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EXPERIMENTAL PROCEDURES

Ethics statement

Primary airway epithelial cells (AECs) isolated from lung biopsies collected from healthy
individuals were provided by the CRCHUM’s Respiratory Cell and Tissue Biobank from the
Respiratory Health Research Network of Québec with informed written consent prior to
enrollment in accordance with Institutional Review Board approval (#CE08.063) and approval of
the research study by the CRCHUM institutional review board (protocol #20.454). Research

adhered to the standards indicated by the Declaration of Helsinki.

Sequence alignment
The Logo plots (1) were created  using the WebLogo program

(https://weblogo.berkeley.edu/logo.cgi) and the COVID-19 CoV Genetics interface (2)

(https://covidcg.org/) using the GISAID database (https://www.gisaid.org/) to identify single-

nucleotide polymorphism (SNP). The alignments correspond to the worldwide available
sequences deposited between December 15", 2019 and December 31%, 2020 (2019-2020
alignment) or January 1%, 2021 and June 18%, 2021 (2021 alignment), which includes 486,432
and 1,195,746 individual sequences of SARS-CoV-2 Spike RBD (residues 319-541),
respectively. The relative height of each letter within individual stack represents the frequency of
the indicated amino acid at that position. The numbering of all the Spike amino acid sequences is

based on the prototypic WIV04 strain of SARS-CoV-2, where 1 is the initial methionine (3).

Cell lines, primary cells and viruses


https://weblogo.berkeley.edu/logo.cgi
https://covidcg.org/
https://www.gisaid.org/

293T human embryonic kidney cells (ATCC), Vero E6 african green monkey kidney cells
(ATCC), Cf2Th (ATCC), 293T-ACE2 and TZM-bl-ACE2 cells were maintained at 37°C under
5% COz in Dulbecco's Modified Eagle Medium (DMEM) (Wisent), supplemented with 5% fetal
bovine serum (FBS) (VWR) and 100 U/mL penicillin/streptomycin (Wisent). 293T-ACE2 and
TZM-bl-ACE2 cells stably expressing human ACE2 are derived from 293T cells and TZM-bl
cells, respectively (4,5). TZM-bl cells are derived from HeLa cells and were engineered to
contain the HIV-1 Tat-responsive firefly luciferase reporter gene. 293T-ACE2 and TZM-bl-
ACE2 cells were then cultured in medium supplemented with 2 pg/mL of puromycin (Millipore
Sigma). Cf2Th cells are SARS-CoV-2-resistant canine thymocytes and were used in the virus
capture assay. Primary human airway epithelial cells (AECs) used in Figure 1F were isolated
from bronchial biopsies collected from two healthy subjects (two males, mean age of 49 yrs).
Briefly, bronchial tissues were rinsed and then incubated overnight at 4°C with MEM medium
(Life Technologies) supplemented with 7.5% NaHCOs3 (Sigma-Aldrich), 2 mM L-glutamine, 10
mM HEPES (ThermoFisher Scientific), 0.05 mg/ml gentamycin, 50 U/ml penicillin-
streptomycin, 0.25 pg/ml Fungizone (Life Technologies) and containing 0.1% protease (from
Streptomyces griseus; Sigma-Aldrich) and 10 pg/ml DNAse (Deoxyribonuclease I from bovine
pancreas; Sigma-Aldrich). The protease and DNAse activities were then neutralized with FBS
(Life Technologies). AECs were gently scraped off the remaining tissue and red blood cells were
removed by treatment with ACK lysis buffer (0.1 mM NH4Cl, 10 uM KHCOs3, 10 nM EDTA).
After counting, the freshly isolated cells were seeded into flasks coated with Purecol (Cedarlane)
and collagen IV (Sigma-Aldrich), and grown in a mix (50:50) of PneumacultEx (STEMCELL
Technologies) and CnT-17 (CellnTec Advanced Cell Systems) media for two days, and then in

