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Abstract

:

The filoviruses, including ebolaviruses and marburgviruses, are among the world’s deadliest pathogens. As the only surface-exposed protein on mature virions, their glycoprotein GP is the focus of current therapeutic monoclonal antibody discovery efforts. With recent technological developments, potent antibodies have been identified from immunized animals and human survivors of virus infections and have been characterized functionally and structurally. Structural insight into how the most successful antibodies target GP further guides vaccine development. Here we review the recent developments in the identification and characterization of neutralizing antibodies and cocktail immunotherapies.
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1. Introduction


The Filoviruses belong to the family Filoviridae and are among the world’s deadliest pathogens. Among the six genera are the Ebolaviruses, the Marburgviruses, the Cuevavirus, the recently discovered Dianlovi rus [1], Striavirus [2], and the Thamnovirus [2]. There are 11 species in total, of which the ebolaviruses and marburgviruses are known to cause severe disease in humans. The genus ebolavirus includes six known viruses that are each antigenically distinct and named after the location of the disease outbreak where they were first identified. These include Ebola virus (EBOV), Sudan virus (SUDV), Bundibugyo virus (BDBV), Reston virus (RESTV), Taï Forest virus (TAFV), and Bombali virus (BOMV). The Marburgvirus genus contains Marburg virus (MARV) and its variant Ravn (RAVV).



The first filovirus to be identified, MARV, was discovered in 1967 when several laboratory workers in Germany developed hemorrhagic fever after handling tissues from non-human primates (NHPs). A total of 31 people were infected, and 7 died [3]. EBOV was first identified in 1976 when two separate outbreaks occurred in northern Zaire (now the Democratic Republic of Congo, DRC) and southern Sudan. Each outbreak resulted in hundreds of cases with 88% and 53% case fatality, respectively [4,5]. Ebolavirus has since appeared sporadically in Africa. The largest outbreak to date, which occurred in West Africa from 2014 to 2016, caused more than 28,600 infections and more than 11,300 deaths from Ebola Virus Disease (EVD). In 2021, two additional outbreaks occurred in the Democratic Republic of Congo [6] and Guinea [7]. Other filoviruses have similar outbreak potential and lethality. The most recent significant emergence of MARV in Angola had a case fatality rate of 90% [8]. Meanwhile, Sudan virus (SUDV) and the newly emergent Bundibugyo virus (BDBV) have case fatality rates of ~50% and 25–50% [9], respectively.



Symptoms of EVD include fever, headache, muscle pain, weakness, fatigue, diarrhea, vomiting, stomach pain, and hemorrhage (severe bleeding) [10,11]. The infection prodrome of filoviruses is virtually identical to common, co-circulating diseases like typhoid fever and malaria [10]. As such, early diagnosis, particularly for those cases early in a disease outbreak, is challenging. Given this potential delay in diagnosis, the therapeutic window for potential treatments must be broad so that treatments are effective even if delivered late in a disease course. Traditional approaches involving post-exposure vaccination and small molecule interventions required almost immediate administration to be effective [12]. Currently, monoclonal antibody (mAb) therapy has been shown to be the most effective route of therapy after symptoms appear, and can confer 100% protection for non-human primates (NHPs), even if administered as late as 5 days post-challenge [13,14]. Therefore, studies of antibodies against filoviruses are an important source for potential reliable therapeutics.



In recent years, progress has been made towards vaccine and treatment development. The first vaccine to be approved, Ervebo, is rVSV-based and was tested in an open-label, cluster-randomized ring vaccination trial in Guinea in 2015 [15], deployed in 2018 in the DRC under compassionate use, before gaining approval from the United States Food and Drug Administration (FDA) in late 2019 [16,17]. Another vaccine candidate utilizes a two-dose heterologous vaccination regimen with a replication-deficient adenovirus type 26 vector-based vaccine expressing a Zaire Ebola virus glycoprotein (Ad26.ZEBOV) and a modified vaccinia Ankara (MVA) vector-based vaccine, encoding glycoproteins from the Zaire EBOV, SUDV, and MARV as well as TAFV nucleoprotein (MVA-BN-Filo). This vaccine has been granted marketing authorization by the European Medicines Agency in the European Union [18,19].



The mAb monotherapy mAb114 and antibody cocktail REGN-EB3 were tested in clinical trials and proved to be effective against EBOV; both were granted FDA approval to treat EVD, and showed superior outcomes in reducing mortality compared to ZMapp and remdesivir [20,21,22]. The longer and multiple-dose regimen required for ZMapp and remdesivir administration could contribute to the slower rate of viral clearance of patients in those groups, and further lead to the difference in mortality between groups [20]. The intrinsic difference between the patient conditions among the four groups may contribute to the variation in treatment protection outcomes [20]. Notably, however, the therapeutic antibodies for humans approved thus far are only effective against EBOV. None show broad reactivity against other pathogenic filoviruses. Efficacious treatments against a range of pathogenic filoviruses are urgently needed.




2. Viral Entry and Glycoprotein Structure


Filoviruses are enveloped, non-segmented, negative-sense RNA viruses that have a characteristic filamentous shape. The genome has seven genes that encode eight proteins (Figure 1). Six proteins are encoded by the corresponding viral genes, including VP24, NP, VP30, VP35, VP40 (matrix protein), and the RNA-dependent RNA polymerase (L). The ebolavirus GP gene expresses two major products: the trimeric glycoprotein, termed GP, which is displayed on the viral surface, and a dimeric, soluble version, termed sGP that represents the majority (80%) of the transcripts and is abundantly shed from infected cells [23,24,25,26]. GP and sGP share 295 amino acids and have some similarities in the folding of the monomeric unit [23,24,25,26]. The function of sGP remains unclear [23,27], but it has been proposed to act as an immune decoy [28]. Indeed, multiple antibodies cross-react with sGP and GP [29,30]. These antibodies may be absorbed by the much more abundant sGP and thus unavailable to neutralize virtual-surface GP. Many cross-reactive antibodies have a higher affinity for sGP [29,31], and its abundance indicates it may be a major antigen in a natural infection. Interestingly, marburgviruses and dianloviruses do not produce sGP; cuevaviruses express sGP similarly to ebolaviruses [31].



GP mediates attachment and entry into target cells. As the only surface-exposed protein on mature virions, GP is the focus of current filovirus therapeutic mAb discovery efforts (Figure 2) [32]. Filovirus GPs share a common core fold and trimeric organization, but are antigenically distinct due to species-specific sequence differences of up to 70%. The ebolavirus GP monomer comprises GP1 and GP2 subunits that are anchored together by a single GP1-GP2 disulfide bond [33]. The larger GP1 subunit harbors the receptor-binding site (RBS), the glycan cap domain, and the heavily glycosylated mucin-like domain (MLD). GP2 contains the membrane fusion machinery, including the internal fusion loop (IFL), two heptad repeats (HR1 and HR2), the membrane-proximal external region (MPER), and the transmembrane domain (TM) [25]. The GP2 subunit, particularly the IFL and stalk regions, has greater sequence conservation than GP1 among filoviruses. Marburgvirus GPs have a similar arrangement (Figure 2C,D). However, in marburgvirus GP, the furin cleavage site is shifted towards the N-terminus (residue 435 for Marburgvirus vs. 501 for ebolavirus), the region corresponding to the MLD is split into two halves: the major portion of the MLD is attached to the C terminus of GP1. The minor portion (residues 436–501) is attached to the N terminus of the GP2 and is termed the wing domain [34,35].



Filoviruses enter cells via macropinocytosis [36,37,38]. Once in the endosome, GP is cleaved by host endosomal cathepsins that remove both the MLD and the glycan cap [39,40,41] to form cleaved GP (GPCL). In GPCL, the RBS for the cellular receptor Niemann-Pick C1 (NPC1) is exposed at the apex of GP1 [42]. Following receptor binding, the fusion subunit in GPCL rearranges into a six-helix bundle that mediates fusion between host and virus membranes [43].




3. Efforts for Antibody Discovery


Analyses of antibody responses in human survivors of virus infection can outline key characteristics of antibodies elicited in response to infection and provide an important basis for the development of therapeutic antibodies.



Beginning in the early 1990s, isolation of neutralizing mAbs was mostly enabled by display library approaches, such as phage display [44,45]. Early antibodies like KZ52 and others were discovered from human survivors of the 1995 Kikwit outbreak in DRC [46]. These antibodies facilitated and enhanced understanding of the virus and permitted the determination of the structure of EBOV GP in its pre-fusion conformation [25]. Screening of antibody-secreting hybridomas from immunized mice produced a panel of novel antibodies that could be categorized into multiple different epitope groups [47]. This classification guided the formation of several successful mAb cocktails, including MB-003, ZMAb, and ZMapp, which had non-overlapping binding sites and high efficacy in NHP studies of EBOV infection [13,48,49].



Technological advancements, such as single B cell isolation and next-generation sequencing, accelerated large-scale mAb discovery, direct functional analysis, and exploration of the Ab maturation process. Potent antibodies were subsequently discovered in immunized animals [50,51,52], human survivors [30,53,54,55], and vaccinated human volunteers in clinical trials [56,57]. Notably, antibodies in these panels target a spectrum of epitopes on GP, and several neutralize broadly are active against several filovirus species. Several therapeutic antibody cocktails, including REGN-EB3, FVM04/CA45, MBP134AF, rEBOV-520/548, rEBOV-442/515, and 1C3/1C11, were generated and shown to be highly effective [52,58,59,60,61,62].



The functional activity of antibodies isolated during discovery efforts can be evaluated by in vitro neutralization assays to determine whether they block infection by one or more ebolaviruses together with structural biology to reveal the molecular basis for protective activity. Neutralization can be analyzed using authentic virus under BSL-4 containment [63] or at lower biosafety levels using model systems. The biologically contained Ebola virus ΔVP30 system can be performed at BSL-3 [64]. In this system, the entire open reading frame of VP30, which is an essential transcription factor for EBOV replication, is deleted to generate a replication-deficient particle. The VP30 needed for replication is supplied in trans through Vero cells that stably express VP30 such that EBOV∆VP30 can undergo multiple replication cycles only in VeroVP30 cells, but not the parental cells that lack VP30. In this system, all viral antigens and proteins, including sGP, are stably expressed. A second neutralization system involves recombinant vesicular stomatitis virus (VSV) bearing EBOV GP [65] and can be performed at BSL-2. This method uses a recombinant VSV (rVSV) in which the VSV-G gene is replaced with filovirus GP that is then displayed on the rhabdoviral surface [65,66,67,68]. These pseudovirus constructs typically carry a fluorescence reporter such as GFP to monitor infection, and are frequently modified so that only GP, and not secreted sGP, is expressed.



