice (Halfmann et al., 2022), suggesting reduced severity in viral manifestation on infection with the Omicron lineage in comparison to Beta lineage. These studies show the potential of exploiting the current animal models available in order to screen variants with specific mutations to assess their risk to humans, and for practitioners and governments to make appropriate decisions regarding patient care and infection control strategies.
4.2 Screening the Efficacy of Anti-Viral Therapies
The current pandemic has called for the development of anti-viral drugs in order to reduce or eliminate viral infection in, especially, hospitalised COVID-19 patients. Due to the haste in which these drugs are required to ease the pressure of the pandemic on the world, drug development processes for SARS-CoV2 may be accelerated straight to clinical trials in humans, bypassing preclinical animal safety and efficacy studies.
Anti-viral molecules have been tested in a mouse setting though. PF-07304814 is a phosphate prodrug that on administration is processed into its active form PF-00835231, a potent cysteine protease inhibitor of coronavirus 3CLpro, that was originally considered as a treatment for the 2002 SARS-CoV epidemic in 2003 (Hoffman et al., 2020). PF-00835231 is effective against alpha, beta, and gamma coronaviruses by preventing viral replication through inhibition of essential proteolysis by 3CLpro. BALB/C mice infected with SARS-CoV2 MA10 display no weight loss and complete viral elimination when PF-00835231 is administered subcutaneously twice per day at a dose of 300 mg/kg. Initial weight loss is observed in mice receiving 30–100 mg/kg doses, which recovered to the starting weight at 4 dpi with viral load decreasing in dose-dependent manner. Significant decreases in viral load were also measured in SARS-COV2 exposed mice expressing hACE2 on treatment with PF-00835231. Additionally, this trend is also obtained even when treatment was delayed by 1dpi (Boras et al., 2021), highlighting the importance of identifying infection early, especially in high-risk patients. Despite hACE2 being expressed under a CMV promoter, which may not accurately follow the expected human expression of ACE2, this work shows the power of this inhibitor to prevent viral replication and poses a good option for further development into human clinics.
PF-07321332 (Nirmatrelvir) is another 3CLpro inhibitor, which is the active component of the Pfizer-produced PAXLOVID™ (Pfizer, 2021), that gained approval in the UK (Medicines & Healthcare products Regulatory Agency, 2021a) and the United States (U.S. Food and Drug Administration, 2021a) at the end of 2021, and in the EU in January 2022 for treatment of COVID-19 (European Medicines Agency, 2022). An efficacy study in mice investigated the anti-viral activity of PF-07321332 in BALB/C mice infected with mouse-adapted SARS-CoV2 MA10. Mice treated via oral administration were protected from weight loss, had significantly reduced lung viral titre at 4 dpi and showed markedly decreased nucleocaspid presence in lung sections (Owen et al., 2021). Syrian hamsters have been shown to be protected from severe B.1.351 infection when treated with PF-07321332. Significant dose-dependent reductions in viral lung titre and improved weight retention at 4 dpi, as well as lung anatomy closely resembling uninfected hamsters was observed in those treated with PF-07321332. Hamsters were also completely protected from infection when co-housed for 2 days with a B.1.617.2 (Delta) variant positive cage mate when treated with PF-07321332 compared to those not (Abdelnabi et al., 2022). These rodent models support the continuing development and protective ability of PAXLOVIDTM use in COVID-19 patients against multiple variants of concern, including the benefits of easy oral administration. Yet, further validation in humanised ACE2 rodent models, such as the hACE2 model used in Bao et al. (2020a) may be required for increased value in vivo, as the mentioned studies comprised of mouse adapted SARS-CoV2 infection and wild-type Syrian hamsters as part of their models. These studies could also be extended to examine potential side effects or long term ramifications for patients prescribed this anti-viral treatment. Synthesis and study of additional 3CLpro inhibitors with favourable oral, intraperitoneal, and intravenous bioavailability have been reported and trialled in Sprague-Dawley rats and a CRISPR/Cas9 generated hACE2 expressing mice model (Qiao et al., 2021). However more work is required in this area, and PF-07321332 seems to have won the race for clinical trial approval.
Molnupiravir is another anti-viral drug that instead enforces a high mutagenesis rate via integration of its active form, β-D-N4-hydroxycytidine triphosphate (NHC), into viral RNA in the place of cytidine or uridine (Sheahan et al., 2020; Kabinger et al., 2021). It has so far gained approval for at-risk and hospitalised patients in the United States (U.S. Food and Drug Administration, 2021b) and the UK (Medicines & Healthcare products Regulatory Agency, 2021b). NHC shows potent viral inhibition and significantly reduces viral load in cell culture (Zhou et al., 2021) and diminishes weight loss, indicators of lung haemorrhage and lung viral titre at 500 mg/kg dosage in C57Bl/6 mice infected with either mouse adapted SARS-MA15 or MERS-CoV. Importantly, initiating NHC treatment before 24 h post infection showed to be crucial to maintaining reductions in weight loss, lung haemorrhaging, viral lung titre and lung and alveolar injury scores (Sheahan et al., 2020). However, a warning of mutagenic toxicity to host DNA during NHC treatment has been given, where mutations in a reporter gene increased in a dose-dependent manner with NHC. It has been suggested that the possible conversion of NHC to dNHC (2’-deoxyribose form of NHC) could be the cause of this increased mutational rate in the host genome (Zhou et al., 2021), and should be investigated further in an in vivo model focusing on tissues with natural proliferative tendency.
One study utilised immunodeficient mice with hACE2-and hTMPRSS2- expressing human lung tissue implanted in the animals’ backs. This in vivo tissue model was susceptible to SARS-CoV, MERS-CoV and SARS-CoV2 infection, showed histopathological symptoms echoing viral damage and a 1000-fold increase in proinflammatory cytokines. Beginning NHC treatment at 12- and 24-h post-infection was extremely effective at reducing viral load, however if treatment started 12 h prior to infection, viral titre in the implanted human lung tissue was measured at >100,000-fold lower than the vehicle control, bestowing the protective potential of Molnupiravir in high-risk patients (Wahl et al., 2021). Molunipiravir-derived inhibitors have also shown to be effective at impeding SARS-CoV2 transmission in ferrets (Cox et al., 2021), and reducing viral replication and its associated lung pathologies in SARS-CoV2-susceptible Syrian hamsters, with amplified viral RNA mutations detected in hamsters that started treatment 12 h pre-infection compared to 12 h post-infection or vehicle control (Rosenke et al., 2021). When used in combination with Favipiravir, another anti-viral drug that acts through lethal mutagenesis but requires higher doses for optimal SARS-CoV2 suppression (Kaptein et al., 2020), hamsters treated with sub-optimal doses of a Molnupiravir/Favipiravir cocktail displayed lower viral loads than hamsters treated with only one alone, with an implied additional transmission protection from cage-mates (Abdelnabi et al., 2021b).
These examples show that animal models can serve effectively in the screening of anti-virals in the current and future pandemics, and could assist in the recommendation of single or combinational therapies to complement human clinical trials. Finally, Molnupiravir has also shown its high protective ability against the B.1.1.7 and B.1.351 variants in Syrian hamsters (Abdelnabi et al., 2021a) and emphasises NHC’s potent anti-viral mechanism is not dependent on specific sequences in the viral genome which may be mutated in future variants of concern, such is the case with e.g. monoclonal antibody treatment.
5 FUTURE RESEARCH DIRECTIONS
5.1 Risk Factors Suitable for Rodent Research
This pandemic has revealed that certain individuals are risk of developing severe COVID-19 illness or death. Factors such as age, male sex, and ethnicity have been attributed to a tendency to suffer from severe symptoms (Ebinger et al., 2020; Mughal et al., 2020; Williamson et al., 2020), as well as patients with comorbidities such as diabetes, hypertension and obesity (Alguwaihes et al., 2020; Ebinger et al., 2020; Huang et al., 2020; Li X. et al., 2020; Mughal et al., 2020; Williamson et al., 2020; Goyal et al., 2022). Whereas asthma may actually be protective (Avdeev et al., 2020; Skevaki et al., 2020; Zhu et al., 2020). Genetic or induced mouse models of these disease states are already well established, and the opportunity to combine transgenic and sensitised SARS-CoV2 models with models of human conditions potentially vulnerable to COVID-19 is waiting to be seized. This will allow us to further study comorbidities that may aggravate SARS-CoV2 transmission and pathophysiology, or contribute to any long-term damaging effects in humans. The human population is genetically and culturally diverse, but isolating comorbidities or genetic traits for study in a controlled environment will be vital.
5.1.1 Age
A report from early in the pandemic described that every additional 10 years of age associates with a 1.5-fold increased chance of requiring a higher level of hospitalised care during COVID-19 infection (Ebinger et al., 2020). SARS-COV2-related deaths peak in those aged 80+, who possess more than a 20-fold higher chance of death than those aged 50–59 (Williamson et al., 2020). This most likely attributed to an increase in comorbidities with age, even if yet to be detected. Rodents experience a much shorter life span than humans, making them an excellent model for studying age-related changes in COVID-19 research. ACE2 receptor expression has been described to both increase (Baker et al., 2021; Wark et al., 2021) and decrease (Chen et al., 2020; J.; Gu et al., 2021; Xudong et al., 2006; Yoon et al., 2016) with age in humans and rodents. However, Berni Canani et al. (2021) observed no significant differences in ACE2 expression between children <10 years old and adults 20–80 years old, and Li M.-Y. et al. (2020) detected this same trend when comparing expression across multiple tissues in adults above or below 49 years of age. These contradicting reports suggest that ACE2 expression alone may not be a robust marker for identifying severe risk of SARS-CoV2 infection, and other factors in combination with ACE2 receptor expression must possess a decisive role. Comprehensive studies encompassing widespread tissue analysis of ACE2 expression in multiple age groups could well be accomplished to solve this, surely context-dependent, matter in rodent models of infection.
5.1.2 Diabetes
Diabetic patients are at increased risk of hospitalisation and mortality on infection with SARS-CoV2 (Ebinger et al., 2020), and are significantly more likely to require oxygen, intubation, antibiotics or dexamethasone on admission to hospital than non-diabetic patients (Alguwaihes et al., 2020). This is not entirely surprising considering increased cellular glucose levels assists in supporting viral replication (Codo et al., 2020). Overexpression of hACE2 boosts glucose tolerance and pancreatic β-cell function in diabetic mice (Bindom et al., 2010), whilst ACE2−/y knockout mice display impaired glucose tolerance alongside hepatic steatosis (Cao et al., 2016). Infection-induced downregulation of ACE2, and the resulting angiotensin II excess, therefore intensifies an already unbalanced glucose homeostasis. For these reasons, a bi-directional relationship between diabetes and COVID-19 infection has been proposed (Muniangi-Muhitu et al., 2020).
HFD-induced diabetic DPP4H/M male C57Bl/6 mice have been shown to be more vulnerable to severe signs of disease on infection with MERS-CoV when compared to lean controls, displaying prolonged weight loss and lung inflammation up to 21dpi (Kulcsar et al., 2019). Ma et al. (2021) however is the only study we found to date that has addressed the effect of the current SARS-CoV2 in a hACE2 expressing mouse model of diabetes. Ob/ob mice showed greater weight loss and increased lung immune infiltration when compared to non-diabetic mice at 5 dpi. Interestingly, this study also observed higher fasting blood glucose levels in both wild type and ob/ob mice infected with SARS-CoV2, compared to non-infected. Insulin tolerance was also non-significantly reduced in infected ob/ob mice (Ma et al., 2021). This is an alarming observation, and shows the potency of COVID-19 infection to disturb glucose homeostasis, not only in diabetic patients. Given that genetically-, chemically- or diet-induced rodent models of type 1 and type 2 diabetes are well established (King, 2012) in scientific literature, more research utilising hACE2-expressing rodents combined with these diabetic models will be extremely beneficial to understanding the risk posed on diabetic and non-diabetic people, both during and after contracting COVID-19.
5.1.3 Obesity
Obesity is another major risk factor for severe COVID-19 symptoms (Alguwaihes et al., 2020; Goyal et al., 2022) and COVID-19-related hospitalisation and mortality (Popkin et al., 2020). Its involvement in instigating this is likely intertwined with other comorbidities such as diabetes and hypertension. ACE2 is expressed in subcutaneous and visceral adipose tissue (Al-Benna, 2020), and SARS-CoV2 nucleocapsids were detected in up to 5% of adipocytes in a small cohort of deceased COVID-19 patients (Basolo et al., 2022). Consequently, more adipose tissue will lead to surges in viral penetration and illness.
C57Bl/6 male mice fed a high-fat diet (HFD) display higher ACE2 expression in the lungs and trachea but reduced Tmprss2 expression in the oesophagus, whereas obese females display reduced ACE2 expression in the oesophagus and trachea with no differences in lung tissue (Sarver and Wong, 2021). This, at least in rodents, shows how obesity affects the expression of key SARS-CoV2 entry proteins differently in the two sexes, and should be investigated further in order to understand whether human patients should be treated according to sex. Further, HFD-fed rats see a 3.8- and 6-fold increase in lung Ace2 expression, and a 5.1- and 3.4-fold increase in Tmprss2 expression compared to standard and ketogenic diet fed rats, respectively. AT1R and AT2R levels were also significantly increased in HFD fed rats. Interestingly though, mice fed a ketogenic diet saw reduced AT1R expression in pulmonary tissue compared to rats fed standard chow (da Eira et al., 2021), and this type of diet may help to safeguard diabetic or hypertensive humans. It would be meaningful to see further studies into the potential protective effects of certain diets on SARS-CoV2 infected rodent models.
The obesity-prone C57Bl/6N strain can provide valuable information in support of increased weight and diet on disease advancement and severity in SARS-CoV2 infected rodent models. Zhang et al., utilising leptin receptor dysfunctional C57BL/KsJ-db/db mice, observed a maintained 10% weight loss and more severe pulmonary pathology and inflammation in the obese model compared to db/+ controls inoculated with a mouse-adapted SARS-CoV2. Viral load was also significantly higher in obese lungs, nasal turbinates and trachea (Zhang et al., 2021). HFD-fed C57Bl/6N mice transduced with AdV-hACE2 also display more severe lung pathology than lean mice at 10 days post SARS-CoV2 infection, however a more comprehensive inflammatory profile should be included when studying models such as these (Rai et al., 2021).
This presented evidence further supports the role of obesity in severe COVID-19 patients, and in a way embodies the fusion of two pandemics. Researchers may now also look towards rodent models, preferably expressing hACE2 under its namesake promoter, to develop treatments to ease symptoms and reduce mortality in these patients in the short term. Patients may then turn to improve their diet and lifestyle habits post-recovery.
5.1.4 Hypertension
As the ACE2 receptor is responsible for initial SARS-CoV2 cell entry, it is logical that hypertension was among the top clinical presentations in patients suffering from severe COVID-19 (Huang et al., 2020; Li X. et al., 2020), through viral disruption of RAAS. ACE2 usually acts a negative regulator of RAAS, lowering blood pressure with anti-inflammatory effects. A number of RAAS modulators have been tested on rat primary in vitro cultures that principally act to increase or decrease ACE2 mRNA or protein levels (Hu et al., 2021), which in regards to a COVID-19 patient may either encourage additional viral penetration or further increase blood pressure, respectively. ACE inhibitors or ARB drugs however, seem to display a protective effect against SARS-CoV2 infection and in-hospital mortality (Hippisley-Cox et al., 2020). Nevertheless, these types of studies mainly take into account hospital admissions and must account for a large number of comorbidities and variables.
Diet-induced obese C57Bl/6J mice display weight loss, improved glucose tolerance and reduced expression of inflammatory cytokines when treated with ACE inhibitors (Premaratna et al., 2012). ACE−/- mice show a similar trend (Jayasooriya et al., 2008), displaying the potential for this treatment to ease multiple COVID-19-related risk factors at once. There are a high number of inbred, outbred and transgenic rodent models used for hypertension research (Lerman et al., 2019). Jiang et al. (2022) recently published that SARS-CoV2 viral load in the lungs is higher in transgenic hACE2-expressing mice that have been induced into hypertension compared to normotensive hACE2 mice. Further, AT1R blocker treatment improved lung pathology, reduced blood pressure and downregulated IL-6 and TNF-α expression in hypertensive hACE2 mice. This signifies that treatment provided protection to the organs on SARS-CoV2 infection overall, despite increased viral penetration in the heart and kidneys initially at early infection (Jiang et al., 2022).
A recent preprint article reported that the ACE inhibitor Lisinopril can raise the ACE2 expression landscape in the lungs, small intestine, kidney and brain of healthy mice, an effect that persists to at least 21 days post-termination of treatment (Brooks et al., 2022). Captopril, which also acts as an ACE inhibitor, appears to improve lung pathology and reduce inflammation during SARS-CoV2 infection in an angiotensin II-induced hypertensive and hACE2-expressing mouse model, without any detectable effect on viral load (Gao et al., 2021). These reports reinforce the potential but need for further clarification on RAAS modulators in COVID-19 research, but studies focusing specifically on hypertension in rodents on infection with the SARS-CoV2 virus are lacking. Nonetheless, with blood pressure measurements by techniques such as tail-cuff plethysmography and radiotelemetry readily available for use in rodents (Burger et al., 2014) and with a number of hypertension remedies on the market, future COVID-19 animal research focused on hypertension risk or the efficacy of RAAS modulators would benefit from integrating these methodologies into their study design for a greater in vivo view of hypertension in the current pandemic.
5.2 Insights Into Long-COVID
Post-acute COVID-19 sequelae or ‘long-COVID’ is a condition in which patients continue to suffer multiple COVID-19-related symptoms weeks or even months after testing negative for the virus, and can come in continuous or relapsing forms. The mechanisms behind symptom persistence are still unclear as presentation varies from patient to patient. Large scale studies from around the globe have witnessed exhaustive lists of symptoms (Davis et al., 2021; Hossain et al., 2021; C. Huang et al., 2021; Pérez-González et al., 2022), with those who were hospitalised or required intensive care during primary infection especially at risk (Xie et al., 2022).
Rodent models of post-acute COVID-19 syndrome have been close to non-existent so far. This is likely due to subsided infections, or death, of animals in the models currently available, and the incorporation of early terminal analysis into experiment design. To more accurately study the long-term effects of SARS-CoV2 infection we require models that are even more ‘comprehensively human’ than those presented in Table 1, which more closely mimic aspects such as our own immune system. Researching viral infections by utilising non-human primates is an attractive option, due to marked similarities in physiology and immune responses to antigens with humans with the possibility for longitudinal studies in controlled environments (Estes et al., 2018). The rhesus macaque, African green monkey and pigtail macaque are susceptible to SARS-CoV2 infection and show mild-moderate COVID-19-associated lung pathologies (Clancy et al., 2021). Further, Böszörményi et al. (2021) observed that infected macaques show worsening lung lesions in CT scans, increases in specific cytokines in plasma, mild to moderate histopathological signs of pneumonia and the presence of viral RNA levels in a myriad of tissues up to 38 dpi, despite all subjects testing negative for SARS-CoV2 after 14 dpi. This suggests that these non-human primates are also susceptible to post-acute COVID-19 in a similar way to humans (Böszörményi et al., 2021).
For many researchers however, rodents are a preferred model based on their lower maintenance costs, shorter gestation period and the wealth of tools for transgenic manipulation. A promising example of a mouse model with a humanised immune system is MISTRG6. These immunodeficient mice express seven human cytokine genes knocked into their respective locus in the mouse’s genome, and tolerate human hematopoietic stem cell engraftment (Rongvaux et al., 2014). MISTRG6 mice that transiently express hACE2 sustain prolonged viral titres and RNA, more severe lung pathology, and immune cell signatures to at least 35dpi of SARS-CoV2 compared to controls, emulating severe COVID-19 disease in humans. Convalescent plasma therapy showed a protective effect in these mice in regards to weight loss and viral clearance, however only prophylactic monoclonal antibody treatment improved prevention of T cell lung infiltration (Sefik et al., 2021). This again highlights the importance of early diagnosis in high risk patients, and it will be interesting to see more therapies tested on this model over longer time periods.
Finally, a recent preprint article has described their tracking of 10-weeks- and 1-year-old BALB/C mice for 120 days post infection with mouse adapted SARS-CoV2 MA10. Younger mice cleared infection twice as fast as older mice, with cytokine responses enduring in the latter until 30 dpi. Interestingly though, mice in the younger age group displayed a greater capability for tissue repair, and Molnupiravir was also effective at reducing disease prevalence in the older age group (Dinnon et al., 2022). Although this study is yet to be peer-reviewed, long-term mouse studies such as this will prove valuable in the fight against post-acute COVID-19 syndrome.
6 CONCLUDING REMARKS
The COVID-19 pandemic prompted a global scientific effort to produce a number of diverse animal models that mimic SARS-CoV2 infection. Mice have been and continue to be the preferred model organism used in scientific research due to their easy manipulation, short breeding time and genetic similarity to humans. However, the SARS-CoV2 virus binds inefficiently to the ACE2 receptor in mice thus preventing severe infection. This seemingly large barrier has been surmounted by the generation of transgenic and humanised mouse models. Additionally, efforts have been placed in reverse engineering the virus itself to increase its affinity to the mouse ACE2 receptor and causing COVID-19 symptoms. The aim of this review was to highlight individual COVID-19 mouse models and the tissue-specific replication of the virus and pathophysiology upon infection. We substantiate the review with examples of how these models have been used in regards to risk assessment of novel strains, developing therapeutics and elucidating the mechanisms of risk factors such as old age, diabetes, obesity and hypertension. We believe that this review can be used as a comprised guide for investigators researching which mouse model or which strategy to employ in regards to future COVID-19 research.
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Furin is involved in the endoproteolytic processing of various protein precursors implicated in many diseases such as diabetes, obesity, atherosclerosis, cancer, Alzheimer’s disease and viral infection including COVID-19. Recently, cell entry of SARS-CoV-2 was found to require sequential cleavage of the viral spike glycoprotein (S protein) at the S1/S2 and the S2ʹ cleavage sites. The S1/S2 site (PRRAR) can be cleaved by the proprotein convertase furin that facilitates membrane fusion and viral spread. Here we summarized the recent findings on furin and S protein structures, the role of S protein cleavage by furin during SARS-CoV-2 infection. We analyzed 12 diverse representative inhibitors of furin using a chemoinformatic approach starting from a list of 628 compounds downloaded from the ChEMBL database. Among those, only 76 survived a soft rule of five filtering step. Structural alerts are present on most of these molecules while some compounds are also predicted to act on toxicity targets. No clinical trials are presently listed at the ClinicalTrials.gov website regarding small molecule inhibitors of furin.
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SARS-COV-2 INFECTION AND FURIN
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), responsible for the pandemic disease COVID-19, is a vigorous infection that has affected millions of people worldwide. This contagious respiratory infection provokes flu-like symptoms such as cough with or without fever that spreads more easily than flu. Of the infected people, up to 20% seemed to develop respiratory difficulties including pneumonia (Hu et al., 2021).
Like with other coronaviruses (CoVs), SARS-CoV-2 presents spike glycoproteins (S protein) on their viral envelope used by the virus to bind host receptors and fuse with cell membrane, a molecular event crucial for the viral infection. The S proteins are type I transmembrane proteins composed of two subunits S1 and S2. The S1 subunit is responsible for receptor binding while the S2 subunit is involved in membrane fusion (Figure 1). The S1 domain contains an N-terminal domain (NTD) and a receptor‐binding domain (RBD) used for binding the SARS-CoV-2 receptor: the angiotensin‐converting enzyme 2 (ACE2) and heparan sulfate (Clausen et al., 2020; Walls et al., 2020). To facilitate fusion, the S protein that is synthesized as immature protein precursor, is proteolyticaly cleaved at the S1/S2 boundary and at the S2ʹ site located close to the S2 fusion peptide (FP) (Figure 1). Indeed, upon cleavage at the S1/S2 site, and engagement of ACE2 with the spike RBD domain, the S2ʹ site is also cleaved by serine proteases, leading to S2 fusion peptide generation that allows viral–host membrane fusion initiation (Figure 2).
[image: Figure 1]FIGURE 1 | Schematic representation of the major SARS‐CoV‐2 S protein domains and the cleavage sites. The S protein of SARS‐CoV‐2 is a transmembrane protein that contains various domains including NTD, RBD, FP, and TMD. The total aa sequence length (1,273 aa) and the position of the cleavage sites S1/S2 (685/686) and S2′ (815/816) are also indicated. NTD, N-terminal domain, RBD, receptor-binding domain, FP, Fusion peptide, TMD, transmembrane domain, Nt, N-terminal and Ct, C-terminal.
[image: Figure 2]FIGURE 2 | S protein cleavage and SARS‐CoV‐2 infection. SARS-CoV-2 entry into the cells is mediated by the binding of the viral spike (S) protein to ACE2 and the cleavage of S protein by furin and TMPRSS2 at the S1/S2 site. ACE2 can also be cleaved by TMPRSS2 and ADAM17 and ADAM17 precursor involves furin for its cleavage and activation.
Earlier studies revealed that SARS-CoV-2 has superior affinity for the ACE2 receptor compared to SARS-CoV (Shang et al., 2020; Lemmin et al., 2020) and was associated to S protein cleavage by furin, a proprotein convertase member (also known as dibasic-processing enzyme) that is ubiquitously expressed and involved in the proteolytic activation of various protein precursors (Siegfried et al., 2020; Soulet et al., 2020; Scamuffa et al., 2014). Indeed, cell entry of SARS-CoV-2 depends on binding of the viral S protein to the cellular receptor ACE2 and on S protein priming by furin and TMPRSS2. TMPRSS2 also cleaves ACE2 that augment viral infectivity (Figure 2) (Heurich et al., 2014; Hoffmann et al., 2020). In addition, TMPRSS2 competes with the ADAM17 for ACE2 cleavage (Haga et al., 2008; Haga et al., 2010; Wong et al., 2015). Like various MMPs, ADAM17 precursor also requires furin for its activation (Wong et al., 2015). Thereby, the high expression of furin as found in lung could be exploited by the SARS-CoV-2 for the cleavage of S protein and ACE2 leading to enhanced spread of the virus. However, although furin is the main protease responsible for the cleavage at the site S1/S2, this proteolytic cleavage may also happen in the absence of furin, suggesting the involvement of other proprotein convertases in these processes (Jaimes et al., 2020; Wrobel et al., 2020).
In comparison to all known SARS-CoVs, the protein of SARS-CoV-2 possesses a unique four-residue PRRA insertion at the cleavage site S1/S2 (Figure 1). Studies analyzing the effect of the mutation of this site in various cell lines and animal models revealed that this deletion significantly reduced viral infection. On the other hand, the cleavage at the S1/S2 site was found not to be required for infection and replication in Vero E6 cells (Lau et al., 2020; Johnson et al., 2021; Peacock et al., 2021). Lately, using infected hamster models, Lau et al. reported that compared to the wild-type, SARS-CoV-2 with mutated S1/S2 site replicated weakly in tracheal and lung tissues (Lau et al., 2020). Accordingly, deletion of this site was confirmed to reduce by up to 10-fold the replication in human cell lines, and reduce the severity of COVID-19 in hamsters and K18-hACE2 transgenic mice (Johnson et al., 2021). Taken together, these findings indicate the potential use of furin inhibitors to modulate SARS-CoV-2 infection.
FURIN 3D STRUCTURE, SUBSTRATES AND INHIBITORS
Furin 3D Structure
Twenty-four crystal structures of furin are available at the Protein Data Bank (Burley et al., 2021) at the time of writing. Furin is a 794 amino acid calcium-dependent multidomain enzyme. The structure of furin in complex with meta-guanidinomethyl-Phac-RVR-Amba (PDB file 5JXH) at 2.0 Angstrom resolution (Dahms et al., 2014) is shown as an example (Figure 3A). Only the catalytic and P domains are present in these experimental 3D structures (i.e., the other domains: the cysteine-rich domain, the transmembrane domain and the C-terminal cytoplasmic domain are not visible). On the N-terminal side, the protein also contains a so-called prodomain that acts as an intramolecular chaperone, and seems important to assist proper folding of the enzyme. This prodomain was reported to regulate the furin activity in vitro and in vivo (López et al., 2021; Descarpentrie et al., 2022). The catalytic domain is similar to the one of subtilisin, it consists of a twisted beta-sheet composed of seven parallel and one antiparallel beta-stands flanked by five adjacent and two peripheral helices (Henrich et al., 2003). Yet, the active site cleft of furin differs from that of subtilisins with respect to depth, shape and charges (i.e., the furin active site is mainly electronegative with at least six negatively charged residues directly surrounding the Ser368-His194-Asp153 active site triad). Furin preferentially recognizes/cleaves the sequence motif RXR/KR-X (the “-” indicates the scissile peptide bond) found in various protein precursors (Siegfried et al., 2005; Scamuffa et al., 2008; He et al., 2020a). While the catalytic activity of furin is strictly calcium-dependent, the three calcium ions found in the catalytic domain are not directly involved in the catalytic reaction, they are indirectly important by forming the right geometry of the active site. The adjacent P domain is organized as a separate eight-stranded β-sandwich and is thought to be important for the catalytic activity of the enzyme.
[image: Figure 3]FIGURE 3 | (A) Overall structure of human furin. The molecular surface is shown (the catalytic domain and the P-domain are in yellow and blue, respectively) with a view down the active site (PDB file 5JXH). A small inhibitor (meta-guanidinomethyl-Phac-RVR-Amba or Amba compound) co-crystallized in the catalytic site is shown in red (B) Zoom into the catalytic site. The experimental structure of BOS-318 in complex with furin (PDB file 7LCU) was superimposed onto furin co-crystallized with an Amba compound (PDB file 5JXH). Amba compounds and in general all known furin inhibitors have a P1 residue inserted into the S1 pocket and they make contacts with the catalytic triad residues. By contrast, BOS-318 does not directly engage with the catalytic triad, does not interact with the S1 pocket and seems to induce the flip of furin W254 (magenta, side chain present in 5JXH), thereby creating novel binding subpocket that allows the binding of the dichlorophenyl moiety of BOS-318 (without such change in the orientation of the W side chain, major steric clashes would occur and the binding of BOS-318 would not be possible) (C) Overview of the SARS-CoV-2 spike glycoprotein homotrimer - human furin complex. Furin was manually positioned nearby the S1/S2 region cleavage site. The three monomers of the SARS-CoV-2 S protein are colored green, magenta, and cyan while furin is showed in blue and yellow. The catalytic site of the enzyme is next to the S protein PRRAR cleavage site loop (in red). There seems to be enough room to accommodate three furin molecules on the S protein trimer at the same time.