CnT-17 until the confluence is reached. AECs were then detached with a trypsin solution before



seeding into 6 wells plates coated with Purecol and collagen IV, cultured in CnT-17 until
confluency (~5 days) ad then in BEGM (Lonza) for two days before experimentations. Authentic
SARS-CoV-2 viruses used in Figure 1F were isolated, sequenced and amplified from clinical
samples obtained from patients infected with SARS-CoV-2 D614G or B.1.1.7 by the Laboratoire
de Santé Publique du Québec (LSPQ). SARS-CoV-2/Québec/CHUL/21697 is a clinical sample
isolated in Quebec City, Canada and then amplified on Vero E6 cells. Virus was sequenced by
MinlON technology (Oxford Nanopore technologies, Oxford, UK). All work with infectious
SARS-CoV-2 authentic virus was performed in a Biosafety Level 3 (BSL3) facilities at
Université de Montréal and Université Laval using appropriate positive pressure air respirators

and protective equipments.

Plasmids and site-directed mutagenesis

The plasmids expressing the wildtype SARS-CoV-2 and SARS-CoV-1 Spikes were previously
reported (6,7). The plasmid encoding for SARS-CoV-2 S RBD (residues 319-541) fused with a
hexahistidine tag was previously described (8). The mutations in full-length Spike (D614G,
N501Y and/or R682S/R683S) or RBD (N501Y) expressors were introduced using the
QuikChange II XL site-directed mutagenesis protocol (Agilent Technologies). The presence of
the desired mutations was determined by automated DNA sequencing. The plasmid encoding the
SARS-CoV-2 Spike from the B.1.1.7 lineage (A69-70, A144, N501Y, A570D, D614G, P681H,
T716I, S982A and DI118H) was codon-optimized and synthesized by Genscript (9). The
plasmid encoding for soluble human ACE2 (residues 1-615) fused with an 8xHisTag was
reported elsewhere (10). The plasmid encoding for the ACE2-Fc chimeric protein, a protein

composed of an ACE2 ectodomain (1-615) linked to an Fc segment of human IgGl was



previously reported (11). The plasmids encoding for the vesicular stomatitis virus G (VSV-G)
(pSVCMV-IN-VSV-G) and for the codon-optimized HIV-1 JRFL envelope glycoproteins were

previously described (12,13).

Protein expression and purification

FreeStyle 293F cells (Thermo Fisher Scientific) were grown in FreeStyle 293F medium (Thermo
Fisher Scientific) to a density of 1 x 10° cells/mL at 37°C with 8 % CO, with regular agitation
(150 rpm). Cells were transfected with a plasmid coding for SARS-CoV-2 S RBD, sACE2 or
ACE2-Fc using ExpiFectamine 293 transfection reagent, as directed by the manufacturer
(Thermo Fisher Scientific). One week later, cells were pelleted and discarded. Supernatants were
filtered using a 0.22 um filter (Thermo Fisher Scientific). The recombinant RBD and sACE2
proteins were purified by nickel affinity columns, as directed by the manufacturer (Invitrogen).
The ACE2-Fc chimeric protein was purified by protein A affinity columns, as directed by the
manufacturer (Cytiva). The recombinant protein preparations were dialyzed against phosphate-
buffered saline (PBS) and stored in aliquots at -80°C until further use. To assess purity,

recombinant proteins were loaded on SDS-PAGE gels and stained with Coomassie Blue.

Flow cytometry analysis of cell-surface staining (transfected cells)

Using the standard calcium phosphate method, 10 pg of Spike expressor and 2 pg of a green
fluorescent protein (GFP) expressor (pIRES2-eGFP; Clontech) was transfected into 2 x 10°293T
cells. At 48h post transfection, 293T cells were stained with anti-Spike monoclonal antibodies
CV3-25 (14) or CR3022 (15) (5 pg/mL) or using the ACE2-Fc chimeric protein (20 pg/mL) for

45 min at 37°C, 22°C or 4°C. Alternatively, to determine the Hill coefficients, cells were



preincubated with increasing concentrations of SACE2 (0 to 719 nM) at 37°C or 4°C. sACE2
binding was detected using a polyclonal goat anti-ACE2 (RND systems). Alexa Fluor-647-
conjugated goat anti-human IgG (H+L) Abs (Invitrogen) and Alexa Fluor-647-conjugated
donkey anti-goat IgG (H+L) Ab (Invitrogen) were used as secondary antibodies to stain cells for
30 min at room temperature. The percentage of transfected cells (GFP+ cells) was determined by
gating the living cell population based on the basis of viability dye staining (Aqua Vivid,
Invitrogen). Samples were acquired on a LSRII cytometer (BD Biosciences) and data analysis
was performed using FlowJo v10.5.3 (Tree Star). Hill coefficient analyses were done using

GraphPad Prism version 9.1.0 (GraphPad).

