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593  Mix (Thermo Fisher Scientific, Waltham, MA) containing primers and a fluorescently labeled
594  hydrolysis probe specific for the envelope gene of SARS-CoV-2 (forward primer 5-ACA GGT
595 ACG TTA ATA GTT AAT AGC GT-3, reverse primer 5’-ATA TTG CAG CAG TAC GCA CAC A-
596 3, probe 5’-6FAM/AC ACT AGC C/ZEN/A TCC TTA CTG CGC TTC G/IABKFQ-3’). The gPCR
597 was carried out on a QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific,

598  Waltham, MA) using the following thermal cycler parameters: heat to 50°C, hold for 2 min, heat
599 to 95°C, hold for 10 min, then the following parameters are repeated for 50 cycles: heat to 95°C,
600 hold for 15 seconds, cool to 60°C and hold for 1 minute. SARS-CoV-2 RNA copies per reaction
601  were interpolated using quantification cycle data and a serial dilution of a highly characterized
602  custom DNA plasmid containing the SARS-CoV-2 envelope gene sequence. Mean RNA copies
603  per milliliter were then calculated by applying the assay dilution factor (DF=11.7). The limit of
604  detection (LOD) for this assay is approximately 62 RNA copies per mL of sample.

605 Live virus neutralization assays. Full-length SARS-CoV-2, SARS-CoV, WIV-1, and

606 RsSHCO014 viruses were designed to express nanoluciferase (nLuc) and were recovered via
607 reverse genetics as described previously 845, Virus titers were measured in Vero E6 USAMRIID
608 cells, as defined by plaque forming units (PFU) per ml, in a 6-well plate format in quadruplicate
609 biological replicates for accuracy. For the 96-well neutralization assay, Vero E6 USAMRID cells
610 were plated at 20,000 cells per well the day prior in clear bottom black walled plates. Cells were
611 inspected to ensure confluency on the day of assay. Serum samples were tested at a starting
612  dilution of 1:20 and were serially diluted 3-fold up to nine dilution spots. Serially diluted serum
613  samples were mixed in equal volume with diluted virus. Antibody-virus and virus only mixtures
614  were then incubated at 37°C with 5% CO, for one hour. Following incubation, serially diluted
615 sera and virus only controls were added in duplicate to the cells at 75 PFU at 37°C with 5%

616  CO.. After 24 hours, cells were lysed, and luciferase activity was measured via Nano-Glo

617 Luciferase Assay System (Promega) according to the manufacturer specifications.

618 Luminescence was measured by a Spectramax M3 plate reader (Molecular Devices, San Jose,
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619 CA). Virus neutralization titers were defined as the sample dilution at which a 50% reduction in
620 RLU was observed relative to the average of the virus control wells.

621 Biocontainment and biosafety. All work described here was performed with approved

622  standard operating procedures for SARS-CoV-2 in a biosafety level 3 (BSL-3) facility

623  conforming to requirements recommended in the Microbiological and Biomedical Laboratories,
624 by the U.S. Department of Health and Human Service, the U.S. Public Health Service, and the
625 U.S. Center for Disease Control and Prevention (CDC), and the National Institutes of Health
626  (NIH).

627 Recombinant IgG production. Expi293-F cells were diluted to 2.5E6 cells/mL on the day of
628  transfection. Cells were co-transfected with Expifectamine and heavy and light chain expression
629 plasmids. Enhancers were added 16h after transfection. On day 5, the cell culture was cleared
630  of cells by centrifugation, filtered, and incubated with protein A beads overnight. The next day
631 the protein A resin was washed with Tris buffered saline and then added to a 25 mL column.
632  The resin was washed again and then glacial acetic acid was used to elute antibody off of the
633  protein A resin. The pH of the solution was neutralized with 1M Tris pH8. The antibody was

634  buffer exchanged into 25 mM sodium citrate pH6 supplemented with 150 mM NaCl, 0.2 pym
635 filtered, and frozen at -80°C.

636  Negative stain electron microscopy. The RBD nanoparticle protein at ~1-5 mg/ml

637  concentration that had been flash frozen and stored at -80 °C was thawed in an aluminum block
638 at 37 °C for 5 minutes; then 1-4 yuL of RBD nanopatrticle was diluted to a final concentration of
639 0.1 mg/ml into room-temperature buffer containing 150 mM NaCl, 20 mM HEPES pH 7.4, 5%
640 glycerol, and 7.5 mM glutaraldehyde. After 5 minutes cross-linking, excess glutaraldehyde was
641 quenched by adding sufficient 1 M Tris pH 7.4 stock to give a final concentration of 75 mM Tris
642 and incubated for 5 minutes. For negative stain, carbon-coated grids (EMS, CF300-cu-UL) were
643  glow-discharged for 20s at 15 mA, after which a 5-pl drop of quenched sample was incubated

644  on the grid for 10-15 s, blotted, and then stained with 2% uranyl formate. After air drying grids


https://doi.org/10.1101/2021.02.17.431492

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.17.431492; this version posted February 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