A systematic analysis of 171 mAbs by The Viral Hemorrhagic Fever Immunotherapeutics Consortium (VIC) compared the readouts of 3 different neutralization assays by epitope and level of in vivo protection [31]. There were several differences in the performance of the 171 mAbs across the 3 assays. For example, the authentic EBOV assay was more forgiving: a group of glycan-cap-directed antibodies only neutralized authentic EBOV and no model system. The ∆VP30 system was more stringent: fewer antibodies demonstrated neutralization overall. The results that correlated best with in vivo protection, however, were those assays that contained sGP (i.e., authentic EBOV and ∆VP30), as well as the fraction left un-neutralized, which was measured in rVSV assay. Antibodies that failed to completely neutralize rVSV at the highest concentration similarly failed to protect in the mouse model.



A small fraction of antibodies had no neutralization activity in any assay, yet nevertheless protected in a mouse model of EBOV infection. In high-throughput systems-serology assays, which examined the contribution of immune effector functions like phagocytosis and activation of natural killer (NK) cells to in vivo antibody efficacy, these antibodies had high immune effector function activity, indicating the potential contribution of Fc-mediated activity to protection [31,69]. By comparison of the in vivo activity of the Fc variants of mAbs from different epitope groups, a previous study revealed the differential requirements for FcγR to achieve protection [70]. MAbs targeting the membrane-proximal regions (HR2 and MPER) or the MLD do not inspire Fc–FcγR interactions. However, the mAbs that contact to chalice bowl region or the fusion loop are linked to FcγR engagement. Moreover, by applying an Fc engineering platform, a library of Fc variants of a specific mAb could be generated to compare how Fc effector functions correlate with mAb protection performance. Based on the results of functional characterization of the variants and the in vivo protection in mice, Fc variants with high complement activity, yet moderate and balanced ADCC activity are more protective against viral infection in vivo [71]. Together, the previous results suggested that effective antibody treatments should comprise mAbs that achieve both neutralization and immune effector functions. The VIC study and other work [31,51,53,54] also revealed the epitopes at which broader ebolavirus cross-reactivity can be achieved.



Structural biology has served a vital role in increasing our understanding of the molecular mechanisms underlying antibody-mediated neutralization of many viral infections. In particular, atomic resolution structures obtained using cryogenic electron microscopy (cryo-EM) or X-ray crystallography allow exploration of the fine details of binding between antibodies and virus proteins like GP to reveal crucial information about molecular interactions and the basis of cross-reactivity. Combining structural studies with virology and in vitro biochemistry allows a thorough evaluation of therapeutic candidates and their target interactions.



3.1. Structural Biology to Reveal Epitopes on GP Targeted by Antibodies


Antibodies isolated from immunized animals or patients infected with ebolavirus have been shown to target several different regions on the surface of the GP trimer. Epitope mapping can be achieved rapidly using competition binding assays or negative stain electron microscopy (EM). However, to definitively understand the antibody interactions with glycoprotein, a high-resolution structure by X-ray crystallography or cryo-EM is required. Structural characterizations of these antibodies in complex with full-length GP ectodomain or GP peptides provide detailed information of the neutralizing mechanism and inform new approaches for broad immunotherapy and vaccine design. The recent development of single-particle cryo-EM capabilities facilitated the determination of more structures of antibody-glycoprotein complexes, including those that involve asymmetric interactions that are difficult to assess by crystallography. As a whole, the structural analyses illustrate how antibodies target the various epitopes on the GP surface, particularly those epitopes in highly conserved regions, to achieve high potency and/or cross-reactivity.




3.2. mAbs Targeting the Glycan Cap


In EBOV, the glycan cap spans between residues 227 and 312, and the majority of residues (amino acids 227–295) are present in both GP and sGP (Figure 2). Thus, antibodies targeting the GP glycan cap typically also react with the abundant, non-structural sGP. If these antibodies were elicited by natural infection, they may, in fact, have been elicited against sGP, which is at least five-fold more abundant than membrane-bound GP. One component of the therapeutic cocktail ZMapp [13,72,73], 13C6 [74], targets the glycan cap and offers protection in in vivo models of infection despite having low neutralizing potency [29,72].



Antibodies against the glycan cap, including 13C6, can be characterized by higher levels of immune effector functions [69]. Some neutralize as well, and several have been characterized functionally and structurally, such as EBOV-548 and EBOV-296 (Figure 3A) [60,75]. Approaching the glycan cap via different angles, anti-glycan cap mAbs with GP largely involve CDRH3 or CDRH2 that mimic and displace the β18-18′ hairpin, which acts as an anchor for the MLD. The proposed mechanism of neutralization for these anti-glycan cap antibodies is blockage of the cathepsin cleavage event that is required for RBS exposure and viral entry [75]. Higher numbers of contacts between a mAb and the MLD cradle are shown to introduce instability in the GP trimer, and thus these antibodies can synergize with those that target the fusion loop. Other glycan-cap targeting mAbs include the Q206, Q314, and Q411 antibodies identified in immunized macaques, which provide partial protection in a mouse model of EBOV challenge [76]. Overall, mAbs in this group are usually potent but rarely have broad neutralizing activity. However, a combination of both neutralizing and effector functions and the demonstrated synergistic effect when pairing with mAbs that target the fusion loop, make some of the more potent glycan cap mAbs good candidates for inclusion in therapeutic cocktails [54,60,75].




3.3. mAbs Targeting the Apex/Head/Receptor Binding Region of GP


The GP1 Head epitope lies under the glycan cap and contains residues that are part of the RBS. In the late endosome, primed GPCL exhibits a fully exposed RBS that is competent for binding to domain C of NPC1 (NPC1-C) [42]. In contrast to ebolaviruses, the glycan cap of marburgviruses provides a less complete shield and the RBS is more exposed prior to cleavage, such that several antibodies including MR78 and MR191 can target the RBS directly [77,78,79]. MR78 and MR191 somewhat mimic interactions made by a loop of NPC1-C, which contains aromatic residues that can reach into a hydrophobic cavity on GPCL [42].



The monotherapy mAb114, which was isolated from a survivor of the 1995 Kikwit EVD outbreak, and is approved to treat EVD, targets the head epitope in the RBS via a near-vertical angle to block receptor binding [80]. FVM04, isolated from immunized macaques [50], binds to the inner chalice of the GP trimer near the glycan cap with a tilted angle, so that from low-resolution negative stain EM, only one Fab bound to GP trimer can be visualized [81]. FVM04 can bind and neutralize both EBOV and SUDV but has lower activity toward BDBV [81]. Other head-targeting antibodies (5T0180, 1T0227, and 3T0265), isolated from rVSV-ZEBOV vaccine recipients, also bind the RBS and block NPC1-C, while avoiding contact with the glycan cap region [82] (Figure 3B). Although the residues within the footprint of these 3 antibodies are mostly conserved, a key difference between EBOV and BDBV/SUDV at residue 224 (G in EBOV, N in BDBV/SUDV) sterically prevents their binding to BDBV/SUDV GP, thus limiting the breadth of antibody potency [82]. Overall, previously discovered head targeting neutralizing antibodies are potently neutralizing and protective, but limited in breadth.



A recently published apex-targeting antibody 1C3 is unique among currently characterized EBOV antibodies in that it targets the center of the GP chalice and binds one Fab to one GP trimer (Figure 3F) [62]. 1C3 potently neutralizes both EBOV and SUDV. Although 1C3 does not neutralize BDBV, it does bind to recombinant BDBV GP in ELISA, suggesting that this antibody could potentially contribute to protection against BDBV infection through Fc-dependent effector functions [62]. The asymmetric binding with 1:1 stoichiometry of 1C3 allows more variability within its footprint [83]. Notably, the quaternary recognition of 1C3 is specific for GP and not shed sGP, which may provide an advantage for mAb therapeutic candidates.




3.4. mAbs Targeting Internal Fusion Loop (IFL)


The IFL region (residues 511–554) plays a critical role in viral-host membrane fusion. This important role translates to a high degree of sequence conservation (60–70%), which makes the IFL an ideal epitope for cross-reactive antibodies. The IFL region can be further divided into stem/base (IFLstem; residues 511–520 and 543–554) and the loop/paddle (IFLloop; residues 521–542) [84]. MAbs targeting the IFL usually also contact parts of the base epitope, which is immediately adjacent to the IFL and forms the base of the “bowl” of the GP chalice. The central span of GP, including both the IFL and base, has been termed the “waist” and is targeted by antibodies via a continuum of antibody epitopes [85]. Several cross-reactive antibodies identified thus far have been categorized into the IFL targeting group, including CA45 [86,87], 6D6 [88], ADI-15946 [89], ADI-15878 [85], 2G1 [90], EBOV-520 [60], EBOV-515 [61], and 1C3 [62]. Among these mAbs, 6D6, ADI-15878, and 1C3 have similar footprints that overlap and include the IFLloop region and part of the base region (although the 6D6 complex structure has been resolved only at low-resolution with negative stain EM). Meanwhile, CA45, ADI-15946, EBOV-520, and EBOV-515 have similar footprints that include both the IFLstem and other parts of the base region (Figure 3C). 2G1, isolated from a vaccinated donor and which cross-neutralizes pseudotyped EBOV, SUDV, and BDBV, was determined to bind GP2 by competition assays and was further mapped to the fusion loop by computational modeling [90].



