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Multiple agents in the family Filoviridae (filoviruses) are associated with sporadic human outbreaks of highly lethal disease, while others, including several recently identified agents, possess strong zoonotic potential. Although viral glycoprotein (GP)-specific monoclonal antibodies have demonstrated therapeutic utility against filovirus disease, currently FDA-approved molecules lack antiviral breadth. The development of broadly neutralizing antibodies has been challenged by the high sequence divergence among filovirus GPs and the complex GP proteolytic cleavage cascade that accompanies filovirus entry. Despite this variability in the antigenic surface of GP, all filoviruses share a site of vulnerability—the binding site for the universal filovirus entry receptor, Niemann-Pick C1 (NPC1). Unfortunately, this site is shielded in extracellular GP and only uncovered by proteolytic cleavage by host proteases in late endosomes and lysosomes, which are generally inaccessible to antibodies. To overcome this obstacle, we previously developed a ‘Trojan horse’ therapeutic approach in which engineered bispecific antibodies (bsAbs) coopt viral particles to deliver GP:NPC1 interaction-blocking antibodies to their endo/lysosomal sites of action. This approach afforded broad protection against members of the genus Ebolavirus but could not neutralize more divergent filoviruses. Here, we describe next-generation Trojan horse bsAbs that target the endo/lysosomal GP:NPC1 interface with pan-filovirus breadth by exploiting the conserved and widely expressed host cation-independent mannose-6-phosphate receptor for intracellular delivery. Our work highlights a new avenue for the development of single therapeutics protecting against all known and newly emerging filoviruses.
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Introduction

Several members of the family Filoviridae of enveloped viruses (filoviruses), including Ebola virus (EBOV), Bundibugyo virus (BDBV), Sudan virus (SUDV) and Marburg virus (MARV), cause outbreaks of highly lethal disease in humans (1). Moreover, multiple novel filoviruses with unknown potential for human emergence, including Lloviu virus (LLOV), Bombali virus (BOMV), and Měnglà virus (MLAV), have been discovered in the past decade (2–6). Although monoclonal antibody (mAb) therapeutics, such as ZMapp™, REGN-EB3 (Inmazeb™), and mAb114 (Ebanga™), have shown promise in human outbreaks, with the latter two having received FDA approval, they lack antiviral breadth (7–10). Specifically, these EBOV therapeutics cannot recognize and block infection by any other filovirus (7, 8, 11–13). Given the logistical and practical challenges inherent in developing filovirus-specific therapeutics, recent attention has turned to the identification of broadly neutralizing mAbs and cocktails, including MBP134, a two-mAb pan-ebolavirus cocktail that could protect nonhuman primates against challenge with EBOV, BDBV, and SUDV (14, 15). However, no mAb-based therapeutics with true pan-filovirus breadth have been identified to date, concordant with the limited conservation in the antigenic surface of the viral entry glycoprotein (GP) across filovirus species and differences in viral epitope shielding due to species-specific variations in GP glycosylation (16).

The receptor-binding site (RBS) is one GP epitope that is conserved across filoviruses. However, this potential viral ‘Achilles heel’ is shielded by the glycan cap subdomain in ebolavirus GPs and exposed only upon GP proteolytic processing by host cysteine cathepsins in cellular endo/lysosomal compartments (16–19). This critical step in viral entry occurs after viral internalization and endocytic trafficking and generates a cleaved form of GP (GPCL) that is competent to engage the essential and universal filovirus entry receptor, Niemann-Pick C1 (NPC1) (19–26).

Unfortunately, the cryptic nature of the RBS epitope and the intracellular location of GPCL:NPC1 association renders this conserved virus-receptor interaction largely inaccessible to conventional antibodies. To overcome this obstacle, we previously developed a ‘Trojan horse’ bispecific antibody (bsAb) strategy, in which RBS- and NPC1-targeted mAbs MR72 and mAb-548, respectively, were equipped with combining sites from a mAb, FVM09, that recognizes a conserved but non-neutralizing epitope in extracellular GP. These bsAbs were thus able to “hitch a ride” into the cell with infecting virions through FVM09 and successfully target the endo/lysosomal GPCL:NPC1 interaction through MR72 or mAb-548 (27).

Although the first-generation Trojan horse bsAbs afforded pan-ebolavirus neutralization, they lacked activity against more divergent filoviruses due to their reliance on FVM09, an ebolavirus-specific binder, for intracellular delivery with viral particles. Moreover, these bsAbs were susceptible to viral escape through a single point mutation in the FVM09 epitope, which abrogated their cellular internalization (27). Here, we overcame these liabilities by harnessing an internalizing cell-surface receptor, cation-independent mannose-6-phosphate receptor/insulin-like growth factor 2 receptor (CI-MPR/IGF2R) (28–32), for intracellular antibody delivery, instead of a viral epitope. We describe second-generation Trojan horse bsAbs that exploit two distinct CI-MPR/IGF2R-ligand interactions to internalize into cells and neutralize filovirus entry with enhanced potency and pan-filovirus breadth. This study expands the Trojan horse delivery mechanism to more fully exploit the therapeutic potential of antibodies against conserved but cryptic epitopes.



Materials and Methods


Antibody Expression and Purification

To generate IGF2-tagged bsAbs, the synthetic gene encoding the mature IGF2 sequence (Δ1-7,F26S,R37K,R40K) was subcloned into the pMAZ-IgH and pMAZ-IgL vectors and linked at the N-terminus to the variable domain of the heavy and light chains of mAbs MR72 and mAb-548 via a short amino acid linker “ASTKGP” or “TVAAP”, respectively. NPC2-tagged bsAbs were similarly subcloned as above. To express these bsAbs, pMAZ-IgH and pMAZ-IgL encoding each antibody were co-transfected into Freestyle™ 293-F cells, (ThermoFisher Scientific) using linear polyethylenimine (Polysciences). Cells were incubated in Freestyle™ 293 expression media, at 37°C with 8% CO2 in a shaking incubator for 6 days. Cells were pelleted and then the clarified supernatant was incubated with Protein A resin (1 ml packed resin per 600 ml clarified supernatant) for 2 h at 4°C. Antibodies were then purified using the gentle antibody elution system (ThermoFisher Scientific) per the manufacturer’s instructions. Eluted antibody was buffer-exchanged into Hepes buffer (200mM NaCl, 150mM HEPES[pH 7.4]) and concentrated using an Amicon centrifugal filter unit (Millipore Sigma) with a nominal molecular weight cutoff of 50 kDa.



Protein Expression and Purification CI-MPR Domains 1-3 and 11-13

Synthetic genes encoding C-terminally hexahistidine tagged CI-MPR domains 1–3 (amino acids 36–466) and domains 11–13 (amino acids 1508–1992) or NPC2 with a Twin-Strep-tag were subcloned into linearized pHL-sec vectors using AgeI and KpnI restriction sites. Proteins were expressed in Freestyle™ 293-F cells by transient transfection as above. Clarified supernatants containing CI-MPR domains were incubated with Ni-NTA resin (1ml packed resin per 300ml supernatant) at 4°C for 2 h prior to collection into a column. Resin was washed with wash buffer [500mM NaCl, 20mM HEPES(pH 7.6)] and protein eluted with elution buffer [500mM Imidazole, 500mM NaCl, 20mM HEPES(pH 7.6)]. NPC2 was purified from clarified supernatants using IBA Strep-Tactin®; Sepharose® (IBA) according to the manufacturer’s protocol. All proteins were dialyzed overnight in PBS and subsequently concentrated using an Amicon centrifugal filter unit (Millipore Sigma) with a nominal molecular weight cutoff of 10 kDa. Protein purity was assessed by SDS-polyacrylamide gel electrophoresis and visualized by staining with Coomassie Brilliant Blue G-250.



Preparation of NPC1 Loop C and EBOV GPCL

Soluble human NPC1 loop C was produced by IBT Bioservices as described previously (33). Ebola virus GPΔMuc [EBOV-Mayinga GP lacking the mucin-like domain (residues 312 to 462)] was expressed in Drosophila melanogaster S2 cells as previously described (14). EBOV GPCL was produced by incubating trimeric GPΔMuc with thermolysin (Promega, V4001) in a 50:1 (protein:enzyme) ratio for approximately 18 h overnight at room temperature in 10 mM Tris-buffered saline [TBS; Tris-HCl(pH 7.5), 150 mM NaCl] containing 1 mM CaCl2. Trimeric EBOV GPCL was purified by Superdex S200 size exclusion chromatography in TBS immediately following incubation.



ELISAs for CI-MPR Domains

High-binding half-area 96-well ELISA plates (Corning) were incubated with 0.5 µg per well of CI-MPR domains 1–3 or 11–13 in PBS overnight at 4°C. Coated plates were blocked with blocking buffer (5% w/v nonfat dry milk in PBS) for 2 h at 37°C. A 3-fold dilution series of antibodies starting at 100 nM diluted in wash buffer (1% w/v nonfat dry milk in PBS) was incubated for 1 h at 37°C. Plates were washed 3 times with wash buffer. Anti-human IgG-HRP or anti-His tag-HRP secondary conjugates were diluted in wash buffer and incubated for 1 h at 37°C. Plates were washed with PBS and developed using Ultra-TMB (ThermoFisher) and quenched with 0.5M H2SO4. Absorbance was read at 450nm on a Cytation 5 cell imaging multi-mode reader (BioTek).