New information about the catalytic site have been recently reported with the experimental structure of furin in complex with a small inhibitor named BOS-318 (Douglas et al., 2022). Furin inhibitors usually make significant contacts with the catalytic triad residues and have a P1 residue inserted into the S1 binding pocket (Figure 3B). This is the case for instance with the Amba family of compounds. But the selective BOS-318 inhibitor does not make such contacts (PDB file 7LCU). Surprisingly, BOS-318 seems to induce a flip of furin W254 which in turn creates a novel binding pocket that is filled by the dichlorophenyl moiety of BOS-318. This novel mode of binding found in that study provides novel insights to rationally design novel inhibitors of furin.
Spike Substrate
Furin have been linked to various pathologies including Alzheimer’s disease, tumorigenesis, and infections (Thomas, 2002). In all these diseases, furin activity was found to mediate the proteolytic activation of various protein precursors directly linked to the initiation and/or progression of these pathologies. The cleavage of the furin substrates can occurs inside the cell at the Golgi apparatus and on the cell surface membrane where furin is located (Molloy et al., 1998). Indeed, furin is predominantly localized to the TGN can reach the plasma membrane and internalized back to the TGN (Molloy et al., 1998). In Alzheimer’s disease, furin mediates the cleavage of α- and β-secretase precursors, involved in the accumulation of amyloid-β (Aβ), the principal constituent of senile plaques (He et al., 2020a). The implication of furin in tumor progression was revealed based on changes in several biological functions that directly affect the malignant and the metastatic potential of tumor cells after furin inhibition (Basak et al., 2010; He et al., 2020a; Siegfried et al., 2020). This through repressed processing and activation of many molecules involved in cell proliferation, adhesion, invasion and survival (Scamuffa et al., 2008; Basak et al., 2009; López et al., 2021). The protein precursors include metalloproteases, adhesion molecules, growth factors, and growth factor receptors (He et al., 2020b; Siegfried et al., 2020). The role of furin in various viral infection is also well established ((Jaimes et al., 2020)– (Burley et al., 2021)). The acquisition of the infectious capacity and/or cell-cell spread of various viruses require the maturation of the viral cell surface glycoproteins by furin. These include HIV-1, Ebola virus, Hong Kong influenza virus, the severe acute respiratory syndrome coronavirus (Anderson et al., 1993; Basak et al., 2001; Thomas, 2002). Inhibition of processing of some of these viral surface glycoproteins by furin inhibitors was found to abrogate the virus-induced cellular cytopathicity (Anderson et al., 1993; Basak et al., 2001; Thomas, 2002).
In the context of COVID-19, it was suggested that furin could cleave the SARS-CoV-2 S protein. The experimental structure of furin is seen oriented toward a cleavage site, located between the S1/S2 subunits of the S protein and present on a solvent exposed loop structure (Figure 3C). This loop should accommodate into the deep groove located in the catalytic domain of the protease and should make numerous hydrophobic, polar and electrostatic interactions with the enzyme. The S proteins assemble as a trimer and are in part inserted into the viral membrane. The molecule system is formed of three identical protomers that strongly binds to ACE2 receptor upon activation, a receptor found on the surface of many cell types. The S protein is here a theoretical 3D model structure derived from several cryo-EM structures (Fertig et al., 2022) including PDB files 6VSB (Wrapp et al., 2020) and 6XR8 (Mendez et al., 2019). The model was developed because some loops were missing in the experimental structures. The binding of the S protein to the ACE2 receptor requires several proteolytic cleavages and conformational changes. One such cleavage on the S protein (cleavage motif PRRAR) is performed by furin, at least on one site located at the S1/S2 boundary. This cleavage is expected to promote disordering of the S protein and then exposure of a domain (the RBD domain) critical for ACE2 binding. Yet, as mentioned above, S protein processing can occur independently of furin although the presence of this protease significantly increases cleavage.
Small Molecules Inhibitors
It has been suggested that furin inhibitors would be very valuable to reduce but not completely abolish viral spread. Several small molecules have been shown to inhibit furin. Yet, most of the time, these involve peptides and peptide-like structures that are often not well suited for human administration due to short half-life, instability, degradation by proteases or difficulties to administrate via oral route. In fact, it seems that most furin preclinical candidates have been stopped thus far due to various absorption, distribution, metabolism, excretion and toxicity problems (ADME-Tox, e.g., cellular toxicity, low cell permeability, chemical instability, etc.) (see below). A search with furin as keyword at the https://www.clinicaltrials.gov/ website did not output ongoing clinical trials involving direct small molecule inhibitors. To investigate previously reported furin inhibitors, we mined the ChEMBL database (Mendez et al., 2019). We downloaded 628 compounds that have been tested on furin and removed molecules that are too far away from the rule of 5. This rule was introduced in 1997, and suggests that to administrate a small molecule by oral route, the molecular weight (MW) of the compound should be less than 500 daltons, the lipophilicity (evaluated via computed logP) cLogP should not exceed 5, the H-bond donor count (sum of OH + NH groups) should be less than 5 and the H-bond acceptor count (sum of O + N atoms) should be less than 10 (Lipinski, 2000). As some of the compounds available in ChEMBL for furin have not been extensively optimized toward clinical candidates, we initially only applied a soft filter on MW and selected molecules with MW ∼600 or less. This simple filtering step led to the selection of 76 molecules. Then we focused on activity characterized by the so-called pChEMBL value. As defined at the ChEMBL website, the pChEMBL value allows a number of roughly comparable measures of half-maximal response concentration/potency/affinity to be compared on a negative logarithmic scale. For example, an IC50 measurement of 1 nM would have a pChEMBL value of 9. This value is defined as: -log(molar IC50, XC50, EC50, AC50, Ki, Kd or Potency). It was possible to obtain a pChEMBL value for only 42 molecules. Then, removing duplicate compounds and clustering the molecules by structural similarities, we ended up with 11 drug-like molecules that inhibit human furin (Figure 4). To these compounds we manually added a molecule missing in the ChEMBL database named BOS-318 (Figure 3B), this compound has been recently co-crystallized with furin and was shown to be selective and cell-permeable (Douglas et al., 2022).
[image: Figure 4]FIGURE 4 | Analysis of furin inhibitors present in the ChEMBL database. After applying simple filtering rules (see text), removing duplicates and clustering the molecules based upon structural similarities, 11 molecules were selected. To these compounds, a recently co-crystallized selective furin inhibitor named BOS-318 was added. The plot considers MW and LE values while the compounds are color coded according to the their pChEMBL values (i.e., green means more potent). Next to each compound, the ChEMBL-ID (or name) is written. Some structural alerts and physico-chemical problems that may impede development are noted between parentheses. These data were generated with the FAF-Drugs server. More specific endpoints were computed with the interpretable-ADMET server, for some compounds no information could be obtained as outside the applicability domain of the method, for the others, the main warnings are as follow: compound CHEMBL403278, putative inhibition of hERG (cardiotoxicity), and inhibition of OATP1B3 organic anion transporting polypeptides (a critical transporter); CHEMBL1644908 or CHEMBL1644915, putative inhibitor of hERG; CHEMBL1644910 or CHEMBL449045, putative inhibitor of hERG and OATP1B3; CHEMBL1645025, putative hERG and Pgp-inhibitor and possible respiratory toxicity; CHEMBL1808931, putative inhibitor of OATP1B3, modulator of nuclear receptors and possible respiratory toxicity; CHEMBL1644912 putative inhibitor of hERG and modulator of nuclear receptors; CHEMBL569918, putative inhibitor of OATP1B3; BOS-318, CHEMBL3936612 and CHEMBL1644907, tend to be outside the applicability domain of the method and further computations will be required.
Analysis of the molecules was performed with our software FAF-Drugs (Lagorce et al., 2017) and the visualization carried out with DataWarrior (Sander et al., 2015). While potency is an important parameter for drug discovery, other metrics can be used to evaluate small molecules and help to select compounds for further developments. One such metric is called ligand efficiency or LE. This value normalizes the experimental activity to molecular weight, heavy atom count, or other molecular size quantifier (i.e., an acceptable level for LE is around ≥ 0.3) (Hopkins et al., 2004). LE metrics are thus considered as valuable indicator of compound quality in the early stage of drug discovery as they help focus on molecules that are relatively small and yet that have a significant target activity, suggesting that optimization of the molecules should be easier. Indeed, in most cases, compound optimization usually deteriorates parameters such as MW and log P (e.g., increasing these two parameters often lead to increased interaction with off-targets and anti-targets, render oral administration more difficult…). In Figure 4, we plotted LE as a function of MW (e.g., to for instance see if compounds could grow in size) while color coding the molecules with the computed pChEMBL value. We note for instance a peptide-like molecule (CHEMBL569918) with a high MW that shows high potency with a reasonable starting LE, yet such molecule would require significant optimization before becoming a clinical candidate. Some molecules with a relatively small MW could be more interesting to optimize as they have a favorable LE but the starting chemistry is eventually not optimal. Indeed, some structural alerts (i.e., toxicophores, simple means to flag potential chemical hazards and problematic compounds) are often noticed in these molecules (please see details about major structural alerts at the FAF-Drugs website). Such chemical groups often impede further developments (e.g., many reactive warheads react with off-targets) and/or have been found to interfere with the reading of high-throughput screening experiments and/or can be promiscuous aggregators. Next to more global physical-chemistry properties and structural alerts mentioned above, more specific ADMET endpoints can also be predicted. We used the recently reported Interpretable-ADMET web service (Wei et al., 2022) and found that several compounds could be inhibitors of important toxicity targets such as hERG (cardiotoxicity) (see legend of Figure 4). Overall, this analysis suggests that important medicinal chemistry efforts will be needed to develop furin inhibitors that could enter clinical trials. Yet, the available compounds together with several experimental structures are highly valuable and should definitively facilitate the design of novel, more ADME-Tox friendly inhibitors exploiting novel furin subpockets.
CONCLUSION
Since its discovery in the 1980s, furin has acquired the status of therapeutic target for the treatment of various diseases including cancer (Siegfried et al., 2020; He et al., 2022). The discovery of a furin cleavage site in the S protein of SARS-CoV-2 virus further stimulates research on this enzyme for the treatment of infectious diseases. The availability of several high-resolution experimental 3D structures in complex with different types of inhibitors (peptide-like and non-peptide like) should facilitate the design of novel high-quality inhibitors (Osman et al., 2022). However, furin is ubiquitous and mediates the activation of various constitutively secreted substrates involved in numerous physiological processes such as angiogenesis, extracellular matrix remodeling and others (Scamuffa et al., 2006; Lahlil et al., 2009). Thereby the use of furin inhibitors as therapeutic approach may affect these biological functions and induces several side effects. In addition, the ability of furin to control the expression and/or activity of TMPRSS2, and ADAM17 (Haga et al., 2008; Haga et al., 2010; Heurich et al., 2014; Wong et al., 2015; Hoffmann et al., 2020), suggests that furin inhibitors can also interfere with the biological function mediated by these proteases. Thereby, prior any application in clinical setting, the side effect of the developed furin inhibitors should be evaluated and more effort should be oriented toward the development of reversible furin inhibitors, of which the action could be stopped when necessary to prevent any potential side effects. Taken together, while it is clear that furin is a challenging therapeutic target, it definitively deserves further investigation.
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Because of its scale and suddenness, the SARS-CoV-2 pandemic has created an unprecedented challenge in terms of drug development. Apart from being natural candidates for vaccine design, peptides are a class of compounds well suited to target protein-protein interactions, and peptide drug development benefits from the progress of in silico protocols that have emerged within the last decade. Here, we review the different strategies that have been considered for the development of peptide drugs against SARS-CoV-2. Thanks to progress in experimental structure determination, structural information has rapidly become available for most of the proteins encoded by the virus, easing in silico analyses to develop drugs or vaccines. The repurposing of antiviral/antibacterial peptide drugs has not been successful so far. The most promising results, but not the only ones, have been obtained targeting the interaction between SARS-CoV-2 spike protein and the Angiotensin-Converting Enzyme 2, which triggers cellular infection by the virus and its replication. Within months, structure-based peptide design has identified competing for picomolar candidates for the interaction, proving that the development of peptide drugs targeting protein-protein interactions is maturing. Although no drug specifically designed against SARS-CoV-2 has yet reached the market, lessons from peptide drug development against SARS-CoV-2 suggest that peptide development is now a plausible alternative to small compounds.
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1 INTRODUCTION
The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is responsible for COVID-19 (coronavirus disease 2019) and spread rapidly following its emergence in Wuhan in December 2019. While the majority of COVID-19 infections are relatively mild, with most patients recovering in 2–3 weeks, a significant number of patients can develop a severe respiratory illness. Due to the instability of its genome, numerous mutations have appeared in the SARS-CoV-2. Some of them have induced traits considered beneficial for viral adaptation (Pachetti et al., 2020), such as an increase of its transmissibility, an enhancement of its ability to evade natural immunity or a decreasing susceptibility to neutralizing antibodies. Currently, the World Health Organization (WHO) has declared five variants of concern: Alpha, Beta, Delta, Gamma, and Omicron variants (Karim and Karim, 2021; Starr et al., 2021; Tegally et al., 2021; Xie et al., 2021), but the list keeps growing.
Since the end of 2020, several COVID-19 vaccines are available, enabling the reduction of the spread, severity, and death caused worldwide. A monoclonal antibody (sotrovimab) and two combinations of two monoclonal antibodies (casirivimab/imdevimab and bamlanivimab/etesevimab) have been approved as drugs. However, their manufacturing costs are high and they are not convenient for patients since they are administered by intravenous injection. Currently, four non-biologic drugs have been approved. In October 2020, Remdesivir was the first small molecule approved by Food and Drug Administration (FDA). It is a broad-spectrum antiviral medication, which is administrated by intravenous injection. Remdesivir can be also administrated in combination with baricitinib, a drug approved for the treatment of rheumatoid arthritis. Since July 2021, the FDA authorized the use of baricitinib without remdesivir for patients requiring supplemental oxygen. Interestingly, in March 2022, the RECOVERY (Randomised Evaluation of COVID-19 Therapy) trial showed that baricitinib alone is able to reduce mortality by about 20 percent. In December 2021, Molnupiravir has been approved by the FDA for certain patients for whom other treatments are not possible. Molnupiravir is an anti-viral drug, which acts by preventing RNA virus replication. Since the end of December 2021, a fourth drug, Paxlovid, has been available for people who are at high risk of having severe COVID-19. Paxlovid contains the antiviral medications nirmatrelvir and ritonavir. Baricitinib, Molnupiravir, and Paxlovis are administrated orally to the patient.
Although vaccines and the four available drugs are great therapeutic advances to cure COVID-19, it is still necessary to develop new treatments, which are more convenient or less limiting for the patients (Fenton and Keam, 2022). Even if the small molecules are usually more easily manufactured, more stable, and less costly than biologics (Makurvet, 2021), it is important not to just focus on small molecules to design new drugs. In particular, peptide-based drugs have significant advantages such as low toxicity and better specificity.
Peptides have in recent years gained increased interest as candidate therapeutics, with presently over 80 peptide drugs on the market, more than 150 peptides in clinical development, and over 400 undergoing preclinical studies (Muttenthaler et al., 2021). Peptides are easy to develop both in terms of time and technology and are cost-effective, which makes them good candidates for the development of hits or probes up to the proof of concept. Compared to small compounds, despite they have the advantage of low intrinsic toxicity and better specificity, the main limitations of peptides have long been the mode of delivery, mostly parenteral, and the renal clearance that reduces quickly the bioavailability of the peptide drugs (Muttenthaler et al., 2021). However, recent developments have led to progress on those limitations: new modes of formulation and protection, to cite some, have resulted in improved bioavailability, biostability, and biodelivery. Some peptide drugs on the market such as the Semaglutide or plecanatide, can be administered orally (Zhang & Chen, 2021; Lewis et al., 2022). In addition, progress in cell-penetrating peptides now makes it likely to design peptides tissue, cell, or organelle-specific (Xu et al., 2019), enlarging the landscape of possible applications of peptides targeting PPIs to almost any kind of interaction. Apart from synthetic hormones (Vlieghe et al., 2010) and peptides targeting GPCRs (Davenport et al., 2020), peptides are especially well suited to target protein-protein interactions (Nevola and Giralt, 2015; Wójcik and Berlicki, 2016; Bruzzoni-Giovanelli et al., 2018). Compared to small compounds, peptides have higher molecular weights and can bind to a larger surface, which usually results in binding targets with higher specificity and affinity.
The development of peptide drugs also benefits from the progress of structural biology and structural bioinformatics. SARS-CoV-2 illustrates very well the reactivity of structural biology. Thanks to X-ray diffraction and electron microscopy, many SARS-CoV-2 protein structures have been available as soon as 2020, and most structures have been available not later than mid-2021, with some exceptions, though, as illustrated from the compendium available at RCSB or EBI (https://www.rcsb.org/news/feature/5e74d55d2d410731e9944f52; https://www.ebi.ac.uk/pdbe/covid-19). Furthermore, the structure of some protein complexes contributing to viral infection has also been solved, particularly that of the SARS-CoV-2 Spike protein receptor-binding domain (RBD) in interaction with the Angiotensin-Converting Enzyme 2 (ACE2) [PDB: 6M0J (Wang et al., 2020)]. Although not all molecular mechanisms related to SARS-CoV-2 viral infection are fully understood, this structural information has revealed precious to propose peptide candidates combating the viral attack. Concomitantly, the progress of in silico approaches for the prediction of peptide structure, protein-peptide, and protein-protein interactions, as well as progress in conformational sampling, including molecular dynamics (MD) simulations and docking can in principle make in silico protocols starting from the structure of the targets effective to identify peptide candidates.
Here, we review the various results obtained so far that exploit in silico protocols for peptide development in the context of the SARS-CoV-2 pandemic. We describe shortly efforts to identify immunogenic peptides from the available structures as well as efforts to identify candidate peptide drugs targeting viral infection, and we discuss their expected impact on the road to SARS-CoV-2 drug development.
2 THE DESIGN OF VACCINE BASED ON SYNTHETIC PEPTIDES
T cells have a crucial role in the immune response to viral infections like COVID-19. The presentation of short viral peptides by the human leukocyte antigen (HLA) complex is the first step in the development of T-cell immunity. Thus, the viral peptides presented by HLA class I molecules and HLA class II molecules can activate CD8 T cells and CD4 T cells, respectively. Once activated, CD8 T cells can recognize and kill virus-infected cells. Activated CD4 T cells act by the release of cytokines, which stimulate other immune cells to trigger the appropriate immune response.
At the beginning of 2020, understanding how the immune system reacts to the SARS-CoV-2 infection is critical to the development of vaccines. In this aim, the T cell memory in 42 patients who recovered from SARS-CoV-2 infection and 16 unexposed donors has been studied by experimental assays using peptides spanning SARS-CoV-2 (Peng et al., 2020). 41 peptides containing CD4+ and/or CD8+ epitopes have been identified. Among these peptides, three peptides deriving from spike protein, two from membrane protein, and one from nucleocapsid protein were frequently targeted by T cells, suggesting that they can trigger an immune response.
A systematic vaccine-informatics approach has been applied to the spike protein to identify antigenic peptides, which could be used to design a novel vaccine candidate (Alam et al., 2021). Based on the spike protein sequence, they applied several bioinformatics tools to highlight potential immunogenic peptides and assess their autoimmune, allergic, and toxic response. Thus, 12 antigenic peptides have been identified. They have 80%–90% identity with experimentally identified epitopes of SARS-CoV. They are predicted as nontoxic, nonallergenic, and highly antigenic. Moreover, the authors performed docking computations of eight peptides on the surface of the HLA to understand how the peptides interact with HLA. Although the authors are confident in the ability of these peptides to trigger an effective immune response against the SARS-CoV-2, no experimental confirmation supports their conclusions.
Recently, a peptide vaccine candidate, named CoVac-1, completed a phase I clinical trial (Heitmann et al., 2022). CoVac-1 is a peptide composed of multiple SARS-CoV-2 epitopes derived from various viral proteins (Figure 1), such as spike, nucleocapsid, membrane, envelope, and open reading frame 8. It contains a synthetic toll-like receptor 1/2 ligand, which acts as an adjuvant to help the vaccine produce a better immune response. From 28 November 2020 to 1 April 2021, 36 healthy adults were enrolled and received one dose of CoVac-1. The participants have been followed up until 56 days after the CoVac-1 injection. 56 adverse effects have been observed, but they were predominately mild (headache, fatigue, nausea …) indicating that CoVac-1 has a favorable safety profile. Moreover, T cell responses were persistent 3 months following vaccination and were not affected by mutation of Alpha and Beta variants. CoVac-1 is currently in phase II clinical trial.
[image: Figure 1]FIGURE 1 | Localization of the epitopes that are contained in CoVac-1 on the viral protein’s surfaces. (A) spike protein surface [PDB id: 6XLU (Zhou et al., 2020)], spike monomers are colored in green, yellow, and cyan, respectively. The Receptor Binding Domain (RBD) and the N Terminal Domain (NTD) are indicated. The epitope (T236RFQTLLALHRSYL249) is in red. (B) nucleocapsid protein surface in white (PDB id: 7CR5 (Kang et al., 2021)), the epitope (A50SWFTALTQHGKEDL64) is displayed in red.
3 THE SEARCH FOR DRUGS COMBATING SEVERE ACUTE RESPIRATORY SYNDROME CORONAVIRUS 2 ATTACK
3.1 Structure Based Peptide Design
Figure 2 summarizes the different strategies that have been explored to block SARS-CoV-2 proliferation. The main strategies are to prevent virus entry into the cell and to block its replication. We discuss these in the next section. A summary of the identified peptides, the methods to identify them, and their experimental properties if measured, is provided Table 1.
[image: Figure 2]FIGURE 2 | Foreseen strategies to block SARS-CoV-2 infection. Red Arrows indicate the targets contributing to the reproduction cycle considered for peptide development.
TABLE 1 | Candidate peptides. For each, we report its sequence, the rationale underlying its development, the target, a brief summary of the methods employed, the status about its experimental validation (- means none) and the reference related to the peptide identification.
[image: Table 1]3.1.1 Preventing Virus Internalization by Inhibiting the Spike-Angiotensin-Converting Enzyme 2 Interaction
SARS-CoV-22 enters cells through the interaction of the spike glycoprotein with the ACE2 human receptor (Gheblawi et al., 2020; Papageorgiou and Mohsin, 2020), making the spike/ACE2 interaction a preferential target to prevent cell infection. A structure obtained by electron microscopy at 2.9 Å resolution has been reported at the beginning of 2020 (Yan et al., 2020). Figure 3A shows that on the ACE2 side, the interaction involves mostly the N terminal helix—α1-helix (residues 24–53, sequence: QAKTFLDKFNHEAEDLFYQSSLASWNYNTN), and to a lesser extent residues 79–83 (sequence: LAQMY) and 353–357 (sequence: KGDFR). On the spike protein side, contacts with residues from the RBD, involve mostly the stretch encompassing residues 480–501, and to a lesser extent the stretch encompassing residues 448–454 (Figure 3B). More precisely Barh et al. (2020), have suggested that effective peptides must bind to key positions of the RBD (G485, F486, N487, Q493, and Q498, T500, N501) and that F486, Q493, and N501 are critical residues.
[image: Figure 3]FIGURE 3 | Receptor binding domain of spike (within surface) in interaction with the ACE2 receptor (green). Only the side chains of the residues at the interface are displayed. (A): ACE2-receptor (ACE2) residues interacting with the Receptor Binding Domain (RBD) of spike. The bright green residues correspond to the α1-helix (residues 24–53), pale green residues below the α1-helix to residues 79–83 and pale green residues in the back to residues 353–357. (B): Residues of the RBD interacting with ACE2. PDB structure: 6m0j, image generated using PyMOL. Identification of the residues at the ACE2/RBD interface was performed using a distance cut-off of 5 Å.
The dominant strategy has been to design peptides directly inspired by the ACE2 peptidase, binding the RBD and thus competing with the interaction of the RBD with ACE2, preventing downstream cell penetration.
Predominantly, special attention has been brought to the 30 amino acid long α1-helix critical for the RBD-ACE2 binding. From the analysis of the structures of SARS-CoV-2 and SARS-CoV in interaction with ACE2, Larue et al. (2020) have identified two ACE2-derived peptides able to bind Spike RBD in affinity precipitation assays (Larue et al., 2020). Those peptides have shown the ability to inhibit Spike-mediated infection with IC50 values in the low millimolar range. Starting from the fragment between the residues 21 and 45 of the α1-helix, Sitthiyotha and Chunsrivirot (2020) have used computational protein design and molecular dynamics (MD) simulations to design peptides with enhanced theoretical affinity for SARS-CoV-2 RBD (Sitthiyotha and Chunsrivirot, 2020). During this iterative process, the design focus was on positions not reported to form favorable interactions with SARS-CoV-2-RBD, thus avoiding perturbing those corresponding to existing favorable interactions. Finally, Karoyan et al. (2021) have started with a peptide mimicking the α1-helix of hACE2, to end with the best peptide-mimics able to block SARS-CoV-2 human pulmonary cell infection with an inhibitory concentration (IC50) in the nanomolar range upon binding to the virus spike protein (Karoyan et al., 2021).
Such studies were based on the implicit hypothesis that the ACE2 fragments would adopt a conformation similar to that observed in the structure of ACE2 and that the binding of the peptide alone would result in a pose similar to that observed in the complex structure. Several early docking experiments have supported this hypothesis. Jaiswal and Kumar (2020) have for instance reported that the fragments of the α1-helix are found to bind at the α1-helix/RBD interface (Jaiswal and Kumar, 2020). In addition, Baig et al. (2020) have reported that some peptides they designed starting from 23 amino acids of the N-terminal helix, using alanine scanning to identify critical binding positions, can maintain their secondary structure during MD simulations and provide a highly specific and stable binding to SARS-CoV-2 (Baig et al., 2020). However, things might not be so straightforward in terms of structural behavior. Freitas et al. (2021) have also focused on the α1-helix and explored the binding and folding dynamics of the natural and designed ACE2-based peptides by MD simulations using coarse-grained representations (Freitas et al., 2021). Their results show a difference in the folding mechanisms of the modified peptides (a two-state folding mechanism) binding the RBD, as opposed to the naturally occurring α1 helix peptides, suggesting that amino acid substitution on the alpha-helical sequences can result in subtle changes in dynamic properties compared to the wild-type sequence. Moreover, Kuznetsov et al. (2022) have observed experimentally that a peptide comprising positions 24 to 42 of the ACE2 α1 helix can inhibit the formation of the S1-ACE2 complex in a manner dependent on the peptide concentration (Kuznetsov et al. 2022). They also observed the formation of a ternary complex suggesting that the peptide could bind to other sites besides that observed in the structure of the complex. The consequences of this observation on design are so far unknown. In summary, although effective, the peptides derived from the α1-helix, validated in vitro and in cellulo by the different groups could exert a functional effect through mechanisms that are not necessarily those expected.
Attempts to combine different fragments of ACE2 distant in the sequence have also been considered. Barh et al. (2020) have for instance considered the residues of ACE2 interacting with RBD, searched databases of known activity for peptides blocking nCoV-RBD, and proposed chimeric peptides combining several candidates. Huang et al. (2020a) have designed peptides by grafting fragments from ACE2. The initial design of a peptide combining two segments of ACE2 (a.a. 22–44 and 351–357) was followed by an iterative redesign to enhance the binding to the RBD, using an in-house effective force-field, evoEF2, to drive the optimization (Huang et al., 2020a). The effectiveness of the designed peptides has however not yet been confirmed experimentally. Chatterjee et al. (2020) have, for their part, extended the strategy of ACE2 derived peptide design to target both the RBD and recruit E3 ubiquitin ligases for subsequent intracellular degradation of SARS-CoV-2 in the proteasome (Chatterjee et al., 2020). The design was performed using a protocol relying on the Rosetta program (Rohl et al., 2004), and in cellulo tests showed that one peptide is able to reduce the infection rate by −60%. Jaiswal and Kumar (2020) have extended the peptide up to a two helix bundle, using a protocol combining docking and MD simulations to identify stabilizing substitutions (Jaiswal and Kumar, 2020). The peptides showed predicted kD values on the order of 1 to a few nM, but experimental confirmation is missing. More recently, however, Zhou et al. (2021) have performed a thorough investigation of a strategy considering the two alpha-helices of hACE (Zhou et al., 2021). They concluded that the two helices cannot bind Spike when split from the ACE protein, the two peptides showing a propensity for disorder when out of ACE. They further concluded that stapling could be a relevant way to reduce the entropic cost upon binding of peptides containing one or two alpha-helices of ACE. Curreli et al. (2020); Maas et al. (2021) have reported, for lactam-stapled hACE2 peptides, experimental inhibition of the spike protein RBD-hACE2 complex formation, for concentrations on the order of 1–10 μM (Curreli et al., 2020; Maas et al., 2021).