645  were imaged with a Philips EM420 electron microscope operated at 120 kV, at

646  82,000x magnification and images captured with a 2k x 2k CCD camera at a pixel size of 4.02
647 A

648 Processing of negative stain images. The RELION 3.0 program was used for all negative
649  stain image processing. Images were imported, CTF-corrected with CTFFIND, and particles
650 were picked using a spike template from previous 2D class averages of spike alone. Extracted
651 particle stacks were subjected to 2-3 rounds of 2D class averaging and selection to discard junk
652  particles and background picks. Cleaned particle stacks were then subjected to 3D classification
653  using a starting model created from a bare spike model, PDB 6vsb, low-pass filtered to 30 A.
654  Classes that showed clearly-defined Fabs were selected for final refinements followed by

655 automatic filtering and B-factor sharpening with the default Relion post-processing parameters.
656 Betacoronavirus sequence analysis. Heatmaps of amino acid sequence similarity were

657 computed for a representative set of betacoronaviruses using the ComplexHeatmap package in
658 R. Briefly, 1408 betacoronavirus sequences were retrieved from NCBI Genbank, aligned to the
659 Wuhan-1 spike protein sequence, and trimmed to the aligned region. The 1408 spike

660 sequences were then clustered using USEARCH °’ with a sequence identity threshold of 0.90
661 resulting in 52 clusters. We sampled one sequence from each cluster to generate a

662 representative set of sequences. Five betacoronavirus sequences of interest not originally

663 included in the clustered set were added: SARS-CoV-2, GXPA4L, batCoV-RaTG13, batCoV-
664  SHCO014, batCoV-WIV-1. This resulted in a set of 57 representative spike sequences. Pairs of
665  spike amino acid sequences were aligned using a global alignment and the BLOSUM®62 scoring
666  matrix. For RBD and NTD domain alignments, spike sequences were aligned to the Wuhan 1
667  spike protein RBD region (residues 330-521) and NTD region (residues 27-292), respectively,
668 and trimmed to the aligned region. Phylogenetic tree construction of RBD sequences was

669  performed with Geneious Prime 2020.1.2 using the Neighbor Joining method and default

670 parameters. To map group 2b betaCoV sequence conservation onto the RBD structure, group
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671  2b spike sequences were retrieved from Genbank and clustered using USEARCH ©7 with a
672  sequence identity threshold of 0.99 resulting in 39 clusters. For clusters of size >5, 5 spike
673  sequences were randomly downsampled from each cluster. The resulting set of 73 sequences
674  was aligned using MAFFT 8. Conservation scores for each position in the multiple sequence
675 alignment were calculated using the trident scoring method % and computed using the MstatX

676  program (https://github.com/gcollet/MstatX). The conservation scores were then mapped to the

677 RBD domain coordinates (PDB: 7LD1) and images rendered with PyMol version 2.3.5.

678  Statistics Analysis. Data were plotted using Prism GraphPad 8.0. Wilcoxon rank sum exact
679 test was performed to compare differences between groups with p-value < 0.05 considered

680  significant using SAS 9.4 (SAS Institute, Cary, NC). No adjustments were made to the p-values
681  for multiple comparisons. IC50 and IC80 values were calculated using R statistical software

682  (version 4.0.0; R Foundation for Statistical Computing, Vienna, Austria). The R package ‘nplr’
683  was used to fit 4-Parameter Logistic (4-PL) regression curves to the average values from

684  duplicate experiments, and these fits were used to estimate the concentrations corresponding to
685  50% and 80% neutralization.
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731

732 FIGURE LEGENDS

733  Figure 1. SARS-CoV-2 receptor binding domain (RBD) sortase conjugated nanoparticles
734 (scNPs) elicits extremely high titers of SARS-CoV-2 pseudovirus neutralizing antibodies.
735 a. SARS-CoV-2 RBD nanopatrticles were constructed by expressing RBD with a C-terminal

736  sortase A donor sequence (blue and red) and a Helicobacter pylori ferritin nanoparticle with N-
737  terminal sortase A acceptor sequences (gray) on each subunit (top left). The RBD is shown in
738  blue with the ACE2 binding site in red. The RBD was conjugated to nhanoparticles by a sortase A
739  (SrtA) enzyme conjugation reaction (top right). The resultant nanoparticle is modeled on the
740  Dbottom left. Nine amino acid sortase linker is shown in orange. Two dimensional class averages
741  of negative stain electron microscopy images of actual RBD nanopatrticles are shown on the
742  bottom right.

743  b. Antigenicity of RBD nanopatrticles determined by biolayer interferometry against a panel of
744  SARS-CoV-2 antibodies and the ACE2 receptor. Antibodies are color-coded based on epitope
745  and function. N-terminal domain (NTD), nonAbs IE, infection enhancing non-neutralizing

746  antibody; nAb, neutralizing antibody; nonAb, non-neutralizing antibody. Mean and standard

747  error from 3 independent experiments are shown.
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