BLI Assays

The OctetRed™ system (ForteBio, Pall LLC) was used to determine parental and bsAb binding properties. Anti-human Fc sensors were used for initial capture of IgG loading, and then measured for association to antigen at pH 5.5. Global fitting to a 1:1 binding model was used to estimate kon (association rate constant), koff (dissociation rate constant) and apparent KDapp (apparent equilibrium constant). Although data could be described accurately with a 1:1 model, given the bivalent nature of the antibody, and the trivalent nature of GPCL, we cannot rule out avidity effects and therefore report apparent KD.



Cells

Human U2OS osteosarcoma cells were cultured in modified McCoy’s 5A medium (LifeTechnologies) supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals), 1% GlutaMAX (Life Technologies) and 1% penicillin/streptomycin (Life Technologies). Wildtype and cation-independent mannose-6-phosphate receptor (CI-MPR)–knockout human haploid Hap1 cells (Horizon Discovery, Cat# HZGHC006178c011) were cultured in Iscove’s modified Dulbecco’s medium (IMDM; ThermoFisher) and supplemented as above. Vero cells were maintained in high-glucose Dulbecco’s modified Eagle medium (DMEM; ThermoFisher) supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals), 1% GlutaMAX (Life Technologies) and 1% penicillin/streptomycin (Life Technologies). Human monocyte THP-1 cells (ATCC) were cultured in RPMI-1640 medium (ATCC, Cat #30-2001) supplemented with 10% FBS. All cells were maintained at 37°C, 5% CO2 in a humidified incubator.



Viruses

Generation and propagation of recombinant vesicular stomatitis viruses (rVSVs) encoding enhanced green fluorescent protein (eGFP) in the first position and replacing VSV G with glycoproteins from EBOV/Mayinga (EBOV/H.sap-tc/COD/76/Yambuku-Mayinga), TAFV (TAFV/H.sap-tc/CIV/94/CDC807212), BDBV (BDBV/H.sap/UGA/07/But-811250), BOMV (BOMV/Mops condylurus/SLE/2016/PREDICT_SLAB000156), SUDV/Boneface (SUDV/C.por-lab/SSD/76/Boneface), RESTV (RESTV/M.fas-tc/USA/89/Phi89-AZ-1435), LLOV (LLOV/M.sch-wt/ESP/03/Asturias-Bat86) and an rVSV encoding an mNeongreen-phosphoprotein P (mNG-P) fusion protein bearing MARV GP (MARV/H.sap-tc/KEN/80/Mt. Elgon-Musoke) were previously described (2, 5, 27, 34–37). An rVSV encoding eGFP in the first position and MLAV GP (MLAV/Rousettus-wt/CHN/2015/Sharen-Bat9447-1; GenBank Accession no: KX371887) was cloned and rescued as above (2, 5, 27, 38–41).



VSV Infection Assays

Dilution series of antibody or NPC2 were incubated on monolayers of human U2OS cells, wild type or CI-MPR–knockout human haploid Hap1 cells, or THP-1 cells for 2 h at 37°C prior to addition of pre-titrated amounts of rVSV-GP particles (MOI ~ 1 infectious unit (IU) per cell). For infection assays using THP-1 cells, cells were treated with 20ng/ml phorbol 12-myristate 13-acetate (PMA) (Millipore Sigma, Cat#P1585) for 72 h and media was exchanged prior to antibody incubation (42). Viral infectivities were measured by automated enumeration of eGFP+ or mNG+ cells using a Cytation 5 reader at 12-14 h post-infection. Data was subjected to non-linear regression analysis to extract half maximal inhibitory concentration (IC50) values (4-parameter, variable slope sigmoidal dose-response equation; GraphPad Prism). Relative IC50 values were calculated for all curves with sigmoidal curves and absolute IC50 values were calculated for curves with ill-defined plateaus.



pHrodo Red Labeling of Antibodies and Flow Cytometry

Parental antibodies and bsAbs were covalently labeled with pH-sensitive pHrodo Red succinimidyl ester (Thermo Fisher Scientific) according to the manufacturer’s instructions. Antibodies were incubated with 10-fold molar excess of pHrodo Red succinimidyl ester for 1 h at room temperature. Excess unconjugated dye was removed using PD-10 desalting columns (GE Healthcare). pHrodo Red-labeled antibodies were exchanged into HEPES buffer and concentrated in an Amicon Ultra centrifugal filter unit with a nominal molecular weight cutoff of 30 kDa. Antibody concentration and degree of labeling was determined according to the manufacturer’s instructions.

Pre-chilled confluent human U2OS cell monolayers were incubated with the pHrodo Red-labeled parental and bsAbs (50 nM) at either 4°C to prevent internalization or 37°C to allow internalization for 30 min. Cells were returned to ice and any unbound antibody was removed by washing with cold PBS. Cells were harvested using cold trypsin-EDTA for 10 min. Cells were washed with cold PBS prior to filtering through a mesh strainer. Single cells were analyzed for pHrodo Red fluorescence on a BD LSRII flow cytometer and FlowJo software.



CellTiter-Glo Assay

A dilution series of antibodies were incubated on monolayers of U2OS cells for 14 h at 37°C. A 1:1 ratio of CellTiter-Glo reagent (Promega) to cell culture media was added per well. Contents were mixed for 2 minutes on an orbital shaker then incubated at room temperature for 10 minutes before luciferase activity was read using a Cytation 5 reader.



Filipin Staining

U2OS cells were seeded on fibronectin-coated coverslips. Cells were incubated with either media alone, U18666A (10 µM, Millipore Sigma), or antibody (1 nM or 350 nM) at 37°C for 14 h prior to fixing. Cells were washed with PBS prior to incubation with filipin III (Millipore Sigma) for 1 h at room temperature, washed again with PBS, and then mounted onto slides with Prolong (Thermo Fisher). Slides were imaged using a Zeiss Axio Observer inverted microscope with a 40x objective.



Authentic Filovirus Infections

A dilution series of antibodies were incubated on monolayers of Vero E6 or U2OS cells for 2 h at 37°C prior to addition of pre-titrated amount of Ebola virus/H.sapienstc/COD/1995/Kikwit-9510621 (EBOV/Kik-9510621; ‘EBOV-Zaire 1995’) or Marburg virus/H.sapienstc/DEU/1967/Hesse-Ci67. At 48 h post-infection, cells were fixed with formalin, and blocked with 1% bovine serum albumin. EBOV-infected cells, MARV-infected cells and uninfected controls were incubated with either EBOV GP-specific mAb KZ52 or MARV GP-specific mAb 9G4, respectively. Cells were washed with PBS prior to incubation with either goat anti-human IgG or goat anti-mouse IgG conjugated to Alexa Fluor 488 (Invitrogen). Cells were counterstained with Hoechst stain (Invitrogen), washed with PBS and stored at 4°C. Infected cells were quantitated by fluorescence microscopy and automated image analysis using an Operetta high content device (Perkin Elmer) and the image analysis Harmony software, as previously described (27).




Results


Design and Biochemical Characterization of NPC2- and IGF2-Tagged Trojan Horse bsAbs

We explored a multifunctional cell-surface receptor, the cation-independent mannose-6-phosphate receptor/insulin-like growth factor 2 receptor (hereafter, CI-MPR), as an alternative endo/lysosomal delivery strategy for mAbs targeting the filovirus GPCL:NPC1 interaction. CI-MPR is a ~300-kDa Type I membrane glycoprotein comprising a large extracellular domain with distinct binding sites for multiple ligands, a transmembrane region, and a cytoplasmic tail that regulates receptor internalization, endocytic trafficking, and recycling (43). Mannose-6-phosphate (M6P) and insulin-like growth factor 2 (IGF2) are the best characterized CI-MPR ligands and both interactions have been successfully exploited for endo/lysosomal delivery of recombinant cargo molecules (29–31, 44–46). Many lysosomal enzymes naturally undergo mannose-6-phosphorylation, affording their CI-MPR–mediated extracellular retrieval and intracellular delivery as enzyme replacement therapies for lysosomal storage disorders (34, 47–49). Here, we sought to exploit one such lysosome-resident protein, a 132-amino acid sterol-binding protein Niemann-Pick C2 (NPC2) (50, 51), to deliver mAb cargoes to late endosomes and lysosomes (Figure 1A). Accordingly, we fused NPC2 to mAbs MR72 and mAb-548 in two configurations (to the N–terminus of the IgG heavy or light chain) to create a panel of bsAbs. This panel was screened for neutralization potency against a surrogate vesicular stomatitis virus bearing EBOV GP (rVSV-EBOV GP) (39). We identified two highly active candidates mAb-548 and MR72 bearing NPC2 at the N–termini of their light chains (548~NPC2_LCN and MR72~NPC2_LCN, respectively; hereafter 548~NPC2 and MR72~NPC2) (Figures 1B, C and Supplementary Figures S1A, B).




Figure 1 | Design and initial evaluation of bispecific antibodies combining CI-MPR ligands and mAbs blocking the endo/lysosomal filovirus GP:NPC1 interaction. (A) A hypothetical mechanism for delivery of NPC2- and IGF2-tagged bsAbs (bottom) but not parental mAbs (top) to sites of GPCL:NPC1 interaction in late endosomal/lysosomal (LE) compartments. (B) Schematic representations of a subset of the antibodies tested in this study. Top row: parental mAbs, NPC1 domain C (NPC1–C)-specific mAb-548 and viral glycoprotein receptor-binding site (RBS)-specific mAb MR72. Middle row: NPC2-tagged bsAbs. NPC2 was fused to the N–terminus of the light chain (LCN) of mAb-548 and MR72. Bottom row: IGF2-tagged bsAbs. IGF2 was fused to the N–terminus of the heavy chain (HCN) of mAb-548 and MR72. (C) Heat map showing neutralizing IC50 values against rVSV-EBOV GP for the antibody panel. For curves that did not cross the 50% threshold, IC50 values were considered >100 nM.