ADI-15878 contacts the IFLloop and the portion of the base termed the N-terminal pocket, which is occupied by the flexible N-terminal tail of GP2 in the GP apo-structure. The residues that line the N-terminal pocket are highly conserved, but those in the flexible N-terminal tail are not. Therefore, the ability of the ADI-15878 CDRs to reach the conserved pocket region underneath the N-terminal tail provides the cross-reactivity against different ebolaviruses [85]. CA45 targets both the IFLstem and a region termed the DFF cavity [87,91], which is occupied by a short flexible loop that includes residues 192–194 near the cathepsin cleavage site (residues DFF) in the apo GP structure. The footprint of 1C11 partially overlaps that of ADI-15878, but is shifted upwards [62].



ADI-15946, EBOV-520, and EBOV-515 all contact the IFLstem and a region termed the 310 pocket, the core of which encompasses residues 71–75 of GP1. The pocket extends to surrounding residues, including 76–78 of GP1 and 510–516 of GP2 [60,89]. This region is occupied by the β17-β18 loop (residues 287–291), which is part of the glycan cap in the uncleaved GP apo-structure and is exposed in GPCL following removal of the glycan cap. Similar to the crystal structure of the ADI-15946-GPCL complex, the cryo-EM structure of EBOV-520 in complex with uncleaved GP ectodomain shows that the CDRH3 loop of the antibody contacts the 310 pocket [60]. Although the glycan cap region is intact in the EBOV-520 complex structure, the β17-β18 loop cannot be visualized, suggesting that this flexible loop is displaced upon contact with the mAb [60].



ADI-15946 potently neutralizes EBOV and BDBV, but not SUDV, whereas EBOV-520 neutralizes all three viruses. Comparing the footprints of the two mAbs, EBOV-520 is shifted slightly upward to avoid non-conserved position 506 (N506 in EBOV and R506 in SUDV), which may allow the extra reactivity towards SUDV GP [60]. The study on ADI-15946 also provided a good example of structure-based rational engineering. Three residues were substituted to reduce steric and charge clashes with the non-conserved residues in SUDV (R100A in CDRH3) or to improve binding by generating a double tyrosine binding motif (S65Y and F67Y in the FRL3). The designed mAb variant successfully expanded the breadth of ADI-15946 to enhance its binding and neutralization against SUDV [89].



Overall, mAbs that target the IFL region enlist a variety of approaches to contact the most conserved region on the GP surface and showcase the largest number of broadly neutralizing antibodies that have been discovered and characterized to date. The identification of the flexible loops in GP that potentially compete with the mAbs from this group suggests that removal of such regions would contribute to improved antigens and facilitate the development of more antibodies that target these ideal epitopes.




3.5. mAbs Targeting GP Stalk and MPER Region


The stalk/MPER region lies near the C terminus of GP2 above the transmembrane domain. As part of the fusion machinery, the stalk/MPER region has high sequence conservation across filovirus species and is a prime target for mAbs that have broad potency. Negative stain EM was used to map the binding footprint of several cross-reactive antibodies that target the stalk region (BDBV 223, BDBV 317, BDBV 340, and ADI-16061) [54,55]. A high-resolution X-ray crystal structure of the Fab from BDBV 223, isolated from a survivor of BDBV infection, was determined in complex with a synthetic peptide of the epitope region was determined [92] (Figure 3D). Interestingly, the alignment of the complex structure to the GP trimer structure and tomographic reconstruction of the GP trimer on the virus membrane [93] revealed that BDBV 223 binding interferes with the trimeric bundle assembly and anchoring of the GP spike in the viral membrane. Thus, interference with the six-helix bundle formation needed to drive membrane fusion could be a key mechanism by which BDBV 223 neutralizes infection [92].




3.6. mAbs Targeting Mucin-Like Domain


The mucin-like domain (MLD) is a heavily glycosylated region located on the C-terminus of GP1 that shields the top of the GP trimer. The MLD has the most sequence variation among various species. Due to its highly flexible nature, the structure of MLD is not well characterized, and thus the mAbs targeting MLD are less understood. The residues required for binding of MLD mAbs were identified by peptide binding assays [47] or by alanine scanning, which evaluates how mutations at individual residues affect binding to EBOV GP [74]. Several mAbs targeting EBOV MLD have been discovered, including the MB-003 cocktail mAbs 6D8 and 13F6, which exhibit low or no neutralization in vitro [47], yet protected in the mouse challenge model, and, collectively with 13C6, provide protection in the NHP model [49]. Efforts have been made to co-crystalize mAb Fab fragments in complex with peptides of identified epitopes. Such structures have been determined for 13F6 [94] and another mAb targeting the MLD, 14G7 [95] (Figure 3E).



In marburgviruses, the unique wing domain located at the N terminus of GP2 is also part of the MLD. Although this domain has not been fully characterized structurally and functionally, four mAbs targeting this region have shown 90–100% protection in the mouse challenge model [35]. Studies on two wing-specific antibodies, MR228 and MR235, identified from human survivors revealed more features of mAbs in this epitope group. MR228 is non-neutralizing but protective in the mouse model, and its protective activity is likely mediated by Fc effector functions, specifically the engagement of FcγRs [96]. MR235 does not protect in in vivo models of infections, yet cooperatively enhances binding of RBS-targeting neutralizing antibodies by facilitating the structural rearrangement of marburgvirus GP [96]. Overall, mAbs targeting the MLD are less likely to be neutralizing [31] but may offer protection through Fc-mediated functions [74,96].




3.7. mAb Cocktail Immunotherapies


For more than a decade, studies exploring mAbs against filoviruses have demonstrated the potential of using a single or a cocktail of mAbs as immunotherapy, leading to two approved mAb treatments, mAb114 and the cocktail REGN-EB3 in 2020. However, the uncertainty of the causative agents of the next viral outbreak requires a versatile toolbox. The usage of high quantities of mAbs to treat disease caused by filovirus infection presents challenges in production and in cost. Therefore, the development of mAb cocktails as immunotherapies aims to achieve broader reactivity and lower dosage.



First-generation cocktail immunotherapies such as MB-003, ZMAb, and ZMapp can protect against EBOV challenge in NHP [13,48,49]. MB-003 contains antibodies against the MLD and the glycan cap, whereas ZMAb is composed of antibodies against the glycan cap and the base domain. ZMapp is derived from both MB-003 and ZMAb, and combines one mAb from MB-003 with two mAbs from ZMAb, with one mAb (13C6) against the glycan cap and two against the base (2G4 and 4G7) [72,74]. ZMapp was the first antibody cocktail shown to reverse severe disease in the NHP model [13]. During the 2014–2016 outbreak in West Africa, the ZMapp and ZMAb cocktails were used to treat 25 EVD patients under compassionate use protocols in several countries [97]. However, the benefits of the cocktail therapeutics themselves could not be determined definitively since these patients also received other aggressive supportive measures [98]. In a randomized controlled clinical trial, administration of ZMapp was beneficial against human EVD but did not meet the efficacy threshold compared to patients who received the current standard of care alone [99].



REGN-EB3 is a second-generation cocktail of three mAbs, REGN3470, REGN3471, and REGN3479, each isolated from Velocimmune mice, which have human immunoglobulin variable regions [52]. REGN3470 targets the glycan cap from the side, with a binding angle parallel to the viral surface. REGN3471 targets the GP1 head region at the inner chalice, with an angle perpendicular to the viral surface, and REGN3479 targets the fusion loop [52]. REGN-EB3 was superior to ZMapp in reducing EVD mortality in a randomized clinical trial [20], and was approved by the FDA in 2020. An antibody against the head domain, mAb114 [14], was similarly effective as a monotherapy [20]. A two-antibody cocktail including rEBOV-520 that targets the fusion loop region/base area, and rEBOV-548, which targets the glycan cap, is also effective in protecting NHP from EBOV infection [60].



With the uncertainty of viral species responsible for the next outbreak, the next generation of immunotherapy ideally will offer a cross-protective cocktail. In recent years, several mAb cocktails have been characterized and investigated in NHPs to demonstrate protection against viral infection. Two broadly neutralizing mAbs, FVM04 and CA45, have been evaluated as a cocktail in NHPs with EBOV and SUDV infections, and proved to be protective [58]. When supplemented with MR191, an anti-MARV mAb, the triple mAb cocktail exhibited full protection against death in MARV-infected NHPs [58]. In addition, antibody cocktail RIID F6-H2 is comprised of two SUDV specific mAbs, 16F6 and X10H2, targeting the base and glycan cap of GP, respectively [100,101]. This mAb cocktail protects macaques from the SUDV challenge with two doses on day 4 and day 6, at 25 mg/kg per mAb. The model is not fully lethal; 50% of the mock-treated exposed control animals survived the SUDV challenge [100].



A second cocktail named MBP134AF contains two non-competing IFL targeting mAbs, ADI-15878 (described in IFL region mAb section) and ADI-23774, which was selected after specificity maturation of ADI-15946 to bind SUDV GP using yeast-display technology [102,103]. The mAb pair was further optimized to improve their capacity to activate NK cell functions by adopting all afucosylated glycans (thus the AF in the cocktail name), in order to reach higher efficacy against EBOV [31,102]. The cocktail protects NHPs against EBOV, SUDV, and BDBV [59].



A third cocktail, which also comprises two mAbs, rEBOV-442 and rEBOV-515, was recently reported to protect NHP from disease caused by EBOV, BDBV, and SUDV [61]. These two mAbs exhibited synergy in neutralization by occupying non-overlapping epitopes, with rEBOV-442 targeting the glycan cap region [75], and rEBOV-515 targeting the conserved IFL region. Compared to the previously described ADI-15946 [89] and EBOV-520 [60], the footprint of rEBOV-515 is more conserved and thus provides better neutralizing breath against SUDV [61].