Finally, the de novo design of peptides binding the RBD has also been explored. Chaturvedi et al. (2020) performed the de novo design of peptides targeting the RBD (Chaturvedi et al., 2020). Starting from selected ACE2 segments, natural RBD binder, the templates have been gradually modified by random mutations, while retaining those mutations that maximize their RBD-binding free energies. In this adaptive evolution, atomistic molecular dynamics simulations of the template-RBD complexes were iteratively perturbed by the peptide mutations, which were retained under favorable Monte Carlo decisions. The best candidate peptides remain however to be tested experimentally. Cao et al. (2020), have successfully designed alpha-helix bundle miniproteins encompassing the α1-helix, with median inhibitory concentration (IC50) values between 24 p.m. and 35 nM (Cao et al., 2020). The most potent exhibits a median inhibitory concentration (IC50) of close to 0.16 ng ml−1. The experimentally determined structure of the interaction between the peptides and the RBD is in excellent agreement with the computational models.
Of note, the interaction between RBD and ACE2 might be more complex than anticipated and involve more partners. Recently, another direction has been proposed by Beddingfield et al. (2021). It does not target directly the RBD ACE2 interface, but instead the spike protein and ACE2 interactions with the α5β1 integrin. Using docking, they identified three candidate binding sites for a candidate peptide active in vitro with an IC50 value of 3.16 μM. These results however require more explorations.
3.1.2 Preventing Virus Internalization by Preventing the Formation of the Fusion Core
The SARS-CoV-2 spike proteins consist of two subunits named S1, which contains the RBD, and S2 (Figure 4A). S2 is highly conserved among SARS-Like Coronaviruses and the mechanism responsible for the virus internalization is expected to be common to those viruses. After interacting with ACE2, the spike protein is cleaved into S1 and S2, and S2 undergoes a conformational rearrangement mediating viral fusion and cell entry. S2 is composed of a fusion peptide (FP), two heptad repeats (HR1 and HR2), a transmembrane domain (TM), and a cytoplasmic domain fusion (CP). After cleavage, the FP is inserted into the target cell membrane, which results in HR1 and HR2 forming a 6-helix bundle (Figure 4B). The formation of this bundle brings the cellular and viral lipid bilayers into proximity, which initiates the membrane fusion process (Belouzard et al., 2012). Preventing the formation of the helix bundle has been described as a possible strategy to block membrane fusion and prevent the entry of the virus into cells. Ling et al. (2020) have explored the design of peptides mimicking HR2 and binding HR1, to block the fusion process (Ling et al., 2020). After modeling the structure of the 6 helix bundle using homology with other viruses of the family, they investigated the binding energy of HR1 to HR2 and conversely concluded that HR2-derived peptides are probably more efficient than HR1-derived peptides to prevent the formation of the 6-helix bundle and viral infection. Efaz et al. (2021) analyzed 17 SARS-CoV-1 HR2-derived fusion inhibitor peptides known to show effective antiviral activity against the HR1 of SARS-CoV-1 and SARS-CoV-2 (Efaz et al., 2021). Using MD simulations and monitoring the free energy landscape of their binding with HR1, they identified the two best candidates. Experimental validation is however not provided at this time.
[image: Figure 4]FIGURE 4 | (A): Localization of subdomains S1 and S2 of SPIKE in the pre-fusion conformation. HR1 residues are in blue. (A): Conformation of the 6 helix bundle (fusion conformation).
3.1.3 Towards Targeting Intra-cellular Interactions
Targeting cell penetration of the virus is not the only strategy that could reveal effectiveness. Once the virus has entered the cell, other protein-protein interactions have been considered of potential interest.
One of these is the interaction between nsp10 and nsp16 (Figure 5). The virus replicates in the cytoplasm, and cannot access the capping machinery of the host located in the nucleus. To compensate the virus encodes its own capping enzymes, and several nsp such as nsp14 and nsp16, which are involved in viral RNA capping. Nsp16 has a binding pocket for S-adenosyl-L-methionine (SAM) which acts as a methyl group donor for the 2′-O-methylation reaction. This pocket is stabilized by the interaction with another nsp, nsp10 and consequently, the inhibition of the nsp16/nsp10 interaction is a possible strategy to prevent virus replication. Dutta and Iype (2021) have analyzed the binding interface of the nsp10/nsp16 complex [PDB id: 6W4H (Rosas-Lemus et al., 2020)] to identify peptides of nsp16 blocking the interaction between nsp10 and nsp16 (Dutta and Iype, 2021). Combined docking with MD simulations, they prospectively analyzed the binding of several candidates and concluded that two of them two and five were stable and able to bind to the nsp16 interacting region of nsp10, thus potentially preventing the interaction between the two proteins. Again, experimental confirmation is still required.
[image: Figure 5]FIGURE 5 | Interaction between nsp10 in green and nsp16 in wheat (PDB id: 6w4h) generated using PyMOL. Only the side chains of the residues at the interface are displayed. Identification of the residues at the nsp10/nsp16 interface was performed using a distance cut-off of 5 Å.
Another interaction is that of the PDZ binding domain of the envelope protein (E-protein) of SARS-CoV-2 with PALS1. The presence of PDZ binding motifs (PBM) that bind specific cellular PDZ domain proteins is frequent in viruses, leading to pathogenic dysfunctions of these proteins. The E-protein of SARS-CoV-2 has such a PBM known to interact with PALS1. Despite the PBM/PDZ interactions being usually weak, Toto et al. (2020) have proposed to design peptides mimicking SARS-CoV-2 E-protein targeting the PDZ domain of PALS1 (Toto et al., 2020). PALS1 participates in the maintenance of epithelial polarity, and it has been suggested that E-protein/PALS1 interaction is involved in the degradation of the integrity of the lung epithelia, resulting in dramatically increased viral dissemination. Analyzing the structure of the E-protein, they identified peptide mimics of the E-protein, assessed their relative affinity for PALS1 compared to the equivalent peptides of SARS-CoV-2, and concluded an increased affinity of the E-protein of SARS-CoV-2 for PALS1. However, no successful inhibitors have been obtained to date.
3.2 Searching for Natural Peptides Active Against Severe Acute Respiratory Syndrome Coronavirus 2 Infection
Not considering the structural information available, a direction that has repeatedly proven effective is the search among natural peptides known to have biological activities. The urgency to respond to the SARS-CoV-2 pandemic has non surprisingly stimulated the search for such candidates, although in some cases no clear rationale underlying the search existed, leading to mostly conceptual studies. It is for instance the case for the search for active peptides in the colostrum and milk. Çakır et al. (2021) have considered peptides from the goat milk whey fraction obtained by enzymatic digestion and assessed their potential combining in silico data-based prediction and docking against ACE2 and DPP-4 enzymes (Çakır et al., 2021). Pradeep et al. (2021) have reported a study in the same orientation, starting from peptides previously identified from Buffalo colostrum and milk, targeting entry points such as ACE2, Spike, TMPRSS, Cathepsin-L, or Furin, the endosomal maturation components such as AAK1, GAK, PIKfyve or TPC2, the replication transcription complex (PLpro, clpro, nsp12, nsp13) and Virion Assembly (N Protein) combining docking with MD simulations, assessing the stability of the binding of the peptide with the target (Pradeep et al., 2021). Although both studies identified some candidates of interest, these remain to be further assessed in vitro and in vivo. Yu et al. (2021) have prospectively analyzed the potential of peptides resulting from the in silico digestion of Tuna myosin to block ACE2 (Yu et al., 2021).
Several studies have considered targeting side effects of the virus infection, instead of directly addressing it. For instance, the antioxidant and anti-inflammatory effects of grehlin, have been considered to reduce the complications of the SARS-CoV-2 (Jafari et al., 2021). As well, since cardiovascular diseases are strong negative prognostic factors since they exacerbate the effects of the viral infection and lead to worse outcomes, it has been suggested that natriuretic peptides could exert a key protective role toward the virus infection whereas an impairment of NPs release contributes to the virus deleterious effects (Rubattu et al., 2021).
Anti-Microbial Peptides (AMPs) are another class of peptides with potential interest. Indeed, among the close to 3,200 AMPs discovered, close to 200 have also been reported to have antiviral activities (Wang, 2020; Mousavi Maleki et al., 2021). However, these peptides seem to have varied mechanisms of action in varied contexts. The interaction of Nisin, a food-grade antimicrobial peptide produced by lactic acid bacteria, with ACE2, has been assessed using modeling and docking. The results suggest that Nisin could act as a competitor of the RBD to bind ACE2 (Bhattacharya et al., 2021).
Finally suppressing the activity of the PLpro enzyme by using potential plant-derived protease inhibitor peptides has also been considered. (Moradi et al., 2022) have tested 11 plant-derived peptides selected from the literature that could potentially inhibit protease activity. Docking experiments suggest that VcTI from Veronica hederifolia provides effective molecular interactions at both the liable Zn site and the classic active site of PLpro. These results remain to be confirmed experimentally.
Overall, however, the exploration of natural peptides has so far led to few promises, if any.
4 DISCUSSION
In the context of the SARS-CoV-2 pandemic, the urgent need to identify means to fight against the SARS-CoV-2 attack has raised an unprecedented effort, based on a wide panel of strategies. These encompass drug and vaccine development, or drug repurposing. Among these, peptide-based development was a possible direction to consider. Here, we have reviewed how in silico protocols have contributed to such structure-based development. It is obvious that peptide drug development does not require, per se, in silico approaches. It could proceed for instance by developing and screening experimentally peptide libraries. For instance, Rathod et al. (2020) have searched peptides from the AntiViral Peptide Database (AVPdb), with a repurposing perspective (Rathod et al., 2020). As well, cyclic peptides targeting the RBD have been experimentally designed using mRNA display (Norman et al., 2021), and both linear and cyclic peptides targeting the Mproprotease have been identified using in vitro screening (Pisarchik, 2021). As summarized in Table 1, it is however striking that the vast majority of studies have consisted of structure-based in silico design.
Indeed, the knowledge of the structure of the RBD in interaction with ACE2 has revealed extremely valuable to the design of candidate peptide drugs. In silico protocols and particularly MD simulations have made it possible to analyze in detail the interaction between the RBD and ACE2 to identify the key residues of the interaction. Their use has in turn led to the development of peptides validated in vitro as binders of the RBD, just using the expertise of some researchers focusing on substitutions at not essential sites for the interaction (Karoyan et al., 2021), or using stapling to optimize the binding (Curelli et al., 2020; Maas et al., 2021). More sophisticated studies have combined the use of docking and MD simulations to explore the stability of the binding of evolved peptides to the RBD. For the docking, peptides traditionally pose specific problems compared to small compounds due to their larger flexibility. To address this issue, it is striking to note that various, mostly flexible, docking approaches have been considered, often complemented by MD/refinement protocols to sample the conformational flexibility of the poses (Table 1). Probably here, the helical conformation of the ACE2 fragment helps making docking easier. Varied MD protocols have also been employed, using explicit or implicit solvent models, and sometimes sophisticated protocols such as umbrella sampling (Ling et al., 2020) or WHAM (Freitas et al., 2021). Finally, it is noticeable that the use of the Rosetta software (Leaver-Fay et al., 2011) has led to the effective design of several peptides binding the RBD with very low IC50 values, on the order of a few tens of pM (Cao et al., 2020), which is remarkable. The size of the peptides matters however, longer peptides tend to have lower IC50 values. Larue et al. (2020) reported that a 6 amino acid ACE2 fragment with a mM order IC50 is able to reduce cell infection by approximately 70% (Larue et al., 2020), while Chatterjee et al. (2020) reported 23 amino-acid peptides able to reduce the infection rate by 60% (Chatterjee et al., 2020), Kuznetsov et al. (2022) reported that a 19 amino acid peptide has an IC close to μM (Kuznetsov et al., 2022), and Karoyan et al. (2021) described a 27 amino acid with IC50 on the order of nM (Karoyan et al., 2021). The miniproteins designed by Cao et al. (2020) have much longer sizes, with over 55 amino acids for the best ones (Cao et al., 2020). Finally, strategies to stabilize the peptides using stapling end with peptides having IC50 values on the order of a few μM.
The identification of peptides able to compete with the RBD/ACE2 interaction, and even to slow down viral infection reduction in cellular assays does not mean however that peptide drugs are close to getting on the market. The more divergent the sequences are from the natural sequence, and the longer they are, the more likely they could become associated with adverse effects, particularly in terms of the immune response. Finally, the longer they are, the more costly they become, which could become an obstacle to their development. To a lesser extent, studies are now escaping the RBD-ACE2 interaction to tackle other interactions that occur internally in the cells. These studies also benefit from the 3D information available, although not all the structures of the proteins in interaction are known. These developments have started later on and will be confronted with harder challenges for cell internalization.
As for synthetic vaccine development, many studies have proposed candidate immunogenic peptides, that for their vast majority, lack experimental validation. It is nevertheless seizing that in silico approaches now address a wide range of considerations, including MHC I, MHC II as well as CD4 or CD8 immune response. Nevertheless, the use of peptides as a vaccine for SARS-CoV-2 treatment seems to be promising. Thus, CoVac-1, which is a combination of viral proteins is in phase II clinical trials. To note, EpiVacCorona, a peptide-based vaccine is already accepted as medicine in Russia since December 2020. Because questions arose about how the peptides were selected and what is its real immunogenicity, EpiVacCoron is used almost exclusively in Russia.
Another point to consider is the emergence of variants. Drugs and vaccines that have been developed for the wild-type SARS-CoV-2 may become less effective. For example, all the variants of concern have mutations in the spike protein that enable to partially escape the immune response and/or to increase the interaction with ACE2. The efficacy of drugs that target spike protein could be therefore drastically affected by the mutations. In this case, the use of therapeutic peptides is particularly relevant to face these issues, since the peptides of interest can be adapted for a given variant with appropriate changes in the peptide sequence.
To summarize, the SARS-CoV-2 pandemic has highlighted the reactivity of the actors of drug development. Vaccine development has proven very effective and fast, whereas synthetic peptide vaccines are still under development. For chemical drug development, drug repurposing has been so far the more effective strategy. Peptide drug development assisted by in silico analyzes has proven very reactive, able to identify promising candidates within a few months. It keeps progressing on new targets (Chan et al., 2021). The same responsiveness has been observed to search for small compounds, although through much higher investment. So far, none has been able to propose convincing enough drugs able to reach the market. It will be interesting to reconsider, hopefully in a few months, lessons from drug development against SARS-CoV-2 in terms of drug development strategy.
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Among the lessons learned from the COVID-19 pandemic is the need to develop antiviral drugs poised to treat the next pandemic. Unfortunately, traditional drug development economic models, centered principally on patents, are ineffective to induce private sector investment due to unpredictable timing and cause of the next pandemic. As a result, illustrated by the COVID-19 pandemic, it is the public and philanthropic sectors sectors that overwhelmingly fund the development of innovative vaccines and therapies. To meet the need for proactive antiviral medicines in advance of the next pandemic, new models of drug development are needed. Open science partnerships (OSPs) show promise in this regard. Rather than rely principally on patents and private investment, OSPs combine a variety of academic, philanthropic, governmental, and private sector incentives to share knowledge and develop and test antiviral drugs. Private sector investments are, within an OSP, not only leveraged against investments by other actors, but predicated on gaining regulatory data exclusivity, a known and secure form of commercial advantage. Building on domestic expertise in OSPs, Canadian leaders created the Viral Interruption Medicines Initiative, a not-for-profit OSP, to develop pandemic ready-antivirals and address other areas of market failure.
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INTRODUCTION
The COVID-19 pandemic showcased both the best and worst of science. Collectively, the scientific world quickly shared the SARS-CoV-2 sequence, created vaccines, put those vaccines through clinical trials and delivered them in record time. At the same time, scientists promoted false treatments such as vitamin D, hydroxychloroquine, and firms exercised their proprietary positions over vaccines and drugs to leave low- and lower-middle income countries greatly under-vaccinated.
One important strand of the pandemic story is that, as of the date of writing, only three anti-viral pills have been approved for use—one new and two repurposed. Pfizer’s Paxlovid is a derivative of a shelved drug lead developed 20 years ago for the original SARS virus while the other two—remdesivir and molnupiravir—are repurposed from legacy programs targeting other viruses. Many firms and university labs attempted to repurpose other types of drugs to identify those with antiviral activity, but none of these efforts proved fruitful (Edwards 2020). There are many antiviral antibody drugs approved, and dozens in development, although these must be administered in hospitals and are priced beyond the reach of most people. Broadly, the world simply had no advance plan to proactively develop simple drugs to treat pandemics—despite several epidemics since the Millennium (Edwards et al., 2022).
As night follows day, there will be another viral pandemic, for which we must prepare now. Unfortunately, existing models of drug discovery have not proven themselves suitable. Pandemic preparedness is an example of market failure where reliance on traditional forms of intellectual property simply do not provide the incentive to develop the vaccines and simple drugs needed (Outterson et al., 2007; Eccleston-Turner 2016; Jacobs 2019).
In this review, we investigate a novel intellectual property approach to drug development that promises to develop pandemic-ready drugs quickly and accessibly before the next pandemic hits. This approach, an open science partnership, has been put into practice for 2 decades in the health sciences. Specifically, we summarize how a Canadian not-for-profit corporation, the Virus Interruption Medicines Initiative (VIMI) and its international partners aim to develop an open science drug discovery ecosystem to develop pandemic-ready drugs without the use of patents.
MARKET FAILURES IN DRUG DISCOVERY
While debate continues, there is growing evidence that drug discovery is facing productivity declines (Gold 2021). Drug development costs increase and drugs are less novel, while patient costs increase and accessibility decreases. This tendency is exacerbated in addressing pandemics given the large uncertainty as to drug target and timing of the pandemic (Eccleston-Turner 2016, 583). In this field, the incentives provided by patents, relied on heavily by the pharmaceutical industry in relation to other disease areas (Hall 2022), become less effective. Eccleston-Turner (2016) notes, for example, that patents did not play a significant role in developing a vaccine against the 2009 H1N1 influenza pandemic. Sherkow et al. (2021) go further in respect of vaccine development against SARS-CoV-2:
Patents are instead—surprisingly—something of a sideshow. To the extent that innovation policymakers are trying to figure out where to focus their efforts in improving vaccine development and distribution, they shouldn’t focus on patents.
Despite the lack of significant incentive effect of patents, firms and universities have gone on a patenting extravaganza during the COVID-19 pandemic. The World Intellectual Property Organization reports that firms and universities filed over 5,000 patents in the period ending in September 2021 (World Intellectual Property Organization. 2022). This marks a significant increase over the 500 patents relating to influenza vaccines from 1941 to 2011. Around 80% of patents on drug candidates related to repurposed drugs (World Intellectual Property Organization. 2022).
The Pandemic Market Is Broken
The problem is that, while we know we will face future pandemics, we know neither its timing nor the virus involved. This uncertainty leads firms to underinvest in research and development prior to an outbreak (Eccleston-Turner 2016). Once a pandemic hits, it is government and philanthropic investments that dominate due to the enormous social and economic losses suffered by the public. These outweigh whatever profits the private sector would earn through ordinary market forces. Data to the end of June 2021 show that governments, philanthropies and international organizations invested the overwhelming portion of the over $45 billion put into vaccine research and delivery (Devex 2021). Private sector investments, while significant—Pfizer says it spent $2 billion beyond the German government’s direct investments and government contracts—paled in comparison to these public investments (Lalani et al., 2022).
Without the pull of a known market, patents are insufficient to provide the incentive to invest. It is not surprising, for example, that it was the public and philanthropic sectors that not only developed but tested the Ebola vaccine while industry remained on the sidelines (Herder et al., 2020). The key components of the mRNA vaccines were developed through public funds, largely at universities and government laboratories (Herder et al., 2022; Lalani et al., 2022).
Although government spending dominated vaccine and antiviral drug markets, this did not prevent rent seeking behavior. As noted above, universities heavily invested in patenting everything they could even though government grants and spending, not patents, provided the incentive for development and commercialization. Both universities and firms sought to capitalize on government largesse to extract maximum individual benefit.
This rent-seeking behavior came with a substantial cost. According to former International President of Doctors without Borders, Dr. Joanne Liu, by March 2022, 23 countries had not been able to vaccinate even 10% of their population and 73 countries had not reached the 40% vaccination mark (Meloche-Holubowski 2022). The British Medical Journal reported how, when the World Health Organization set up a vaccine hub in Africa to address vaccine inequality, vaccine patent holders threatened patent infringement (Davies 2022). Two Canadian companies associated with a university—where researchers had conducted the basic research using public funds—did not share their critical lipid nanoparticle technology with the hub (Herder et al., 2022). While Afrigen Biologics developed its COVID-19 mRNA vaccine using publicly available information—delayed by the lack of active sharing—it still faces hurdles in getting to market because of a continued failure to share.
Because of these failures, developing countries brought forward proposals to temporarily waive compliance with intellectual property rules built into international trade agreements and to require active sharing. The United States and France joined in the call to waive compliance with trade agreements. Pressure mounted and soon after the British Medical Journal report, both Pfizer and Moderna, holding rights to the two approved mRNA vaccines, moved to build facilities in Africa (Khemlani 2022) and, in the case of Moderna, to permanently waive enforcement of its patents (Moderna Inc. 2022). Unfortunately, none of the firms involved is sharing the know-how and data needed for Afrigen to bring its vaccine to market.
The inefficiencies caused by market failures in the vaccine and pandemic antiviral drug markets thus result in three interrelated problems: 1) underinvestment before health crises, leading to delays and increased costs; 2) lack of access to vaccines and drugs (Drugs for Neglected Diseases initiative 2022) in much of the world, leading to a prolongation of the health crisis and an environment hospitable to the emergence of variants and resistance; and 3) rent-seeking behavior not related, in any significant manner, to incentives.
OPEN SCIENCE DRUG DISCOVERY
Acknowledging the inefficiencies in the pandemic market, global public health experts called for a “reboot” of the global health research system. Critical among their recommendations was the need for “a change of rules and incentives”, particularly around intellectual property, “to secure the rapid, open sharing of inputs, processes and outputs.” (Swaminathan et al., 2022).
In fact, the innovation literature has increasing focused on, and found evidence for, inefficiencies in research and development system (Bloom et al., 2020; Gold 2021), including in the pharmaceutical industry. The combination of decreasing research and development productivity with market failure, calls for new approaches to pandemic preparedness.
The Efficiency of Open Science Partnerships
A new innovation model that seeks to increase the efficiency of innovation has been gaining attention: the open science partnership (OSP) (Gold 2021). These multi-sectoral partnerships leverage the incentives within academic, governmental, philanthropic, and industrial sectors to accelerate innovation from early to late stages of commercialization. OSPs build on the differential expertise of the various partners, with generally academic and governmental partners taking on a larger role in the earlier stages and firms leading in the later stages of product development, manufacturing, and distribution.
A defining feature of OSPs is their adherence to various forms of sharing within the partnership: open results, open publications (including pre-prints), open data, open tools, open materials and the lack of intellectual property—most particularly, patents—that limit these (Ali-Khan et al., 2018). Partners are free to use the results of the OSP to improve or develop their own proprietary products, but within the OSP sharing is paramount in order to decrease duplication, lower transaction costs, and facilitate knowledge development (Gold 2021).
In fields facing market failure, OSPs offer the greatest promise. These fields include pandemic and antimicrobial resistance (AMR) drug development (Rand Europe 2021), due to uncertainty in terms of timing and target, and rare and pediatric diseases, because of their small market sizes. In these fields, as noted, patents do not provide a significant or sufficient incentive to invest. Firms underinvest or, as the demise of two leading AMR drug firms illustrates, go under (Jacobs 2019).
OSPs offer four strategic advantages for these areas of market failure.
First, they rely on incentives other than patents to overcome uncertainties. Academic inducements, such as publishing in a novel area, philanthropic motivations, such as addressing a critical health need, government interest in preventing large-scale economic losses, and private sector market advantages combine to provide a broader and deeper set of incentives to engage in drug research and development.
Second, free-riding is not only not a concern, but a feature. The goal of the majority of actors investing in areas of market failure—university researchers, philanthropists, and governments—do so to encourage production of drugs in general rather than a single, proprietary drug. Thus, if their investment induces firms to jump in, all the better. In particular, governments do not seek, through their investments, any profit on the pandemic drugs developed, leaving these to the private sector.
Third, there remain strong private sector incentives to invest. Because of the breadth of actors in the OSP ecosystem, private firm investments are heavily leveraged by investments by governments and philanthropies, greatly reducing their risk and enabling them to hold off on the majority of funding until after proof of concept. Further, firms benefit from regulatory data exclusivity that, given the leverage of other investments, is sufficient to attract them (Morgan et al., 2018). In fact, because this exclusivity is not subject to the level of validity attacks as exist for patents and that it begins later in the life of drug development, it is often more attractive than are patents.
Fourth, OSPs accelerate information, data, and material flow, avoiding duplication of effort and investments but also speeding up drug development itself (Gold 2016). In one example, an open science partnership between the Structural Genomics Consortium (SGC), the Ontario Institute for Cancer Research (OICR), and academic laboratories around the world resulted in the largest pre-clinical deal in Canadian history when OICR’s commercialization partner licensed a leukemia drug to Cellgene for $40 million upfront and up to $1 billion if the drug proved successful (Gold and Morgan 2019).
The Viral Interruption Medicines Initiative
In response to the COVID-19 pandemic, leaders in open science partnerships in Canada created an OSP focused on proactively developing simple molecule drugs for the next pandemic and beyond. Drawing on the experience of the SGC’s largest campus in Toronto (Morgan Jones et al., 2014) and the open science policy of the 60-some laboratories at the Montreal Neurological Institute and Hospital (the Neuro) (Gold 2016), these leaders created the Viral Interruption Medicines Initiative (VIMI). VIMI brings together universities, SMEs, large pharmaceutical firms, philanthropies, and government to solve two problems.
First, VIMI aims to develop, in conjunction with an international consortium of actors, a stock of antiviral drugs to treat each of the major viral families responsible for pandemics. VIMI and its partners will develop drugs to the end of Phase 1 trials and put them on the shelf until the next pandemic. With no patents, any firm or laboratory around the world could test, manufacture, distribute or improve the drug. Further, by licensing the preclinical regulatory data package, VIMI and its partners would position firms to move quickly into Phase 2/3 trials, as well as launch combination studies. Second, VIMI will develop new antibiotics up to the end of preclinical work to place on the shelf should the need arise due to antimicrobial resistance.
VIMI takes an ecosystem approach to drug development, identifying global leaders in virology, microbiology, computational drug development, chemistry, and strategy to bring not only drugs to market but the ancillary products and services needed to support drug development. Combining funding from multiple sectors—large firms, SMEs, universities, and government—VIMI operates through four pillars.
The first pillar is computational drug discovery. Housing the Critical Assessment of Computational Hit-finding Experiments (CACHE) initiative (Ackloo et al., 2022), VIMI will establish competitions for computational drug discovery firms to validate and improve their algorithms based on drug targets that fall within VIMI’s mandate. While the firms retain all intellectual property rights over their algorithms, all molecules submitted to the competition will be patent free. This model is similar to that used by the COVID Moonshot team, which is crowd-sourcing the development of a new SARS-CovV-2 protease inhibitor (Consortium. 2020). CACHE researchers will openly disseminate the results of laboratory analyses and make the molecules available.
The second pillar is open science drug development. VIMI will work with firms or other non-profit initiatives, such as READDI (www.READDI.org), to pursue the development of molecules consistent with its open science principles of sharing and absence of patent rights. VIMI will provide strategic and management expertise and co-fund development of drugs falling within its mandate.
The third pillar is open science strategic support, ranging from education, to open science commercialization strategy, to policy assistance. Firms or universities that have decided to pursue an open science strategy will access advice on how to establish and manage OSPs, develop novel open science tools, and develop and implement an open science strategy based on regulatory data exclusivity and other means.
The last pillar is the ability to collaborate with other public and private sector efforts, such as the COVID Moonshot initiative now being led by DNDI (“COVID Moonshot | DNDi” n.d.), as well as any other global initiatives that aim to develop new medicines with a focus on equitable access, including repositories such as bioRxiv and medRxiv, provided they continue after the COVID-19 pandemic.