Flow cytometry analysis of cell-surface staining (infected cells)

SARS-CoV-2 authentic viruses (D614G or B.1.1.7 variant) were used to infect Vero E6 cells or
primary AECs at a multiplicity of infection (MOI) of 0.0001 or 0.1, respectively. At 48h post-
infection, cells were detached by PBS-EDTA and were stained with Abs for 30 min at 37°C or
4°C. Alexa Fluor-647-conjugated goat anti-human IgG (H+L) Ab (Invitrogen) was used as
secondary antibody to stain cells for 30 min at room temperature. Cells were then fixed with PBS
containing 4% paraformaldehyde for 48h at 4°C. Then the cells were stained intracellularly for
SARS-CoV-2 nucleocapsid (N) antigen, using the Cytofix/Cytoperm fixation/permeabilization
kit (BD Biosciences) and an anti-N mAb (clone mBG17; Kerafast) conjugated with the Alexa
Fluor 488 dye according to the manufacturer’s instructions (Invitrogen). The percentage of
infected cells (N+ cells) was determined by gating the living cell population based on the basis of
viability dye staining (Aqua Vivid, Invitrogen). Samples were acquired on a LSRII cytometer

(BD Biosciences) and data analysis was performed using FlowJo v10.5.3 (Tree Star).



Virus capture assay

The SARS-CoV-2 virus capture assay was previously reported (16). Briefly, pseudoviral
particles were produced by transfecting 2x10° 293T cells with pNL4.3 R-E- Luc (3.5 ng),
plasmids encoding for SARS-CoV-2 Spike (3.5 pg) proteins and VSV-G (1 pg) using the
standard calcium phosphate method. Forty-eight hours later, virus-containing supernatants were
collected, and cell debris were removed through centrifugation (1,500 rpm for 10 min). CV3-25
antibodies or ACE2-Fc proteins were immobilized on white MaxiSorp ELISA plates (Thermo
Fisher Scientific) at a concentration of 5 pg/mL in 100 pL of PBS overnight at 4°C. Unbound
proteins were removed by washing the plates twice with PBS. Plates were subsequently blocked
with 3% bovine serum albumin (BSA) in PBS for 1 hour at room temperature, followed by 1
hour incubation at 37°C or 4°C. Meanwhile, virus-containing supernatants were pre-tempered at
37°C or 4°C for 1 hour. After washing plates twice with PBS, 200 pL of virus-containing
supernatant were added to the wells. After 30 min of incubation at 37°C or 4°C, supernatants
were discarded, and the wells were washed with PBS three times. Virus capture was visualized
by adding 1x10* SARS-CoV-2-resistant Cf2Th cells per well in complete DMEM. Forty-eight
hours post-infection, cells were lysed by the addition of 30 puL of passive lysis buffer (Promega)
and one freeze-thaw cycle. An LB942 TriStar luminometer (Berthold Technologies) was used to
measure the luciferase activity of each well after the addition of 100 pL of luciferin buffer (15
mM MgSOs4, 15 mM KH>PO4 [pH 7.8], 1 mM ATP, and 1 mM dithiothreitol) and 50 pL of 1

mM D-luciferin potassium salt (ThermoFisher Scientific).