The fourth cocktail of two human survivor antibodies was recently described [62]. This cocktail includes antibodies isolated from survivors of EVD: 1C3 and 1C11, and also protects NHP against lethal challenge with EBOV or SUDV [62]. The 1C3 and 1C11 pair was chosen from a broad analysis of the VIC consortium, and has been tested in multiple animal models (mouse, guinea pig, and NHP). 1C3 uniquely targets the head region with one Fab anchoring into the GP chalice to bind all the three monomers of the GP trimer simultaneously (Figure 3F). This tripartite recognition mode leads to strong binding to the GP trimer, and no cross-reactivity to the dimeric shed sGP. The GP specificity of 1C3 is unique for an EBOV GP head-binding antibody and results from its particular quaternary epitope recognition. Interestingly, different parts of 1C3 target the identical GP residues on each monomer. For example, GP residues D117 in monomer A forms hydrogen bonds with CDRH3 of 1C3, in monomer B forms hydrogen bonds to FRL3, and contacts FRL1 in monomer C [62]. The broadly reactive 1C11 antibody targets the fusion loop/base region via an epitope similar to that of 6D6 [88] and ADI-15878 [85]. 1C11 binds with three copies of the Fab per GP trimer, with each individual Fab bridging two adjacent monomers together to link the fusion loop paddle of monomer A to the neighboring monomer B, including the N-linked glycan at position 563 at each of the three positions around the trimer.



These third-generation candidate therapeutic cocktails can all protect NHP against infection by multiple ebolaviruses, representing the direction of therapeutic development in the field.



For the two approved EVD treatments, the mAb114 monotherapy required a 50 mg/kg dose, whereas the REGN-EB3 triple cocktail required 50 mg/kg of each mAb component for a total 150 mg/kg dose [21,22]. Here we also compare the recently reported cocktails that are protective in NHPs. FVM04/CA45 was protective against EBOV when offered at 40 mg/kg (20 mg/kg each) on day 4, and protective against SUDV when offered at 40 mg/kg (20 mg/kg each) on day 4, plus a second dose at 13 mg/kg (8 mg/kg FVM04, 5 mg/kg CA45) on day 6. Against MARV, MR191 was administered in addition to the two-mAb FVM04/CA45 cocktail at 50 mg/kg, with the first dose (90 mg/kg total) on day 4 and the second dose on day 6 (70 mg/kg total). The second cocktail, MBP134AF, was tested in NHPs against EBOV, SUDV, and BDBV, and showed protection with a single 25 mg/kg dose. However, in both studies, the mock-treated exposed control animals survived the SUDV challenge (one out of two in the FVM04/CA45 study, two out of four in the MBP134AF study), which limits the significance of the protection results. In the MBP134AF BDBV protection study, five out of six treated animals survived. The third cocktail, rEBOV-442/515, was tested in NHPs against EBOV, SUDV, and BDBV, and showed protection with a two-dose regimen at 30 mg/kg (10 mg/kg rEBOV-442, 20 mg/kg rEBOV-515). The fourth cocktail, 1C3/1C11, was protective against EBOV at 25 mg/kg, and protective against SUDV at 50 mg/kg, both with two doses on day 4 and day 7. The synergistic effect between mAbs described in several studies also hinted at the possibility that these dosages could be further optimized.



One limitation shared by these NHP studies is the relatively small number of animals per group, which results in lower statistical power for examination of the significance of the beneficial effect. Future studies will need to include additional NHPs to test the reported regimens and dosages and to explore the efficacy of single and lower dosages of the proposed cocktails.





4. Conclusions


After the neutralizing monoclonal antibody KZ52 was found not to protect NHPs infected with Ebola, it was initially thought to be an indication that mAbs may not be effective against rapidly progressing EVD [104]. The discovery that the three non-neutralizing antibodies of MB-003 could protect primates, and subsequent refinement and improvement of antibody cocktails to include neutralizing antibodies that targeted epitopes in the GP base allowed not only survival, but reversion of advanced disease symptoms, as demonstrated by ZMapp in NHPs [13], set a starting point for use of mAbs as therapeutics. The broad collaborative analysis of the VIC illuminated multiple antibody features that led to protection and proposed that antibody therapies ideally should offer potent neutralization, a lack of an un-neutralized viral fraction, and recruitment of Fc effector functions. Further, the analysis by the VIC indicated that the Fc effector function recruitment, particularly phagocytosis, could be strongest at the top of the molecule (e.g., head, glycan cap, and MLD), and that the head epitope, in particular, was a sweet spot that permits both effector function recruitment, as well as potent neutralization by blocking receptor binding [31]. The VIC work established standards, enabled cross-comparison, and allowed side-by-side evaluation of all the cocktail components thus far, including the second-generation mAb cocktails (MB-003, ZMAb, ZMapp, MBP134AF, REGN-EB3), and the proposed mAb cocktail (mAb 1C3 and 1C11) for the combination of complementary activities with antibodies of broad specificity.



Second-generation antibody treatments combine both neutralization and Fc functions, either by binding a single monotherapy at the head sweet spot (i.e., mAb114 [14]), or by combining antibodies having different epitopes and functions, as in REGN-EB3 [20]. The third generation of antibody treatments aims to confer protection against other disease-causing ebolaviruses, and ideally, involve a lower dosage or a simpler therapeutic regimen. These cocktails, including MBP134AF, rEBOV-520/548, rEBOV-442/515, and 1C3/1C11, have reduced the three-antibody cocktail to two, and each contains at least one mAb targeting the fusion loop region, with the other mAb binding to IFL, glycan cap, or the apex/head region [59,60,61,62]. Mapping the structures and activities of antibodies effective against different ebolaviruses illuminates not only emergency post-exposure treatment options, but also illustrates the types of antibodies that vaccines should elicit.



The role of sGP in the immune system during viral infection still remains largely unclear. In the VIC systematic review, sGP cross-reactivity did not significantly affect in vivo protection [31]. The approved monotherapy mAb114 cross-reacts with sGP, and protects against EVD in NHP studies and in the clinical trial at a 50 mg/kg dosage. However, the currently lowest treatment dosage to protect NHP, 25 mg/kg, was achieved by mAb cocktails MBP134AF and 1C3/1C11, the components of which are specific to the GP trimer and do not bind to sGP [59,62]. This result could suggest that a lower effective dosage could be achieved using GP-specific antibodies alone. More studies are needed to better understand whether sGP is an immunogen or a decoy, so that we can address whether cross-reactivity against sGP is an advantageous feature or should be avoided for mAb candidates.



With the current vaccine only available for EBOV, there remains the need for the continued availability of antibodies as it is impractical to vaccinate all, and the frequency and unpredictable timing and location of outbreaks suggest continued treatment development is needed. Studies focusing on characterizing vaccine-elicited mAbs and comparison to those elicited from viral infection would also contribute to the next stage of broadly effective vaccine and immunotherapy development [56,57].



Lastly, platforms and expertise honed on the Ebola virus and the collaborative framework of the VIC [31] were both deployed in rapid development, advancement, and comparison of antibody therapeutics against SARS-CoV-2 [105], and will likely be called upon again against future emerging infections.







Author Contributions


Writing—original draft preparation, X.Y., E.O.S.; writing—review and editing, X.Y., E.O.S.; visualization, X.Y.; All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Institute of Allergy and Infectious Diseases (NIAID) U19 AI142790 and the National Institute of Health (NIH) R01 AI132204.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We gratefully acknowledge our funding from the National Institute of Allergy and Infectious Diseases (NIAID) U19 AI142790 and from the National Institute of Health (NIH) R01 AI132204. Figure 1 and Figure 2B,D were created with BioRender.com.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yang, X.-L.; Tan, C.W.; Anderson, D.E.; Jiang, R.-D.; Li, B.; Zhang, W.; Zhu, Y.; Lim, X.F.; Zhou, P.; Liu, X.-L.; et al. Characterization of a Filovirus (Měnglà Virus) from Rousettus Bats in China. Nat. Microbiol. 2019, 4, 390–395. [Google Scholar] [CrossRef] [PubMed]

	



Shi, M.; Lin, X.-D.; Chen, X.; Tian, J.-H.; Chen, L.-J.; Li, K.; Wang, W.; Eden, J.-S.; Shen, J.-J.; Liu, L.; et al. The Evolutionary History of Vertebrate RNA Viruses. Nature 2018, 556, 197–202. [Google Scholar] [CrossRef] [PubMed]

	



Brauburger, K.; Hume, A.J.; Mühlberger, E.; Olejnik, J. Forty-Five Years of Marburg Virus Research. Viruses 2012, 4, 1878–1927. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. Ebola Haemorrhagic Fever in Zaire, 1976. Bull. World Health Organ. 1978, 56, 271–293. [Google Scholar]

	



World Health Organization. Ebola Haemorrhagic Fever in Sudan, 1976. Report of a WHO/International Study Team. Bull. World Health Organ. 1978, 56, 247–270. [Google Scholar]

	



CDC. 2021 Democratic Republic of the Congo, North Kivu Province. Available online: https://www.cdc.gov/vhf/ebola/outbreaks/drc/2021-february.html (accessed on 3 May 2021).

	



2021 Guinea, N’Zérékoré Prefecture. Available online: https://www.cdc.gov/vhf/ebola/outbreaks/guinea/2021-february.html (accessed on 3 May 2021).

	



CDC Brief Report: Outbreak of Marburg Virus Hemorrhagic Fever—Angola, 1 October 2004–29 March 2005. Available online: https://www.cdc.gov/mmwr/preview/mmwrhtml/mm54d330a1.htm (accessed on 18 May 2021).

	



History of Ebola Virus Disease (EVD) Outbreaks. Available online: https://www.cdc.gov/vhf/ebola/history/chronology.html (accessed on 18 May 2021).