DISCUSSION
The COVID-19 pandemic highlighted the need for governments, universities and firms to develop antiviral medicines against the major pandemic viral families in advance of the next pandemic. Traditional intellectual property strategies, based on patenting and exclusive licensing, do not provide sufficient incentives given the uncertainty as to the virus responsible for the next pandemic and its timing. This has led to market failures, taking the form of too few medicines available to combat the pandemic when needed, and too little access to those medicines that exist.
While the pharmaceutical sector normally relies heavily on patents, patents come at a cost. They restrict use of knowledge, increase transaction costs, and, as the COVID-19 pandemic illustrated, create global access problems. With increased costs and decreased access, viruses have more time and opportunity to evolve, creating new variants. The health, social and economic cost is enormous. Given that patents are relatively weak incentives, especially in advance of a pandemic, their costs become unacceptable.
OSPs provide an alternative model of drug development that is particularly apt in areas of market failure. Based on open sharing of results, tools, materials, and publications, OSPs remove transaction costs involved with negotiating about patents by eschewing them (Gold 2021). OSPs leverage the different incentives that motivate academic, philanthropic, governmental, and industrial partners to achieve agreed upon goals. Drawing on the different forms of expertise—with academic researchers strongest at early stages of commercial development and firms at later stages—OSPs move technology through to delivery.
Rather than invest billions of dollars after a pandemic or health crisis, VIMI aims to develop drugs in advance of the next crisis at a much, much lower cost. Bringing together the research and development expertise of a broad group of actors, identifying gaps in the ecosystem and filling them, and providing education and strategic advice, VIMI is able to accelerate development while reducing transaction costs in proactively developing pandemic-ready drugs. VIMI will also pursue drug development in other areas of market failure: AMR, rare diseases, and pediatric diseases. With its focus on open science drug discovery in various areas of market failure, VIMI is unique.
While the use of OSPs to prepare for pandemics and other health crises is new, VIMI draws on the expertise of the SGC and of the Neuro to enter into this field. With its network and reputation within the national and international research and industrial communities, the SGC is jump-starting VIMI’s activities.
The VIMI project raises several uncertainties. The first is whether it will successfully identify drugs with pandemic treatment potential. Even with access to global experts, there is no guarantee that VIMI will develop a portfolio of drugs that will be positioned to successfully treat the next pandemic or AMR crisis. The second is whether its partners will sustain their investments in open science once the COVID-19 pandemic is far in the rearview mirror. Experience from the SGC suggests that they will, but governments and firms have lost interest in preparing for pandemics in the past (Sirleaf and Clark 2021). Third, there remain questions about how VIMI will operationalize its commercial strategy during the next pandemic. For example, VIMI will need to quickly enable actors to acquire rights to the regulatory data package, encourage firms to conduct Phase II/III clinical studies, and enable those actors to manufacture and distribute drugs globally.
Beyond areas of market failure, the OSP model may provide an additional commercialization strategy, particularly in respect of technology that requires multiple sets of knowledge and skills not normally housed within a single entity, where the technology faces a high technological risk of failure, where benefits are widespread rather than being able to be captured by a single entity, and where global access is important. With experiments such as VIMI, policy-makers and firms can learn how best to deploy this strategy.
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The COVID-19 pandemic has driven biotechnological developments to provide new and more effective tools for prophylaxis, diagnosis, and therapy. Historically, monoclonal antibodies have been valuable tools; however, the pandemic has shown some weaknesses, such as production limitations at a global scale. An alternative to conventional monoclonal antibodies are nanobodies, recombinant fragments of the variable region of single-domain antibodies derived mainly from the Camelidae family. Nanobodies have multiple characteristic benefits: they are small (15 KDa) and have remarkable refolding capability and unlimited possibilities for modifications due to their recombinant nature. Here, we review the application of nanobodies in diagnosis and treatment of SARS-CoV-2 infection.
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INTRODUCTION
Heavy-chain-only antibodies (HCAbs) are found in camelids (e.g., dromedaries, camels, llamas, and alpacas) (Arbabi-Ghahroudi, 2017) and some cartilaginous fish species such as nurse shark (Ginglymostoma cirratum), wobbegong shark (Orectolobus maculatus), spiny dogfish (Squalus acanthias), and smooth dogfish (Mustelus canis) (Camacho-Villegas et al., 2013; Cheong et al., 2020; Dooley and Flajnik, 2006; Dooley et al., 2006; Feige et al., 2014; Ohtani et al., 2013; Roux et al., 1998; Stanfield et al., 2004; Nuttall et al., 2001). Within their immune system, type IgG2 and IgG3 lack the CH1 domain due to alternative splicing. Consequently, the light chains do not pair to the final antibody leading to the generation of HCAbs (Hamers-Casterman et al., 1993). IgG2 and IgG3 rely on heavy variable domains or VHH, a small domain of approximately 15 kDa to bind to specific antigens (Muyldermans et al., 1994; Desmyter et al., 1996; Arbabi Ghahroudi et al., 1997; Vu et al., 1997; Hassanzadeh GH et al., 1998; Lauwereys et al., 1998). The key difference between conventional monoclonal antibodies and HCAbs is that the latter are encoded from single genes (Figure 1A). Thus, the VHH can be amplified from cDNA, cloned into libraries of diverse natures, and later isolated using conventional molecular biology procedures. Once isolated, the recombinant VHH fragments of HCAbs are known as nanobodies (Muyldermans et al., 1994). Nanobodies conserve selective binding to specific antigens in the ∼15 KDa minimal structure, 10 times smaller than conventional antibodies (Arbabi Ghahroudi et al., 1997). Nanobodies are soluble and highly stable to a wide range of pH and temperatures (Bond et al., 2003), along with an outstanding penetrability (Muyldermans, 2013) (Figure 1B). Some nanobodies are able to penetrate the blood-brain barrier which places them as promising tools for future diagnosis and therapy for neurodegenerative diseases. Among all the outstanding advantages of nanobodies, one of the most attractive is the performance achieved through recombinant expression systems. Nanobodies can be produced efficiently in eukaryotic and prokaryotic systems (Arbabi-Ghahroudi et al., 2005; Liu and Huang, 2018; de Marco, 2020) and, because nanobody sequences are obtained during the selection process, the final molecule can be engineered to cope with several applications using conventional molecular biology tools. Moreover, open-source computational pipelines are available for nanobody humanization such as “Llamanade” (Sang et al., 2022).
[image: Figure 1]FIGURE 1 | Nanobody features and functions. (A) Conventional IgG antibodies contain heavy and light chains, HCAb does not associate with light chains allowing the isolation of the genetic fragments of the Vhh also known as nanobodies. (B) Comparative features of nanobodies versus monoclonal antibodies. (C) Current and future perspectives of nanobodies. (D) Nanobodies bind to the RBD of SARS-CoV-2 and neutralize the infection by different mechanisms: NB6 binds to the RBD of each Spike protomer in a down conformation (PDB ID: 7KKK), while Ty1 allows the upper conformation of one RBD of Spike in green (PDB ID: 6ZXN), in both examples, the nanobodies prevent the engagement of the human ACE2 receptor.
Nanobodies are remarkable tools for diagnosing and treating various diseases, and the COVID-19 pandemic has driven the generation of several nanobodies against SARS-CoV-2. Here, we summarize some of the current applications and production strategies of nanobodies to help fight viral pathogens.
Nanobody Expression Systems
Nanobodies are compact structures and can be produced in high yields in several expression systems, such as bacteria, yeast, mammalian cells, and plants (Frenken et al., 2000; Arbabi-Ghahroudi et al., 2005; Ismaili et al., 2006).
Production in prokaryotes has a low cost and involves easy handling (Rosano et al., 2019). The traditional way to express recombinant proteins in bacteria is in the cytoplasm; however, the reducing cytoplasmic conditions can negatively affect the formation of disulfide bonds in some nanobodies, which are necessary for the correct folding of its tertiary structure (Govaert et al., 2012; Muyldermans, 2013; Hagihara and Saerens, 2014; Billen et al., 2017). Despite this, there are examples of nanobodies produced under cytoplasmatic conditions, which require the attachment of other proteins (Anderson et al., 2018), or expression in special bacterial strains with an oxidizing cytoplasmatic environment such as SHuffle T7 cells (Li et al., 2019) or co-expression with enzymes such as Erv1p sulfhydryl oxidase (Veggiani and de Marco, 2011; Shriver-Lake et al., 2017). High yields are also obtained when expressing proteins in classical inclusion bodies and further by denaturation in urea-mediated protein extraction (Maggi and Scotti, 2017). Also, there is an interesting alternative of expressing the nanobody coupled to a secretion pathway, such as the hemolysin secretion system (Günaydın et al., 2014; Ruano-Gallego et al., 2019).
Nowadays, the most convenient method for low-scale production of recombinant nanobodies is in Escherichia coli periplasm (Salema et al., 2013). Its oxidizing environment ensures correct folding and disulfide bond formation, and the periplasmic extracts enriched with the recombinant nanobodies facilitate subsequent purification (Conrath et al., 2001; Billen et al., 2017). The N-terminal pelB leader sequence drives the protein to the post-translational Sec pathway, the nanobodies are completely synthesized in the ribosome and then released to the Sec-translocase, which enables its carriage through the inner bacterial membrane and accumulates the nanobodies in the periplasm (Keen and Tamaki, 1986; Yoon et al., 2010; Billen et al., 2017). The recombinant proteins that accumulate in the periplasmic space are usually recovered after an osmotic shock which softly breaks the outer bacterial membrane, allowing the release of the proteins and preventing further contamination with E. coli cytoplasmatic proteins. Affinity purification can be applied directly after using various affinity matrices, such as hexahistidine (His6)-tag (Salema and Fernández, 2013), maltose-binding protein (MBP), or the Avi-tag, which allows in vivo biotinylation of the tagged protein (Hernot et al., 2012; Zhu et al., 2014; Noor et al., 2018; Sun et al., 2018; Du et al., 2019).
Nanobodies can also recognize linear peptides, an example of this is a nanobody called ALFA Selector, which recognizes the short ALFA-tag (SRLEEELRRRLTE) sequence, a very efficient tag for protein purification, including nanobodies themselves (Götzke et al., 2019; Kilisch et al., 2021).
Human or humanized monoclonal antibodies have been approved during the pandemic as emergency treatment measures. However, the production limitation led to the access of being almost exclusive to high-income countries in the northern hemisphere. The production of conventional antibodies occurs in mammalian cells, which is costly and time-consuming. In most cases, single clones of mammalian HEK293 or CHO cells must be isolated and expanded into cell banks, a process that takes several months. In contrast, therapeutic nanobodies and nanobodies fused to the Fc of conventional antibodies (Nb-Fc) can be produced in yeast, such as Pichia pastoris, in an endotoxin-free manner and at a very low cost. Interesting technologies based on CRISPR/Cas9 improve the glycosylation homogeneity of P. pastoris, which could allow efficient expression for therapeutic technologies using nanobodies (Krainer et al., 2013; Weninger et al., 2016; Schepens et al., 2021).
Nanobodies as Diagnostic Tools
Immunoaffinity techniques are the primary tools for rapid diagnosis, not only in infectious diseases but also in an extensive range of pathologies. Nanobodies are incipient in this field, and some technical difficulties regarding their small size and low retention on nitrocellulose strips remain to be solved. Serological tests have been implemented for parasitic infections such as Taenia solium cysticercosis (Deckers et al., 2009; Huang et al., 2010), Trypanosoma spp (Saerens et al., 2008a), and bacterial diseases, such as S. aureus (Stijlemans et al., 2004; Stijlemans et al., 2017). Indeed, this proof of concept opens up a large field of action for nanobodies in the upcoming years.
Nanobodies have been generated to capture several viral proteins of HIV (Gray et al., 2017); norovirus (Koromyslova and Hansman, 2017), dengue (Fatima et al., 2014) among others. When used for diagnosis, nanobodies can be classified in two groups: the primary nanobodies responsible for the recognition of a pathogen or molecule of interest and the secondary antibodies that bind to primary antibodies and unveil its presence by colorimetric or enzymatic reactions. Nanobodies as recombinant proteins can be modified to accomplish the function of primary and secondary antibodies simultaneously, for instance, nanobody fusion to enzymes such as horseradish peroxidase (HRP) has been used for the detection of anti-Newcastle disease virus (NDV) antibodies in chicken sera (Sheng et al., 2019).
Significant efforts have been made to develop diagnostic techniques for COVID-19, focusing mainly on speed and accuracy. The first available tools were based on conventional monoclonal IgM and IgG lateral flow immunoassays (Yetisen et al., 2013; Goossens et al., 2017); however, the expression of IgM and IgG against SARS-CoV-2 antigens is only detectable in late disease stages. Therefore, the gold standard diagnostic test for SARS-CoV-2 diagnosis is the reverse-transcription quantitative polymerase chain reaction (RT-qPCR) from nasopharyngeal and oropharyngeal swab samples (Wang et al., 2020a; To et al., 2020). After vaccines were implemented, IgM and IgG lateral flow immunoassays became useful to determine the immune response against vaccines. Recently developed secondary nanobodies showed superior properties for cellular biology studies regarding penetrance, staining accuracy and, furthermore, secondary nanobodies can be premixed with primary antibodies to bypass the primary antibody animal-species limitations (Sograte-Idrissi et al., 2020). Nanobodies can be fused to the Fc of conventional immunoglobulins and produced recombinantly, which complements nanobody binding capabilities with several technologies already available for monoclonal antibodies (Bao et al., 2021; Girt et al., 2021; Valenzuela Nieto et al., 2021) (Figure 1C).
Nowadays nanobody-based lateral flow tests can rapidly detect recombinant human interferon α2b (Qin et al., 2021). They have also been used to detect active Trypanosoma congolense infections (Pinto Torres et al., 2018). In addition to rapid tests, nanobodies are efficient and sensitive tools for enzyme-linked immunosorbent assay (ELISA), a method allowing the capture and quantitative measure of antigens in the small absorbent surface. In short, nanobodies can be immobilized on the surface of ELISA plates to capture the molecule of interest, and further a second non-competitive nanobody associated to enzymatic activity can be applied to detect the already trapped molecule of interest. Nanobodies covalently coupled to HRP provide sensitive detection of SARS-CoV-2-specific full-length trimeric spike or RBD (Valenzuela Nieto et al., 2021).
In recent years, miniaturization of chips and sensing layers for biosensor equipment linked with microfluidic devices have been proposed as the best option to obtain the most sensitive detection level (Conroy et al., 2009). However, biosensor sensitivity depends on the physical properties of the molecule that binds its target (Saerens et al., 2008b). One of the advantages of nanobodies is their small size, allowing higher molecule density on a surface, and the possibility of easy directional immobilization, which translates into a higher ligand binding capacity leading to improved sensitivity for detecting low analyte concentrations (Huang et al., 2005). Another recently developed system is the use of nanobody-based organic electrochemical transistors (OECTs) which applies a conjugated polymer and a nanobody to detect SARS-CoV-2 spike protein (Guo et al., 2021).
In the field of non-infectious diseases, nanobodies outperform some conventional antibodies, for instance, in the detection of human prostate-specific antigen, an early marker of prostate cancer (Huang et al., 2005; Saerens et al., 2005). Nanobodies have also been conjugated with radioisotopes as modern diagnostic tools for personalized imaging medicine such as positron emission tomography (PET) to detect EGFR, a tyrosine kinase receptor that is highly expressed in most epithelial cancer cells, believed to contribute to tumor malignancy (Penault-Llorca et al., 2006; Gainkam et al., 2008; Tijink et al., 2008). PET imaging is a promising and emergent field for nanobody applications in in vivo imaging (Figure 1C). It requires the accumulation of radiolabeled nanobodies at the target tissue or tumor and rapid excretion of the remanent circulating nanobodies to distinguish between the real signal and background (Massoud and Gambhir, 2003). Most radioisotopes used for in vivo imaging have a short half-life; for instance, Fluorine 18F decays by positron (β+) emission with a half-life of 109.7 min. Conventional antibodies persist in circulation, leading to a high background signal for some applications. In contrast, nanobodies are generally cleared rapidly suggesting a potential extended use for PET diagnostics (Tijink et al., 2008; Harmand et al., 2021). Nanobodies are expected to become important for cancer diagnosis: Molecules including monoclonal antibodies (Frigerio et al., 2021) used for PET diagnostics are useful for directed radiotherapies through the simple exchange of radioisotopes with, for instance, Lutetium 77Lu. These radiotracers used for diagnostics and therapeutical applications are known as Theranostics (Debnath et al., 2022; Woźniak et al., 2022).
Nanobodies show plenty of advantages and overcome some of the problems observed with conventional antibodies, creating many opportunities for future diagnostic applications.
Immunotherapies Based on Nanobodies
Previous to the COVID-19 pandemic, nanobody-based therapeutic approaches were developed against viruses of global concern such as human immunodeficiency virus-1 (HIV-1) (Chen et al., 2008; Gong et al., 2012; McCoy et al., 2012; Matz et al., 2013), influenza viruses (Ashour et al., 2015; Schmidt et al., 2016), hepatitis C virus (HCV) (Tarr et al., 2013), respiratory syncytial virus (RSV) (Hultberg et al., 2011; Schepens et al., 2011), and enteric viruses (Wu et al., 2017). Antiviral nanobodies were also tested in clinical trials against rotavirus and the human respiratory syncytial virus (RSV). Remarkably, ALX-0171, a trivalent nanobody that neutralizes RSV, substantially decreased the viral load in children. Additionally, it is the first nanobody-based treatment delivered by nebulization through the airway (Palomo and Mas, 2016; Stohr and Palomo, 2016; Larios Mora and Gallup, 2018). Nanobodies have significant advantages when used as a therapy (Chakravarty et al., 2014; Jovčevska and Muyldermans, 2020). Several nanobodies were developed to modulate the immune and inflammatory responses. For example, vobarilizumab (ALX-0061) (Dörner et al., 2017) is a bispecific anti-IL6-R nanobody which has been engineered to extend its half-life targeting human serum albumin; secukinumab (ALX-0761) is a trivalent nanobody against IL-17A/F (Langley et al., 2014; De Munter et al., 2018; Svecova et al., 2019; Xie et al., 2019); caplacizumab (ALX-0081 or ALX-0681) is a bivalent humanized anti–von Willebrand Factor (vWF) nanobody (Abdelghany and Baggett, 2016; Peyvandi et al., 2016; Peyvandi et al., 2017; Scully et al., 2019), which has received approval from the European Medicines Agency (EMA) and the Food and Drug Administration (FDA) in the United States, for treating patients with thrombotic thrombocytopenic purpura (Jovčevska and Muyldermans, 2020), becoming the first nanobody approved for clinical therapy of a chronic disease (Figure 1C).
The primary global response to the COVID-19 pandemic was the creation of efficient vaccines (Li et al., 2020; Li et al., 2021a; Awadasseid et al., 2021; Wu et al., 2021a; Baden et al., 2021; Russell et al., 2021). Nowadays, the global vaccination initiatives cover 56% of the world population with two doses. Global vaccination success was limited by inaccessibility to vaccines and refusal to be vaccinated for personal reasons. In addition, significant efforts were placed in the study of repurposing drugs that may limit mortality and ameliorate COVID-19 symptoms (Wang et al., 2020b; Canedo-Marroquín et al., 2020; Valle et al., 2020). There are more than 2000 clinical trials registered on www.clinicaltrials.gov with various topics ranging from contact tracing, dietary supplements, anti-viral therapies, and drugs that have been in the spotlight, such as chloroquine, hydroxychloroquine, and ivermectin.
The current development of antibodies against SARS-CoV-2 focuses on neutralizing antibodies against the spike protein (Chi et al., 2020a; Shi et al., 2020). In the early days of the first wave of the COVID-19 outbreak, plasmapheresis of convalescent SARS-CoV-2 patients was implemented to supplement antibodies to those at risk due to the lack of alternatives (Jiang et al., 2020; Liu et al., 2020; Longueira et al., 2021) (Table 1).
TABLE 1 | Nanobodies and SARS-CoV-2.
[image: Table 1]The first neutralizing nanobodies against SARS-CoV-2 targeted SARS-CoV-1 and MERS-CoV RBDs, but fortunately, they also exhibited a remarkable cross-reactivity and neutralization capability against SARS-CoV-2 (Wrapp et al., 2020). These were followed by nanobodies identified from synthetic libraries, “sybodies”, against SARS-CoV-2 (Dong et al., 2020a; Custódio et al., 2020; Walter et al., 2020). The framework regions of the synthetic library were partially humanized to decrease the immune response if administered to humans.
Other reported strategies were the generation of a platform to develop SARS-CoV-2-specific single-domain antibodies of human origin (Wu et al., 2020), humanizing the nanobody backbone, and reducing potential immune recognition. Other studies reported successful isolation of nanobodies and their fusion to the human IgG1-Fc region, improving their binding and neutralizing capabilities (Chi et al., 2020b; Xiaojie et al., 2020; Lu et al., 2021a; Valenzuela Nieto et al., 2021) (Figure 1C).
Also, another nanobody set was isolated by from yeast surface-displayed synthetic library against epitopes of the SARS-CoV-2 spike protein. The researchers used Nb6 to design bivalent and trivalent nanobodies resulting in a 2000-fold increase in inhibitory activity against both pseudo virus and live SARS-CoV-2 in infection assays (Schoof et al., 2020) (Figure 1D).
Another group reported the isolation and characterization of an alpaca-derived single domain antibody fragment, Ty1, against spike protein (Hanke et al., 2020a; Hanke et al., 2020b). In this study, Ty1 was fused to an Fc domain, increasing the neutralizing capabilities of the nanobody. Moreover, in contrast to Nb6 that binds RBD in the down conformation (Figure 1D), cryo-electron microscopy studies demonstrated that Ty1 binds to an epitope on the RBD, accessible in both the “up” and “down” conformations (Figure 1E). Glycosylation sites N165, N234, and N343 on the spike protein shield RBD from conventional antibodies, especially when the RBD is in a “down” conformation (Watanabe et al., 2020). In the RBD-down conformation, the glycan on N165 points towards the Ty1-binding epitope, likely not leaving sufficient space to accommodate a conventional antibody. This indicates that nanobodies most likely recognize more epitopes for SARS-CoV-2 neutralization than conventional antibodies. Interestingly, a group of multivalent nanobodies bind the RBD domain of spike and lock it in the “up” conformation, a state that is typically associated with receptor binding activation. The premature activation of the fusion machinery on virions enhances neutralization in a non-reversible manner (Koenig et al., 2021).
Not only alpacas and llamas have been contributing for the generation of SARS-CoV-2 neutralizing nanobodies, also nanobodies isolated from a semisynthetic shark-derived library have been shown to neutralize SARS-CoV-2 (Gauhar et al., 2021).
DISCUSSION
During the COVID-19 pandemic, new technologies were developed for the rapid isolation of nanobodies. Our team implemented a new procedure for fast, economical, and efficient selection of high affinity nanobodies based on bacterial display and density gradient (Valenzuela Nieto et al., 2021).
Unfortunately, new SARS-CoV-2 variants significantly scape the immune response raised by either vaccination or previous SARS-CoV-2 infections. The most dramatic example are the Omicron variants. Omicron BA1 has become the infectious virus in the history of humanity. Several mutations on the spike protein generated less efficient cleavage of the S1 domain by the furin protease TMPRSS2 at the cell membrane. Consequently, the infection predominantly affects the upper airway but is less severe in human and animal models (Chen et al., 2022; Wrenn et al., 2022). However, due to the substantial number of infected people, death rates increased worldwide. Furthermore, a second subvariant of Omicron, BA2, developed in parallel. BA2 preserves the immune evasion capabilities of BA1, but unfortunately, current reports indicate a higher lethality (Wolter et al., 2022). The mechanisms behind the high severity of Omicron BA2 infection are not well understood.
More than 2 years after the first COVID-19 outbreak, over six million succumbed to the disease. There were four infective waves worldwide, and currently, infection rates are rising again, suggesting we are entering another wave of COVID-19 caused by Omicron subvariants. Vaccines have been beneficial and saved millions of lives; however, we must take new complementary approaches due to immune escape.
Our immune responses as humans are determined by the way our immune system is organized, for instance, we cannot raise single chain antibodies as part of our antibody defense. The pandemic has challenged the human population with a virus that replicates, mutates, evades, and overcomes our immune response. Nanobodies differ from our own defense and provide new possibilities for the generation of effective neutralizing antibodies that we could never develop ourselves.
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The disease which is today known as COVID-19 is caused by severe acute respiratory. Syndrome coronavirus 2 (SARS-COV-2), was first reported in Wuhan, China in December 2019. The disease has claimed well over six million lives from over 500 million cases. Vaccine hesitancy militates against successful mass vaccination. There is the rapid emergence of new SARS-COV-2 variants, constituting a challenge to the effectiveness of vaccines. Moreover, none of the available vaccines offers 100% protection and even the protection offered is of short duration necessitating booster doses to be taken. Moving forward, the development of plant-based edible vaccines will be a remarkable strategic approach to overcome vaccine hesitancy and improve vaccine uptake. So far only about nine drugs for COVID-19 treatment have approvals by either or both the European Medicines Agency and the FDA. While drug repurposing to address the emerging need in the early period of the COVID-19 pandemic has been contextually very useful, investment in it remains relatively low for commercial reasons arising from patenting issues. Embarking on new drug discovery and development strategies targeting both the virus and host factors is a very appealing option. Targeting druggable targets that are present across viruses, particularly the coronaviruses, for drug discovery and development represents an important strategy for pandemic preparedness. Natural products are an important reservoir of chemical scaffolds with huge potential for the discovery of novel chemical entities for development of novel therapeutics. Phytopharming is an available technology that can be used for mass and accelerated production of therapeutic molecules that will be required within short periods of time as is the case in pandemic outbreaks. Nanotechnology provides excellent platforms for formulating multivalent vaccines and pan-viral medicines for the treatment of COVID-19. Taken together, this review discusses the potential for the development of therapeutics by using the tools of biocomputing, nanotechnology, and phytopharming for accelerated therapeutic development to achieve effective COVID-19 treatment and associated complications, including new and emerging variants of SARS-COV-2 and other viral pandemics that may emerge or re-emerge.
Keywords: COVID-19, SARS-CoV-2, Drug discovery, Natural products, Computational methods
INTRODUCTION
SARS-CoV-2 (COVID-19)
The ongoing Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) which started in the city of Wuhan in Hubei province, China with the earliest onset of symptoms on 1 December 2019 (Liu et al., 2020) has today spread to about 226 countries and territories worldwide. The disease which was initially diagnosed as viral pneumonia (Huang et al., 2020; Zhu et al., 2020) was referred to as Wuhan pneumonia by the press (Liu et al., 2020).
The virus was initially termed 2019 novel coronavirus (2019-nCoV) on 12 January 2020 and a month later, the World Health Organization officially named the disease coronavirus disease 2019 (COVID-19) and went on to declare it a pandemic on 11 March 2020. According to the World Health Organization, globally there are 497,960,492 confirmed cases with 6,181,850 deaths as of 12 April 2022. Horton (2020) described COVID- 19 as a triple crisis–medical, economic, and psychological.
Control measures
Generally, diseases are controlled through the use of both pharmaceutical and non-pharmaceutical approaches. COVID-19 is not an exception to this generalization. COVID-19 prevention is through a combination of vaccination, prophylactic or preventive treatment, and non-pharmaceutical measures of social distancing, quarantine, isolating infected persons and patients, lockdowns, avoiding crowding, wearing protective face masks, regular washing of hands with soap, use of hand sanitizers, and not touching the face with hands, particularly the mouth, nose and the eyes which are ready and easy viral entry points into the body. Implementation of these were very challenging, particularly in low- and middle-income countries and among the unscientifically minded populations. This was most common with the use of face masks where: materials that will readily allow entry of the virus are used for the face masks; many people touched the masks that may have been infected with the virus with their bare hands thereby possibly carrying the viruses in their hands and then touching their faces with unwashed and unsanitized hands; inappropriate disposal of used face masks which become potential sources of spread of the virus within the population as children and even some adults pick up discarded used masks from roadsides and waste bins (this is common in poor resource settings and among individuals with a low level of education). The pharmaceutical approaches involve the use of therapeutics, which in a broad sense can be described as medications or remedies taken to prevent, treat, or remediate a health problem. Therapeutics include but are not limited to, vaccines, monoclonal antibodies, drugs, functional foods, and nutraceuticals.
Vaccine development: General approaches
The field of vaccinology came into being in 1796 with the discovery of the smallpox vaccine by Edward Jenner in which he used the whole live organism that causes smallpox, cowpox virus, to develop the vaccine. This was followed by the formulation of the polio vaccine using the killed or inactivated polio virus to develop the polio vaccine. Then there came the live attenuated vaccines in which the infectious agent is neither killed nor inactivated but rendered non-infective. Some examples include measles, mumps, and rubella vaccine (MMR). Following this are the toxoid vaccines which are based on inactivated toxins of pathogenic microorganisms such as tetanus and diphtheria. In more recent times, subunit vaccines (an example is the HPV vaccine), in which components of the pathogen antigen to which immune response is stimulated are used in developing the vaccines. The components of the pathogen antigen can also be produced as recombinants and used for vaccine production. Subunit vaccines have excellent safety profiles but are generally less immunogenic compared with inactivated or attenuated vaccines and require much stronger adjuvants for enhanced immunogenicity. Other forms of vaccine platforms include conjugate vaccines in which poorly immunogenic surface molecules, such as polysaccharides of many bacteria, are synthesized and conjugated to strongly immunogenic proteins and are then used for vaccine development. Some examples include HiB, meningitis C, and pneumococcal vaccines; the next generation vaccines: vectored vaccines which involve putting vaccine antigens inside replication-deficient microorganisms such as Adenoviruses and modified Vaccinia Ankara capable of triggering an immune response and the antigen is then vectored into the host cells; The genome-based approach (nucleic acid approach) which is based on the use of DNA or RNA to make desired antigens in the host thereby prompting an immune response; Reverse vaccinology in which vaccine candidates are selected on the basis of predicted immunogenicity emanating from sequence information obtained from the use of modern sequencing technology. This was successfully used in developing a vaccine against meningococcus B, which, till then, was difficult to be achieved using conventional vaccine technologies (Rappuolia et al., 2021); Structural vaccinology (structure-based antigen design) which can also be considered as a variant of reverse vaccinology uses information on the structure of antigenic epitopes and protein conformation in the design of vaccines. Some examples include the design of a single meningococcal antigen containing the epitopes of three antigenic variants of the same molecule, and a host of others (reviewed by Rappuolia et al., 2021). The stages involved in traditional vaccine discovery and development are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Stages of traditional vaccine discovery and devolopment process.
