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SARS-CoV-2, the novel coronavirus responsible for the ongoing COVID-19 pandemic, has been spreading rampantly. The global scientific community has responded rapidly to understand immune correlates of protection to develop vaccines and immunotherapeutics against the virus. The major goal of this mini review is to summarize current understanding of the structural landscape of neutralizing antibodies (nAbs) that target the receptor binding domain (RBD) of viral spike (S) glycoprotein. The RBD plays a critical role in the very first step of the virus life cycle. Better understanding of where and how nAbs bind the RBD should enable identification of sites of vulnerability and facilitate better vaccine design and formulation of immunotherapeutics. Towards this goal, we compiled 38 RBD-binding nAbs with known structures. Review of these nAb structures showed that (1) nAbs can be divided into five general clusters, (2) there are distinct non-neutralizing faces on the RBD, and (3) maximum of potentially four nAbs could bind the RBD simultaneously. Since most of these nAbs were isolated from virus-infected patients, additional analyses of vaccine-induced nAbs could facilitate development of improved vaccines.
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Introduction

Just over a century after the 1918 flu pandemic, humanity is experiencing another major pandemic. The COVID-19 pandemic, which is caused by SARS-CoV-2, began in late 2019. In just over one year of the pandemic, about 118 million people have been infected with the virus and, despite advanced modern medicine, over 2.6 million have died. COVID-19 is likely to pose a continuing threat to the global economy and public health systems worldwide unless most of the population is vaccinated.

SARS-CoV-2 is classified as a betacoronavirus of the Coronaviridae family. The virus is closely related to a bat coronavirus, RaTG13, with nucleotide sequence identity of ~96% (1). It is also distantly related to SARS-CoV (82% identity), the virus that caused the 2002-2003 SARS epidemic. Both viruses use angiotensin converting enzyme 2 (ACE2) as a receptor (1). Binding to ACE2 and virus entry into host cells are mediated by spike (S) glycoprotein. Because of the high similarity, past research on SARS-CoV likely facilitated a rapid response to SARS-CoV-2, allowing for quicker development of vaccines and treatments.

During the past year, there have been unprecedented global efforts to develop vaccines against the virus. Already, multiple vaccine candidates have either completed or almost completed their Phase 3 clinical trials. Two of them, by Moderna (2) and Pfizer/BioNTech (3), have been shown to be ~95% effective. Both of them have been approved by the U.S. FDA for emergency use. Although these vaccines have been shown to be effective in the short-term, their long-term efficacy has not yet been demonstrated. Thus, continued evaluation of immune correlates of protection and characterization of antigenic and immunogenic properties of S glycoprotein are needed to develop more efficacious vaccines in the future.

Neutralizing antibodies (nAbs) play a critical role in providing protective immunity against viral diseases. Recently, it’s been shown that 90% of nAbs mounted against SARS-CoV-2 in COVID-19 patients target the receptor binding domain (RBD) of S glycoprotein (4). Better understanding of their potency and how they bind their target epitopes could allow for the design of more effective vaccines and improve immunotherapeutic agents. During the past several months, many neutralizing monoclonal antibodies (mAbs) against the RBD have been isolated and their structures have been solved using Cryo-EM or X-Ray Crystallography. An excellent review article was published on this topic (5). Since then, many more nAbs have been isolated and their structures have been solved. Considering the rapid progress being made in this field, and the many new viral variants with different RBD mutations emerging, we felt a mini review with more up-to-date information would be beneficial to many investigators, especially to those who work on immunogen design for vaccine development. In this review, we have compiled IC50 values of all nAbs with known structures and identified key amino acid residues targeted by them. Superimposing all nAbs revealed clusters of nAbs and non-neutralizing faces on the RBD.



Neutralizing Antibodies Against the RBD With Known Structures

The S glycoprotein functions as a trimer (Figure 1A). The RBD within S glycoprotein is structurally defined as a region between two cysteine residues (C336 and C525) that form a disulfide bridge. Within the RBD, there is a short linear segment called receptor binding motif (RBM) that contains most of the amino acid residues that make contact with ACE2.