To address concerns with inconsistent mannose-6-phosphorylation (M6P) of lysosomal proteins during manufacturing, LeBowitz and colleagues described a glycosylation-independent lysosomal targeting (GILT) approach in which recombinant cargoes were fused to the 61-amino acid mature IGF2 peptide sequence (30, 44). These proteins could be captured and internalized through IGF2:CI-MPR binding, thus bypassing the need for M6P. To test the efficacy of this approach for our mAbs, we generated a panel of IGF2-tagged bsAbs and down-selected them as above to identify two molecules bearing IGF2 at the N–termini of the mAb heavy chains (548~IGF2_HCN and MR72~IGF2_HCN, respectively; hereafter 548~IGF2 and MR72~IGF2) (Figures 1B, C and Supplementary Figures S1A, B).

We compared the dose-dependent antiviral activities of the down-selected bsAbs in the rVSV-EBOV GP infection assay in two cell types: U2OS human osteosarcoma cells and THP-1 human monocyte-like cells differentiated to macrophage-like cells with PMA. All four bsAbs afforded neutralization with low-nM IC50 values and with ~10–100-fold greater potency than their parental IgGs, although the NPC2-tagged bsAbs were relatively more potent than their IGF2-tagged counterparts (Figure 2). Importantly, only the bsAbs afforded complete neutralization. Consistent with their enhanced neutralizing activity, our top four bsAbs retained high-affinity binding to their respective endo/lysosomal target antigens at acid pH, as determined by biolayer interferometry (BLI) (Figure 3 and Table 1). NPC2- and IGF2-tagged bsAbs displayed similar binding activities, indicating that the reduced activity of the latter is not a consequence of antigen:Ab binding penalties exacted by the NPC2 or IGF2 tag.




Figure 2 | NPC2- and IGF2-tagged bsAbs neutralize VSV-EBOV in multiple cell types. Neutralization curves of bsAbs and parental mAbs against rVSV-EBOV GP in (A-D) human U2OS osteosarcoma cells or (E-H) human THP-1 cells differentiated into macrophage-like cells. Infection was measured by automated counting of eGFP+ cells and normalized to infection in absence of antibody. Means ± SD are shown for 4–8 replicates from 2–4 independent experiments.






Figure 3 | Antibody-antigen binding profiles of NPC2- and IGF2-tagged bsAbs. Kinetic binding curves for NPC2- and IGF2-tagged bsAb:antigen interactions were determined by BLI. (A) 548~NPC2 and (C) 548~IGF2 were loaded onto probes and dipped into analyte solutions containing the indicated concentrations of NPC1-C. (B) MR72~NPC2 and (D) MR72~IGF2 were loaded onto probes and dipped into the indicated concentrations of analyte solutions containing EBOV GPCL. Grey lines indicate curve fits to a 1:1 binding model. See Table 1 for kinetic binding constants.




Table 1 | Kinetic binding constants for Ab:antigen interaction determined by BLI.





IGF2- and NPC2-Tagged bsAbs Are Targeted to Distinct, Ligand-Specific Domains in CI-MPR

The CI-MPR ectodomain contains 15 ~150-amino acid ‘mannose 6-phosphate receptor homology’ domains (52). Domain 11 recognizes IGF2 (35, 53), and domains 3, 5, 9, and 15 recognize M6P (52) (Figure 4A). To begin to investigate the mechanisms of action of our Trojan horse bsAbs, we assessed their binding to recombinant, purified CI-MPR domains (Supplementary Figures S1C, D) by ELISA. Both IGF2-tagged bsAbs bound to a CI-MPR domain 11–13 construct predicted to recognize IGF2 but not M6P, whereas their NPC2-tagged and parental IgG counterparts did not (Figures 4D, E). Conversely, only 548~NPC2 bound to a CI-MPR domain 1–3 construct predicted to recognize M6P but not IGF2 (Figure 4B). Unexpectedly, MR72~NPC2 showed no detectable binding to domain 1–3 in the ELISA (Figure 4C), suggesting that the MR72 light chain may sterically hinder CI-MPR recognition by NPC2 but not by the much smaller IGF2 peptide. We hypothesize that reduced CI-MPR binding by MR72~NPC2 accounts for its ~10-fold reduced antiviral potency relative to 548~NPC2 (Figures 1C and 2A, C, E, G).




Figure 4 | CI-MPR domain binding profiles of NPC2- and IGF2-tagged bsAbs. (A) Schematic of CI-MPR recognition by NPC2 and IGF2. (B, C) ELISA reactivity of the indicated bsAbs and parental mAbs against CI-MPR domains 1–3. (D, E) ELISA reactivity of the indicated bsAbs and parental mAbs against CI-MPR domains 11–13. Means ± SD are shown for 6 replicates from 2 independent experiments.





NPC2-tagged bsAbs Are Dependent on CI-MPR for Antiviral Activity

To test if the bsAbs require cellular CI-MPR for their antiviral activity, we next evaluated their capacity to neutralize rVSV-EBOV GP infection in isogenic haploid cell lines replete with or genetically deficient in CI-MPR (Hap1 and Hap1-CI-MPRKO, respectively). Both NPC2-tagged bsAbs suffered an almost complete loss in activity in Hap1-CI-MPRKO cells relative to the Hap1 cells, indicating that their antiviral activity was largely dependent on CI-MPR (Figures 5A, C). By contrast, the IGF2-tagged bsAbs were insensitive to CI-MPR loss (Figures 5B, D), indicating the existence of CI-MPR-independent pathways for their internalization into target cells (see below).




Figure 5 | NPC2- but not IGF2-tagged bsAbs lose neutralizing activity in CI-MPR knockout cells. Capacity of (A, C) NPC2-tagged and (B, D) IGF2-tagged bsAbs to neutralize rVSV-EBOV GP infection in isogenic haploid cell lines replete with or genetically deficient in CI-MPR (Hap1 and Hap1-CI-MPRKO, respectively). Infection was measured by automated counting of eGFP+ cells and normalized to infection in absence of antibody. Means ± SD are shown for 5–8 replicates from 2–3 independent experiments.





NPC2 and IGF2 Tags Afford mAb Internalization Into Acidic Intracellular Compartments

The basis of our strategy was that the NPC2- and IGF2-tags would mediate cellular receptor-mediated internalization and delivery of bsAbs to their endo/lysosomal sites of antiviral action. To evaluate this premise, we conjugated an acid-dependent fluorescent dye, pHrodo Red™, to each bsAb and its parent IgG, and measured the capacity of these conjugates to undergo temperature-dependent delivery to acidic intracellular compartments (Figure 6A), as described previously (27). As expected, no increases in single cell-associated pHrodo Red fluorescence was observed by flow cytometry with any of the mAbs or bsAbs following their incubation with cells for 30 min at 4°C. Similar results were obtained with the parent mAbs after 30 min at 37°C, as we observed previously (27). By contrast, considerable proportions of all four bsAbs were internalized under the same conditions, although the NPC2-tagged bsAbs appeared to undergo uptake more efficiently than did the IGF2-tagged molecules (Figures 6B, C). These findings support a model in which tag-mediated interaction with CI-MPR (NPC2) and/or other cell-surface receptors (IGF2) enhances bsAb internalization and delivery to NPC1-bearing compartments.




Figure 6 | Cellular internalization of Trojan horse bsAbs. (A) Schematic of pHrodo Red-labeled antibody internalization experiment. (B, C) Labeled antibodies were incubated with cells at either 4°C to prevent internalization or 37°C to allow internalization prior to analysis by flow cytometry. Data points represent the percentage of pHrodo Red positive cells; bars represent means ± SD from 3 independent experiments. Group means (bars) were compared using one-way ANOVA with Turkey’s multiple comparisons test. (****P < 0.0001; **P < 0.01; ns, not significant).





NPC2-Tagged bsAbs Do Not Inhibit Viral Entry Through the Direct Action of NPC2

The superior cell-internalizing activity of the NPC2-tagged bsAbs relative to their IGF2-tagged counterparts suggested an explanation for the former’s enhanced antiviral potency. However, we also considered an additional hypothesis to explain these results. Specifically, NPC2 engages NPC1 as part of their interdependent function in cellular cholesterol trafficking and does so via a protein-protein interface that overlaps the filovirus GPCL:NPC1 interface (54, 55). Thus, it remained possible that NPC2-tagged bsAbs compromise virus-receptor association directly through both mAb- and NPC2-dependent mechanisms. To address this possibility, we incubated cells with purified recombinant NPC2 (Supplementary Figure S1E), separately and in combination with mAb-548, and then exposed the cells to rVSV-EBOV GP. Neither treatment afforded a significant enhancement in viral neutralization relative to mAb-548 alone (Figure 7). Further, only bsAbs bearing the NPC1-binding mAb-548 inhibited NPC1 function as measured by lysosomal accumulation of free cholesterol (56, 57), regardless of whether mAb-548 was fused to NPC2 or IGF2 (Supplementary Figure S2A). These results are consistent with a scenario in which NPC2 acts only to mediate endo/lysosomal delivery of the bsAbs and not as part of their antiviral payload.