	



Mehedi, M.; Groseth, A.; Feldmann, H.; Ebihara, H. Clinical Aspects of Marburg Hemorrhagic Fever. Future Virol. 2011, 6, 1091–1106. [Google Scholar] [CrossRef] [PubMed]

	



Goeijenbier, M.; van Kampen, J.J.A.; Reusken, C.B.E.M.; Koopmans, M.P.G.; van Gorp, E.C.M. Ebola Virus Disease: A Review on Epidemiology, Symptoms, Treatment and Pathogenesis. Neth. J. Med. 2014, 72, 442–448. [Google Scholar] [PubMed]

	



Litterman, N.; Lipinski, C.; Ekins, S. Small Molecules with Antiviral Activity against the Ebola Virus. F1000Research 2015, 4, 38. [Google Scholar] [CrossRef] [PubMed]

	



Qiu, X.; Wong, G.; Audet, J.; Bello, A.; Fernando, L.; Alimonti, J.B.; Fausther-Bovendo, H.; Wei, H.; Aviles, J.; Hiatt, E.; et al. Reversion of Advanced Ebola Virus Disease in Nonhuman Primates with ZMapp. Nature 2014, 514, 47–53. [Google Scholar] [CrossRef]

	



Corti, D.; Misasi, J.; Mulangu, S.; Stanley, D.A.; Kanekiyo, M.; Wollen, S.; Ploquin, A.; Doria-Rose, N.A.; Staupe, R.P.; Bailey, M.; et al. Protective Monotherapy against Lethal Ebola Virus Infection by a Potently Neutralizing Antibody. Science 2016, 351, 1339–1342. [Google Scholar] [CrossRef]

	



Henao-Restrepo, A.M.; Camacho, A.; Longini, I.M.; Watson, C.H.; Edmunds, W.J.; Egger, M.; Carroll, M.W.; Dean, N.E.; Diatta, I.; Doumbia, M.; et al. Efficacy and Effectiveness of an RVSV-Vectored Vaccine in Preventing Ebola Virus Disease: Final Results from the Guinea Ring Vaccination, Open-Label, Cluster-Randomised Trial (Ebola Ça Suffit!). Lancet 2017, 389, 505–518. [Google Scholar] [CrossRef]

	



Bache, B.E.; Grobusch, M.P.; Agnandji, S.T. Safety, Immunogenicity and Risk-Benefit Analysis of RVSV-ΔG-ZEBOV-GP (V920) Ebola Vaccine in Phase I-III Clinical Trials across Regions. Future Microbiol. 2020, 15, 85–106. [Google Scholar] [CrossRef] [PubMed]

	



Ollmann Saphire, E. A Vaccine against Ebola Virus. Cell 2020, 181, 6. [Google Scholar] [CrossRef] [PubMed]

	



Czarska-Thorley, D. New Vaccine for Prevention of Ebola Virus Disease Recommended for Approval in the European Union. Available online: https://www.ema.europa.eu/en/news/new-vaccine-prevention-ebola-virus-disease-recommended-approval-european-union (accessed on 13 July 2021).

	



Pollard, A.J.; Launay, O.; Lelievre, J.-D.; Lacabaratz, C.; Grande, S.; Goldstein, N.; Robinson, C.; Gaddah, A.; Bockstal, V.; Wiedemann, A.; et al. Safety and Immunogenicity of a Two-Dose Heterologous Ad26. ZEBOV and MVA-BN-Filo Ebola Vaccine Regimen in Adults in Europe (EBOVAC2): A Randomised, Observer-Blind, Participant-Blind, Placebo-Controlled, Phase 2 Trial. Lancet Infect. Dis. 2021, 21, 493–506. [Google Scholar] [CrossRef]

	



Mulangu, S.; Dodd, L.E.; Davey, R.T., Jr.; Tshiani Mbaya, O.; Proschan, M.; Mukadi, D.; Lusakibanza Manzo, M.; Nzolo, D.; Tshomba Oloma, A.; Ibanda, A.; et al. A Randomized, Controlled Trial of Ebola Virus Disease Therapeutics. N. Engl. J. Med. 2019, 381, 2293–2303. [Google Scholar] [CrossRef] [PubMed]

	



Food and Drug Administration. FDA Approves First Treatment for Ebola Virus. Available online: https://www.fda.gov/news-events/press-announcements/fda-approves-first-treatment-ebola-virus (accessed on 19 May 2021).

	



Food and Drug Administration. FDA Approves Treatment for Ebola Virus. Available online: https://www.fda.gov/drugs/drug-safety-and-availability/fda-approves-treatment-ebola-virus (accessed on 19 May 2021).

	



Sanchez, A.; Trappier, S.G.; Mahy, B.W.; Peters, C.J.; Nichol, S.T. The Virion Glycoproteins of Ebola Viruses Are Encoded in Two Reading Frames and Are Expressed through Transcriptional Editing. Proc. Natl. Acad. Sci. USA 1996, 93, 3602–3607. [Google Scholar] [CrossRef] [PubMed]

	



Sanchez, A.; Yang, Z.Y.; Xu, L.; Nabel, G.J.; Crews, T.; Peters, C.J. Biochemical Analysis of the Secreted and Virion Glycoproteins of Ebola Virus. J. Virol. 1998, 72, 6442–6447. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.E.; Fusco, M.L.; Hessell, A.J.; Oswald, W.B.; Burton, D.R.; Saphire, E.O. Structure of the Ebola Virus Glycoprotein Bound to an Antibody from a Human Survivor. Nature 2008, 454, 177–182. [Google Scholar] [CrossRef]

	



Lee, J.E.; Saphire, E.O. Ebolavirus Glycoprotein Structure and Mechanism of Entry. Future Virol. 2009, 4, 621–635. [Google Scholar] [CrossRef]

	



Volchkov, V.E.; Becker, S.; Volchkova, V.A.; Ternovoj, V.A.; Kotov, A.N.; Netesov, S.V.; Klenk, H.-D. GP MRNA of Ebola Virus Is Edited by the Ebola Virus Polymerase and by T7 and Vaccinia Virus Polymerases1. Virology 1995, 214, 421–430. [Google Scholar] [CrossRef]

	



De La Vega, M.-A.; Wong, G.; Kobinger, G.P.; Qiu, X. The Multiple Roles of SGP in Ebola Pathogenesis. Viral Immunol. 2015, 28, 3–9. [Google Scholar] [CrossRef] [PubMed]

	



Pallesen, J.; Murin, C.D.; de Val, N.; Cottrell, C.A.; Hastie, K.M.; Turner, H.L.; Fusco, M.L.; Flyak, A.I.; Zeitlin, L.; Crowe, J.E.; et al. Structures of Ebola Virus GP and SGP in Complex with Therapeutic Antibodies. Nat. Microbiol. 2016, 1, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Davis, C.W.; Jackson, K.J.L.; McElroy, A.K.; Halfmann, P.; Huang, J.; Chennareddy, C.; Piper, A.E.; Leung, Y.; Albariño, C.G.; Crozier, I.; et al. Longitudinal Analysis of the Human B Cell Response to Ebola Virus Infection. Cell 2019, 177, 1566–1582.e17. [Google Scholar] [CrossRef] [PubMed]

	



Saphire, E.O.; Schendel, S.L.; Fusco, M.L.; Gangavarapu, K.; Gunn, B.M.; Wec, A.Z.; Halfmann, P.J.; Brannan, J.M.; Herbert, A.S.; Qiu, X.; et al. Systematic Analysis of Monoclonal Antibodies against Ebola Virus GP Defines Features That Contribute to Protection. Cell 2018, 174, 938–952.e13. [Google Scholar] [CrossRef]

	



Sanchez, A.; Geisbert, T.W.; Feldmann, H. Filoviridae: Marburg and Ebola Viruses. In Fields Virology; Lippincot Williams & Wilkins: Philadelphia, PA, USA, 2007. [Google Scholar]

	



Jeffers, S.A.; Sanders, D.A.; Sanchez, A. Covalent Modifications of the Ebola Virus Glycoprotein. J. Virol. 2002, 76, 12463–12472. [Google Scholar] [CrossRef] [PubMed]

	



Volchkov, V.E.; Volchkova, V.A.; Ströher, U.; Becker, S.; Dolnik, O.; Cieplik, M.; Garten, W.; Klenk, H.D.; Feldmann, H. Proteolytic Processing of Marburg Virus Glycoprotein. Virology 2000, 268, 1–6. [Google Scholar] [CrossRef] [PubMed]

	



Fusco, M.L.; Hashiguchi, T.; Cassan, R.; Biggins, J.E.; Murin, C.D.; Warfield, K.L.; Li, S.; Holtsberg, F.W.; Shulenin, S.; Vu, H.; et al. Protective MAbs and Cross-Reactive MAbs Raised by Immunization with Engineered Marburg Virus GPs. PLoS Pathogens 2015, 11, e1005016. [Google Scholar]

	



Nanbo, A.; Imai, M.; Watanabe, S.; Noda, T.; Takahashi, K.; Neumann, G.; Halfmann, P.; Kawaoka, Y. Ebolavirus Is Internalized into Host Cells via Macropinocytosis in a Viral Glycoprotein-Dependent Manner. PLoS Pathog. 2010, 6, e1001121. [Google Scholar] [CrossRef] [PubMed]

	



Saeed, M.F.; Kolokoltsov, A.A.; Albrecht, T.; Davey, R.A. Cellular Entry of Ebola Virus Involves Uptake by a Macropinocytosis-like Mechanism and Subsequent Trafficking through Early and Late Endosomes. PLoS Pathog. 2010, 6, e1001110. [Google Scholar] [CrossRef] [PubMed]

	



Aleksandrowicz, P.; Marzi, A.; Biedenkopf, N.; Beimforde, N.; Becker, S.; Hoenen, T.; Feldmann, H.; Schnittler, H.-J. Ebola Virus Enters Host Cells by Macropinocytosis and Clathrin-Mediated Endocytosis. J. Infect. Dis. 2011, 204 (Suppl. 3), S957–S967. [Google Scholar] [CrossRef]

	



Chandran, K.; Sullivan, N.J.; Felbor, U.; Whelan, S.P.; Cunningham, J.M. Endosomal Proteolysis of the Ebola Virus Glycoprotein Is Necessary for Infection. Science 2005, 308, 1643–1645. [Google Scholar] [CrossRef] [PubMed]

	



Schornberg, K.; Matsuyama, S.; Kabsch, K.; Delos, S.; Bouton, A.; White, J. Role of Endosomal Cathepsins in Entry Mediated by the Ebola Virus Glycoprotein. J. Virol. 2006, 80, 4174–4178. [Google Scholar] [CrossRef] [PubMed]

	



Kaletsky, R.L.; Simmons, G.; Bates, P. Proteolysis of the Ebola Virus Glycoproteins Enhances Virus Binding and Infectivity. J. Virol. 2007, 81, 13378–13384. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Shi, Y.; Song, J.; Qi, J.; Lu, G.; Yan, J.; Gao, G.F. Ebola Viral Glycoprotein Bound to Its Endosomal Receptor Niemann-Pick C1. Cell 2016, 164, 258–268. [Google Scholar] [CrossRef] [PubMed]