Pseudovirus infectivity and neutralization assay



293T-ACE2 target cells were infected with single-round luciferase-expressing lentiviral particles
(4). Briefly, 293T cells were transfected by the calcium phosphate method with the lentiviral
vector pNL4.3 R-E- Luc (NIH AIDS Reagent Program) and a plasmid encoding for SARS-CoV-
2 Spike or VSV-G at a ratio of 5:4. Two days post-transfection, cell supernatants were harvested
and used fresh for infectivity measurements or stored at —80°C until use for virus neutralization
measurements. 293T-ACE2 target cells were seeded at a density of 1x10* cells/well in 96-well
luminometer-compatible tissue culture plates (Perkin Elmer) 24h before infection. To assess
pseudovirus infectivity, freshly produced recombinant viruses were incubated for 1h at 37°C,
22°C or 4°C and were added to the target cells followed by incubation for 48h at 37°C. To
measure virus neutralization by sACE2, recombinant viruses in a final volume of 100 pl were
incubated with the increasing sACE2 concentrations (0 to 12,000 nM) for 1h at 37°C or 4°C and
were then added to the target cells followed by incubation for 48h at 37°C; cells were lysed by
the addition of 30 pl of passive lysis buffer (Promega) followed by one freeze-thaw cycle. An
LB942 TriStar luminometer (Berthold Technologies) was used to measure the luciferase activity
of each well after the addition of 100 pl of luciferin buffer (15 mM MgSO4, 15 mM KH2PO4 [pH
7.8], 1 mM ATP, and 1 mM dithiothreitol) and 50 pl of 1 mM D-luciferin potassium salt
(ThermoFisher Scientific). The neutralization half-maximal inhibitory dilution (ICso) represents
the SACE2 concentration inhibiting 50% of the infection of 293T-ACE2 cells by recombinant

viruses bearing the indicated surface glycoproteins at different temperatures.

Cell-to-cell fusion assay
To assess the cell-to-cell fusion between Spike-expressing effector cells and ACE2-expressing

target cells (5), 2x10° 293T cells were co-transfected with plasmid expressing HIV-1 Tat (1 pg)



and a plasmid expressing SARS-CoV-2 Spike (4 pg) using the calcium phosphate method. Two
days after transfection, Spike-expressing 293T (effector cells) were detached with PBS-EDTA 1
mM and incubated for 1 h at 37°C or 4°C. Subsequently, effector cells (1 x 10%) were added to
TZM-bl-ACE2 target cells that were seeded at a density of 1x10* cells/well in 96-well
luminometer-compatible tissue culture plates 24 h before the assay. Cells were co-incubated for
6 h at 37°C and 5% COa, after which they were lysed by the addition of 40 pl of passive lysis
buffer (Promega) and one freeze thaw cycle. An LB942 TriStar luminometer (Berthold
Technologies) was used to measure the luciferase activity of each well after the addition of 100
pl of luciferin buffer (15 mM MgSO4, 15 mM KH>PO4 [pH 7.8], 1 mM ATP, and 1 mM

dithiothreitol) and 50 pL of 1 mM D-luciferin potassium salt (ThermoFisher Scientific).

Viral infection of reconstituted human airway epithelia (MucilAir)

For this experiment, an ex vivo system was used. This consists of an air liquid interface that
mimicks the human upper airway epithelium. The primary nasal cells were isolated from a pool
of 14 donors (MucilAir, Epithelix). The experiment was performed in quadruplicate and cells
were cultured in medium provided by manufacturer. Before infection, MucilAir wells were
washed with warm OptiMEM medium (ThermoFisher Scientific) and then were pre-incubated at
4°C or 37°C for 15 min. Apical poles were then infected directly with 200 uL of virus (SARS-
CoV-2/Québec/CHUL/21697) at a multiplicity of infection (MOI) of 0.015 and then incubated at
4°C or 37°C during 30 min. After this adsorption phase, virus-containing medium was removed
and all MucilAir wells were placed at 37°C. Samples were collected from apical washes (200 pL
of OptiMEM) at different timepoints post-infection (24h and 96h) and 100 pL were used to

extract RNA (MagNA Pure LC, Total nucleic acid isolation kit, Roche Applied Science). Viral



titers were determined by RT-qPCR one-step (QuantiTect Virus +ROX Vial Kit, Qiagen). To
monitor the viability and health conditions of infected primary epithelial cells, transepithelial
electrical resistance (TEER) was measured using a dedicated volt-ohm meter (Millicell® ERS-2,

Millipore Sigma) and no significant difference was observed between cells infected at 4°C or

37°C.