Figure 1 | Summary of nAbs against SARS-CoV-2 RBD. (A) Cryo-EM structure of trimeric spike glycoprotein (PDB: 7A97). One of the monomers (beige) with ACE2 bound has its RBD and RBM colored in gold and salmon, respectively. (B) Antibodies are organized by their cluster group. Antibody source (1: COVID-19 patients; 2: Llama antibody library; 3: SARS-CoV RBD immunized mice; 4: SARS-CoV patients), IC50 and buried surface area (BSA) are shown. IC50 was converted from nM using ~150 kd molecular weight for the following mAbs: H014, REGN10933, REGN10987, S2M11S2E12, S309. BSA values were either obtained from a previous review (5) or calculated using PISA (6). Antibodies shown in red text have been previously described (5). (C) Frequency of nAbs making contact with each amino acid in the RBD. Each group is represented by different colors. Contact residues were identified using “Clashes/Contacts” tool in UCSF Chimera using default settings. Three RBD mutations present in SARS-CoV-2 B.1.351 variant (K417N, E484K and N501Y) are shown.



According to CoV-AbDab database (http://opig.stats.ox.ac.uk/webapps/covabdab/) (7), there are 413 neutralizing mAbs and 100 nanobodies that bind SARS-CoV-2 RBD (as of December 27, 2020). Of these, we have identified the following 38 mAbs, for which high resolution structures have been determined with the RBD: B38 (8), BD-236, BD-368-2, BD-604, BD-629 (9), C102 (10), C105 (11), C1A-B3, C1A-B12, C1A-C2, C1A-F10 (12), CB6 (13), CC12.1, CC12.3 (14), COVA2-04, COVA2-39 (15), CV30 (16), H014 (17), H11-H4 (18), P2B-2F6, P2C-1F11, P2C-1A3 (19), REGN10933, REGN10987 (20), S2E12, S2M11 (21), S2A4, S2H13, S2H14, S304 (4), 2-4 (22), BD23 (23, 24), CV07-250, CV07-270 (25), COVA1-16 (26), CR3022 (27), EY6A (28), and S309 (29). The Protein Data Bank (PDB) ID, antibody source, half-maximal inhibitory concentrations (IC50), and total buried surface area (BSA-Å2) of these nAbs are summarized on Figure 1B. BSA was calculated using PISA program (6).

The antibodies are organized based on their clustering groups (Groups 1-5), which is defined by where on RBD they bind (see Figure 2 and explanations below). Most nAbs were isolated from COVID-19 patients. In contrast, CR3022 (27) and S309 (29) are cross reactive antibodies isolated from SARS-CoV-infected individuals and H014 was isolated from a phage antibody library generated from a mouse immunized with SARS-CoV RBD (17). H11-H4 was isolated from a llama antibody library (18).




Figure 2 | Neutralizing antibodies against SARS-CoV-2 RBD. (A) A cocrystal structure of the RBD (grey) bound to ACE2 (gold) is shown in six orientations (PDB: 6M0J). ACE2 binding site is highlighted in light green. (B) Structures of 38 nAbs were superimposed onto the RBD. Five groups of nAbs are shown in different color tones (1: red, 2: purple, 3: green, 4: blue and 5: yellow). Three non-neutralizing faces are indicated. (C) Maximum of up to four nAbs could potentially bind the RBD simultaneously. (D) Footprints of individual nAbs are shown. To generate footprints, “Clashes/Contacts” tool in UCSF Chimera was used to identify residues on RBD that contact nAbs. Default contact criteria of VDW overlap ≥ -0.4 Å was used. ACE2 contact residues are shown in dark green. Footprints are colored as for panel (B).



Neutralizing activity of mAbs were assessed by using either live, infectious SARS-CoV-2 or pseudoviruses or both. Their IC50 values (in ng/ml) are shown in Figure 1B. Overall, we were not able to see a clear correlation between clustering groups and neutralization potency. Furthermore, there was no consistency between IC50 determined using live virus vs. pseudoviruses. While IC50 was significantly higher using live viruses for some antibodies (e.g., C1A-B3, C1A-F10, COVA2-04), for other antibodies, IC50 was higher using pseudoviruses (e.g., 2-4, H014, S309). For some antibodies, the values were more similar (e.g., C1A-B12, P2C-1F11, COVA2-39). These differences and inconsistencies could be due to the fact that different laboratories are using different pseudoviruses (e.g., VSV-based or lentivirus-based) or differences in how live virus neutralization assays were done (e.g., amount of virus used, or the duration of virus incubated with antibodies prior to adding to cells). In this regard, the field must standardize virus neutralization assays to compare the relative potency of different nAbs and also to compare the relative efficacy of different vaccines.