Structural vaccinology is novel and innovative and particularly potentially very useful in antiviral vaccine development to combat very challenging viruses that traditional approaches have failed or may fail to produce effective vaccines. Essentially, the process involves four stages: determining the atomic structure of the antigen or antigen-antibody complex; remodeling the antigen or the epitope by reverse molecular engineering; incorporating the re-engineered antigen or epitope into one of the vaccine platforms; and testing the safety and efficacy of the candidate vaccine in vivo (Anasir and Poh 2019).
In summarizing, three broad platforms can be used for the design of vaccines: the whole organism (virus or bacterium), the parts of the organism (subunits and recombinants), and the genetic material (DNA or RNA). These are illustrated in Figure 2.
[image: Figure 2]FIGURE 2 | The three broad platforms for vaccine design and devolopment.
Drug discovery and development: General approaches
Broadly, drug discovery involves the following approaches: Screening extracts of natural origin for bioactivity and then isolating bioactive compounds from potent extracts for drug development. Opium and taxol are a good testimony to this; Random synthesis and screening in which several organic compounds are synthesized and pharmacologically screened for therapeutic potentials. The efficiency of this approach has been greatly enhanced by automated high throughput screening technology and combinatorial chemistry which has greatly accelerated synthetic methods, enabling the synthesis of a huge library of compounds that can then be screened for bioactivity. However, this approach is not a successful path to drug discovery; Rational drug design is dependent on several determinants such as the pathophysiology of the disease against which the drug is being developed. This uses the tools of genomics, structural biology, synthetic biology, medicinal chemistry, computational biology/bioinformatics, and cheminformatics. Rational drug design is a very efficient and successful approach as the innovative tools mentioned can significantly reduce the time for the discovery process. The steps involved in the drug discovery and development process are summarized in Figure 3.
[image: Figure 3]FIGURE 3 | Summary of traditional drug discovery and devolopment process.
Drug repurposing, though not drug discovery per se, is a useful approach to obtaining drugs for meeting unmet medical treatment needs.
DEVELOPMENT OF COVID-19 THERAPEUTICS AND THE CHALLENGES: THE STATE-OF-THE-ART
COVID-19 vaccine development
The world was unprepared to immediately and adequately mitigate the catastrophic consequences of the outbreak of COVID-19. Since there was no specific treatment for the disease at the onset, the most appropriate control method was to develop vaccines for mass immunization to prevent transmission and bring the disease under control. The response was massive as researchers in academia, research institutes, and industries worked together with manufacturing companies to produce various vaccines using eleven different platforms (Table 1). These platforms can be classified into conventional vaccines (live attenuated virus, inactivated virus, virus-like particle, and protein subunit) and next-generation vaccines (Gene-based vaccine platforms based on viral vectors, DNA, and RNA). The international coordinated efforts led to the unprecedented scientific achievement of getting a vaccine (Comirnaty vaccine of Pfizer/BioNTech) for use in just about a year of the pandemic outbreak and many others followed (Table 2). As of 20 May 2022, there were 157 vaccines in clinical development (Table 1) and 198 in preclinical development (World Health Organization, 2021). The percentage of vaccines in each platform is summarized in Figure 4. Two vaccine platforms, mRNA and viral vectors particularly stand out in the fight against COVID-19. Despite this remarkable progress, there are still serious challenges of limited efficacy (Table 2), waning protection over short periods of time, and rapid emergence of new variants that may further reduce the efficacy of existing vaccines. These inadequacies can be overcome by developing platforms for polyvalent vaccines using CRISPR-engineered viral vectors and/or nanomedicine. Furthermore, the availability of vaccines alone cannot prevent the disease unless people get vaccinated. However, vaccine hesitancy continues to remain a serious challenge militating against vaccine acceptance and uptake by the general population. The SAGE working group on vaccine hesitancy describes vaccine hesitancy as the “delay in acceptance or refusal of vaccination despite the availability of vaccination services” (MacDonald, 2015). Vaccine hesitancy, driven largely by misinformation and disinformation, has been described as one of the top ten global health threats (Scheres and Kuszewski, 2019). Although globally a total of 11,250,782,214 vaccine doses had been administered as of 5 April 2022, the dream of herd immunity is far from being realized. This is compounded by “vaccine nationalism and regionalism” and a lack of production capacity in many countries, particularly the low- and middle-income countries. For instance, there are only 24 countries out of the total of 235 countries and territories in the world that produce World Health Organization prequalified vaccines and none of the 24 countries is in Africa with twelve countries leading vaccine production as shown in Table 3. However, in February 2022, the technology for the production of mRNA vaccines was given to six countries in Africa (Egypt, Kenya, Nigeria, Senegal, South Africa, and Tunisia) to enable the production of mRNA vaccines in these countries.
TABLE 1 | Candidate vaccines in clinical development indicating platforms, number and percentage.
[image: Table 1]TABLE 2 | Vaccines granted Emergency Use Listings as at16 March 2022.
[image: Table 2][image: Figure 4]FIGURE 4 | COVID-19 vaccines in clinical devolopment,the devolopmental platforms (x axis), and the percentage of vaccines in each devoloment platform (y axis). Key: PS=Protein subunit; VVnr= Viral Vector, non-replicating; DNA; IV= Inactivated virus; RNA; VVr = Viral Vector, replicating; VLP = Virus Like Particle; VVr + APC = VVr + Antigen Presenting Cell; LAV = Live Attenuated Virus; VVnr+ APC + VVnr + Antigen Presenting Cell; BacAg-SpV = Bacterial antigen-spore expression Vector. Based on data obtained from WHO (2022) at https://www.who.int/publications/m/item/draft-landscape-of covid-19-candidate-vaccines.
TABLE 3 | A total number of COVID-19 vaccine doses produced by the top 12 producing countries as of 03 March 2021.
[image: Table 3]Drug development
Although the rollout of vaccines and non-pharmaceutical interventions are significantly helping to contain the COVID-19 pandemic, treatment remains a major control measure. However, it is an understatement to say that COVID-19 chemotherapeutic armory is grossly inadequate at the moment. There is huge potential to successfully address this inadequacy by providing solutions for COVID-19 treatment using drug repurposing and traditional drug discovery approaches.
Drug repurposing
The outbreak of the COVID-19 pandemic can be said to have taken the world unaware and unprepared to contain it and there was more or less pandemonium at the onset as there was neither vaccine nor any specific treatment. While scientists and researchers immediately began efforts in collaborative vaccine development, intensified and concerted efforts were also made by scientists and researchers to evaluate pre-existing approved drugs for efficacy against COVID-19 so that they could be used for the treatment of the disease in what is known as drug repurposing (also referred to as repositioning, re-profiling, re-tasking, indication expansion, indication shift, or rescue of drugs). Drug repurposing has also been described as establishing new medical uses for already known drugs, including approved, discontinued, shelved, and experimental drugs (Talevi and Bellera, 2020). Therefore, in response to the immense pressure the disease placed on world health systems, the World Health Organization rationally established an international “Solidarity” clinical trial to accelerate the finding of an effective treatment for the disease (World Health Organization, 2020). What followed were clinical trials of pre-existing multiple antiviral medications that had been used for SARS-CoV, MERS-CoV, and antimalarials (Li and De Clercq, 2020). The initial repurposing efforts involved remdesivir, the malaria medications hydroxychloroquine and chloroquine, the combination of HIV drugs called Kaletra, consisting of lopinavir and ritonavir, and other combinations, including interferon beta-1a (Savi et al., 2020). Candidates for clinical trials came from the deployment of available screening techniques of current pharmacopoeia to reveal novel drug indications of already established drugs (Jarada et al., 2020).
The methodologies used for drug repurposing can be broadly categorized into three depending on available information in the context of pharmacological, toxicological, and biological activity. They include those based on the: drug, drug target, and disease/therapy. Three fundamental steps are involved before a potential drug for repurposing can be developed and marketed. These are: identifying the candidate drug; evaluating mechanistically, the drug effects in preclinical models; and evaluating the efficacy of candidate drugs in phase II clinical trials (Khataniar et al., 2022). There are two alternative but complementary approaches that can and have been used for drug repurposing: an experimental approach which is also referred to as the activity-based approach, and the computational methods (in silico) approach (Lipinski, 2011; Senanayake, 2020; Dhaneshwar and Bhasin, 2021; Naasani, 2021; Ng et al., 2021; Khataniar et al., 2022). Whichever approach is chosen, the process begins with the selection of the drug for repurposing followed by the identification of the drug target(s). From what is known about the biology of SARS-CoV-2, the drug targets frequently mentioned are: Spike (S) protein receptor binding domain (RBD), RNA-dependent RNA polymerases (RdRps), helicase; SARS-CoV Chymotrypsin-like cysteine protease, 3CLpro (also known as MPRO); papain-like cysteine protease (PLpro), which are all important for viral replication and they are therefore viral-based targets. This has been reviewed in the literature (Jang et al., 2021; Nawaz, 2021; Yang and Rao, 2021; Khataniar et al., 2022) and will not be discussed in detail in the current review. There are also host factors that can be targeted for therapeutic intervention and they include, but are not limited to: transmembrane protease serine 2 (TMPRSS2) for viral entry; NF-κB, IL-1β, and IL-6, interferon-gamma (IFN-γ), tumor necrosis factor-alpha (TNF-α), and Janus kinase (JAK) for immunomodulation and cytokine storm prevention and control; superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSPHx), reduced glutathione (GSH), glutathione reductase (GR) and lipid peroxidation (LPO) for mitigating against oxidative stress.
In the experimental approaches, either phenotypic or target-based screening can be done to identify potent drug candidates for validation, optimization, selection, and repositioning. Phenotypic screening is followed by target deconvolution (retrospective identification of molecular targets) using appropriate deconvolution strategies involving binding assays for identification of target interactions, in which techniques such as affinity chromatography and mass spectrometry, and other techniques such as three-hybrid systems, phage, and mRNA display, protein and “reverse transfected” cell microarrays, and biochemical suppression are frequently used. The targets can then be validated by functional studies that use methods such as RNA interference and protein overexpression.
Although drug repurposing has the advantages of saving time and cost (Pushpakom et al., 2018) and therefore a very compelling approach to drug discovery in emergencies as was the case in the early phase of COVID-19 drug discovery, it is not without shortcomings. The shortcomings include intellectual property and economic considerations (legal and commercial barriers); data and compound availability; and fear of exhausting the repurposing space (Talevi and Bellera, 2020). In spite of these challenges, remarkable success stories abound, including repurposed drugs for COVID-19 treatment (Remdesivir has got FDA approval) and some others have been granted emergency use authorization.
Computational methods are today used in both traditional drug discovery processes and drug repurposing and it is extensively discussed in another section of this review. Suffice it to mention here that the most common techniques used in computational methods include target-based, network or pathway-based, knowledge-based, signature-based, and artificial-intelligence-based techniques which rely largely on docking and molecular dynamics simulations.
Apart from drug repurposing, there have also been efforts in developing antibody therapies using blood samples obtained from recovered patients. These involve the isolation and identification of antibodies including neutralizing monoclonal antibodies and nanobodies for the treatment of COVID-19 (Huo et al., 2020; Renn et al., 2020; Adamson et al., 2021).
Traditional drug discovery approach
The trajectories for drug repurposing and traditional drug discovery are essentially the same, differing mainly in speed and cost. While drug repurposing was going on, scientists across the globe were intensifying strategic basic research efforts to accumulate knowledge about SARS-CoV-2 and the pathophysiology of COVID-19 to allow for the commencement of the drug discovery process specifically for COVID-19. Technologies generally involved in drug discovery include various screening techniques such as phenotypic, CRISPR, and target-based screening; structure-based drug discovery; and Biocomputing/bioinformatics. Typically, the drug discovery and development process involve the following key steps: target (a biological molecule, usually a protein but can also be DNA or RNA or gene whose function is to be modulated to bring about a desired or beneficial therapeutic effect to the patient) discovery, identification, and validation; assay (investigative procedures for the qualitative evaluation of the effects of a compound on identified molecular, cellular, or biochemical targets) development; screening to obtain molecules or extracts with a promising activity which are referred to as hits; counter-screening to identify compounds that may interfere with the primary assay used in the primary screen and to eliminate cytotoxic compounds; hit-to-lead and lead optimization to obtain a compound with suitable properties that can be modified to produce a drug candidate. The drug candidate then goes into development and progresses into clinical trials.
Whatever the drug discovery approach used, challenges abound. A major factor militating against anti-SARS-CoV-2 drug discovery is the requirement for Category three containment level which is expensive and difficult to maintain and therefore not within the reach of many scientists, particularly in poor resource settings. Screening of compounds against live SARS-CoV-2 is therefore problematic. The alternatives are to use ex vivo systems such as pseudoviruses and/or perform inhibition studies against SARS-CoV-2 enzymes such as RNA-dependent RNA polymerases (RdRps) and proteases or block critical protein-protein interactions. SARS-CoV-2 is not an exception to drug resistance which is a major problem in antiviral therapy generally. This is particularly so with respect to RNA viruses as a consequence of the error-prone nature of RNA-dependent RNA polymerases (RdRps), the rapid rate of viral replication, and the high frequency of recombination events. The deployment of nanotechnology to formulate multi-component and multi-target nanoparticle cocktails will produce medicines to which resistance will be much less likely.
Natural products are compounds or substances produced by living organisms which include plants, animals, and microorganisms. The use of natural products for the treatment of diseases dates back to prehistoric times. Scientists are digging into nature to harness the “goldmine” of healing molecules to meet various unmet medical treatment needs. Natural products continue to be major sources of prototypes of antimicrobial and antiviral drugs (Adalja and Inglesby, 2019) and represent viable sources of therapeutic alternatives for many diseases (González-Maldonado et al., 2022). It is estimated that over 70% of all existing pharmaceutical products are of natural product origin (Wangchuk, 2018; Abd et al., 2019). In the United States, approximately 118 of the top 150 prescription drugs are based on natural sources (Chen et al., 2016). Several classes of natural compounds such as flavonoids, alkaloids, peptides, and others have been tested against COVID-19 (Antonio et al., 2020; Verma et al., 2020; Antonio et al., 2021; González-Maldonado et al., 2022) with promising outcomes.
Medicinal plants are globally recognized as valuable sources of new medicines with up to 80% of people in developing countries relying on herbal medicines for their primary health care needs. Additionally, more than 25% of medicines prescribed in developed countries are derived from wild plant species (reviewed by Chen et al., 2016). At the dawn of the 21st century, 11% of the 252 drugs considered basic and essential by the WHO were exclusive of flowering plant origin (Veeresham, 2012). Some plants known to have antiviral and immunomodulatory properties include Glycyrrhiza glabra, Azadirachta indica, Andrographis paniculata, Calotropis gigantea, Ocimum sanctum, Curcuma longa, Withania somnifera, Zingiber officinale, Allium sativum, Tinospora cordifolia, Moringa oleifera (Ganjhu et al., 2015; Tiwari et al., 2018). There are a number of plant-specific compounds such as lignans, saponins, alkaloids, flavonoids (kaempferol, luteolin, apigenin, baicalin, quercetin, catechins), and polysulphates (sulphated polysaccharides) that are known to destroy the nucleocapsid and genetic material, inhibit viral entry and inhibit the replication of viruses such as dengue, herpes simplex virus (HSV), hepatitis C virus (HCV), influenza, chikungunya, SARS, etc. (Dhama et al., 2018). Exploiting medicinal plants for the development of COVID-19 therapeutics is therefore a very attractive option.
In the early days of the heat of the COVID-19 pandemic when no specific treatment was available, many countries explored the potential of phytochemicals obtained from medicinal plants and herbs for treating COVID-19 patients (Aanouz et al., 2020; Divya et al., 2020; Jahan and Onay, 2020; Qamar et al., 2020; Xu and Zhang, 2020). Significant progress has already been made in COVID-19 drug discovery from medicinal plants. Polyphenols have been shown to inhibit coronaviruses (Mani et al., 2020) while virtual screening has demonstrated the strong binding potential of absinthin, quercetin 3-glucuronide-7-glucoside, and quercetin 3-vicianoside to SARS-CoV-2 main protease (Mpro) and angiotensin-converting enzyme 2 (Joshi et al., 2020). It is documented in the literature that 83 phytocompounds with anti-COVID-19 activity, the most potent being the alkaloid, lycorine, lignan, savinin, and a total of 39 herbal medicines (listed by WHO and European Medicines agency, EMA) which are indicated for “respiratory diseases” that were evaluated for efficacy as an adjuvant symptomatic therapy for COVID-19 the results of which are shown in Table 4 (Silveira et al., 2020). Thymoquinone obtained from natural Nigella sativa has also been documented to be potentially useful for the treatment of COVID-19 (Abdelrahim et al., 2022). Additionally, several plant-derived bioactive compounds from traditional herbal medicine include andrographolide, panduratin A, baicalein, digoxin, and digitoxin, have demonstrated potent SARS-CoV-2 antiviral activity comparable with some repurposed FDA-approved drugs (Liana and Phanumartwiwath, 2021). Methanolic extract of Stachytarpheta cayennensis remarkably inhibited SARS-CoV-2 entry (González-Maldonado et al., 2022). The Lamiaceae family members, Zingiber officinale, and Glycyrrhiza spp. are known to be particularly good as sources of medicines for the treatment of COVID-19.
TABLE 4 | Herbal medicines and efficacy levels as adjuvant symptomatic therapies in early COVID-19 (Silveira et al., 2020).
[image: Table 4]While the descriptions of the huge potentials of natural products-derived anti-COVID-19 medicines are heartwarming, only Lianhuaqingwen, a Chinese herbal mixture of 11 medicinal species containing 61 compounds (Wang et al., 2016) has recommendation (by the Chinese National Health Commission) for clinical application to treat or manage COVID-19 (Yang et al., 2020). The herbal mixture inhibited SARS-CoV-2 replication in a dose-dependent manner with an IC50 of 411.2 μg/ml. Furthermore, the mixture was able to suppress the release of pro-inflammatory cytokines (TNF-a, IL-6, CCL-2/MCP-1, and CXCL-10/IP-10) in a dose-dependent manner (Runfeng et al., 2020).
Terpenoids, lectins, glycoproteins, lentinan, galactomannan, and polysaccharides from mushrooms (Agaricus subrufescens Peck, Agaricus blazei Murill, Cordyceps sinensis (Berk.) Sacc., Ganoderma lucidum (Curtis.) P. Karst., Grifola frondosa (Dicks.) Gray, Hericium erinaceus (Bull.) Pers., Inonotus obliquus (Arch. Ex Pers.) Pilát., Lentinula edodes (Berk.) Pegler, Pleurotus ostreatus (Jacq.) P. Kumm., Poria cocos F.A. Wolf, and Trametes versicolor (L.) Lloyd are promising prophylactic or therapeutic agents against COVID-19 (Arunachalam et al., 2022). The terpene, erylosides B from Red Sea invertebrate inhibits SARS-CoV-2 main protease (MPro) and identified as a promising anti-COVID-19 drug lead (Ibrahim et al., 2021).
Novavax vaccine consisting of proteins has been created in cultures of Fall armyworm (Spodoptera frugiperda) cells where the cells produce protein spikes that coat SARS-CoV-2 when infected with an engineered virus. The vaccine is achieving high success rates against all main variants of the virus and is entering authorization processes around the world. Peptides from animal venoms (snake, scorpion, frog, insect venoms) are rich sources of antiviral drugs.
Flavonoids, phlorotannins, alkaloids, terpenoids, peptides, lectins, polysaccharides, lipids and others substances of marine origin have been shown to exert desirable effects on coronaviruses penetration and entry into the cell, replication of the viral nucleic acid and release of the virion from the cell also can act on the host's cellular targets (Zaporozhets and Besednova, 2020). Similarly, several classes of compounds from various marine organisms (diverse sponges and algae and bacteria) have been shown to affect various virulence factors of SARS-CoV-2 and also induce the innate immune response and downregulate human ACE-2 (Geahchan et al., 2021).
As good and attractive as drug repurposing and other drug discovery processes are, drug discovery from natural sources is even more attractive and very compelling. This is because of the rich chemical diversity and the huge potential for the discovery of novel chemical scaffolds for discovery of novel drugs. The application of computational methods has made the discovery process much more robust and it is described in the section that follows.
BIOCOMPUTING/BIOINFORMATICS/ARTIFICIAL INTELLIGENCE
The availability of many untapped floral and faunal bioactive compounds (phytochemicals) in Africa and gradual understanding of the use of bioinformatics tools in drug discovery, drug design, and computer applications in a genetic study is opening a new chapter of scientific understanding (gradual shift) from conventional laboratory investigation to in silico approach to drug discovery and molecular biology. In most African drug research centers, computer-aided drug design (CADD) is now being used to facilitate the process of drug discovery. Though the method is predictable the precision and its efficiency have been ascertained by various researchers. In the last decade, bioinformatics-based models of specific biomolecules have offered rapid and inexpensive methods for the discovery of effective viral therapies. In the presence of a target biomolecule, these models are capable of predicting inhibitor candidates in a structure-based manner. The inhibitors can also be used to predict the specific target (ligand-based) if enough data are presented to a model and it can aid the search for a drug or vaccine candidate by identifying patterns within the data. The availability of enormous data from African bioactive compounds (phytomedicines) provides a baseline for which bioinformatics tools can be used to explore inhibitors of various micro-organisms including viruses like SARS-CoV-2. Database, like phytochemical database, management system has been successfully developed and used in in silico drug design.
Phytochemicals database, a platform for virtual screening and computer-aided drug design
The phytomedicines derived from medicinal plants have proven to be a rich source of diverse chemical agents that have been used as drugs and supplements in the millennium (Mahmud et al., 2022). The dependence of Africans on phytomedicines as the first line in the treatment of disease conditions and perhaps the consumption of various vegetables with medicinal properties must have contributed to the low incidence of SARS-CoV-2 in most African countries relative to European countries despite a devastating prediction from World Health Organisation (WHO). It is therefore important to explore the efficacy of different African phytochemicals as inhibitors of SARS-CoV-2 using an already established phytochemical database and bioinformatics tools. In recent times, statistics of newly approved drugs by the United States Food and Drug Administration (FDA) shows that Phytomedicines account for a large number of the approved drugs used as general tonics, antioxidants, cell protectives, and immune stimulants (Kandeel et al., 2020) in the management of SARS-CoV-2, even in this era of combinatorial chemical drugs (Mahmud et al., 2022). Information relating to biological activity, molecular weight, and molecular structure of phytomedicines are deposited in the various databases. Few phytomedicine databases include:
Phytochemdb (Mahmud et al., 2022) is a database that is manually managed and compiles 525 lists of plants and their corresponding 8093 phytochemicals (Mahmud et al., 2022). It is a comprehensive database that gathers most of the information about medicinal plants in one platform, which is considered to be very beneficial to the work of researchers on medicinal plants. “Phytochemdb” is available for free at https://phytochemdb.com/.
TarNet
This is an evidence-based database for research on natural medicine. It is a cataloged database that provides information on traditional medicinal plants with natural compounds that includes potential bio-target information (Hu et al., 2016). Comprehensive information on a plant-compound-protein relationship can be accessed from the TarNet platform. TarNet is freely available at http://www.herbbol.org:8001/tarnet.
Ethiopian-Traditional Medicine Database
ETM-DB is the largest web-based integrated resource of Ethiopian traditional medicine (Bultum et al., 2019), freely accessible, and provides traditional herbal medicine entities and their relationships in well-structured forms including references (Bultum et al., 2019). The ETM-DB website interface is user-friendly and allows the users to search the entities using various options provided by the search menu. ETM-DB is expected to expedite the process of drug discovery and development and also promote in silico research from Ethiopian natural products leveraging information on the chemical composition and related human target gene/proteins. Phytochemicals from this database can be virtually screened against different targets of SARS-CoV-2. Therefore, this database is key in the discovery of antiviral drugs including RNA viruses such as SARS-Cov-2. The current version of ETM-DB is openly accessible at http://biosoft.kaist.ac.kr/etm.
African natural product database (AfroDb)
This is a database of selected highly potent and diverse natural product libraries from African medicinal plants (Ntie-Kang et al., 2013). AfroDb is said to represent the largest ‘‘drug-like’’ and diverse collection of 3D structures of natural products (NPs) covering the geographical region of the entire African continent (Ntie-Kang et al., 2013). The database is readily accessible and can be used in the integrated virtual screening program. The huge information on phytochemicals in this database can be leveraged in the discovery of antiviral drugs. This drug bank could serve as a reservoir of potent molecules active against most viral infections including SARS-CoV-2 and its variants. Since it is possible to predict the variants of SARS-CoV-2 by inducing mutation on SARS-CoV-2 main targets using in silico method, the targets from these variants can be used as reference targets for the virtual screening (target-based virtual screening) or the molecules from the database can be screened against targets (ligand-based virtual screening). AfroDb is therefore a drug bank in which artificial intelligence (bioinformatics tools) can be used to explore huge information on African phytochemicals to aid in drug discovery and drug design, particularly in the pre and post pandemic period.
Computer-aided drug design and its application to COVID-19 drug discovery
Computer-aided drug design (CADD) has helped to facilitate the process of drug discovery and development by minimizing the cost and time (Gurung et al., 2021). The availability of a drug data bank (phytochemical database) also enhances the process of drug discovery. In the search for antiviral drugs, two important methods of computer-aided drug design (CADD) is key to the discovery of potent anti Covid-19 drugs (Gurung et al., 2021): the ligand-based and structure-based virtual screening. Molecular docking and molecular dynamic simulation are important techniques in structure-based drug design whereas ligand-based drug design includes pharmacophore modeling, quantitative structure-activity relationships (QSARs), and artificial intelligence (AI) (Gurung et al., 2021). The CADD plays a significant role in the design and discovery of promising drug candidates against various drug targets implicated in the pathogenesis of SARS-CoV-2 (Gurung et al., 2021).
Structure-based drug design
The availability of the three-dimensional crystal structure of the therapeutic target proteins and exploration of the binding site or active site residues forms the basis of structure-based drug design (SBDD) (Batool et al., 2019). This approach is highly selective and effectively fast in the identification of lead molecules and their optimization which has led to a better understanding of diseases at a molecular level (Lionta et al., 2014). Some of the common methods used in SBDD include structure-based virtual screening (SBVS), molecular docking, and molecular dynamics (MD) simulations (Gurung et al., 2021). A lot of information can be extracted from these methods, some of which include assessment of binding energetics, principal component analysis (PCA), dynamics cross-correlation, protein-ligand interactions, and conformational changes in the receptor upon ligand binding (Batool et al., 2019). SBDD is a computational technique has greatly helped in the discovery of several drugs available on the market today. For example, the discovery of Amprenavir as a potential inhibitor of the human immunodeficiency virus (HIV) protease using the crystallized protein model and molecular dynamics (MD) simulations (Adamson et al., 2009; Liao and Nicklaus, 2010). Others include thymidylate synthase inhibitor, an anticancer agent, and Raltitrexed implicated in the treatment of HIV-infected cancer patients using the SBDD approach (Anderson, 2003; Medina-Moreno et al., 2019). Norfloxacin a topoisomerases II and IV inhibitor was also discovered through SBVS (Batool et al., 2019). In recent time, SBVS conducted using different protein targets of SARS-CoV-2 and phytochemical database revealed high binding energy and very good interaction with the residues of the active site target protein such as 3-Chymotrypsin-like proteases (3CLpro) of SARS-CoV-2 (Gyebi et al., 2021). Some of the phytochemical agents that show good binding energy and ligand-residue interaction are shown in Table 5.
TABLE 5 | Binding energies of some phytochemicals docked in the active sites of 3-chymotrypsin-like proteases of coronaviruses (Gyebi et al., 2021).