Isothermal Titration Calorimetry (ITC)

Calorimetric titration experiments were performed using a MicroCal VP-ITC (Malvern
Panalytical). The reagents were prepared in PBS pH 7.4, and then exhaustively dialyzed prior to
the experiments. Any further dilutions of the reagents were made using the dialysate to avoid any
unnecessary heats of dilution associated with the injections. All reagents were thoroughly
degassed prior to the experiments. The enthalpy and affinity of binding at each temperature were
determined from a complete titration of either RBD WT or the N501Y mutant with SACE2. The
sACE2 solution at 11 - 13 pM was injected in 10 pL aliquots into the stirred calorimetric cell (v
~ 1.4 mL) containing RBD protein at ~ 1.5 uM. The titrations of RBD WT were performed at
10°C, 15°C, 25°C, and 35°C, while the titrations of the N501Y mutant were performed at 15°C,
25°C, and 35°C. The injection peaks were integrated, and the heat associated with binding was
obtained after subtraction of the heats of dilution. The association constant, K4 (the dissociation
constant, Kp =1/K,), the enthalpy change, 4H, and the stoichiometry, N, were obtained by
nonlinear regression of the data to a single-site binding model using Origin with a fitting
function made in-house. Gibbs energy, 4G, was calculated from the binding affinity using 4G =
-RTInKy, (R = 1.987 cal/(K x mol)) and T is the absolute temperature in kelvin). The entropy

contribution to Gibbs energy, -74S, was calculated from the relation 4G = AH -TAS. The Gibbs



energy of binding, 4G(T), as a known temperature dependence which allows calculation of the

Kp values at any temperature according to:

AG(T) = AH, o5 + ACy(T — Tyop) — T(AS,of + AC, In (TT )) ()
ref
1
Kq = —AG. (2)
Q{RT}

where 4H,.r and A4S, are the respective enthalpy and entropy changes at the known reference
temperature Ty, T is the absolute temperature in kelvin, R the gas constant (1.987 cal/(K %
mol)), and 4C, the change in heat capacity upon binding. The 4C, value for ACE2 binding is -
380 cal/(K x mol) for RBD WT and -425 cal/(K % mol) for RBD N501Y, which is obtained from
the temperature dependence of the enthalpy change (Fig 3A). Figure S2C shows a plot of the
experimental dissociation constants at different temperatures together with the expected values

calculated from 4C, and the enthalpy change at 25°C.

Biolayer interferometry (BLI)

Binding kinetics were performed on using an Octet RED96e system (ForteBio) at different
temperatures (10°C, 15°C, 25°C, 35°C) with shaking at 1,000 RPM. Amine Reactive Second-
Generation (AR2QG) biosensors were hydrated in water, then activated for 300 s with a solution
of 5 mM sulfo-NHS and 10 mM EDC (ForteBio) prior to amine coupling. Either SARS-CoV-2
RBD WT or the N501Y mutant were loaded into AR2G biosensor at 12.5 pg/mL at 25°C in 10
mM acetate solution pH 5 (Fortebio) for 600 s then quenched into 1 M ethanolamine solution pH
8.5 (Fortebio) for 300 s. Loaded biosensor were placed in 10X kinetics buffer (ForteBio) for 120
s for baseline equilibration. Association of SACE2 (in 10X kinetics buffer) to the different RBD
proteins was carried out for 180 s at various concentrations in a two-fold dilution series from 500

nM to 31.25 nM prior to dissociation for 300 s. The data were baseline subtracted prior to fitting



performed using a 1:1 binding model and the ForteBio data analysis software. Calculation of on
rates (kon), off rates (kofr), and affinity constants (Kp) was computed using a global fit applied to
all data. Alternatively, affinity of the CR3022 mAb at various concentrations in a two-fold
dilution series from 100 nM to 6.25 nM for the immobilized SARS-CoV-2 RBD WT was

assessed at different temperatures (10°C, 25°C, 35°C).

