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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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