[image: Table 5]These plants, native to most of the African countries, demonstrate the reservoir of phytochemicals in Africa with potent inhibitory activity against target proteins in SARS-CoV-2. The basic steps involved in Covid-19 drug discovery using bioinformatics tools (SBDD) consist of the preparation of target structure, identification of the ligand-binding site, compound library preparation, molecular docking and scoring functions, molecular dynamic simulation, and binding free energy calculation (Gurung et al., 2021).
Ligand-based drug design
Ligand-based drug design is a computer-aided drug design technique that is widely used in drug discovery and design. It is employed when the three-dimensional structure of the target receptor is not available. The information obtained from a set of active compounds against a specific target receptor is useful in the identification of physicochemical and structural properties that are responsible for the specific biological activity which is based on the structure-activity relationship (Prathipati et al., 2007; Gurung et al., 2021). The commonest techniques used in the ligand-based virtual screening approach include pharmacophore modeling, quantitative structure-activity relationships (QSARs), and artificial intelligence (AI).
Artificial intelligence (AI) and prospects in Covid-19 drug discovery
Artificial intelligence (AI) is a machine learning intelligence that depends on the ability of computers to learn from existing data (Gurung et al., 2021). AI has been used in various computational modeling methods to predict the biological activities and toxicity profiles of drug molecules (Patel et al., 2014). In addition, AI has also been widely used in the prediction of protein folding, protein-protein interaction, virtual screening, Quantitative Structural Activity Relationship (QSAR), evaluation of absorption, distribution, metabolism, excretion, and toxicity (ADMET) properties of the drug molecule, and de novo drug design (Gurung et al., 2021).
There are two major methods of AI that are widely used in rational drug design: machine learning (ML) and deep learning (DL) (Cortes and Vapnik, 1995). A support vector machine (SVM) is an ML algorithm that has been extensively used in drug discovery (Cortes and Vapnik, 1995). Others include Random Forest (RF) (Breiman, 2001) and Naive Bayesian (NB) (Sammut and Webb, 2017). Deep learning methods include convolutional neural network (CNN), deep neural network (DNN), recurrent neural network (RNN), autoencoder, and restricted Boltzmann machine (RBN) (Gurung et al., 2021). In summary, artificial intelligence has been widely used in drug discovery and vaccine development (Arshadi et al., 2020). As has been documented (Keshavarzi et al., 2022), this advancement in therapeutics research is critical for the current situation of pandemic and urgent need for the SARS-COV-2 therapy discovery for the following reasons (1) deep learning has an automatic feature extraction ability that can support models with better accuracy and deliver good reliable results (2) deep learning models demonstrate the generative ability that can be utilized to create more druggable molecules and better epitope prediction, (3) reduced chances of failure in the drug pipeline, and (4) because of the novelty of the virus the data related to its therapies remain scarce, which is a suitable scenario for knowledge transfer while leveraging on the learned knowledge from previous tasks (e.g., TranscreenTM) (Salem et al., 2020). Transfer learning is very effective in the transferring of learned knowledge and parameters from a secondary task with big data available to the task at hand (Weiss et al., 2016). Therefore, the use of deep learning in the discovery of therapies for SARS-COV-2 is necessary for a timely and accurate response to the viral pandemic (Arshadi et al., 2020).
Strength and challenges of CADD in the discovery of COVID-19 drugs
With the increase in the number of confirmed positive and death cases from SARS-CoV-2 infection with related evidence of viral mutation, computer-aided drug design (CADD) is the most viable and reliable technique in drug and medicinal research because of its attributed time saving and cost reduction in the design of therapeutic agents (Gurung et al., 2021; Ojha et al., 2021). In addition, the high impact of the pandemic resulting from COVID-19 infection and the relative lack of approved drugs create room for drugs to be repurposed within a short period of time. The CADD enhances this method by facilitating the discovery of new drugs or repurposing FDA-approved drugs whose safety and adverse effects are already known (Basak et al., 2021; Gurung et al., 2021). Since SARS-CoV-2, an RNA virus, poses a high mutation rate, the genome may hinder disease prevention and treatment (Gurung et al., 2021). CADD can be used efficiently to induce mutation on the existing targets, allowing for in silico prediction of the possible SARS-CoV-2 variant and subsequently developing potent molecules against these variants that are likely to cause a future pandemic (Gurung et al., 2021; Sharma et al., 2021). This is one of the major advantages (strength) of CADD in the discovery of COVID-19 drugs. Therefore, CADD is an asset in the drug discovery and development process. However, the CADD method is limited by the inability to validate its lead compound through clinical trials before market approval (Ojha et al., 2021). The molecular understanding of the disease pathogenesis of COVID-19 are still been strengthened, and the existence of the limited data on variants of COVID-19 can have a major impact on the precision and accuracy of CADD methods such as artificial intelligence (Ojha et al., 2021).
COVID-19 AND BEYOND
In spite of the odds, tremendous opportunities exist to overcome the challenges by integrating advances in science and technology such as Genomics (including CRISPR-Cas system) Phytopharming/Molecular farming, Biocomputing, and nanomedicine to develop novel and innovative antiviral therapies with broad-spectrum activities against human pathogenic viruses of the present and those that may emerge or re-emerge in the future.
Phytopharming/plant molecular farming for increased and accelerated production of COVID-19 therapeutics
Phytopharming or plant molecular farming is the production of biopharmaceuticals in plants using the tools of plant metabolic engineering and plant biotechnology. It is intended to overcome the limitations of high operating cost, prolonged production time, low yield, chances of contamination with pathogenic microorganisms, and limited posttranslational modifications of the current platforms that use bacterial systems, microbial eukaryotes, insect cells, and mammalian cells (Shanmugaraj et al., 2020). The use of plants as a platform for the production of diagnostic reagents and pharmaceutical proteins has been around for well over 30 years (Schillberg et al., 2019; Fischer and Buyel, 2020). The Israeli biotech company Protalix and Pfizer got FDA approval for the first drug, Elelyso (taliglucerase alfa), developed in plant cells (cells from carrot) in 2012. In February 2022, the Canadian biotech company, Medicago, got approval for its two-dose COVID-19 vaccine, the first world’s plant-based COVID-19 vaccine (The Pharmaeutical Journal, 2022). The rapidity with which this feat was achieved is outstanding, taking just over 2 weeks. This is what the executive vice president of Medicago, Marc-André D’Aoust said. “From the moment we had the sequence on our computer, to the moment we [had the] first purified product, it took 19 days”. Comparing this speed with five to 6 months for a conventional egg-grown vaccine, the plant-based approach will be of great advantage in potential future pandemics. This is particularly useful in poor and developing countries where the cost of the infrastructure of conventional platforms for the production of biopharmaceuticals is out of reach. Living plants have therefore effectively become bioreactors for the production of biopharmaceuticals. It may well be that plants may offer the only platform that can be used to manufacture COVID-19 diagnostic reagents and therapeutics at scale in a timeframe of weeks, compared with months or even years for cell-based systems (Capell et al., 2020). Lico and other colleagues in Italy made a case for molecular farming to complement conventional methods of production for the rapid and scalable supply of protein antigens as reagents and vaccine candidates, antibodies for virus detection and passive immunotherapy, other therapeutic proteins, and virus-like particles as novel vaccine platforms to meet the urgent therapeutic needs imposed by COVID-19 (Lico et al., 2020).
Edible vaccines in the battle against COVID-19
The concept is not different from molecular farming except that in this case the vaccine is produced in edible crops such as tomatoes, banana, potatoes, rice, carrot, corn, cucumber, lettuce, and spinach. Tomato has the advantages of having excellent biomass, being easy to transform and the whole plant can be generated within a short period. Tomato has therefore been described as a green vaccine factory (Sohrab, 2020). Sohrab and other colleagues listed the advantages of plant-based vaccines to include: oral use as fruits and vegetables; obtainable as capsules from dried leaf tissue powder; no requirement for adjuvants to enhance immune responses; mucosal immunity elicited by orally-introduced antigens; bulk production on site is easy and can be transported and stored at less cost and without cold chain requirement; not administered by injection and therefore no need for a trained medical person; easy to express, separate and purify; they can be stored as seeds and oils and dried tissue without any refrigeration; They do not have any risk of microbial contamination and disease spread; There is the possibility of enhanced compliance, especially in children (Sohrab et al., 2017). Significant progress has been made as scientists from the Centre for Genomics and Bioinformatics of the Academy of Sciences at Uzbekistan have developed a tomato-based vaccine against COVID-19 as of 2021. Seedlings in the laboratory are grown in the form of a vaccine from seedlings in the Centre after 2 months, and people who eat these tomatoes are expected to produce antibodies against the virus (Abdulkerimov, 2021).
Nanomedicine and enhancement of COVID-19 therapeutics
Nanomedicine is a branch of medicine that applies nanotechnology, which is essentially the manipulation and manufacture of materials and devices that are in the size range of 1–100 nm, to the diagnosis, prevention, treatment, and monitoring (follow-ups) of diseases and also for medical imaging and the repair and regeneration of biological systems (regenerative medicine). It uses the properties developed by a material at its nanometric scale which is different from those of the same material at a bigger scale in terms of physics, chemis,try or biology to achieve the many intended aims of nanomedicine applications. At the nano-scale, the surface-to-volume ratio is such that the surface properties become an intrinsic parameter of the potential actions of a particle or material. Therefore, coating the nanoparticles and functionalizing their surfaces enhance the biocompatibility of the particle and its circulation time in the blood, as well as ensuring a highly selective binding to the target of choice. The design and development of nanoparticles containing drug(s) (nanoparticulate nanomedicines) for drug delivery is an aspect of nanomedicine that has attracted tremendous attention. Nanoparticulate nanomedicines are designed and developed to deliver drugs through various mechanisms such as solubilization, passive targeting, active targeting, and triggered release which will ultimately increase therapeutic efficacy, decrease the therapeutically effective dose, and/or reduce the risk of systemic side effects (Hua et al., 2018). The nanomaterials of choice will include, but not limited to, liposomes (Figure 5), solid lipid nanoparticles (SLNs), nanostructured lipid carriers (NLCs), and polymeric nanoparticles. As of 2012, the global nanomedicine market stood at about 78 billion dollars (Viseu, 2022). In 2022, this stands at 159.43 billion dollars and this is expected to rise to $291.15 billion by 2027 (Market Data Forcast, 2022). This means that the market outlook for investors is bright and attractive and funding may not be a problem. Moreover, any investment in health is an economic investment because of the intricate relationship between health and the national economy.
[image: Figure 5]FIGURE 5 | The application of nanotechnology in multivalent vaccine devolopment using liposome as the encapsulating biomaterial.
Development of nanomedicine-based therapeutics against a variety of viral infections, including hepatitis B virus, human immunodeficiency virus, respiratory syncytial virus, influenza virus, and coronaviruses are already known. The attraction for the use of nanoparticles in nanomedicine is in their unique physicochemical properties: the small size which is also the scale of many biological mechanisms in the human body allows them to easily cross intracellular barriers/membranes to access new sites of delivery and interact with a variety of biological components of similar size, interacting with DNA or small proteins at different levels, in blood or within organs, tissues or cells; the surface polarity which can be modified by various functional groups to increase their binding efficacy and stability and reduce aggregation and precipitation (Dutta, 2022, ETPN, 2022).
Metallic nanoparticles such as iron-oxide, copper-oxide, and silver nanoparticles with antiviral properties can be used to entrap and inactivate SARS-CoV-2. These particles disrupt the cell membrane, damage proteins, and DNA, form free radicals, inhibit biofilm formation, and/or exert heavy metal toxicity in viruses thereby destroying the viruses. Iron-oxide nanoparticles have been shown to interact with the spike protein of SARS-CoV-2, altering its structural conformation. So have lipid nanoparticles loaded with SARS-CoV-2-specific small-interfering RNAs (siRNAs) for targeted delivery to the lungs to suppress viral replication and prevent the establishment of infection and disease. Poly lactic-co-glycolic acid polymer-based nanosponge coated with human lung epithelial cell and macrophage membrane to mimic the cellular physiology required for SARS-CoV-2 host cell entry is a good target for SARS-CoV-2. The binding of SARS-CoV-2 to this synthetic cellular nanosponge leads to the neutralization of the virus and infection of cells is blocked.
Apart from targeting SARS-CoV-2 directly, nanoparticulate nanomedicines can also be used to modulate the immune system in such a way that hyperinflammation and the consequent cytokine storm in COVID-19 patients can be prevented. Graphene-oxide nanoparticles are known to increase the levels of macrophages and T cells thereby enhancing adaptive immune response and viral clearance. Similarly nano-diamonds induce anti-inflammatory macrophages to reduce hyperinflammation. In the same way, carbon and graphene sheets can be modified to eliminate cytokines and interleukins (pro-inflammatory mediators) from the blood (reviewed by Dutta, 2022).
Concluding remarks and moving forward
Natural products represent a large reservoir of chemicals from which new chemical scaffolds can be obtained for the discovery of novel drugs, not only for COVID-19 but for other infectious diseases, including emerging and re-emerging diseases. Monotherapy in which one drug to one target approach is used is no longer a viable option. A strategic therapeutic approach in which a multicomponent and multi-target pan-viral therapy is developed for the treatment of COVID-19 and associated complications and future viral pandemics is a very compelling option and the drug discovery and development community should embrace it. Nanomedicine presents an excellent platform to achieve this as different drugs each with different targets can be loaded into a drugs-nanoparticle complex formulation as shown in Figure 5. This is also useful for the development of multivalent vaccines for activity against existing human pathogenic viruses and those that may emerge or re-emerge in the future. Plant molecular farming is undoubtedly a very useful technology for relatively cheap, fast, and large-scale production of biopharmaceuticals and relevant stakeholders should ensure that the required infrastructure for this is put in place in countries across the world for pandemic preparedness. After the “hype” about edible vaccines in the 90s, it is now becoming a reality and should be vigorously pursued for COVID-19 vaccine production particularly in poor resource settings, and quick response in the future should there be an outbreak of a pandemic. Edible vaccines will be an important strategy to significantly reduce vaccine hesitancy. However, worries about GMO foods are a potential problem but strong advocacy may be able to remove or significantly reduce these worries. Finally, it is important to sustain and improve on the coordinated global effort by all stakeholders in the development of COVID-19 therapeutics so that the several decades of accumulated knowledge from previous epidemics and pandemics can be effectively combined with the tremendous advances in science and technology to develop therapeutics of the present and the future.
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Bismuth subsalicylate as potential treatment for Covid-19 pneumonia: A case series report
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Various literature cited suggests that bismuth may have usefulness against Covid-19 both in vitro and in vivo. During the course of caring for Covid-19 patients we administered bismuth subsalicylate to those who displayed diarrhea and/or gastric complaints. Using relatively conservative criteria, upon retrospective review, we noted marked improvement in oxygen requirements in most of the cases. This improvement was observed even when prior therapy with standard anti-Covid drugs had failed. Our overall impression is that these positive results support a detailed evaluation of bismuth as an adjunct treatment for the treatment of Covid-19.
Keywords: COVID, bismuth subsalicylate, pneumonia, oxygen, remdesivir
INTRODUCTION
As of 1 July 2022, Covid-19 had infected half a billion people worldwide and over 6.35 million had died. (Dadax. 2022. https://www.worldometers.info/coronavirus/ (Accessed 1 July 2022). Preventative measures include isolation/masking and vaccination whereas treatment options include steroids, vitamins, and drugs such as remdesivir, tocilizumab and baricitinib and monoclonal antibodies. (Covid-19: Management in hospitalized Adults (2022) https://www.uptodate.com/ (Accessed 1 July 2022). In spite of these measures, Covid-19 infection remains a major public health concern and treatments have had limited efficacy: for example, a prominent study (Beigel et al., 2020), showed that while remdesivir appeared to shorten recovery time, the mortality rate was not statistically different from placebo. Another study (Horby et al., 2021) noted that whereas dexamethasone had some efficacy over placebo in reducing mortality rates in intubated patients (ie., 29% vs. 41%) it had no effect for non-ventilated patients over placebo (18% vs. 14%).
The emergence of an inexpensive and efficacious anti-Covid medication with few side effects would be an ideal solution to this conundrum. One potential solution may be bismuth subsalicylate (BiS), a common over-the-counter medication which is widely used for various gastrointestinal symptoms. When taken orally it reacts with hydrochloric acid forming salicylate and bismuth oxychloride and has anti-inflammatory, anti-secretory and anti-microbial activity (Pasricha, 2006). It inhibits two key enzymes (ie, NTPase and RNA helicase) (Yang et al., 2007; Shu et al., 2020) which are necessary for viral replication which might explain its’ efficacy against other viruses including rotavirus, reovirus, noravirus, echovirus, polio and herpes virus (Ward et al., 1985; Waldum et al., 1998; Koo et al., 2010). In vitro studies have also demonstrated bismuth’s anti-Covid effect (Yang et al., 2007). In addition, researchers in Hong Kong (Yuan et al., 2020) noted that bismuth medications had efficacy in the animal model; hamsters who received ranitidine bismuth citrate had a 1000-fold reduction in their Covid-19 viral loads and improvement in their pneumonias. A case in 2020 (Wolf et al., 2020) noted an 85-year-old man with Crohn’s whose Covid symptoms (both URI and diarrhea) improved rapidly after receiving BiS without receiving any other anti-Covid related medications. Finally, preliminary results from a recent study from the University of Louisville noted that Covid patients were noted to experience a decrease in Covid symptoms within 48 h after completing a course of BiS (Yacyshyn et al., 2022).
MATERIALS AND METHODS
In light of the apparent virustatic and/or virucidal effect of bismuth on Covid-19 virus both in vitro and in the animal model, after review of Covid-positive patients who were treated with BiS for their diarrhea, we noted that bismuth containing compounds appeared to have an adjunctive role in the treatment of Covid pneumonia. We herein report eight cases where BiS was administered to control gastric-related complaints (ie, loose stools or diarrhea) in hospitalized patients with Covid pneumonia. Bismuth subsalicylate has long been an over-the-counter drug in the United States and in our review, was used solely to treat diarrhea symptoms in patients hospitalized with Covid-19. Data on each of the cases was extracted and reviewed from the charts independently by two different hospitalists (CK and KN). (Figures 1–8). All patients received BiS, two different manufacturers are used in our institution: Rugby Laboratories, a Division of the Harvard Drug Group, LLC; NDC: 00536-1286-36 or AmerisourceBergen Corporation NDC: 46122-0306-34.
[image: Figure 1]FIGURE 1 | Medical Data for Patient #1.
Cases were only included if they had at least 5 days of high-oxygen requirements prior to the dispensation of BiS. Each participant had to receive at least 4 total doses of BiS within a 48-h period of time with a minimum total dose of at least 1096 mg. The efficacy of BiS was graded on an arbitrary scale noted in Table 1; zero (minimal), one (moderate) or two (strong) was assigned to each case based on the response to BiS. Scaling criteria was based on the premise that a positive score required a major reduction in oxygen requirements within days of finishing BiS therapy. Patients who had longer duration of high-oxygen requirements prior to the administration of BiS (ie., spanning 10-45 days) had longer recovery phase criteria. Scaling criteria, although arbitrary, was the best clinical estimate as to what would constitute a minimal, moderate or strong response to therapy. For example, if a patient required high dose oxygen for 5 days prior to the reception of BiS, a positive response would have to be seen within 5 days of the last dose of BiS. Patients who had longer periods of high oxygen requirements prior to administration of BiS (eg, patient #4 who had been ventilated for 6 weeks prior to receiving BiS) had to have a major reduction in oxygen requirements within 10 days of receiving their last dose of BiS. Comprehensive data for each patient are included in Figures 1–8 which contain data on daily timing and dosing of all Covid related medications, BiS administration, in addition to complete vital signs data including daily oxygen requirements and pulse ox and temperature readings; lab data on CRP (C-Reactive Protein) as well as D-Dimer values were provided if available. Of note, two patients (#3 and #4) transitioned from either BiPAP (ie, Bilevel Positive Airway Pressure) or the ventilator, to lower dose oxygen delivery methods (ie, either simple mask or nasal cannula). In these cases, we estimated that oxygen flow rates for ventilator and/or BiPAP patients to be equivalent to at least 50 L/min of high-flow oxygen (Shoukri, 2021; Beran et al., 2022). Each patient gave informed consent to use his or her medical data for publication; no names or other non-medical information were revealed.
TABLE 1 | Bismuth efficacy scale.
[image: Table 1]Case reports
Patient 1 (Case 1) is a 79-year-old man with PMH of hypertension and hyperlipidemia admitted in January 2022 who required high-flow oxygen (ie, 50 L/min) for 10 days prior to the last dose of BiS (Figure 1). During the initial 10 days of treatment, he was given remsedivir, baricitinib and dexamethsone with no effect on his oxygen requirements. Within 7 days of finishing a total of 3144 mg of BiS therapy, he required only 8 L/min of oxygen, consistent with a strong (+2) effect.
Patient 2 (Case 2) is a 67-year-old with a PMH of diabetes mellitus and a recent deep vein thrombosis admitted in February 2021, who developed acute respiratory failure due to Covid pneumonia who received remdesivir, baricitinib and dexamethasone during the first 5 days of his admission with no change in his high-dose oxygen requirements (Figure 2). After receiving 2096 mg of BiS, his oxygen requirements improved significantly going from 50 L/min to 6 L/min, however, per criteria in Table 1, this was categorized as a minimal response (ie, Grade 0) because the noted decrease in oxygen requirements occurred after the 5-day period of BiS administration. (Note: on the seventh day post-BiS administration, patient’s oxygen requirement had decreased to 6 L/min).
[image: Figure 2]FIGURE 2 | Medical Data for Patient #2.
Patient 3 is a 78 year-old African American, admitted in January 2021, with a PMH of obstructive sleep apnea and diabetes mellitus who developed Covid pneumonia (Figure 3). He had no major change in his high oxygen requirements for the first 17 days of his admission while receiving remdesivir, baricitinib and dexamethasone and was given the option of hospice care on Day 17. Patient then received 1592 mg of BiS on Day 17 after developing loose stool and progressed to room air within 5 days after the last day of BiS, consistent with a strong (+2) response.
[image: Figure 3]FIGURE 3 | Medical Data for Patient #3.
Patient 4 is a 70-year-old admitted in May 2021, with a PMH of esophageal dysphagia and prostate carcinoma with Covid pneumonia (Figure 4). He remained ventilated for almost 6 weeks despite receiving remdesivir, tocilizumab and dexamethasone; however, he was able to come off the ventilator and progressed to 10 L/min of oxygen within 10 days of receiving 6288 mg of BiS, consistent with a strong response (+2).
[image: Figure 4]FIGURE 4 | Medical Data for Patient #4.
Patient 5 is a 38-year-old African-American female admitted in October 2021, with a PMH of hypothyroidism who remained on high dose oxygen (ie, 50 L/min) flow for the first 5 days of her admission despite receiving remdesivir, tocilizumab and dexamethasone. (Figure 5). She received a total of 3144 mg of BiS and progressed to an oxygen requirement of only 1 L/min within 5 days of her last dose of BiS, consistent with a strong (2+) response.
[image: Figure 5]FIGURE 5 | Medical Data for Patient #5.
Patient 6 is a 57-year-old man admitted in September 2021, with a PMH of coronary heart disease and hypertension (Figure 6) who remained on high dose oxygen (ie, 50 L/min) flow for the first 5 days of his admission despite receiving remdesivir, tocilizumab and dexamethasone. He received 3144 mg of BiS and eventually progressed down to 1.5 L/Min of oxygen but received a score of 0 (minimal change) since he remained on high flow oxygen for more than 7 days after receiving his last dose of BiS.
[image: Figure 6]FIGURE 6 | Medical Data for Patient #6.
Patient 7 is a 50-year-old man admitted in September 2021, with a PMH of asthma (Figure 7) who remained on high dose oxygen (ie, 50 L/min) for the first 8 days of his admission despite receiving remdesivir, tocilizumab and dexamethasone. He progressed down to 4 L/min of oxygen within 2 days of receiving a total of 3144 mg of BiS consistent with a strong (+2) response.
[image: Figure 7]FIGURE 7 | Medical Data for Patient #7.
Patient 8 is a 61-year-old admitted in December 2021, with PMH of COPD who developed acute respiratory failure due to Covid pneumonia and received remdesivir, baricitinib and dexamethasone but remained on high flow (ie, 60 L/min of oxygen) until day 28 of his admission at which time BiS was started; he received a total of 3144 mg of BiS (Figure 8). He eventually reduced his oxygen requirements to 50 L/min on day 58 and received a score of 0 since his response was well after the last day of BiS administration.
[image: Figure 8]FIGURE 8 | Medical Data for Patient #8.
RESULTS
Overall, we noted that five out of eight Covid pneumonia patients (ie, 62.5%) had a strong response to BiS treatment as per criteria (+2) (Table 2). In addition, seven of eight patients who received BiS got dramatically better (ie, 87.5%) (Table 3) although two of the cases got better outside the time period criteria noted in Table 1. No side effects of BiS treatment were observed.
TABLE 2 | Patients who improved after bismuth therapy.
[image: Table 2]TABLE 3 | Patients who improved after bismuth therapy (excluding parameters).
[image: Table 3]DISCUSSION
We acknowledge that a short series of case reports rarely provides definitive information of drug efficacy, mechanism of action or pharmacokinetic/pharmacodynamic properties. Nevertheless, consistent and unexpected clinical outcomes are noteworthy and raise questions worthy of answers. Herein, we describe the outcomes of eight diverse cases of Covid-19 pneumonia where patients were treated with common Covid drugs including corticosteroids, remdesivir, baricitinib and tocilizumab. A common denominator in these patients was the short-term use of BiS for gastric complaints/symptoms. Even when the prognosis was guarded, some of the patients showed a relatively rapid rebound and clinically improved lung function.
Bismuth’s apparent efficacy may be partly due to its’ inhibitory effect on viral enzymes. Bismuth salts inhibit two key enzymes (ie, NTPase and RNA helicase) which are necessary for viral replication (Shu et al., 2020). The mechanism of action of bismuth in the post-acute phase is unclear, however, the dramatic response of most of the cases, often weeks after contracting Covid-19, raises the question of whether the Covid-19 virus is still alive in lung cells even after a patient has developed antibodies. There appears to be support for this: (Zhao et al., 2020): noted that 100% of hospitalized patients developed antibodies to Covid by Day 15, while viral RNA detectability from upper respiratory samples remained positive in many patients weeks after a positive antibody response. They noted that critically ill patients may take a long time to clear Covid from their respiratory tracts: “It should be noted that the risings of antibodies were not always accompanied by RNA clearance, particularly in the 3 critical patients. This finding suggested that antibodies may not be sufficient to clear the virus” (Zhao et al., 2020). Support for this phenomenon exists with other viruses (eg, herpes) which are known to live in the body for years despite positive antibody responses (eg, Ebstein Barr and Varicella viruses). We do not know if Covid-19 virus could still be living in lung cells long after the formation of antibodies, but the dramatic response in our cases who often responded even weeks after contracting Covid pneumonia, raises this possibility.
If further studies were to corroborate our case-reports, it might benefit people around the world who often have no access to expensive medications such as remdesivir or tocilizumab, monoclonal antibodies or the vaccine; for example, as of September 2021 only 1% of people from low-income countries had received even one dose of the vaccine [https://www.kff.org/coronavirus-covid-19/press-release/disparities-in-global-vaccination-progress-are-large-and-growing-with-low-income-countries-and-those-in-africa-lagging-behind/ (Accessed 6 September 2021)]. We also note that all of our patients received less than 9 doses of BiS: whether bismuth medications would have a more pronounced effect if given over longer periods of time is not known. In addition, all of our patients received BiS after several days/weeks of being hospitalized and requiring high-dose oxygen flows. Whether BiS could have even greater efficacy had it been given earlier in our patient’s stay or even prophylactically are questions that merit further study. In addition, very little BiS is absorbed from the gastrointestinal tract when given orally. Patients who were given oral doses of ranitidine bismuth citrate 800 mg twice daily only absorbed 0.5% of the dose with a peak plasma concentration did not exceed 19 ng/ml (Koch et al., 1996). If higher absorption rates could be achieved, as noted in a recent study when BiS was combined with N-acetyl cysteine (Wang et al., 2021) it potentially could increase BiS’s efficacy.
Bismuth is available in many forms such as bismuth subsalicylate, bismuth citrate, bismuth subcitrate and bismuth subgallate, many of which are widely available around the world and often over-the counter. While bismuth may alter the absorption of other medications there are few risks of taking a short course although theoretically BiS could increase the risk of bleeding slightly due to the salicylate effect. However, taking high doses of bismuth for short or extended periods of time may cause severe renal or neurological problems (Cengiz et al., 2005; Borbinha et al., 2019).
CONCLUSION
During the care of hospitalized Covid-19 patients we administered bismuth subsalicylate to those patients having diarrhea or other gastric issues. Upon retrospective review, we noticed that these patients became less dependent on supplemental oxygen. Using arbitrary yet conservative criteria, we reviewed these cases and herein report the results. All patients showed at least some improvement in their oxygen needs and several showed marked improvement. Noteworthy, none had any side effects from the bismuth, and the improvement came after the patients had already been treated with common Covid drugs. Based on these observations and literature relating to bismuth and Covid we recommend a detailed clinical evaluation of bismuth’s potential role as an adjunct treatment for Covid 19.
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Absolute contraindications Type of vaccine Recommended actions