Clearly, there are more nAbs in Group 1 than other groups, especially Groups 3 and 5. Assuming that the process of isolating nAbs was random, this could suggest that epitopes targeted by Group 1 nAbs are more immunogenic than other epitopes or that antibodies that target Group 1 epitopes are more likely to exhibit neutralizing activity or both.

The frequency of amino acid residues on the RBD that make contact with nAbs is shown in Figure 1C. Based on this analysis, the ten most frequently targeted residues are F486, Y489, L455, F456, N487, Q493, Y505, K417, A475 and E484. All of these residues are situated within the RBM except for K417, which lies outside of the RBM but makes contact with ACE2. Not surprisingly, SARS-CoV-2 B.1.351 variant (a.k.a. 20H/501Y.V2 South Africa strain) that has K417N and E484K mutations in addition to N501Y has been shown to resist neutralization by vaccine-induced nAbs (30).



Structural Landscape of Nabs Against the RBD

A cocrystal structure of the RBD bound to ACE2 has been solved (31). The structure is shown from six different perspectives with ACE2 positioned above the RBD (Figure 2A). For orientation, the view from the “back” represents ACE2 bound to a trimeric spike shown in Figure 1A. A view from the top shows that ACE2 binds mainly on one side of the ridge (arbitrarily defined as the “left side”). To assess structural landscape of nAbs against the RBD, we superimposed 38 nAbs onto the RBD (Figure 2B). The antibodies were categorized into five groups (1 through 5) based on how they clustered together and how they bound the RBD. The five groups are shown in different colors. Group 1 nAbs (red tone) bind the receptor binding site (RBS) very much like ACE2 on the “left side” of the ridge. The top five most targeted amino acid residues by Group 1 nAbs are L455, F456, F486, N487 and Y489. Group 2 nAbs (purple tone) also bind the RBS, but they are positioned more upright and straddle on the center of the ridge. The top three most targeted amino acid residues by Group 2 nAbs are Y449, G485 and F486. Group 3 nAbs (green tone) bind on the “right side” of the ridge opposite from Group 1 nAbs. The top three most targeted amino acid residues by Group 3 nAbs are  Y449, E484 and F490. These three groups have been referred to as RBS-A, -B and -C, respectively, in the previous review (5). The mechanism of neutralization by these three groups of nAbs is mainly through direct competition with ACE2 for binding the RBD. However, the degree of overlap between Group 3 nAbs and ACE2 is much less than Group 1 and Group 2 nAbs. Group 4 nAbs (blue tone) bind the lower half of the “left side” of the RBD. The top four most targeted amino acids by Group 4 nAbs are Y369, C379, P384 and T385. This group of nAbs has been previously referred to as “CR3022 cryptic site” after the prototypic antibody (5). While four of these antibodies are able to block binding of ACE2 to the RBD (COVA1-16, H014, S2A4 and partially by S304), CR3022 and EY6A do not. Instead, the neutralization mechanism of the latter two nAbs is thought to be by destabilizing prefusion conformation of the trimeric spike (28, 32). Group 5 nAbs (yellow tone) bind “rear right” side of the protein. While REGN10987 can block binding of ACE2 to the RBD, S309 cannot. Although the neutralization mechanism of S309 is not clear, it is thought that a part of its activity could be cross-linking of the trimeric structure, steric hindrance of conformational changes or aggregation of virions (29).

By compiling all nAb structures onto the RBD, what became evident are non-neutralizing faces (NNF) where no known nAbs bind (“bottom”, “front” and front half of the “right”). Although it is possible that nAbs that bind these regions simply have not yet been isolated, this is highly unlikely considering the number of nAbs that have already been characterized. Rather, it is more likely that antibodies that bind these regions neither block ACE2 binding nor prevent conformational changes that are required for membrane fusion. It is also possible that these regions might be non-immunogenic because they are not accessible to antibodies in the context of trimeric S glycoprotein complexes. The existence of these NNF is important from a vaccine development standpoint, especially for designing RBD-based immunogens, because if they are highly immunodominant, high levels of non-neutralizing antibodies against the NNF could sterically interfere with induction of nearby nAbs.