Figure 7 | NPC2 does not directly block viral entry. mAb-548, NPC2, equimolar combination of mAb-548 and NPC2, and 548~NPC2 bsAb were incubated with U2OS osteosarcoma cells for 2 h at 37°C prior to exposure to rVSV-EBOV GP. Infection was measured by automated counting of eGFP+ cells and normalized to infection in absence of antibody or protein. Means ± SD are shown for four replicates from two independent experiments.



Finally, we note that NPC1 inhibition was only observed following long-term treatment with high doses of bsAbs and did not compromise cell metabolic health or induce cytotoxicity (Supplementary Figure S2B).



NPC2- and IGF2-Tagged bsAbs Block Entry Mediated by All Known Filovirus GP Proteins and Neutralize Infection by Two Divergent Authentic Filoviruses

The GPCL:NPC1 interaction interface is highly conserved and required for all known mammal-infecting filoviruses, including both known and potential zoonotic threats (2, 5, 6, 19–22, 24). Given our evidence that the NPC2- and IGF2-tagged bsAbs could target this interaction to inhibit EBOV GP-dependent entry, we reasoned that they may possess broad anti-filovirus activity. Accordingly, we tested the bsAb panel against rVSVs bearing each of the filovirus GPs (ebolaviruses: BDBV, TAFV, BOMV, RESTV; SUDV, cuevavirus: LLOV, dianlovirus: MLAV, marburgvirus: MARV). All four bsAbs afforded substantial enhancements in neutralization potency relative to their parental IgGs against all of the rVSVs (Figures 8A and Supplementary Figures S3, S4). The MR72-containing bsAbs alone provided only limited gains in neutralizing activity against rVSV-MARV GP (Figures 8A, Supplementary Figures S3B, S4C, D), likely reflecting MR72’s capacity to recognize and block the extracellular form of MARV GP but not of other filovirus GPs (27, 58). Finally, and importantly, these findings were concordant with the capacity of all four bsAbs to neutralize two divergent, authentic human disease-causing filoviruses, EBOV and MARV (Figures 8B, C). We conclude that the endo/lysosomal filovirus-receptor interaction represents a universal Achilles heel that can be targeted to develop pan-filovirus entry inhibitors.




Figure 8 | NPC2- and IGF2-tagged bsAbs afford pan-filovirus entry inhibition. (A) Heat map showing neutralizing IC50 values for parental mAbs and NPC2- and IGF2-tagged bsAbs against all rVSVs bearing filovirus glycoproteins. IC50 values were calculated from neutralization curves from 4–6 replicates from 2–3 independent experiments. For curves that did not cross the 50% threshold, IC50 values were considered >100 nM. EBOV, Ebola virus; TAFV, Tai Forest virus; BDBV, Bundibugyo virus; BOMV, Bombali virus; SUDV, Sudan virus; RESTV, Reston virus; LLOV, Lloviu virus; MLAV, Mengla virus; MARV, Marburg virus. (B, C) Neutralization of authentic (B) EBOV and (C) MARV by parental mAbs and NPC2- and IGF2-tagged bsAbs. Means ± SD are shown for 2–4 replicates from 1–2 independent experiments.






Discussion

Currently approved antibody therapeutics for filovirus infections are limited to the treatment of EBOV disease and do not neutralize or protect against other mammal-infecting filoviruses with known or suspected zoonotic potential (7, 8, 11–13). A number of recent studies have sought to address this unmet need for broadly protective antibody-based treatments. Wec, Bornholdt, and co-workers screened a large panel of human mAbs to identify broadly neutralizing antibodies (bnAbs) targeting conserved ebolavirus GP epitopes outside the RBS and developed them into a cocktail, MBP134, with pan-ebolavirus breadth and protective efficacy against EBOV, BDBV, and SUDV in nonhuman primates (14, 15, 40). Similar approaches were employed to isolate other ebolavirus-specific bnAbs (59–62). Multispecific antibodies with enhanced antiviral breadth and cross-protective efficacy have also been engineered and evaluated in rodent models of filovirus challenge. nAbs specific for different ebolaviruses and MARV were successfully combined into broadly neutralizing bispecific and trispecific antibodies (63, 64). In the distinct Trojan horse approach, bsAbs were generated by linking a pan-ebolavirus non-neutralizing mAb, FVM09, with either of two mAbs targeting cryptic endosomal epitopes at the GPCL:NPC1 interface (27). Unlike the preceding multispecific antibodies, the Trojan horse bsAbs not only possessed pan-ebolavirus breadth but also exhibited ‘obligate’ activity, in that they required both antibody combining sites to neutralize infection. Here, we describe a modified Trojan horse bsAb strategy that leverages an internalizing host cell receptor for endo/lysosomal delivery to neutralize entry mediated by all known filovirus glycoproteins.

Classical approaches to promote the membrane passage and intracellular delivery of large biomolecules such as antibodies have largely used chemical (e.g., liposomes) and physical agents (e.g., electroporation) [reviewed in (65)]. While these methods remain in wide use, ‘cell-penetrating peptides’ (CPPs) have also been increasingly employed for this purpose (65–68). Transbodies—antibodies coupled to a CPP—were shown to suppress hepatitis B virus replication (66) and inhibit EBOV VP35’s functions in viral genome replication and host interferon antagonism (68). CPPs have been used to target antiviral molecules not only to the cytoplasm, but also to endosomal compartments—a membrane fusion-inhibitory peptide from EBOV GP could block viral entry when targeted to endosomes via a CPP (69). Conjugation of such glycoprotein-derived peptides to cholesterol also afforded enhanced antiviral activity through both cell surface and endosomal modes of action (70–75).

Another strategy for intracellular targeting instead leverages native cell surface receptor-ligand interactions and has found broad application in enzyme replacement therapies for lysosomal storage diseases (30, 32, 44, 76–78). These treatments take advantage of endogenous interactions between oligosaccharide-modified lysosomal enzymes and cell-surface receptors that mediate enzyme trafficking, retrieval, and clearance, with the interaction between enzyme-linked mannose-6-phosphate and CI-MPR playing a key role (28, 32, 44, 79). Delivery of the payload is accomplished through its receptor-mediated internalization and trafficking to late endo/lysosomal compartments. Here, we show that the mannose-6-phosphorylated lysosomal protein NPC2 could mediate the delivery of mAbs to their intracellular sites of action in a CI-MPR–dependent manner. This is, to our knowledge, the first application of a lysosomal protein for endo/lysosomal targeting of a heterologous therapeutic molecule.

Because recombinant lysosomal enzymes display both enzyme- and batch-dependent variations in binding affinity for CI-MPR, a variation of the above strategy instead targets CI-MPR through its distinct IGF2-binding site by fusing the payload lysosomal enzyme to the mature IGF2 peptide sequence (44). We found that the IGF2 tag could also effectively deliver mAbs targeting the GPCL:NPC1 interface. CI-MPR was dispensable for the biological activity of the IGF2-tagged bsAbs, consistent with the capacity of IGF2 to bind other receptors, including insulin receptor (IR) and insulin-like growth factor 1 receptor (IGF1R). IGF2 uses different surfaces to interact with CI-MPR and IGF1R, and point mutations in IGF2 differentially affect its capacity to recognize these receptors (36, 37, 80–83), suggesting that receptor-selective variants could be engineered for use with Trojan horse bsAbs and other intracellular targeting applications. Given that the IGF2 tag was less effective at mediating bsAb internalization than the NPC2 tag, the engineering of such receptor-optimized mutant IGF2s with potentially fewer “off-target” binding partners may be warranted as part of the development of next-generation Trojan horse bsAbs.

One potential issue associated with therapeutics targeting virus-host interactions is toxicity caused by drug-mediated blockade of host factor function. Here, we observed that longer incubations of cells with high doses of the mAb-548–containing bsAbs inhibited NPC1’s cholesterol trafficking function, as evidenced by the endosomal accumulation of free cholesterol. By contrast, the virus-directed MR72-containing bsAbs did not inhibit NPC1 function in this assay, providing evidence that NPC1 inhibition is associated with mAb-548:NPC1 binding and not with the CI-MPR-based endo/lysosomal targeting modalities. Although none of our bsAbs induced cellular cytotoxicity, further investigation of mAb-548’s activity against NPC1’s host function in animal models is warranted. However, we note the temporary inhibition of NPC1 caused by therapeutic administration of mAb-548–containing bsAbs is unlikely to be a concern given the rapid course of filovirus disease.

Finally, recent work points to the broader utility of the endo/lysosomal delivery strategy we describe herein. Specifically, mAbs conjugated to synthetic M6P-containing glycopeptides were used to target secreted and membrane-associated proteins for lysosomal degradation via CI-MPR (84). We propose that NPC2 and IGF2 tags could provide alternative modalities to remove both cellular and viral biomolecules from circulation as part of therapeutic applications.

In sum, we demonstrate that bsAbs engineered to exploit host cell CI-MPR for endo/lysosomal targeting can unlock the full antiviral potential of mAbs that recognize the conserved, but cryptic site of vulnerability at the filovirus-receptor interface. These are the first single antibody-based molecules with pan-filovirus GP neutralization activity, and they warrant evaluation as therapeutics in animal models of filovirus challenge.
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Supplementary Figure S1 | Biochemical characterization of antibodies and purified proteins. Purified antibodies (A) 548, 548~IGF2_HCN and 548~NPC2_LCN and (B) MR72, MR72~IGF2_HCN and MR72~NPC2_LCN were resolved by SDS-PAGE under reducing conditions. HCN, IGF2 or NPC2 fused to the N-terminus of the IgG heavy chain. LCN, IGF2 or NPC2 fused to the N-terminus of the IgG light chain. IgG heavy (H) and light (L) chains were visualized by Coomassie Brilliant Blue staining. Purified (C) CI-MPR Domains 1-3, (D) CI-MPR Domains 11-13, (E) NPC2 proteins were resolved by SDS-PAGE under nonreducing (NR) and reducing (R) conditions and visualized by Coomassie Brilliant Blue staining.