Molecular dynamics simulations

A fully glycosylated model of the closed SARS-CoV-2 S ectodomain trimer was built from the
6VXX PDB entry (17), a cryo-EM structure at a resolution of 2.80 A of the Spike WT with all
RBD in the down conformation. Six independent replicas with explicit waters were generated.
Three were run for 100 ns at 37°C using NAMD 2.14 (18) (2 fs time step, Langevin thermostat
with 5/ps frequency) and three were run for 100 ns at 4°C. The CHARMM36 force-field (19)
and TIP3P water model were used. Configuration snapshots were saved every 2 ps. The
instantaneous distance between the center of mass of the trimer and the center of mass of each

receptor binding domain (residues 330 to 521 in each S1 subunit) was measured.

Statistical Analysis

Statistics were analyzed using GraphPad Prism version 9.1.0 (GraphPad, San Diego, CA, USA).
Every data set was tested for statistical normality and this information was used to apply the
appropriate (parametric or nonparametric) statistical test. P values <0.05 were considered
significant; significance values are indicated as * P<0.05, ** P<0.01, *** P<(0.001, ****

P<0.0001.
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Figure S1. Sequence conservation of RBM residues among SARS-CoV-2 Spike isolates.
Logo depictions of the frequency of selected SARS-CoV-2 Spike residues from the receptor
binding motif (RBM). Worldwide sequences deposited in the GISAID database in 2021 (January

1st,

2021 to June 18th, 2021) were aligned using the COVID CoV Genetics program, which

includes 1,195,746 individual sequences. Residue numbering is based on the SARS-CoV-2
WIV04 reference strain. The height of the letter indicates its frequency of total deposited
sequences. Residues corresponding to the WIV04 reference sequence are shown in black and
residues corresponding to emerging VOCs are shown in violet.
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of SARS-CoV-2-infected cells staining.

Representative flow cytometry gates of (A) Vero E6 or (B) primary human AECs infected with an
authentic SARS-CoV-2 virus for the cell-surface staining with CV3-25 and the intracellular stai-
ning against the nucleocapsid viral antigen (N). The histograms shown in (C) represent the
binding of ACE2-Fc on the N+ population from D614G- or B.1.1.7-infected Vero E6 cells (or
mock-infected cells in gray shaded curves) performed at 37°C or 4°C.
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Figure S3. Titration of sACE2 binding to SARS-CoV-2 RBD by isothermal titration calorimetry.
(A) ITC data from calorimetric titrations of SARS-CoV-2 RBD (WT and N501Y) with sACE2 at
different temperatures. The top panel of each graph shows the heat flow, dQ/dt, as a function of
time and the bottom panel shows the integrated heat associated with each injection (Q) as a func-
tion of the molar ratio between the concentrations of SACE2 and RBD in the cell. The solid line
represents the result from best nonlinear least squares fit of the data to a single-site binding
model. (B) Table summarizing the thermodynamic parameters for the binding of sACE2 to
SARS-CoV-2 RBD (WT and N501Y). The values for the dissociation constant, K, and enthalpy,
AH, were obtained directly from nonlinear regression of the ITC data (A), while Gibbs energy, AG,
and the entropy contribution, -TAS, were calculated as described in the method section. (C) The
K, values for the binding of SACE2 to SARS-CoV-2 RBD WT (filled circles) and N501Y (filled
squares) as a function of temperature. The dashed lines correspond to the expected values
calculated from ACp and the enthalpy change at 25°C.



Table S1. Affinity between SARS-CoV-2 RBD and its ligands quantified by biolayer

interferometry.
Ligands Temperature | Ko (nM) |  Kon (M-'s™) Koff (1)

sACE2 + RBD WT 10°C 47.6 2.37 x 104 1.13x 103
15°C 68.5 2.86 x 104 1.96 x 103

25°C 161 4.27 x 10* 6.88 x 103

35°C 472 6.83 x 104 3.22 x 102

sACE2 + RBD N501Y 10°C 10.7 2.47 x 10* 2.65x10*
15°C 11.9 2.69 x 104 3.19x 10

25°C 41.5 3.59 x 104 1.49 x 103

35°C 86.5 6.83 x 10% 5.91 x 1073

CR3022 + RBD WT 10°C 0.124 1.51 x 10° 1.87 x 105
25°C 0.649 1.77 x 10° 1.15x 10

35°C 0.457 2.03 x 10° 9.26 x 10-°