For developing immunotherapeutics, it is desirable to use a cocktail of multiple nAbs rather than using only one to minimize the chance of giving rise to neutralization-resistant mutant variants. Our analyses show that a total of up to four nAbs could potentially bind a single RBD at the same time (Groups 1, 3, 4 and 5). Four nAbs bound to RBD are shown in Figure 2C: C105, BD-368-2, EY6A and S309. Except for a minor clash between S309 and K76 residue on the heavy chain of BD-368-2, all four nAbs could bind at the same time. Because of clashes between Group 2 nAbs and those of Groups 1 and 3, only three nAbs would be able to bind the RBD if a Group 2 nAb was used. Also, not all Group 1 nAbs could bind with all Group 3 nAbs. It is important to note that full length IgG molecules are much bulkier than Fab and that there are other neighboring RBDs in a trimeric spike complex. This could limit how many nAbs can actually bind a single RBD at the same time. However, it is also important to keep in mind that multiple nAbs do not have to bind the same RBD simultaneously to exert synergy. As long as multiple nAbs can bind a single virus particle simultaneously, a cocktail immunotherapy should be able to reduce the chances of giving rise to neutralization-escape mutants. Current therapy by Regeneron uses REGN10933 (Group 1) and REGN10987 (Group 5) (33). For side-by-side comparison, footprints of 38 nAbs are shown individually in Figure 2D.



Discussion

The structural overview of nAbs against the RBD provides three-dimensional details of how they bind the antigen as well as insights into potential mechanisms of their action. This information is highly valuable for formulating effective immunotherapeutics. Although the structural data we compiled in this review provides a good visual representation of the nAb landscape, additional information on the immunological properties of the RBD is needed for designing improved vaccines. Specifically, information on the relative immunogenicity of different neutralizing and non-neutralizing epitopes is needed. The immunodominance of particular epitopes will likely depend on not only the genotype of the individuals, but also the immunogens. Both the Pfizer and Moderna vaccines are based on the full-length trimeric S protein complexes that are expressed on the membrane surface, similar to the antigens to which virus-infected patients would be exposed. It would be interesting to compare the nAbs elicited by these vaccines to those isolated from virus-infected patients, as well as to those induced by other immunogens (e.g., soluble RBD).

Global establishment of new viral lineages of SARS-CoV-2 has been reported recently (34, 35). Accordingly, one of the major concerns with the COVID-19 pandemic is the emergence of SARS-CoV-2 variants that would become resistant to current neutralizing monoclonal antibody (mAb) therapies or those that can elude immune responses elicited by currently available vaccines. One possible solution is to predict potential neutralization-escape variants and preemptively design and develop new vaccines or therapeutics. Recently, RBD mutations that enable viruses to escape neutralization by REGN-COV2 cocktail (mAbs REGN10933 and REGN10987) and LY-CoV016 (a.k.a CB6) were mapped using a library of RBD variants (36). As expected, escape mutations largely appeared in the antibody-RBD interface. One intriguing exception is that E406W mutation, which enables escape from neutralization by both REGN10933 and REGN10987, is not in direct contact with either antibody. Comparison of experimentally identified escape mutations and available sequences of currently circulating SARS-CoV-2 indicated that many viral variants that can resist one or more nAbs already exist. However, the only variant present in >0.1% of sequences were the REGN10933 escape mutant Y453F, the REGN10987 escape-mutant N439K and the CB6 escape-mutant K417N (36).

Mutations in the RBD that affect recognition by polyclonal human plasma antibodies were also mapped (37). These mutations map largely to three distinct regions: (i) “Front” end of the ridge near F456 and E484, (ii) a loop spanning S443-N450 and an adjacent S494-N501 region near where REGN10987 binds at the “back” end of the ridge, and (iii) a patch near P384 where Group 4 nAbs bind. The most important site was shown to be E484, mutations of which reduced neutralizing activity of some plasma by >10-fold. More than 0.1% of all sequenced isolates have mutations at E484 (37). It is interesting to note that our analysis shows that nAbs from Groups 1, 2 and 3 recognize E484 with similar frequency (Figure 1C).

It is highly likely that SARS-CoV-2 will persist in the human population for the foreseeable future, especially if not everyone is vaccinated within a short period of time. We expect the virus will continue to mutate, adapt and evolve to survive as a species, just like any other living organism on earth. Eventually, humans and SARS-CoV-2 may have to find a way to coexist without killing each other, as has happened with many other viruses.
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