Supplementary Figure S2 | mAb-548–containing bsAbs cause endo/lysosomal free cholesterol accumulation but do not affect cell viability. (A) Filipin staining of U2OS cells treated with the indicated antibodies (1 nM or 350 nM) or U18666A (positive control (54); 10 µM) for 14 h. (B) U2OS cell viability was determined by CellTiter-Glo assay following incubation with the indicated antibodies (1 nM or 350 nM) for 14 h. Means ± SD are shown for 4 replicates from 2 independent experiments.

Supplementary Figure S3 | Breadth of neutralization by Trojan horse bsAbs. Neutralization curves for (A) the mab-548 Trojan horse bsAb panel and (B) the MR72 Trojan horse bsAb panel against rVSVs bearing filovirus glycoproteins. IC50 values were calculated from curves for Figure 8A. Means ± SD are shown for 4–6 replicates from 2–3 independent experiments. EBOV, Ebola virus; TAFV, Tai Forest virus; BDBV, Bundibugyo virus; BOMV, Bombali virus; SUDV, Sudan virus; RESTV, Reston virus; LLOV, Lloviu virus; MLAV, Mengla virus; MARV, Marburg virus.

Supplementary Figure S4 | NPC2- and IGF2-tagged bsAbs neutralize VSV-MARV in THP-1 cells. Neutralization activity of (A-B) mAb-548–containing bsAbs and (C-D) MR72-containing bsAbs against rVSV-MARV GP in differentiated THP-1 cells. Infection was measured by automated counting of eGFP+ cells and normalized to infection in absence of antibody. Means ± SD are shown for 4 replicates from 2 independent experiments.



References

1. Rougeron, V, Feldmann, H, Grard, G, Becker, S, and Leroy, EM. Ebola and Marburg Haemorrhagic Fever. J Clin Virol (2015) 64:111–9. doi: 10.1016/j.jcv.2015.01.014

2. Goldstein, T, Anthony, SJ, Gbakima, A, Bird, BH, Bangura, J, Tremeau-Bravard, A, et al. The Discovery of Bombali Virus Adds Further Support for Bats as Hosts of Ebolaviruses. Nat Microbiol (2018) 3(10):1084–9. doi: 10.1038/s41564-018-0227-2

3. Negredo, A, Palacios, G, Vázquez-Morón, S, González, F, Dopazo, H, Molero, F, et al. Discovery of an Ebolavirus-Like Filovirus in Europe. PloS Pathog (2011) 7(10):e1002304. doi: 10.1371/journal.ppat.1002304

4. Maruyama, J, Miyamoto, H, Kajihara, M, Ogawa, H, Maeda, K, Sakoda, Y, et al. Characterization of the Envelope Glycoprotein of a Novel Filovirus, Lloviu Virus. J Virol (2014) 88(1):99–109. doi: 10.1128/JVI.02265-13

5. Ng, M, Ndungo, E, Jangra, RK, Cai, Y, Postnikova, E, Radoshitzky, SR, et al. Cell Entry by a Novel European Filovirus Requires Host Endosomal Cysteine Proteases and Niemann-Pick C1. Virology (2014) 468–470:637–46. doi: 10.1016/j.virol.2014.08.019

6. Yang, X-L, Tan, CW, Anderson, DE, Jiang, R-D, Li, B, Zhang, W, et al. Characterization of a Filovirus (Měnglà Virus) From Rousettus Bats in China. Nat Microbiol (2019) 4(3):390–5. doi: 10.1038/s41564-018-0328-y

7.FDA Approves Treatment for Ebola Virus | FDA [Internet] . Available at: https://www.fda.gov/drugs/drug-safety-and-availability/fda-approves-treatment-ebola-virus (Accessed 2021 May 11).

8.FDA Approves First Treatment for Ebola Virus | FDA [Internet] . Available at: https://www.fda.gov/news-events/press-announcements/fda-approves-first-treatment-ebola-virus (Accessed 2021 May 11).

9. Hoenen, T, Groseth, A, and Feldmann, H. Therapeutic Strategies to Target the Ebola Virus Life Cycle. Nat Rev Microbiol (2019) 17(10):593–606. doi: 10.1038/s41579-019-0233-2

10. O’Donnell, KL, and Marzi, A. Immunotherapeutics for Ebola Virus Disease: Hope on the Horizon. Biologics (2021) 15:79–86. doi: 10.2147/BTT.S259069

11.INMAZEB™ (Atoltivimab, Maftivimab, and Odesivimab-Ebgn) Injection by Regeneron [Internet] . Available at: https://www.regeneron.com/medicines/inmazeb-injection (Accessed 2021 Jun 19).

12. Corti, D, Misasi, J, Mulangu, S, Stanley, DA, Kanekiyo, M, Wollen, S, et al. Protective Monotherapy Against Lethal Ebola Virus Infection by a Potently Neutralizing Antibody. Science (2016) 351(6279):1339–42. doi: 10.1126/science.aad5224

13. Pascal, KE, Dudgeon, D, Trefry, JC, Anantpadma, M, Sakurai, Y, Murin, CD, et al. Development of Clinical-Stage Human Monoclonal Antibodies That Treat Advanced Ebola Virus Disease in Nonhuman Primates. J Infect Dis (2018) 218(suppl_5):S612–26. doi: 10.1093/infdis/jiy285

14. Wec, AZ, Bornholdt, ZA, He, S, Herbert, AS, Goodwin, E, Wirchnianski, AS, et al. Development of a Human Antibody Cocktail That Deploys Multiple Functions to Confer Pan-Ebolavirus Protection. Cell Host Microbe (2019) 25(1):39–48. doi: 10.1016/j.chom.2018.12.004

15. Bornholdt, ZA, Herbert, AS, Mire, CE, He, S, Cross, RW, Wec, AZ, et al. A Two-Antibody Pan-Ebolavirus Cocktail Confers Broad Therapeutic Protection in Ferrets and Nonhuman Primates. Cell Host Microbe (2019) 25(1):49–58. doi: 10.1016/j.chom.2018.12.005

16. Hashiguchi, T, Fusco, ML, Bornholdt, ZA, Lee, JE, Flyak, AI, Matsuoka, R, et al. Structural Basis for Marburg Virus Neutralization by a Cross-Reactive Human Antibody. Cell (2015) 160(5):904–12. doi: 10.1016/j.cell.2015.01.041

17. Chandran, K, Sullivan, NJ, Felbor, U, Whelan, SP, and Cunningham, JM. Endosomal Proteolysis of the Ebola Virus Glycoprotein is Necessary for Infection. Science (2005) 308(5728):1643–5. doi: 10.1126/science.1110656

18. Schornberg, K, Matsuyama, S, Kabsch, K, Delos, S, Bouton, A, and White, J. Role of Endosomal Cathepsins in Entry Mediated by the Ebola Virus Glycoprotein. J Virol (2006) 80(8):4174–8. doi: 10.1128/JVI.80.8.4174-4178.2006

19. Bornholdt, ZA, Ndungo, E, Fusco, ML, Bale, S, Flyak, AI, Crowe, JE, et al. Host-Primed Ebola Virus GP Exposes a Hydrophobic NPC1 Receptor-Binding Pocket, Revealing a Target for Broadly Neutralizing Antibodies. MBio (2015) 7(1):e02154–15. doi: 10.1128/mBio.02154-15

20. Miller, EH, Obernosterer, G, Raaben, M, Herbert, AS, Deffieu, MS, Krishnan, A, et al. Ebola Virus Entry Requires the Host-Programmed Recognition of an Intracellular Receptor. EMBO J (2012) 31(8):1947–60. doi: 10.1038/emboj.2012.53

21. Carette, JE, Raaben, M, Wong, AC, Herbert, AS, Obernosterer, G, Mulherkar, N, et al. Ebola Virus Entry Requires the Cholesterol Transporter Niemann-Pick C1. Nature (2011) 477(7364):340–3. doi: 10.1038/nature10348

22. Côté, M, Misasi, J, Ren, T, Bruchez, A, Lee, K, Filone, CM, et al. Small Molecule Inhibitors Reveal Niemann-Pick C1 is Essential for Ebola Virus Infection. Nature (2011) 477(7364):344–8. doi: 10.1038/nature10380

23. Herbert, AS, Davidson, C, Kuehne, AI, Bakken, R, Braigen, SZ, Gunn, KE, et al. Niemann-Pick C1 is Essential for Ebolavirus Replication and Pathogenesis In Vivo. MBio (2015) 6(3):e00565–15. doi: 10.1128/mBio.00565-15

24. Wang, H, Shi, Y, Song, J, Qi, J, Lu, G, Yan, J, et al. Ebola Viral Glycoprotein Bound to its Endosomal Receptor Niemann-Pick C1. Cell (2016) 164(1–2):258–68. doi: 10.1016/j.cell.2015.12.044