	



Dube, D.; Brecher, M.B.; Delos, S.E.; Rose, S.C.; Park, E.W.; Schornberg, K.L.; Kuhn, J.H.; White, J.M. The Primed Ebolavirus Glycoprotein (19-Kilodalton GP1,2): Sequence and Residues Critical for Host Cell Binding. J. Virol. 2009, 83, 2883–2891. [Google Scholar] [CrossRef] [PubMed]

	



Huse, W.D.; Sastry, L.; Iverson, S.A.; Kang, A.S.; Alting-Mees, M.; Burton, D.R.; Benkovic, S.J.; Lerner, R.A. Generation of a Large Combinatorial Library of the Immunoglobulin Repertoire in Phage Lambda. Science 1989, 246, 1275–1281. [Google Scholar] [CrossRef]

	



McCafferty, J.; Griffiths, A.D.; Winter, G.; Chiswell, D.J. Phage Antibodies: Filamentous Phage Displaying Antibody Variable Domains. Nature 1990, 348, 552–554. [Google Scholar] [CrossRef] [PubMed]

	



Maruyama, T.; Rodriguez, L.L.; Jahrling, P.B.; Sanchez, A.; Khan, A.S.; Nichol, S.T.; Peters, C.J.; Parren, P.W.; Burton, D.R. Ebola Virus Can Be Effectively Neutralized by Antibody Produced in Natural Human Infection. J. Virol. 1999, 73, 6024–6030. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, J.A.; Hevey, M.; Bakken, R.; Guest, S.; Bray, M.; Schmaljohn, A.L.; Hart, M.K. Epitopes Involved in Antibody-Mediated Protection from Ebola Virus. Science 2000, 287, 1664–1666. [Google Scholar] [CrossRef] [PubMed]

	



Qiu, X.; Audet, J.; Wong, G.; Pillet, S.; Bello, A.; Cabral, T.; Strong, J.E.; Plummer, F.; Corbett, C.R.; Alimonti, J.B.; et al. Successful Treatment of Ebola Virus-Infected Cynomolgus Macaques with Monoclonal Antibodies. Sci. Transl. Med. 2012, 4, ra81–ra138. [Google Scholar] [CrossRef]

	



Olinger, G.G., Jr.; Pettitt, J.; Kim, D.; Working, C.; Bohorov, O.; Bratcher, B.; Hiatt, E.; Hume, S.D.; Johnson, A.K.; Morton, J.; et al. Delayed Treatment of Ebola Virus Infection with Plant-Derived Monoclonal Antibodies Provides Protection in Rhesus Macaques. Proc. Natl. Acad. Sci. USA 2012, 109, 18030–18035. [Google Scholar] [CrossRef] [PubMed]

	



Keck, Z.-Y.; Enterlein, S.G.; Howell, K.A.; Vu, H.; Shulenin, S.; Warfield, K.L.; Froude, J.W.; Araghi, N.; Douglas, R.; Biggins, J.; et al. Macaque Monoclonal Antibodies Targeting Novel Conserved Epitopes within Filovirus Glycoprotein. J. Virol. 2016, 90, 279–291. [Google Scholar] [CrossRef] [PubMed]

	



Furuyama, W.; Marzi, A.; Nanbo, A.; Haddock, E.; Maruyama, J.; Miyamoto, H.; Igarashi, M.; Yoshida, R.; Noyori, O.; Feldmann, H.; et al. Discovery of an Antibody for Pan-Ebolavirus Therapy. Sci. Rep. 2016, 6, 20514. [Google Scholar] [CrossRef] [PubMed]

	



Pascal, K.E.; Dudgeon, D.; Trefry, J.C.; Anantpadma, M.; Sakurai, Y.; Murin, C.D.; Turner, H.L.; Fairhurst, J.; Torres, M.; Rafique, A.; et al. Development of Clinical-Stage Human Monoclonal Antibodies That Treat Advanced Ebola Virus Disease in Nonhuman Primates. J. Infect. Dis. 2018, 218, S612–S626. [Google Scholar] [CrossRef] [PubMed]

	



Bornholdt, Z.A.; Turner, H.L.; Murin, C.D.; Li, W.; Sok, D.; Souders, C.A.; Piper, A.E.; Goff, A.; Shamblin, J.D.; Wollen, S.E.; et al. Isolation of Potent Neutralizing Antibodies from a Survivor of the 2014 Ebola Virus Outbreak. Science 2016, 351, 1078–1083. [Google Scholar] [CrossRef] [PubMed]

	



Flyak, A.I.; Shen, X.; Murin, C.D.; Turner, H.L.; David, J.A.; Fusco, M.L.; Lampley, R.; Kose, N.; Ilinykh, P.A.; Kuzmina, N.; et al. Cross-Reactive and Potent Neutralizing Antibody Responses in Human Survivors of Natural Ebolavirus Infection. Cell 2016, 164, 392–405. [Google Scholar] [CrossRef] [PubMed]

	



Wec, A.Z.; Herbert, A.S.; Murin, C.D.; Nyakatura, E.K.; Abelson, D.M.; Fels, J.M.; He, S.; James, R.M.; de La Vega, M.-A.; Zhu, W.; et al. Antibodies from a Human Survivor Define Sites of Vulnerability for Broad Protection against Ebolaviruses. Cell 2017, 169, 878–890.e15. [Google Scholar] [CrossRef]

	



Ehrhardt, S.A.; Zehner, M.; Krähling, V.; Cohen-Dvashi, H.; Kreer, C.; Elad, N.; Gruell, H.; Ercanoglu, M.S.; Schommers, P.; Gieselmann, L.; et al. Polyclonal and Convergent Antibody Response to Ebola Virus Vaccine RVSV-ZEBOV. Nat. Med. 2019, 25, 1589–1600. [Google Scholar] [CrossRef] [PubMed]

	



Rijal, P.; Elias, S.C.; Machado, S.R.; Xiao, J.; Schimanski, L.; O’Dowd, V.; Baker, T.; Barry, E.; Mendelsohn, S.C.; Cherry, C.J.; et al. Therapeutic Monoclonal Antibodies for Ebola Virus Infection Derived from Vaccinated Humans. Cell Rep. 2019, 27, 172–186.e7. [Google Scholar] [CrossRef]

	



Brannan, J.M.; He, S.; Howell, K.A.; Prugar, L.I.; Zhu, W.; Vu, H.; Shulenin, S.; Kailasan, S.; Raina, H.; Wong, G.; et al. Post-Exposure Immunotherapy for Two Ebolaviruses and Marburg Virus in Nonhuman Primates. Nat. Commun. 2019, 10, 105. [Google Scholar] [CrossRef]

	



Bornholdt, Z.A.; Herbert, A.S.; Mire, C.E.; He, S.; Cross, R.W.; Wec, A.Z.; Abelson, D.M.; Geisbert, J.B.; James, R.M.; Rahim, M.N.; et al. A Two-Antibody Pan-Ebolavirus Cocktail Confers Broad Therapeutic Protection in Ferrets and Nonhuman Primates. Cell Host Microbe 2019, 25, 49–58.e5. [Google Scholar] [CrossRef] [PubMed]

	



Gilchuk, P.; Murin, C.D.; Milligan, J.C.; Cross, R.W.; Mire, C.E.; Ilinykh, P.A.; Huang, K.; Kuzmina, N.; Altman, P.X.; Hui, S.; et al. Analysis of a Therapeutic Antibody Cocktail Reveals Determinants for Cooperative and Broad Ebolavirus Neutralization. Immunity 2020, 52, 388–403.e12. [Google Scholar] [CrossRef]

	



Gilchuk, P.; Murin, C.D.; Cross, R.W.; Ilinykh, P.A.; Huang, K.; Kuzmina, N.; Borisevich, V.; Agans, K.N.; Geisbert, J.B.; Zost, S.J.; et al. Pan-Ebolavirus Protective Therapy by Two Multifunctional Human Antibodies. Cell 2021, 184, 5593–5607.e18. [Google Scholar] [CrossRef]

	



Milligan, J.C.; Davis, C.W.; Yu, X.; Ilinykh, P.A.; Huang, K.; Halfmann, P.J.; Cross, R.W.; Borisevich, V.; Agans, K.N.; Geisbert, J.B.; et al. Asymmetric and Non-Stoichiometric Glycoprotein Recognition by Two Distinct Antibodies Results in Broad Protection against Ebolaviruses. Cell 2022, 185, 995–1007.e18. [Google Scholar] [CrossRef]

	



Honnold, S.P.; Bakken, R.R.; Fisher, D.; Lind, C.M.; Cohen, J.W.; Eccleston, L.T.; Spurgers, K.B.; Maheshwari, R.K.; Glass, P.J. Second Generation Inactivated Eastern Equine Encephalitis Virus Vaccine Candidates Protect Mice against a Lethal Aerosol Challenge. PLoS ONE 2014, 9, e104708. [Google Scholar] [CrossRef] [PubMed]

	



Halfmann, P.; Kim, J.H.; Ebihara, H.; Noda, T.; Neumann, G.; Feldmann, H.; Kawaoka, Y. Generation of Biologically Contained Ebola Viruses. Proc. Natl. Acad. Sci. USA 2008, 105, 1129–1133. [Google Scholar] [CrossRef] [PubMed]

	



Wong, A.C.; Sandesara, R.G.; Mulherkar, N.; Whelan, S.P.; Chandran, K. A Forward Genetic Strategy Reveals Destabilizing Mutations in the Ebolavirus Glycoprotein That Alter Its Protease Dependence during Cell Entry. J. Virol. 2010, 84, 163–175. [Google Scholar] [CrossRef] [PubMed]

	



Ilinykh, P.A.; Shen, X.; Flyak, A.I.; Kuzmina, N.; Ksiazek, T.G.; Crowe, J.E., Jr.; Bukreyev, A. Chimeric Filoviruses for Identification and Characterization of Monoclonal Antibodies. J. Virol. 2016, 90, 3890–3901. [Google Scholar] [CrossRef] [PubMed]

	