Severe allergic reaction, e.q., anaphylaxis Al (USCDC, 20212) 1. Do not vaccinate
2. Referral to allergy immunologist
3. Consider other vaccine alteratives

immediate allergic reaction Al (USCDC, 20212) 1. Risk assessment
2. Referral to allergy immunologist
3. Prolong observation period after vaccination (e.g., 30 min)
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Relative contraindications
Acute PCR-confirmed COVID-19 infection
With fever more than 38.5°C

High thrombosis and thrombocytopenia
risk

Capilary leak syndrome (CLS)

Myocarditis and pericarditis

Pregnancy, planning for pregnancy or
breastfeeding

Type of vaccine
Al

Al

AstraZeneca/COVISHEELD and
Janssen

AstraZeneca COVISHIELD

Pfizer and Moderna

Viral-vector vaccines

Recommended actions

Delay vaccination schedule unti recovered from acute iiness and the criteria for ending
isolation have been met (WHO, 2021c)

Postpone vaccination until fever subsided (WHO, 2021c)

Cautious for patients with history of heparin-induced thrombocytopenia, antiphospholipid
syndrome, or major venous or arterial thrombosis with thrombocytopenia after viral vector
COVID-19 vaccine (EMA, 2021a; USCDC, 2021b)

Patients with history of CLS should not receive AstraZeneca vaccine. Vaccination with
alternative vaccine is recommended (NACI, 2021)

Defer the second dose schedule if patients developed myocarditis or pericarditis after the
first dose. Choice of alternative vaccine or continue with mRNA vaccine should be discussed
with mediical workers (cardiologist if possible) (WHO, 2021d; NACI, 2021)

USCDG recommends safe administration of viral-vector vaccine in al trimesters of
pregnancy and breastfeeding. (as of August 11, 2021) (USCDC, 2021c)

Canadian NACI recommends viral-vector vaccines shouid be avoided in pregnancy due to
elevated risk of VITT (NACI, 2021). Vaccination is safe during breastfeeding (NACI, 2021)

NAC!, National Advisory Committee on Immunization: USCDC, United States Center for disease Control and Prevention: VITT, vaccine-induced immune thrombotic thrombocytopenia.





OPS/images/fddsv-02-858006/fddsv-02-858006-t004.jpg
Doses  Severity of

illness

1 Asymptomatic
Symptomatic

Hospitalization

2 Asymptomatic
Symptomatic

Hospitalization

Alpha

Not reported

61% (95% Cl, 56-66) (Chung
etal, 2021)
59% (95% Cl, 39-73) (Chung
etal, 2021)

98.4% (Bruxvoort et al, 2021)
(95% Cl, 96.9-99.1%)

90% (95% Cl, 85-94) (Chung
etal, 2021)

94% (95% Cl, 59-99) (Chung
etal, 2021)

4No hospilalzation case after receiing two doses of vaceine.

Beta  Gamma
Not Not
reported  reported
56% (Chung et al., 2021)
(95% Cl, -9 to 82)

Not Not
reported  reported

88% (Chung et al., 2021)
(95% Cl, 61-96)

100% (Chung et al.,
2021) (95% CI not
reported)

Delta

Not reported

77.0% (Bruxvoort et al, 2021)
(95% Cl, 60.7-86.5)

86.7% (Bruxvoort et al., 2021)
(95% Cl, 84.3-88.7)
94.1% (Bruxvoort et al, 2021)
(95% Cl, 90.5-96.3)
97.5% (Bruxvoort et al, 2021)
(95% Cl, 92.7-99.2)

Omicron
Not reported
Not reported
Not
reported
Not reported

30.4% (Tseng et al., 2022)
(95% Cl, 5-49)
100% (Tseng et al., 2022)





OPS/images/fddsv-02-858006/fddsv-02-858006-t005.jpg
Doses

Severity of
illness

Asymptomatic
Symptomatic

Hospitalization

Asymptomatic
Symptomatic

Hospitalization

Alpha

37% (95% Cl, 32-42) (Sheikh
etal, 2021)

39% (95% Cl, 32-45) (Sheikh
etal, 2021)

76% (95% Cl, 61-85)
(England, 2021; Stowe et al.,
2021)

73% (95% Cl, 66-78) (Sheikh
et al., 2021)

81% (95% Cl, 72-87) (Sheikh
etal., 2021)

86% (95% Cl, 53-96)
(England, 2021; Stowe et al,
2021)

Beta

10.4% (95% Cl, ~76.8 to
54.8) (Madhi et al., 2021)
21.9% (95% Cl, -49.9 to
59.8) (Madhi et al., 2021)
61% (95% CI-64 to 91)
(Nasreen et al, 2021)
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87% (95% C, 85-88)
(Cerqueira-Silva et al., 2021)
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etal, 2021)
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60% (95% Cl, 53-66) (Sheikh
etal, 2021)
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Country Number of doses

China 141,624,000
United States 103,000,000
Germany/Belgium 70,534,055
India 42,390,000
United Kingdom 12,200,000
Netherlands/Belgium 10,496,982
Russia 10,492,500
Switzerland 5,462,338
South Korea 1,617,000
Brazil 200,000
South Africa 160,000

https://www.statista.com/chart/24492/total-covid-19-vaccine-production-by-country/
(accessed 21 May 2022).
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Echinacea angustifolia
Echinacea purpurea

Eucalyptus globulus essential oil
Justicia pectoralis

Magnolia officinalis

Mikania glomerata
Pelargonium sidoides
Pimpinella anisum

Salix sp

Zingiber officinale

Positive
Positive

Positive

Positive

Positive

Promising
Promising
Promising
Promising
Promising
Promising
Promising
Promising
Promising
Promising
Promising

Promising






OPS/images/fddsv-01-789710/fddsv-01-789710-g004.gif





OPS/images/fddsv-02-925825/fddsv-02-925825-t005.jpg
S/NO Plant name Compound Binding energy (kcal/mol)
1 Vernonia amygdalina Vernolide -80
2 Vemonia amygdalina Vernomygdin -79
3 Occinum gratissimum Chicoric acid -77
4 Occinum gratissimum Rosmarinic acid -77
5 Vemonia amygdalina Neoandrographolide -7.7
6 Occinum gratissimum Luteolin -77
7 Vernonia amygdalina Vernomenin -77
8 Vemonia amygdalina Isorhamnetin -76
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Platform Candidate vaccines

Number Percentage
Protein subunit (PS) 52 3
RNA 31 20
Viral Vector, non-replicating (VVnr) 21 13
Inactivated Virus (IV) 21 13
DNA 16 10
Virus Like Particle (VLP) 06 o
Viral Vector, replicating (VVr) 04 03
VVr + Antigen Presenting Cell (VVr + APC) 02 01
Live Attenuated Virus (LAV) 02 o1
VVnr + Antigen Presenting Cell (VVnr + APC) 01 01
Bacterial antigen-spore expression Vector (BacAg-SpV) 01 01

Modified from WHO (2022) at https://www.who.int/publications/m/item/draft-landscape-of-covi
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Company Vaccine Platform Date of EUL Efficacy
Pfizer/BioNTech Comirnaty vaccine mRNA (nucleoside modified) 31 December 2020 95%