25. Brindley, MA, Hughes, L, Ruiz, A, McCray, PB, Sanchez, A, Sanders, DA, et al. Ebola Virus Glycoprotein 1: Identification of Residues Important for Binding and Postbinding Events. J Virol (2007) 81(14):7702–9. doi: 10.1128/JVI.02433-06

26. Manicassamy, B, Wang, J, Jiang, H, and Rong, L. Comprehensive Analysis of Ebola Virus GP1 in Viral Entry. J Virol (2005) 79(8):4793–805. doi: 10.1128/JVI.79.8.4793-4805.2005

27. Wec, AZ, Nyakatura, EK, Herbert, AS, Howell, KA, Holtsberg, FW, Bakken, RR, et al. A “Trojan Horse” Bispecific-Antibody Strategy for Broad Protection Against Ebolaviruses. Science (2016) 354(6310):350–4. doi: 10.1126/science.aag3267

28. Dahms, N. P-Type Lectins. Biochimica Et Biophysica Acta (BBA) - General Subjects (2002). 1572:317–40. doi: 10.1016/S0304-4165(02)00317-3

29. Bohnsack, RN, Song, X, Olson, LJ, Kudo, M, Gotschall, RR, Canfield, WM, et al. Cation-Independent Mannose 6-Phosphate Receptor: A Composite of Distinct Phosphomannosyl Binding Sites. J Biol Chem (2009) 284(50):35215–26. doi: 10.1074/jbc.M109.056184

30. Maga, JA, Zhou, J, Kambampati, R, Peng, S, Wang, X, Bohnsack, RN, et al. Glycosylation-Independent Lysosomal Targeting of Acid α-Glucosidase Enhances Muscle Glycogen Clearance in Pompe Mice. J Biol Chem (2013) 288(3):1428–38. doi: 10.1074/jbc.M112.438663

31. Dahms, NM, Olson, LJ, and Kim, J-JP. Strategies for Carbohydrate Recognition by the Mannose 6-Phosphate Receptors. Glycobiology (2008) 18(9):664–78. doi: 10.1093/glycob/cwn061

32. Grubb, JH, Vogler, C, and Sly, WS. New Strategies for Enzyme Replacement Therapy for Lysosomal Storage Diseases. Rejuvenation Res (2010) 13(2–3):229–36. doi: 10.1089/rej.2009.0920

33. Ng, M, Ndungo, E, Kaczmarek, ME, Herbert, AS, Binger, T, Kuehne, AI, et al. Filovirus Receptor NPC1 Contributes to Species-Specific Patterns of Ebolavirus Susceptibility in Bats. elife (2015) 4:e11785. doi: 10.7554/eLife.11785

34. Nielsen, GK, Dagnaes-Hansen, F, Holm, IE, Meaney, S, Symula, D, Andersen, NT, et al. Protein Replacement Therapy Partially Corrects the Cholesterol-Storage Phenotype in a Mouse Model of Niemann-Pick Type C2 Disease. PloS One (2011) 6(11):e27287. doi: 10.1371/journal.pone.0027287

35. Devi, GR, Byrd, JC, Slentz, DH, and MacDonald, RG. An Insulin-Like Growth Factor II (IGF-II) Affinity-Enhancing Domain Localized Within Extracytoplasmic Repeat 13 of the IGF-II/Mannose 6-Phosphate Receptor. Mol Endocrinol (1998) 12(11):1661–72. doi: 10.1210/mend.12.11.0192

36. Beukers, MW, Oh, Y, Zhang, H, Ling, N, and Rosenfeld, RG. [Leu27] Insulin-Like Growth Factor II is Highly Selective for the Type-II IGF Receptor in Binding, Cross-Linking and Thymidine Incorporation Experiments. Endocrinology (1991) 128(2):1201–3. doi: 10.1210/endo-128-2-1201

37. Hashimoto, R, Fujiwara, H, Higashihashi, N, Enjoh-Kimura, T, Terasawa, H, Fujita-Yamaguchi, Y, et al. N-Terminal Deletion Mutants of Insulin-Like Growth Factor-II (IGF-II) Show Thr7 and Leu8 Important for Binding to Insulin and IGF-I Receptors and Leu8 Critical for All IGF-II Functions. J Biol Chem (1995) 270(30):18013–8. doi: 10.1074/jbc.270.30.18013

38. Kleinfelter, LM, Jangra, RK, Jae, LT, Herbert, AS, Mittler, E, Stiles, KM, et al. Haploid Genetic Screen Reveals a Profound and Direct Dependence on Cholesterol for Hantavirus Membrane Fusion. MBio (2015) 6(4):e00801. doi: 10.1128/mBio.00801-15

39. Wong, AC, Sandesara, RG, Mulherkar, N, Whelan, SP, and 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(1):163–75. doi: 10.1128/JVI.01832-09

40. Wec, AZ, Herbert, AS, Murin, CD, Nyakatura, EK, Abelson, DM, Fels, JM, et al. Antibodies From a Human Survivor Define Sites of Vulnerability for Broad Protection Against Ebolaviruses. Cell (2017) 169(5):878–890.e15. doi: 10.1016/j.cell.2017.04.037

41. Bortz, RH, Wong, AC, Grodus, MG, Recht, HS, Pulanco, MC, Lasso, G, et al. A Virion-Based Assay for Glycoprotein Thermostability Reveals Key Determinants of Filovirus Entry and its Inhibition. J Virol (2020) 94(18):e00336–20. doi: 10.1101/2020.02.25.965772

42. Starr, T, Bauler, TJ, Malik-Kale, P, and Steele-Mortimer, O. The Phorbol 12-Myristate-13-Acetate Differentiation Protocol is Critical to the Interaction of THP-1 Macrophages With Salmonella Typhimurium. PloS One (2018) 13(3):e0193601. doi: 10.1371/journal.pone.0193601

43. Wang, R, Qi, X, Schmiege, P, Coutavas, E, and Li, X. Marked Structural Rearrangement of Mannose 6-Phosphate/IGF2 Receptor at Different Ph Environments. Sci Adv (2020) 6(7):eaaz1466. doi: 10.1126/sciadv.aaz1466

44. LeBowitz, JH, Grubb, JH, Maga, JA, Schmiel, DH, Vogler, C, and Sly, WS. Glycosylation-Independent Targeting Enhances Enzyme Delivery to Lysosomes and Decreases Storage in Mucopolysaccharidosis Type VII Mice. Proc Natl Acad Sci USA (2004) 101(9):3083–8. doi: 10.1073/pnas.0308728100

45. Zhu, Y, Li, X, McVie-Wylie, A, Jiang, C, Thurberg, BL, Raben, N, et al. Carbohydrate-Remodelled Acid Alpha-Glucosidase With Higher Affinity for the Cation-Independent Mannose 6-Phosphate Receptor Demonstrates Improved Delivery to Muscles of Pompe Mice. Biochem J (2005) 389(Pt 3):619–28. doi: 10.1042/BJ20050364

46. Zhu, Y, Jiang, J-L, Gumlaw, NK, Zhang, J, Bercury, SD, Ziegler, RJ, et al. Glycoengineered Acid Alpha-Glucosidase With Improved Efficacy at Correcting the Metabolic Aberrations and Motor Function Deficits in a Mouse Model of Pompe Disease. Mol Ther (2009) 17(6):954–63. doi: 10.1038/mt.2009.37

47. Beck, M. Therapy for Lysosomal Storage Disorders. IUBMB Life (2010) 62(1):33–40. doi: 10.1002/iub.284

48. Beck, M. Treatment Strategies for Lysosomal Storage Disorders. Dev Med Child Neurol (2018) 60(1):13–8. doi: 10.1111/dmcn.13600

49. Fratantoni, JC, Hall, CW, and Neufeld, EF. Hurler and Hunter Syndromes: Mutual Correction of the Defect in Cultured Fibroblasts. Science (1968) 162(3853):570–2. doi: 10.1126/science.162.3853.570

50. Naureckiene, S, Sleat, DE, Lackland, H, Fensom, A, Vanier, MT, Wattiaux, R, et al. Identification of HE1 as the Second Gene of Niemann-Pick C Disease. Science (2000) 290(5500):2298–301. doi: 10.1126/science.290.5500.2298

51. Willenborg, M, Schmidt, CK, Braun, P, Landgrebe, J, von Figura, K, Saftig, P, et al. Mannose 6-Phosphate Receptors, Niemann-Pick C2 Protein, and Lysosomal Cholesterol Accumulation. J Lipid Res (2005) 46(12):2559–69. doi: 10.1194/jlr.M500131-JLR200

52. Olson, LJ, Castonguay, AC, Lasanajak, Y, Peterson, FC, Cummings, RD, Smith, DF, et al. Identification of a Fourth Mannose 6-Phosphate Binding Site in the Cation-Independent Mannose 6-Phosphate Receptor. Glycobiology (2015) 25(6):591–606. doi: 10.1093/glycob/cwv001

53. Linnell, J, Groeger, G, and Hassan, AB. Real Time Kinetics of Insulin-Like Growth Factor II (IGF-II) Interaction With the IGF-II/Mannose 6-Phosphate Receptor: The Effects of Domain 13 and Ph. J Biol Chem (2001) 276(26):23986–91. doi: 10.1074/jbc.M100700200

54. Li, X, Saha, P, Li, J, Blobel, G, and Pfeffer, SR. Clues to the Mechanism of Cholesterol Transfer From the Structure of NPC1 Middle Lumenal Domain Bound to NPC2. Proc Natl Acad Sci USA (2016) 113(36):10079–84. doi: 10.1073/pnas.1611956113