Wec, A.Z.; Nyakatura, E.K.; Herbert, A.S.; Howell, K.A.; Holtsberg, F.W.; Bakken, R.R.; Mittler, E.; Christin, J.R.; Shulenin, S.; Jangra, R.K.; et al. A “Trojan Horse” Bispecific-Antibody Strategy for Broad Protection against Ebolaviruses. Science 2016, 354, 350–354. [Google Scholar] [CrossRef] [PubMed]

	



Ng, M.; Ndungo, E.; Jangra, R.K.; Cai, Y.; Postnikova, E.; Radoshitzky, S.R.; Dye, J.M.; Ramírez de Arellano, E.; Negredo, A.; Palacios, G.; et al. Cell Entry by a Novel European Filovirus Requires Host Endosomal Cysteine Proteases and Niemann-Pick C1. Virology 2014, 468–470, 637–646. [Google Scholar] [CrossRef] [PubMed]

	



Gunn, B.M.; Yu, W.-H.; Karim, M.M.; Brannan, J.M.; Herbert, A.S.; Wec, A.Z.; Halfmann, P.J.; Fusco, M.L.; Schendel, S.L.; Gangavarapu, K.; et al. A Role for Fc Function in Therapeutic Monoclonal Antibody-Mediated Protection against Ebola Virus. Cell Host Microbe 2018, 24, 221–233.e5. [Google Scholar] [CrossRef] [PubMed]

	



Bournazos, S.; DiLillo, D.J.; Goff, A.J.; Glass, P.J.; Ravetch, J.V. Differential Requirements for FcγR Engagement by Protective Antibodies against Ebola Virus. Proc. Natl. Acad. Sci. USA 2019, 116, 20054–20062. [Google Scholar] [CrossRef] [PubMed]

	



Gunn, B.M.; Lu, R.; Slein, M.D.; Ilinykh, P.A.; Huang, K.; Atyeo, C.; Schendel, S.L.; Kim, J.; Cain, C.; Roy, V.; et al. A Fc Engineering Approach to Define Functional Humoral Correlates of Immunity against Ebola Virus. Immunity 2021, 54, 815–828.e5. [Google Scholar] [CrossRef]

	



Murin, C.D.; Fusco, M.L.; Bornholdt, Z.A.; Qiu, X.; Olinger, G.G.; Zeitlin, L.; Kobinger, G.P.; Ward, A.B.; Saphire, E.O. Structures of Protective Antibodies Reveal Sites of Vulnerability on Ebola Virus. Proc. Natl. Acad. Sci. USA 2014, 111, 17182–17187. [Google Scholar] [CrossRef] [PubMed]

	



Flyak, A.I.; Kuzmina, N.; Murin, C.D.; Bryan, C.; Davidson, E.; Gilchuk, P.; Gulka, C.P.; Ilinykh, P.A.; Shen, X.; Huang, K.; et al. Broadly Neutralizing Antibodies from Human Survivors Target a Conserved Site in the Ebola Virus Glycoprotein HR2-MPER Region. Nat. Microbiol. 2018, 3, 670–677. [Google Scholar] [CrossRef] [PubMed]

	



Davidson, E.; Bryan, C.; Fong, R.H.; Barnes, T.; Pfaff, J.M.; Mabila, M.; Rucker, J.B.; Doranz, B.J. Mechanism of Binding to Ebola Virus Glycoprotein by the ZMapp, ZMAb, and MB-003 Cocktail Antibodies. J. Virol. 2015, 89, 10982–10992. [Google Scholar] [CrossRef] [PubMed]

	



Murin, C.D.; Gilchuk, P.; Ilinykh, P.A.; Huang, K.; Kuzmina, N.; Shen, X.; Bruhn, J.F.; Bryan, A.L.; Davidson, E.; Doranz, B.J.; et al. Convergence of a Common Solution for Broad Ebolavirus Neutralization by Glycan Cap-Directed Human Antibodies. Cell Rep. 2021, 35, 108984. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Q.; Gui, M.; Niu, X.; He, S.; Wang, R.; Feng, Y.; Kroeker, A.; Zuo, Y.; Wang, H.; Wang, Y.; et al. Potent Neutralizing Monoclonal Antibodies against Ebola Virus Infection. Sci. Rep. 2016, 6, 25856. [Google Scholar] [CrossRef] [PubMed]

	



Flyak, A.I.; Ilinykh, P.A.; Murin, C.D.; Garron, T.; Shen, X.; Fusco, M.L.; Hashiguchi, T.; Bornholdt, Z.A.; Slaughter, J.C.; Sapparapu, G.; et al. Mechanism of Human Antibody-Mediated Neutralization of Marburg Virus. Cell 2015, 160, 893–903. [Google Scholar] [CrossRef] [PubMed]

	



Hashiguchi, T.; Fusco, M.L.; Bornholdt, Z.A.; Lee, J.E.; Flyak, A.I.; Matsuoka, R.; Kohda, D.; Yanagi, Y.; Hammel, M.; Crowe, J.E., Jr.; et al. Structural Basis for Marburg Virus Neutralization by a Cross-Reactive Human Antibody. Cell 2015, 160, 904–912. [Google Scholar] [CrossRef]

	



King, L.B.; Fusco, M.L.; Flyak, A.I.; Ilinykh, P.A.; Huang, K.; Gunn, B.; Kirchdoerfer, R.N.; Hastie, K.M.; Sangha, A.K.; Meiler, J.; et al. The Marburgvirus-Neutralizing Human Monoclonal Antibody MR191 Targets a Conserved Site to Block Virus Receptor Binding. Cell Host Microbe 2018, 23, 101–109.e4. [Google Scholar] [CrossRef] [PubMed]

	



Misasi, J.; Gilman, M.S.A.; Kanekiyo, M.; Gui, M.; Cagigi, A.; Mulangu, S.; Corti, D.; Ledgerwood, J.E.; Lanzavecchia, A.; Cunningham, J.; et al. Structural and Molecular Basis for Ebola Virus Neutralization by Protective Human Antibodies. Science 2016, 351, 1343–1346. [Google Scholar] [CrossRef] [PubMed]

	



Howell, K.A.; Qiu, X.; Brannan, J.M.; Bryan, C.; Davidson, E.; Holtsberg, F.W.; Wec, A.Z.; Shulenin, S.; Biggins, J.E.; Douglas, R.; et al. Antibody Treatment of Ebola and Sudan Virus Infection via a Uniquely Exposed Epitope within the Glycoprotein Receptor-Binding Site. Cell Rep. 2016, 15, 1514–1526. [Google Scholar] [CrossRef]

	



Cohen-Dvashi, H.; Zehner, M.; Ehrhardt, S.; Katz, M.; Elad, N.; Klein, F.; Diskin, R. Structural Basis for a Convergent Immune Response against Ebola Virus. Cell Host Microbe 2020, 27, 418–427.e4. [Google Scholar] [CrossRef]

	



Gorman, J.; Chuang, G.-Y.; Lai, Y.-T.; Shen, C.-H.; Boyington, J.C.; Druz, A.; Geng, H.; Louder, M.K.; McKee, K.; Rawi, R.; et al. Structure of Super-Potent Antibody CAP256-VRC26.25 in Complex with HIV-1 Envelope Reveals a Combined Mode of Trimer-Apex Recognition. Cell Rep. 2020, 31, 107488. [Google Scholar] [CrossRef] [PubMed]

	



King, L.B.; Milligan, J.C.; West, B.R.; Schendel, S.L.; Ollmann Saphire, E. Achieving Cross-Reactivity with Pan-Ebolavirus Antibodies. Curr. Opin. Virol. 2019, 34, 140–148. [Google Scholar] [CrossRef] [PubMed]

	



West, B.R.; Moyer, C.L.; King, L.B.; Fusco, M.L.; Milligan, J.C.; Hui, S.; Saphire, E.O. Structural Basis of Pan-Ebolavirus Neutralization by a Human Antibody against a Conserved, yet Cryptic Epitope. mBio 2018, 9, e01674-18. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, X.; Howell, K.A.; He, S.; Brannan, J.M.; Wec, A.Z.; Davidson, E.; Turner, H.L.; Chiang, C.-I.; Lei, L.; Fels, J.M.; et al. Immunization-Elicited Broadly Protective Antibody Reveals Ebolavirus Fusion Loop as a Site of Vulnerability. Cell 2017, 169, 891–904.e15. [Google Scholar] [CrossRef] [PubMed]

	



Janus, B.M.; van Dyk, N.; Zhao, X.; Howell, K.A.; Soto, C.; Aman, M.J.; Li, Y.; Fuerst, T.R.; Ofek, G. Structural Basis for Broad Neutralization of Ebolaviruses by an Antibody Targeting the Glycoprotein Fusion Loop. Nat. Commun. 2018, 9, 3934. [Google Scholar] [CrossRef] [PubMed]

	



Milligan, J.C.; Parekh, D.V.; Fuller, K.M.; Igarashi, M.; Takada, A.; Saphire, E.O. Structural Characterization of Pan-Ebolavirus Antibody 6D6 Targeting the Fusion Peptide of the Surface Glycoprotein. J. Infect. Dis. 2018, 219, 415–419. [Google Scholar] [CrossRef] [PubMed]

	



West, B.R.; Wec, A.Z.; Moyer, C.L.; Fusco, M.L.; Ilinykh, P.A.; Huang, K.; Wirchnianski, A.S.; James, R.M.; Herbert, A.S.; Hui, S.; et al. Structural Basis of Broad Ebolavirus Neutralization by a Human Survivor Antibody. Nat. Struct. Mol. Biol. 2019, 26, 204–212. [Google Scholar] [CrossRef] [PubMed]

	



Fan, P.; Chi, X.; Liu, G.; Zhang, G.; Chen, Z.; Liu, Y.; Fang, T.; Li, J.; Banadyga, L.; He, S.; et al. Potent Neutralizing Monoclonal Antibodies against Ebola Virus Isolated from Vaccinated Donors. MAbs 2020, 12, 1742457. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.; Ren, J.; Harlos, K.; Jones, D.M.; Zeltina, A.; Bowden, T.A.; Padilla-Parra, S.; Fry, E.E.; Stuart, D.I. Toremifene Interacts with and Destabilizes the Ebola Virus Glycoprotein. Nature 2016, 535, 169–172. [Google Scholar] [CrossRef] [PubMed]