The SII/COVISHIELD and AstraZeneca  AZD1222 vaccines Viral Vector (non-replicating) 16 February 2021 76%-100%
Johnson & Johnson Janssen/Ad26.COV 2.8 Viral Vector (non- replicating 12 March 2021 85.4%-93.1%
Moderna Moderna COVID-19 vaccine (mRNA 1273)  mRNA (nucleoside modified) 30 April 2021 94.1%
Sinopharm Sinopharm COVID-19 vaccine Inactivated virus 7 May 2021 79%

Sinovac CoronaVac Inactivated virus 1 June 2021 51%-100%
Bharat Biotech BBV152 COVAXIN vaccine Inactivated virus 3 November 2021 78%-93%
Novavax-COVAX Covovax (NVX-CoV2373) vaccine Protein subunit 17 December2021 90%
Novavax Nuvaxovid (NVX-CoV2373) vaccine 20 December 2021 90%-100%
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MODERATE
(2 point)

STRONG
(2 points)

STRONG
(2 points)

STRONG
(2 points)

High oxygen requirements > 5 days prior to last day of bismuth therapy and no achievement of less than 50% of oxygen
requirements within 5 days of stopping bismuth

High oxygen requirements 2 5 to 9 days prior tolast day of bismauth therapy and reduction toless than 50% of oxygen requirements
within 5 days of starting bismuth

High oxygen requirements = 10 to 29 days prior to last day of bismuth therapy and reduction to less than 50% of oxygen
requirements within 7 days of stopping bismuth

High Oxygen Requirements for > 30 days prior to last day of bismuth therapy and reduction to less than 50% of oxygen
requirements within 10 days of stopping bismuth therapy

High Oxygen Requirements for > 5to 9 days to last day of bismuth therapy and reduction to less than 25% of oxygen requirements
within 5 days of stopping bismuth

High Oxygen Requirements for = 10 to 29 days prior to last day of bismuth therapy and reduction to less than 25% of oxygen
requirements within 7 days of stopping bismuth

High Oxygen Requirements for > 30 days prior to last day of bismuth therapy and reduction to less than 25% of oxygen
requirements within 10 days of stopping bismuth therapy
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Nanobodies

2NSP23; 2NSP90

6ID10 (5; 6; 16; 40; 70; 71; 75; 96;
99; 113)

AB-G11-Fc

aRBD-2-6; aRBD2-7

Cs; H3; C1; F2

H11-D4; H11-H4

k-874A

KA1; KC1; KC3

MR3; MR17; SR4; SR31

Nanosota-1

NB1A7; NB1B11
NB1-Nob2-Fc

Nb11-59

Nb15; Nb56; Nb12; Nb30

NB15; Nb22; Nb31
Nb6
Nb91-Nb3-hFc
Nbs 89

NIH-CoVnb-112

NM1226; NM1230

P2Cs; P5F8; P2G1

Re6HO6; Re9B09; Re5D06; R28

$1-49; §1-1; $1-23; $1-46; RBD-9;

RBD-35; S2-10; S2-40
S14

saRBD-1

Sb14; Sb16; Sb45; Sbes

Sb23

SP1bd; SP1DY; SP3H4
SR6v15; Nb21; SR6

TB202-1; TB202-3; TB202-63
Ty1; Fu2

VHH-E; VHH-U; VHH-V; VHH-W
VHH-Fc

VHH72"

wes

WNb2; WNb7; WNb10

Source

Lama
Shark

Uama (naive library)
Apaca

Uama

Uama (naive library)
CDNA library
Synthetic liorary
Synthetic library

Uama and alpaca (naive
liorary)

Camels

Synthetic library

Camels

Llama; alpaca; dromedary,
Bactrian camel

Alpaca

Synthetic library

Camel (naive liorary)
Uama

Llama
Alpaca
Camel
Alpaca
Llama

Alpaca
Alpaca
Synthetic liorary

Synthetic liorary
Synthetic library
CeVICA

Synthetic liorary
Apaca

Alpaca and llama
Uama (naive library)
Uama

Alpaca

Apacas

Method

Phage display
Phage display

Phage display
Phage display
Phage display
Phage display
CDNA display

Yeast display

Ribosome and
Phage display
Phage display

Phage display
Phage display
Phage display
Phage display:
Nanomouse
Phage display
Yeast display
Phage display
MS proteomic

Phage display
Phage display
Phage display
Phage display
MS proteomic

Phage display
Phage display
Ribosome and
Phage display
Phage display
Phage display
Ribosome display
Phage display
Phage display
Phage display
Phage display
Phage display
Bacterial display
Phage display

Target

Nsp9
RBD

ACE2
RBD
RBD
RBD
RBD
RBD
RBD

RBD

RBD
RBD
RBD
RBD

RBD
Spike
RBD
RBD

Spike
RBD
RBD
RBD
RBD

RBD
RBD
RBD

RBD
RBD
RBD
RBD
RBD
RBD
Spike
RBD
RBD
RBD

References

Esposito et al., 2021 (Esposito et al, 2021)
Gauhar et al., 2021 (Gauhar et al., 2021)

Lu et al, 2021 (Lu et al, 2021b)
Ma et al., 2021 (Ma et al,, 2021)

Huo et al., 2021 (Huo et al., 2021)

Huo et al., 2020 (Huo et al., 2020)

Haga et al., 2021 (Haga et al., 2021)

Zupancic et al., 2021 (Zupancic et al., 2021)

Lietal., 2021; Yao et al., 2021 (Li et al, 2021b; Yao et al., 2021)

Ye et al, 2021 (Ye et al, 2021)

Shi et al., 2022 (Shi et al., 2022)
Chi et al., 2022 (Chi et al., 2022)
Gai et al., 2021 (Gai et al., 2021)
Xu et al,, 2021 (Xu et al., 2021)

Wu et al., 2021 (Wu et al., 2021b)

Schoof et al., 2020 (Schoof et ., 2020)

Lu et al, 2021 (Lu et al,, 2021a)

Nambuli et al., 2021; Sun et al., 2021; Xiang et al., 2020 (Xiang
et al., 2020; Nambulli et al., 2021; Sun et al., 2021)

Esparza et al., 2020 (Esparza et al., 2020)

Wagner et al., 2021 (Wagner et al., 2021)

Favorskaya et al., 2022 (Favorskaya et al., 2022)

Giltler et al., 2021 (Gilttler et al., 2021)

Mast et al., 2021 (Mast et al., 2021)

Lietal, 2021 (U et al., 2021c)
Weinstein et al., 2022 (Weinstein et al., 2022)
Ahmad et al., 2021 (Ahmad et al., 2021)

Custédio et al., 2020 (Custddio et al., 2020)

Stefan et al,, 2021 (Stefan et al., 2021)

Chen et al., 2021 (Chen et al., 2021)

Yuan et al,, 2022 (Yuan et al., 2022)

Hanke et al,, 2020, 2022 (Hanke et al., 2020a; Hanke et al., 2022)
Koenig et al., 2021 (Koenig et al, 2021)

Dong et al., 2020 (Dong et al., 2020a; Dong et al., 2020b)
Schepens et al,, 2021 (Schepens et al,, 2021)

Valenzuela Nieto et al., 2021 (Valenzuela Nieto et al., 2021)
Pymm et al,, 2021 (Pymm et &, 2021)

*An enhanced version of this Fc-linked nanobody in clinical study phase Il is called XVRO11. (www.clinicaltrials.gov).
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Best peptide(s)
FLDKFNHEAEDLFYQSSL.

VPEQLYCLLQKFNGEAEMLFSRS

TETQAKTFLDKFNHSAEDLFYQS
IFEQAKTFTAQFNHEKEDLFYQS
IFEQAKTFTAQFNHEKEDLFYQS
EQEERIQQDKRKNEQEDKRYQRYGRGKGHQP

GSHMGDAQDKLKYLVKQLERAL RELKKSLDELERSLEELEKNPSEDALVENNRLNVENNKIVEVLRILELAKASAKLA

EDLFYQ

QAKTFLDKFNHEAEDLFYQSSLA

DKEWILQKIYEIMRLLDEL GHAEASMRVSDLIYEFMKKGD
ERLLEEAERLLEEVER

EEQAKTFLDKFNHEAEDLFYQSS
EEQAKTFLDKFNHEAEDLFYQSSLASWNYNTNITEE
EEQAKTFLDKFNHEAEDLFYQSS-G-LGKGDFR
SALEEQYKTFLDKFMHELEDLLYQLAL-nh2

QAKTFLDKFNHEAEDLFYQ

GARAHANSIVQQLVSEGADLVQTYVALVAALNGLEVNFSR
VEQNIFRQHFPNMPMHGISAEDKLAFALAGALERATRQ
GHIEHANSIVOQLVSEGADISRTLRLLFAALRGIEVRFSR
VEQNIFRQHFPNMPMHGISSRDKLALALLGALAEALVN
GAEAHANSIVQQLVSEGADLARTYALLLAATNGDRVNFSR
VEQNIFRQHFPNMPMHGISAEDELAIALLGALERADRQ

Ace-TIEEQ-Z-KTFLDK-X-NHEAEDLFYQ-X-SLA-X-WN-nh2 X.Z: stapling residues

IEEQAKTFLDKFNHEKEDLEYQSSLASWNYNTNIT
Bold: stapling residues

NOKLIANGFNSAIGKIQDSLSSTASAL GKLQDWNQNAQALNTLVKQLVPRGSGGSGGSGGLEVLFQGPGINASWNIK

EIDRLNEVAKNLNESLIDL.
Bold: linker

VAPGTAVLRQWLPTGTLLVDSDLNDFVSDADSTLIG
KGIMMNVAKYTQLCQYLNTLTLAVPYNDKGVAPGTAVLRQ
WLPTGTLLVDSDLNDFVSDADSTLIG

Rationale

ACE2
fragment
binding RBD

ACE2 evolved
fragment
binding RBD

Evolved ACE2
fragment
Evolved ACE2
fragment

ACE2
fragment

ACE2
fragment
binding RBD

Mini-protein
binding RBD

ACE2
fragment

ACE2
fragment
ACE2
fragment

ACE2
optimized
fragment

ACE2
optimized
fragment

ACE2
fragment
Spie
fragment

Nsp10
fragments
binding nsp16

Target

ACE2:
RBD

ACE2:
RBD

ACE2:
RBD
ACE2:
RBD

ACE2:
RBD

ACE2:
RBD

ACE2:
RBD

ACE2:
RBD

ACE2:
RED
ACE2:
RBD

ACE2:
RBD

ACE2:
RBD

ACE2:
RBD
Fusion

nspi0:
nsp16

Methods

Docking (PyDock, HADDOCK,
ZDOCK)

MD refinement (50 ns,
Gromacs—condilions not detailed)
Toxicity prediction (ToxinPrec)

MD (100ns,

NAMD2.13 —~ CHARMM3 force
field)

MMGB-SA free energies
Adaptative evolution based on MD

EvoDesign (1000 independent
design trajectories)

Structural homology

Docking (HADDOCK)

Ko prediction (PRODIGY)

MD: (100 ns, Gromacs 2020.2)
Structural analysis

Fragment identiication: Rosetta/
PeptiDerive

Local docking: FlexPepDock/
Rosetta (300 models)

Single point mutational scan:
Rosetia/backrub

Template based design: Rosetta-
fragment assembly

Docking: Rosetta-RifDock + de
novo scaffold iiorary

MD: Gromacs 5.1.4. Structure
Based Model/Go-model, WHAM.

User expertise based optimization

Docking perturbation upon amino
acid substitution (Autodock-vina,
108 peptides)

MD (Gromacs 4.6.1—conditions
not detailed)

Scaffold liorary

Scaffold docking (patchdock, 2000
models per scaffold)

Interface design: Rosetta-
fastdesign

MD (20/50 ns, Gromacs,
AMBER99SB-ILDN force field,
TIPSP water)

Binders docking (patchdock,
ClusPro)

Staping

Staping
Homology modeling (swissmodel)

Docking (GRAMM-X)

MD umbrella sampiing binding
energy (17 ns, Gromacs 2020; SPC
water)

Stable binding to nsp16 (MD)

(150 ns, Gromacs, Charmm36
force field, TIP3P water)

Validati

None

None

None

None

1Cs: 1.9
Infection

reduction
rate: =70
Infection

reduction
rate: 60%

1Csq: 23

None

Cog: 42
Ko 0.08
(Cois 0.7

None

Koi 2.22
Cs5: 2.8
Serum
stabilty
Ko 2.1y
(Css: 36
None

None
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2 z Tamoxifen

W

A
et

g N
HY
]
cl

Clofazimine
L : E: % :

;
S

Sertraline

Elacridar

Plitidepsin

A549-ACE2 [Cso 166 1M
Vero 6 [Ce, 602 nM (Tummino
et al., 2021)

AB49-ACE2 ICs 407 nM

Vero E6 [Cso 676 nM (Tummino
etal, 2021)

Vero cels ICgo 280 nM (Gordon
et al,, 20200)

Vero E6 [Cs, 34.12 uM and CCso
37.96 M (Weston et al., 2020)
A549-ACE2 Cso 275 M

Vero E6 ICso 2,570 uM (Tummino
etal, 2021)

A549-ACE2 IC50 134 nM
Vero E6 [Cgo 2.291 pM (Tummino
etal, 2021)

A549-ACE2 [Cgo 3.890 M
Vero E6 [Cso 575 nM
(Tummino et al., 2021)

A549-ACE2 cells 0.1 M leads to >2
log PFU decrease (Humphries et l.,
2021)

Vero E6 cells ECso 0.31 uM (Yuan
et al., 2021)

VeroE6 ICoq 1.76 M in hACE2-
HEK293T cells ICs 0.88 nM (White:
etal, 2021)

A549-ACE2 cells ECso 3.2 M
(Drayman et al., 2021)

Not active in mouse (Tummino et al.
2021)

Not active in mouse (Tummino et al.,
2021)

Not active in mouse (Tummino et al.,
2021)

Not active in mouse (Tummino et al.,
2021)

Not active in mouse (Tummino et al,
2021)

0.5 mg/kg increased survival of mice
dosed 3 h pre-treatment or 12 post
treatment intranasally (Humphries
et al., 2021)

25 mg/kg oral dose lowered viral
load >1 log PFU in hamster lung
‘when dosed prophyiactically or

therapeutically (Yuan et al., 2021)

Lowered mouse lung viral load 2 log
PFU after 0.3 mg/kg daily dosing for
3 days (White et al., 2021)

25 mg/kg twice a day lowered
mouse lung viral load >2 log PFU and
improved survival (Drayman et al.,
2021)

Host Inactive
Host (Sigma  Inactive
receptor- 1

and -2)

Host Inactive
Host Inactive
Host Inactive

Host (STING ~ Active
activator)

Host and Active
viral helicase

Host Active
(eEF1A)

MP® inhibitor ~ Active
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Type of vaccine

Plizer (MRNA) (USFDA, 2021a), the United States

Moderna (MRNA) (USFDA, 2021b), the United States

Janssen (viral vector) (USFDA, 2021c), the
United States

Sinovac/Coronavac (Vero cell) (Ltd SLSC, 2021),
China

Oxford-AstraZeneca Vaxzevria (EMA, 2021b), the
United Kingdom

Serum Institute of India Covishield (Oxford-
AstraZeneca formulation) (Jeewandara et al., 2021);
Ramasamy et al,, 2021), India

Sinopharm-BBIBP (inactivated virus in Vero cells)
(Wang et al., 2020a), China

Sputnik V (viral vector) (Logunov et al., 2021), Russia

Abdala (Reuters, 2021; RPCEC, 2021; Vie Pce,
2021), Cuba

Chinese Academy of Medical Sciences Covidful
(ClinicalTrials.Gov, 2021a; ClinicalTrials.Gov, 2021b),
China

Cansino Convidecia (Wang et al., 2020b; Wu et al.,
2021), China

Covaxin (BIOTECH, 2021; Sapkal et al., 2021), India

COVIran Barakat (Asghar Abdoli et al., 2021;
Mallapaty, 2021), Iran

CoviVac (ClinicalTrials.Gov, 2021c; Kozlovskaya
et al., 2021; EMA, 2021b), Russia

EpiVacCorona (Ryzhikov et al., 2021; Punkitkos EAP
et al,, 2021), Russia

FAKHRAVAC (IRCT, 2021a; IRCT, 2021b), Iran

Medigen (ClinicalTrials.Gov, 2021d;
ClinicalTrials.Gov, 2021e; Hsieh et al., 2021), Taiwan

Minhai (CiinicalTrials. Gov, 2021f; ClinicalTrials.Gov,
2021g; ClinicalTrials.Gov, 2021h), China

QazCovid-in (ClinicalTrials.Gov, 2021i;
ClinicalTrials.Gov, 2021), Kazakhstan

Sinopharm-WIBP (Xia et al., 2020; Al Kaabi et al.,
2021; Xia et al., 2021), China

Soberana (Malik et al., 2021; Mega, 2021;
Valdes-Balbin et al., 2021), Cuba

Sputnik light (ClinicalTrials.Gov, 2021k;
ClinicalTrials.Gov, 2021l), Russia

Zifivax (Yang et al., 2021; Zhao et al,, 2021), China

ZyCoV-D (Dey et al., 2021; Momin etal., 2021) ONA
plasmid vactor), India

Active ingredient

Nucleoside-modified mRNA encoding the viral spike
(8) glycoprotein of SARS-CoV-2

Nucleoside-modified mRNA encoding the viral spike
(S) glycoprotein of SARS-CoV-2

Recombinant, replication incompetent Ad26 vector
encoding a stabilized variant of the SARS-CoV-2
spike (S) protein

Inactivated SARS-CoV-2 virus (CZ02 strain)

Chimpanzee adenovirus encoding the SARS-CoV-2
spike () protein ChAdOx1-S

Recombinant, replication-deficient chimpanzee
adenovirus vector encoding the SARS-CoV-2 spike
(8) protein in genetically modified human embryonic
kidney 293 cells

Inactivated SARS-CoV-2 virus (HBO2 strain) in Vero
cells culture

Modified replcation-deficient Ad26 and Ad5
encoding the SARS-CoV-2 spike (S) protein

Protein subunit vaccine containing COVID-19-
derived proteins

Inactivated virus vaccine

Recombinant replication-deficient adenovirustype 5-
vectored vaccine expressing fulllength spike gene
based on Wuhan-Hu-1 (Genebank accession
number YP_009,724,390)

Whole-virion inactivated SARS-CoV-2 antigen
(strain: NIV-2020770)

Inactivated SARS-CoV-2 virus with Vero cell culture

Inactivated SARS-CoV-2 virus (strain:AYDAR- 1) with
Vero cell culture

Chenically synthesized peptides (short fragments of
viral spike protein) conjugating to a carrier protein
containing nucleocapsid proteins and maltose-
binding proteins

Inactivated SARS-CoV-2 virus-based with cell
culture

Recombinant S-2P spike protein adjuvanted with
CpG 1,018

Inactivated SARS-CoV-2 virus-based with Vero cell
culture

Inactivated SARS-CoV-2 virus-based with cell
culture

Inactivated SARS-CoV-2 virus (strain WIV-04) in
Vero cell culture

Receptor binding domain of SARS-CoV-2 spike
protein conjugated chemically to tetanus toxoid

Recombinant replication-deficient Ad26 encoding
the SARS-CoV-2 spike (S) protein

Recombinant tandem repeat dimeric receptor
binding domain-based protein subunit vaccine

DNA plasmid vector carrying the gene encoding the
spike protein (S) of the SARS-CoV-2 virus

1

Inactive ingredients

2-Polyethylene glycol (PEG)-2000-N,

N-ditetradecyclacetamide

2
3.

Cholesterol
1,2-Distearoyl-sn-glycero-3-phosphocholine

4. (4-Hydroxybutyl) azanediyl)bis (hexane-6,1-diyl)bis (2-
hexyldecanoate)

5.

6.
7.

8.
9.

1

Sodium chioride

Monobasic potassium phosphate
Potassium chloride

Dibasic sodium phosphate dihydrate
Sucrose

PEG2000-DMG: 1,2-dimyristoyl-rac-

glycerol,methoxypolyethylene glycol

2

3.
4,

1,2-Distearoyl-sn-glycero-3-phosphocholine
Cholesterol
SM102: heptadecane-9-yl 8- ((2-hydroxyethyl) (6-0x0-6

(undecyloxy)hexy)amino) octanoate

5.

6.
7.
8.
9.

PDNDNPON DNPON ROV DO SN

[ NE RN

1
2,
3.
4,
5.
6.
7.

Tromethamine
Tromethamine hydrochloride
Acetic acid

Sodium acetate

Sucrose

Polysorbate-80
2-Hydroxypropyl-beta-cyclodextrin
Citric acid monohydrate
Trisodium citrate dihydrate
Sodium chioride

Ethanol

Aluminum hydroxide

Disodium hydrogen dodecahydrate

Sodium dihydrogen phosphate monohydrate
Sodium chioride

L-Histidine
L-Histidine hydrochloride monohydrate
Magnesium chloride hexahydrate
Polysorbate 80 (E 433)

Sucrose

Disodium edetate (dihydrate)

L-Histidine

L-Histidine hydrochioride monohydrate
Magnesium chioride hexahydrate
Polysorbate 80 (E 433)

Sucrose

Ethanol

Sodium chioride

Disodium edetate dihydrate (EDTA)

Aluminum hydroxide adjuvant
Beta-propiolactone

Disodium hydrogen phosphate
Sodium dihydrogen phosphate
Sodium chioride

Tris-(hydroxymethyi)-aminomethane
Sodium chloride

Sucrose

Magnesium chioride hexahydrate
Disodium EDTA dihydrate
Polysorbate 80

Ethanol

No clinical results and information on ingredients found on
electronic databases (PubMed, Google Scholar, Medline,
Scopus, embase)

No clinical results and information on ingredents found on
electronic databases (PubMed, Google Scholar, Medine,
Scopus, embase)

Detailed inactive components were not listed

ARSI N A

JERE NN

Aluminum hydroxide
Imidazoquinolinone
2-Phenoxyethonol
Phosphate buffer saline

Auminum hydroxide
Modified Egg’s medium
Fetal bovine serum

Beta-propiolactone
Aluminum hydroxide

Disodium phosphate dihydrate

Sodium dihydrogen phosphate dihydrate
Sodium chioride

1. L-Histidine
2. Aluminum hydroxide

Detailed ingredients not published

]
2.
3.

GpG 1,018
Aluminum hydroxide
Phosphate buffer solution

Detailed ingredients not published

Detailed ingredients not published

1
2,
3.
4,

Auminum hydroxide
Disodium hydrogen phosphate
Sodium dihydrogen phosphate
Sodium chioride

Detailed ingredients not published

1
2
3.
4,
5.
6.

&
1

Tris-{hydroxymethyl-aminomethane
Sodium chioride

Sucrose

Magnesium chioride hexahydrate
Disodium EDTA dihydrate
Polysorbate 80

Ethanol

Auminum hydroxide

Detailed ingredients not published

Detailed ingredients not published

The first seven vaccines in the table have been approved for emergency or full use by at least one WHO-recognized stringent regulatory authority (Pfizer, Moderna, Janssen, Sinovac,
Oxdord-AstraZeneca, Serurn insitute of India Covishield, and Sinophanm-BBIBP). The remaining vaccine candidaies are amanged in alphabetical order.
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Ace2-hACE2 Ace2-hACE2-IRES-
tdTomato (ICR,C57BI/6

hACE2(LoxP-STOP) (C57BI/6J)

Rosa26-chACE2 (C57BI/6N)

Sensitised mouse models

AdV-hACE2/AQV-hACE2-GFP (BALB/C:
C57BL/6J; Rag! ™~ C57BL/G, Stat1™/~
C57BL/6; DBA/2J; AG129)

AAV-hACE2 (C57BL/6J.B6(Cg)
finarttm1.2Ees/J(fnar1 ~); C57BL/GNCH

Lenti-hACE2 (C57BL/6J, IFNAR-/-)

Promoter/tissue

Epithelial cel cytokeratin-18 promoter,
epithelial cells

HFH4/FOXJ1 - lung ciliated epithetial cell-
specific promoter, predominantly expressed in
lung (also detected in brain, Iiver, kidney

and gu)

Cytomegalovirus enhancer with chicken g-
actin promoter/universal expression

Murine angiotensin converting enzyme 2/
intestine, brain, heart, kidney

Cytomegalovirus enhancer with chicken -
actin promoter/conditioned expression of
hACE2-IRES-6GFP cassette

Cytomegalovirus enhancer with chicken -

actin promoter/conditioned expression

Promoter/tissue

Cytomegalovirus promoter, lung

Cytomegalovirus promoter/lung*

Elongation factor 1 alpha promoter/iung

SARS-CoV2 dose/Most affected
tissues/Symptoms/Lethality (intranasal
route-IN,
intravascular-IV)

2.5 x 10" PFU (INYlung, kidney, brain, heart,
spleen/severe intersiitial pneumonia/iethal

3 x 10* TCIDs (INJlung, heart, eye, brain/
severe interstitial pneumonia/lethal

2 % 10° or 10° TCIDs; (IN) of SARS-CoV/
lungs, brain/acute wasting syndrome/lethal

10° TCIDso (IN)/lung, intestine, brain/
moderate interstitial pneumonia/non-lethal

4.5 1g FFU (INYlung, brain/dramatic weight
loss and rapid mortality/lethal (ubiquitous
expression)

2 x 10° PFU (IN)/not characterized/weight
loss and rapid mortalty/lethal (ubiquitous
expression)

SARS-CoV2 dose/Most affected
tissues/Symptoms/Lethality (intranasal
route-IN, intravascular-1V)

10° FFU (IN); 10° PFU(N, IV)/lung, heart,
brain, liver, spleen/weight loss/non-lethal

3 107 PFU/mI (IN); 1 x 10° PFU (INYlung
(other organs not characterized)/weight loss/
non-lethal (‘note: Localization of AAV-hACE2
expression is dependent on route of AAV
application and used AAV serotype.)

2 x 10° pfu (IN); 10° CCIDs, per mouse (INY/
lung (inflammatory response)/mild symptoms
of the COVID-19 disease, weight loss/non-
lethal
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