55. Gong, X, Qian, H, Zhou, X, Wu, J, Wan, T, Cao, P, et al. Structural Insights Into the Niemann-Pick C1 (NPC1)-Mediated Cholesterol Transfer and Ebola Infection. Cell (2016) 165(6):1467–78. doi: 10.1016/j.cell.2016.05.022

56. Lu, F, Liang, Q, Abi-Mosleh, L, Das, A, De Brabander, JK, Goldstein, JL, et al. Identification of NPC1 as the Target of U18666A, an Inhibitor of Lysosomal Cholesterol Export and Ebola Infection. elife (2015) 4:e12177. doi: 10.7554/eLife.12177

57. Higgins, ME, Davies, JP, Chen, FW, and Ioannou, YA. Niemann-Pick C1 is a Late Endosome-Resident Protein That Transiently Associates With Lysosomes and the Trans-Golgi Network. Mol Genet Metab (1999) 68(1):1–13. doi: 10.1006/mgme.1999.2882

58. Flyak, AI, Ilinykh, PA, Murin, CD, Garron, T, Shen, X, Fusco, ML, et al. Mechanism of Human Antibody-Mediated Neutralization of Marburg Virus. Cell (2015) 160(5):893–903. doi: 10.1016/j.cell.2015.01.031

59. Zhao, X, Howell, KA, He, S, Brannan, JM, Wec, AZ, Davidson, E, et al. Immunization-Elicited Broadly Protective Antibody Reveals Ebolavirus Fusion Loop as a Site of Vulnerability. Cell (2017) 169(5):891–904.e15. doi: 10.1016/j.cell.2017.04.038

60. Flyak, AI, Shen, X, Murin, CD, Turner, HL, David, JA, Fusco, ML, et al. Cross-Reactive and Potent Neutralizing Antibody Responses in Human Survivors of Natural Ebolavirus Infection. Cell (2016) 164(3):392–405. doi: 10.1016/j.cell.2015.12.022

61. Gilchuk, P, Kuzmina, N, Ilinykh, PA, Huang, K, Gunn, BM, Bryan, A, et al. Multifunctional Pan-Ebolavirus Antibody Recognizes a Site of Broad Vulnerability on the Ebolavirus Glycoprotein. Immunity (2018) 49(2):363–374.e10. doi: 10.1016/j.immuni.2018.06.018

62. Holtsberg, FW, Shulenin, S, Vu, H, Howell, KA, Patel, SJ, Gunn, B, et al. Pan-Ebolavirus and Pan-Filovirus Mouse Monoclonal Antibodies: Protection Against Ebola and Sudan Viruses. J Virol (2016) 90(1):266–78. doi: 10.1128/JVI.02171-15

63. Nyakatura, EK, Zak, SE, Wec, AZ, Hofmann, D, Shulenin, S, Bakken, RR, et al. Design and Evaluation of Bi- and Trispecific Antibodies Targeting Multiple Filovirus Glycoproteins. J Biol Chem (2018) 293(16):6201–11. doi: 10.1074/jbc.RA117.001627

64. Frei, JC, Nyakatura, EK, Zak, SE, Bakken, RR, Chandran, K, Dye, JM, et al. Bispecific Antibody Affords Complete Post-Exposure Protection of Mice From Both Ebola (Zaire) and Sudan Viruses. Sci Rep (2016) 6:19193. doi: 10.1038/srep19193

65. Singh, K, Ejaz, W, Dutta, K, and Thayumanavan, S. Antibody Delivery for Intracellular Targets: Emergent Therapeutic Potential. Bioconjug Chem (2019) 30(4):1028–41. doi: 10.1021/acs.bioconjchem.9b00025

66. Wang, Y, Li, Y, Li, N, Zhu, Q, Hui, L, Liu, X, et al. Transbody Against Hepatitis B Virus Core Protein Inhibits Hepatitis B Virus Replication In Vitro. Int Immunopharmacol (2015) 25(2):363–9. doi: 10.1016/j.intimp.2015.01.028

67. Joliot, A, and Prochiantz, A. Transduction Peptides: From Technology to Physiology. Nat Cell Biol (2004) 6(3):189–96. doi: 10.1038/ncb0304-189

68. Seesuay, W, Jittavisutthikul, S, Sae-Lim, N, Sookrung, N, Sakolvaree, Y, and Chaicumpa, W. Human Transbodies That Interfere With the Functions of Ebola Virus VP35 Protein in Genome Replication and Transcription and Innate Immune Antagonism. Emerg Microbes Infect (2018) 7(1):41. doi: 10.1038/s41426-018-0031-3

69. Miller, EH, Harrison, JS, Radoshitzky, SR, Higgins, CD, Chi, X, Dong, L, et al. Inhibition of Ebola Virus Entry by a C-Peptide Targeted to Endosomes. J Biol Chem (2011) 286(18):15854–61. doi: 10.1074/jbc.M110.207084

70. Pessi, A, Langella, A, Capitò, E, Ghezzi, S, Vicenzi, E, Poli, G, et al. A General Strategy to Endow Natural Fusion-Protein-Derived Peptides With Potent Antiviral Activity. PloS One (2012) 7(5):e36833. doi: 10.1371/journal.pone.0036833

71. Mathieu, C, Augusto, MT, Niewiesk, S, Horvat, B, Palermo, LM, Sanna, G, et al. Broad Spectrum Antiviral Activity for Paramyxoviruses is Modulated by Biophysical Properties of Fusion Inhibitory Peptides. Sci Rep (2017) 7:43610. doi: 10.1038/srep43610

72. Outlaw, VK, Bovier, FT, Mears, MC, Cajimat, MN, Zhu, Y, Lin, MJ, et al. Inhibition of Coronavirus Entry In Vitro and Ex Vivo by a Lipid-Conjugated Peptide Derived From the SARS-Cov-2 Spike Glycoprotein HRC Domain. MBio (2020) 11(5):e01935–20. doi: 10.1128/mBio.01935-20

73. Lee, KK, Pessi, A, Gui, L, Santoprete, A, Talekar, A, Moscona, A, et al. Capturing a Fusion Intermediate of Influenza Hemagglutinin With a Cholesterol-Conjugated Peptide, a New Antiviral Strategy for Influenza Virus. J Biol Chem (2011) 286(49):42141–9. doi: 10.1074/jbc.M111.254243

74. Figueira, TN, Augusto, MT, Rybkina, K, Stelitano, D, Noval, MG, Harder, OE, et al. Effective In Vivo Targeting of Influenza Virus Through a Cell-Penetrating/Fusion Inhibitor Tandem Peptide Anchored to the Plasma Membrane. Bioconjug Chem (2018) 29(10):3362–76. doi: 10.1021/acs.bioconjchem.8b00527

75. de Vries, RD, Schmitz, KS, Bovier, FT, Predella, C, Khao, J, Noack, D, et al. Intranasal Fusion Inhibitory Lipopeptide Prevents Direct-Contact SARS-Cov-2 Transmission in Ferrets. Science (2021) 371(6536):1379–82. doi: 10.1126/science.abf4896

76. Kan, S, Troitskaya, LA, Sinow, CS, Haitz, K, Todd, AK, Di Stefano, A, et al. Insulin-Like Growth Factor II Peptide Fusion Enables Uptake and Lysosomal Delivery of α-N-Acetylglucosaminidase to Mucopolysaccharidosis Type IIIB Fibroblasts. Biochem J (2014) 458(2):281–9. doi: 10.1042/BJ20130845

77. Aoyagi-Scharber, M, Crippen-Harmon, D, Lawrence, R, Vincelette, J, Yogalingam, G, Prill, H, et al. Clearance of Heparan Sulfate and Attenuation of CNS Pathology by Intracerebroventricular BMN 250 in Sanfilippo Type B Mice. Mol Ther Methods Clin Dev (2017), 6:43–53. doi: 10.1016/j.omtm.2017.05.009

78. Kan, S-H, Aoyagi-Scharber, M, Le, SQ, Vincelette, J, Ohmi, K, Bullens, S, et al. Delivery of an Enzyme-IGFII Fusion Protein to the Mouse Brain is Therapeutic for Mucopolysaccharidosis Type IIIB. Proc Natl Acad Sci USA (2014) 111(41):14870–5. doi: 10.1073/pnas.1416660111

79. Brown, J, Jones, EY, and Forbes, BE. Keeping IGF-II Under Control: Lessons From the IGF-II-IGF2R Crystal Structure. Trends Biochem Sci (2009) 34(12):612–9. doi: 10.1016/j.tibs.2009.07.003

80. Forbes, BE, Hartfield, PJ, McNeil, KA, Surinya, KH, Milner, SJ, Cosgrove, LJ, et al. Characteristics of Binding of Insulin-Like Growth Factor (IGF)-I and IGF-II Analogues to the Type 1 IGF Receptor Determined by Biacore Analysis. Eur J Biochem (2002) 269(3):961–8. doi: 10.1046/j.0014-2956.2001.02735.x

81. Roth, BV, Bürgisser, DM, Lüthi, C, and Humbel, RE. Mutants of Human Insulin-Like Growth Factor II: Expression and Characterization of Analogs With a Substitution of TYR27 and/or a Deletion of Residues 62-67. Biochem Biophys Res Commun (1991) 181(2):907–14. doi: 10.1016/0006-291X(91)91277-J

82. Wang, Y, MacDonald, RG, Thinakaran, G, and Kar, S. Insulin-Like Growth Factor-II/Cation-Independent Mannose 6-Phosphate Receptor in Neurodegenerative Diseases. Mol Neurobiol (2017) 54(4):2636–58. doi: 10.1007/s12035-016-9849-7

83. Xu, Y, Kirk, NS, Venugopal, H, Margetts, MB, Croll, TI, Sandow, JJ, et al. How IGF-II Binds to the Human Type 1 Insulin-Like Growth Factor Receptor. Structure (2020) 28(7):786–798.e6. doi: 10.1016/j.str.2020.05.002

84. Banik, SM, Pedram, K, Wisnovsky, S, Ahn, G, Riley, NM, and Bertozzi, CR. Lysosome-Targeting Chimaeras for Degradation of Extracellular Proteins. Nature (2020) 584(7820):291–7. doi: 10.1038/s41586-020-2545-9



Author Disclaimer: Opinions, conclusions, interpretations, and recommendations are those of the authors and are not necessarily endorsed by the U.S. Army. The mention of trade names or commercial products does not constitute endorsement or recommendation for use by the Department of the Army or the Department of Defense.