	



King, L.B.; West, B.R.; Moyer, C.L.; Gilchuk, P.; Flyak, A.; Ilinykh, P.A.; Bombardi, R.; Hui, S.; Huang, K.; Bukreyev, A.; et al. Cross-Reactive Neutralizing Human Survivor Monoclonal Antibody BDBV223 Targets the Ebolavirus Stalk. Nat. Commun. 2019, 10, 1788. [Google Scholar] [CrossRef] [PubMed]

	



Beniac, D.R.; Booth, T.F. Structure of the Ebola Virus Glycoprotein Spike within the Virion Envelope at 11 Å Resolution. Sci. Rep. 2017, 7, 46374. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.E.; Kuehne, A.; Abelson, D.M.; Fusco, M.L.; Hart, M.K.; Saphire, E.O. Complex of a Protective Antibody with Its Ebola Virus GP Peptide Epitope: Unusual Features of a V Lambda x Light Chain. J. Mol. Biol. 2008, 375, 202–216. [Google Scholar] [CrossRef] [PubMed]

	



Olal, D.; Kuehne, A.; Bale, S.; Halfmann, P.; Hashiguchi, T.; Fusco, M.L.; Lee, J.E.; King, L.B.; Kawaoka, Y.; Dye, J.M.; et al. Structure of an Ebola Virus-Protective Antibody in Complex with Its Mucin-Domain Linear Epitope. J. Virol. 2011, 86, 2809–2906. [Google Scholar] [CrossRef]

	



Ilinykh, P.A.; Huang, K.; Santos, R.I.; Gilchuk, P.; Gunn, B.M.; Karim, M.M.; Liang, J.; Fouch, M.E.; Davidson, E.; Parekh, D.V.; et al. Non-Neutralizing Antibodies from a Marburg Infection Survivor Mediate Protection by Fc-Effector Functions and by Enhancing Efficacy of Other Antibodies. Cell Host Microbe 2020, 27, 976–991.e11. [Google Scholar] [CrossRef] [PubMed]

	



Mendoza, E.J.; Qiu, X.; Kobinger, G.P. Progression of Ebola Therapeutics During the 2014–2015 Outbreak. Trends Mol. Med. 2016, 22, 164–173. [Google Scholar] [CrossRef]

	



Lyon, G.M.; Mehta, A.K.; Varkey, J.B.; Brantly, K.; Plyler, L.; McElroy, A.K.; Kraft, C.S.; Towner, J.S.; Spiropoulou, C.; Ströher, U.; et al. Clinical Care of Two Patients with Ebola Virus Disease in the United States. N. Engl. J. Med. 2014, 371, 2402–2409. [Google Scholar] [CrossRef]

	



PREVAIL II Writing Group; Multi-National PREVAIL II Study Team; Davey, R.T., Jr.; Dodd, L.; Proschan, M.A.; Neaton, J.; Neuhaus Nordwall, J.; Koopmeiners, J.S.; Beigel, J.; Tierney, J.; et al. A Randomized, Controlled Trial of ZMapp for Ebola Virus Infection. N. Engl. J. Med. 2016, 375, 1448–1456. [Google Scholar]

	



Herbert, A.S.; Froude, J.W.; Ortiz, R.A.; Kuehne, A.I.; Dorosky, D.E.; Bakken, R.R.; Zak, S.E.; Josleyn, N.M.; Musiychuk, K.; Mark Jones, R.; et al. Development of an Antibody Cocktail for Treatment of Sudan Virus Infection. Proc. Natl. Acad. Sci. USA 2020, 117, 3768–3778. [Google Scholar] [CrossRef] [PubMed]

	



Dias, J.M.; Kuehne, A.I.; Abelson, D.M.; Bale, S.; Wong, A.C.; Halfmann, P.; Muhammad, M.A.; Fusco, M.L.; Zak, S.E.; Kang, E.; et al. A Shared Structural Solution for Neutralizing Ebolaviruses. Nat. Struct. Mol. Biol. 2011, 18, 1424–1427. [Google Scholar] [CrossRef] [PubMed]

	



Wec, A.Z.; Bornholdt, Z.A.; He, S.; Herbert, A.S.; Goodwin, E.; Wirchnianski, A.S.; Gunn, B.M.; Zhang, Z.; Zhu, W.; Liu, G.; et al. Development of a Human Antibody Cocktail That Deploys Multiple Functions to Confer Pan-Ebolavirus Protection. Cell Host Microbe 2019, 25, 39–48.e5. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Y.; Roach, W.; Sun, T.; Jain, T.; Prinz, B.; Yu, T.-Y.; Torrey, J.; Thomas, J.; Bobrowicz, P.; Vásquez, M.; et al. Addressing Polyspecificity of Antibodies Selected from an in Vitro Yeast Presentation System: A FACS-Based, High-Throughput Selection and Analytical Tool. Protein Eng. Des. Sel. 2013, 26, 663–670. [Google Scholar] [CrossRef] [PubMed]

	



Oswald, W.B.; Geisbert, T.W.; Davis, K.J.; Geisbert, J.B.; Sullivan, N.J.; Jahrling, P.B.; Parren, P.W.H.I.; Burton, D.R. Neutralizing Antibody Fails to Impact the Course of Ebola Virus Infection in Monkeys. PLoS Pathog. 2007, 3, e9. [Google Scholar] [CrossRef]

	



Hastie, K.M.; Li, H.; Bedinger, D.; Schendel, S.L.; Dennison, S.M.; Li, K.; Rayaprolu, V.; Yu, X.; Mann, C.; Zandonatti, M.; et al. Defining Variant-Resistant Epitopes Targeted by SARS-CoV-2 Antibodies: A Global Consortium Study. Science 2021, 374, 472–478. [Google Scholar] [CrossRef]








[image: Pathogens 11 00374 g001 550] 





Figure 1. Schematic of the Ebola virus genome and virion. The glycoprotein GP (red) is the only viral protein displayed on the virion surface. 
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Figure 2. Epitopes on the GP surface. (A) Surface representation of Ebola Virus GP structure (PDB: 5JQ3) colored by domain. Side view and top view of Ebola virus GP are illustrated. (B). Schematic of the EBOV GP sequence. Amino acid numbering is at top, and polypeptide regions that form key domains are numbered in the center of the schematic blocks. 1: portions of the N-terminus of GP1 that form the base, 2: receptor-binding head, 3: glycan cap, 4: mucin-like domain (MLD), 5: GP2 N-terminal peptide; 6: fusion loop, 7: Heptad repeat 1 (HR1), 8 and 9: Heptad repeat 2 (HR2); 9: stalk; and 10: and membrane-proximal external region (MPER), respectively. Other regions include SP: signal peptide, and TM: transmembrane domain. The organization of sGP is illustrated below. The first 295 residues are identical to those in GP1 (labelled sGP-1). Residues 296 through 324 are unique to sGP (labelled sGP-2). The C-terminal sequence, termed delta peptide, is released from sGP by furin cleavage. (C) The surface representation of Marburg Virus GP structure (PDB: 6BP2) colored by domain. Side view and top view of Marburg virus GP are illustrated. (D) Schematic of the MARV GP sequence. Amino acid numbering is at top. 1–2: GP1, with 2 for RBS; 3: glycan cap, 4: MLD, 5: wing; 6: N-terminal loop: 7: fusion loop, 8: HR1, 9: HR2; 10: MPER; SP: signal peptide, and TM: transmembrane domain. 
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Figure 3. Structural models of neutralizing antibody recognition against key epitopes on the GP surface. GP epitopes are colored as in Figure 2. The variable regions of the antibodies targeting different epitopes are shown in cartoon representation. (A) Glycan cap-targeting antibody EBOV-296 (PDB: 7KF9) (B) Head-region targeting antibody 5T0180 (PDB:6S8J) (C) IFL-targeting antibody ADI-15878 and ADI-15946 (PDB: 6EA5, 6MAM) (D) Stalk region-targeting antibody BDBV 223 (PDB: 6N7J, 5JQ3) (E) MLD-targeting antibody 14G7 (PDB: 2Y6S. 5JQ3) (F) An example of a broad neutralizing antibody cocktail 1C3 and 1C11, with 2 antibodies targeting the head and IFL, respectively. (PDB: 7SWD). 






Figure 3. Structural models of neutralizing antibody recognition against key epitopes on the GP surface. GP epitopes are colored as in Figure 2. The variable regions of the antibodies targeting different epitopes are shown in cartoon representation. (A) Glycan cap-targeting antibody EBOV-296 (PDB: 7KF9) (B) Head-region targeting antibody 5T0180 (PDB:6S8J) (C) IFL-targeting antibody ADI-15878 and ADI-15946 (PDB: 6EA5, 6MAM) (D) Stalk region-targeting antibody BDBV 223 (PDB: 6N7J, 5JQ3) (E) MLD-targeting antibody 14G7 (PDB: 2Y6S. 5JQ3) (F) An example of a broad neutralizing antibody cocktail 1C3 and 1C11, with 2 antibodies targeting the head and IFL, respectively. (PDB: 7SWD).



[image: Pathogens 11 00374 g003]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
<«—— MLD

Glycan Cap

Head

Fusion Loop

1 70 95 105 158168 176 190 214 227 33 501
:
L]
502 511 554 599 611 632 651 676 H Furin cleavage
1]
L]
GP; 5 7 8 '
:
L]
L]
L]
L]
1 33 295'296 324 364
sGP [P
Furin cleavage
Wing
1 67 72 95101122132 154 18 256 435
436 502 511 551 600 636 649 681 Furin cleavage

GP; 5 678910





nav.xhtml


  pathogens-11-00374


  
    		
      pathogens-11-00374
    


  




  





media/file0.png





media/file2.png





media/file5.jpg
stoi0

Hoad

2015946
AoL15878

stk
eoBV2Z3






media/file6.png
A

EBOV-296

Glycan Cap

BDBV223






media/file3.jpg
| 3 i omu ,
E| i o W= 3
B i : =
s B i
§ 8 i [
v B i [
5 | »
: A |






media/file1.jpg