Conflict of Interest: KC is a member of the scientific advisory boards of Integrum Scientific, LLC, Biovaxys Technology Corp, and the Pandemic Security Initiative
of Celdara Medical, LLC, and he has consulted for Axon Advisors, LLC. JL is a consultant for Celdara Medical, LLC. Author JT was employed by company Mapp Biopharmaceutical.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Wirchnianski, Wec, Nyakatura, Herbert, Slough, Kuehne, Mittler, Jangra, Teruya, Dye, Lai and Chandran. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-12-729851-g002.jpg
U20s

THP-1

>

Relative Infectivity (%)

m

Relative Infectivity (%)

125

100

75

50

25

125

100

75

50

25

B C D
125 125 125
100 100
75 75
\ 50 50
0548 2 o548 L\‘N ® 2 MR72 251 mmR72
A 548~NPC2 ol 1 s48-1GF2 ‘=g ol © MR72-NPC2 ol ¥ MR72-1GF2
2 1 0 1 2 2 1 0 1 2 3 2 1 0 1 2 ¢ 2 1 0 1 2
F G H
125 125 125
100 Sa 100 100
75 -\ Yo 75 75
50 E\ 50 50
25 Nb 25 25
0 0 0
1 0 1 2 2 4 0 1 2 3 2 4 0 1 2 2 4 0 1 2
Log., [Ab] (M) Log., [Ab] (M) Log., [Ab] (nM) Log., [Ab] (nM)






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Two Distinct Lysosomal Targeting Strategies Afford Trojan Horse Antibodies With Pan-Filovirus Activity

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Antibody Expression and Purification

          



          		

            Protein Expression and Purification CI-MPR Domains 1-3 and 11-13

          



          		

            Preparation of NPC1 Loop C and EBOV GPCL

          



          		

            ELISAs for CI-MPR Domains

          



          		

            BLI Assays

          



          		

            Cells

          



          		

            Viruses

          



          		

            VSV Infection Assays

          



          		

            pHrodo Red Labeling of Antibodies and Flow Cytometry

          



          		

            CellTiter-Glo Assay

          



          		

            Filipin Staining

          



          		

            Authentic Filovirus Infections

          



        



        



        		

          Results

        

          		

            Design and Biochemical Characterization of NPC2- and IGF2-Tagged Trojan Horse bsAbs

          



          		

            IGF2- and NPC2-Tagged bsAbs Are Targeted to Distinct, Ligand-Specific Domains in CI-MPR

          



          		

            NPC2-tagged bsAbs Are Dependent on CI-MPR for Antiviral Activity

          



          		

            NPC2 and IGF2 Tags Afford mAb Internalization Into Acidic Intracellular Compartments

          



          		

            NPC2-Tagged bsAbs Do Not Inhibit Viral Entry Through the Direct Action of NPC2

          



          		

            NPC2- and IGF2-Tagged bsAbs Block Entry Mediated by All Known Filovirus GP Proteins and Neutralize Infection by Two Divergent Authentic Filoviruses

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-729851-g003.jpg
Binding (nm)

Binding (nm)

0.6

0.4

0.2

0.0

0.4

0.3

0.2

0.1

0.0

548~NPC2 | NPC1-C

Ky <1 pM
55 nM
28 nM
14 nM
7nM
250 300 350 400 450 500 550
548~IGF2 | NPC1-C
K,#P <1 pM
110 nM
55nM
28 nM
14 nM
250 300 350 400 450 500 550

Time (s)

0.6

0.4

0.2

0.0

0.6

0.4

0.2

0.0

MR72~NPC2 | EBOV GP,,

Ky =3 pM
25nM
12.5nM
6.2 nM
3.1nM
250 300 350 400 450 500 550
MR72-~IGF2 | EBOV GP_,
K =2 pM
12.5 M
6.2nM
3.1nM
1.6 1M
250 300 350 400 450 500 550
Time (s)





OEBPS/Images/fimmu-12-729851-g005.jpg
>

Relative Infectivity (%)

o

Relative Infectivity (%)

125

100

75

50

25

125

1004

75

501

25

mADb 548 | NPC2-tagged

-2

10 1 2
Log,, [Ab] (nM)

mADb 548 | IGF2-tagged

=2 =1 0 1 2

Log, , [Ab] (nM)

(®)
@
A
A

Antibody

548
548
548~NPC2
548~NPC2

[] 548~IGF2

4<d e o lEO

548~IGF2

Antibody
MR72

MR72
MR72~NPC2
MR72~NPC2
MR72~IGF2
MR72~IGF2

Hap1 Cells
CI-MPR¥e
WT
CI-MPR¥e
WT
CI-MPR¥e
WT

Hap1 Cells

CI-MPR¥e
WT
CI-MPR¥°
WT
CI-MPR¥°
WT





OEBPS/Images/fimmu-12-729851-g007.jpg
Relative Infectivity (%)

125

100

75

50

25

-1 0 1 2
Log. , [Protein] (nM)

O 548

| NPC2

O 548 + NPC2
A 548~NPC2





OEBPS/Images/fimmu-12-729851-g006.jpg
Endosome

pHrodo Red-
labeled Ab

%

MR72~NPC2 b3
MR72~IGF2 /¥

MR72 |

No Ab §
MR72~NPC2 &
4°C | MR72~IGF2 ¥
MR72 |

37°C

sesfesiok

*
*

s

T T T T T

1
0 20 40 60 80 100
% Internalization

548~NPC2 &4
548~IGF2 =~
mAb 548 &
No Ab 8§
548~NPC2 £
4°C 548~IGF2
mAb 548

37°C

sesfestesk
etk

s

T
0 20 40 60 80 100
o, Internalization





OEBPS/Images/fimmu-12-729851-g001.jpg
Efficient bsAb delivery?

NPC1

iE

Cytoplasm

vl
Vn
c ‘h' § é %g}é
c.2
c.3

IgG: 548 MR72
(2-NPC1-C) (a-RBS)

A

548~NPC2_LCN  MR72~NPC2_LCN

i

548~IGF2_HCN  MR72~IGF2_HCN

Ab chain: fLL L






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-729851-g004.jpg
€
c
o
n
N
o)
[$]
[=
@
2
o]
7]
Re]
<
IGF2
D
cell membrane
. €
© Anti-His Tag c
© 548 @
[ 548~IGF2 g
A 548~NPC2 g
B MR72 5
V¥ MR72~IGF2 é
< MR72~NPC2

CI-MPR Domains 1-3
mAb-548 tagged

-
o
-
N

CI-MPR Domains 11-13
mAb 548 tagged

-1 0 1 2
Log.. [Ab] ("M)

CI-MPR Domains 1-3

MR72 tagged
@
B === a8
-1 0 1 2

CI-MPR Domains 11-13
MR72 tagged

-1 0 1 2
Log., [Ab] (nM)





OEBPS/Images/table1.jpg
Antibody Antigen pH Average Kp®? (pM)?
MR72 EBOV GPc. 5.5 2+1
MR72~NPC2 EBOV GPg 5.5 34
MR72~IGF2 EBOV GPq 5.5 242

548 Human NPC1-C 5.5 7+10
548~NPC2 Human NPC1-C 5.5 <1
548~IGF2 Human NPC1-C 5.5 <1

@K2P°  apparent equilibrium dissociation constant. Mean+SD determined from three independent experiments





OEBPS/Images/fimmu.2021.729851_cover.jpg
’ frontiers

in Immunology

Two Distinct Lysosomal Targeting
Strategies Afford Trojan Horse
Antibodies With Pan-Filovirus Activity





OEBPS/Images/fimmu-12-729851-g008.jpg
548
548~NPC2
548~IGF2

MR72
MR72~NPC2
MR72~IGF2

B EBOV
150 )

L2 b iﬁ
[ A B 3
2 fl | E H P
' 100 i
©
2
£ 754
g
£ 501
°

0- ﬂ U U ;I ﬁE!n ud UL n

Ab (NM): e . . B .

q 9 Q 9 q >
S
& v & J
@Qi\ @Q\ ‘Db. ©
15 MARV
4 °
F100 O% 7 E E
< <)
2 B
2 757 B
3 A HHIH
£ >
g 50 @
kS
& 25
) ol a0l AU L0

Ab(nM): . . B Bee... Bee.. B
v v % v 1
e‘?o /\‘( \&é\ §0 Hc,‘;(
& CEE
X o

>
&





