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ABSTRACT 29 

Towards the end of 2020, multiple variants of concern (VOCs) and variants of interest (VOIs) 30 

have arisen from the original SARS-CoV-2 Wuhan-Hu-1 strain. Mutations in the Spike protein are 31 

highly scrutinized for their impact on transmissibility, pathogenesis and vaccine efficacy. Here, 32 

we contribute to the growing body of literature on emerging variants by evaluating the impact of 33 

single mutations on the overall antigenicity of selected variants and their binding to the ACE2 34 

receptor. We observe a differential contribution of single mutants to the global variants phenotype 35 

related to ACE2 interaction and antigenicity. Using biolayer interferometry, we observe that 36 

enhanced ACE2 interaction is mostly modulated by a decrease in off-rate. Finally, we made the 37 

interesting observation that the Spikes from tested emerging variants bind better to ACE2 at 37°C 38 

compared to the D614G variant. Whether improved ACE2 binding at higher temperature facilitates 39 

emerging variants transmission remain to be demonstrated.  40 

  41 
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INTRODUCTION 42 

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), the causative agent of 43 

COVID-19, remains an major public health concern, infecting over 185 million individuals and 44 

causing over 4 million deaths worldwide (Dong et al., 2020). The replication cycle of SARS-CoV-45 

2 starts with viral attachment to the target cell and fusion between viral and cellular membranes. 46 

The viral entry process is mediated by the mature Spike (S) glycoprotein trimer which is composed 47 

of exterior S1 and transmembrane S2 subunits. The S1 subunit mediates attachment using its 48 

receptor-binding domain (RBD) to interact with the host protein angiotensin converting enzyme 2 49 

(ACE2) (Hoffmann et al., 2020; Shang et al., 2020; Walls et al., 2019), while the S2 subunit 50 

governs the fusion between the viral and cellular membranes (Walls et al., 2020; Wrapp et al., 51 

2020).The Spike is a major target of the cellular and humoral responses elicited by natural infection. 52 

Accordingly, the antigen used in currently approved vaccines is the stabilized form of the SARS-53 

CoV-2 S glycoprotein. These vaccines use adenoviral vectors (Sadoff et al., 2021a; Voysey et al., 54 

2021) or mRNA vaccine platforms to express S glycoprotein (Baden et al., 2020; Polack et al., 55 

2020). The S glycoprotein was selected due to its high immunogenicity and safety profiles after 56 

extensive research (Jackson et al., 2020; Krammer, 2020; Mulligan et al., 2020; Sadoff et al., 57 

2021b). 58 

Although the approval of several vaccine platforms has given us hope to end the pandemic, 59 

the asymmetric distribution of doses between rich and poor countries and the rapid emergence of 60 

SARS-CoV-2 variants is preoccupying. The Spike is under high selective pressure to evade host 61 

immune response, improve ACE2 affinity, escape antibody recognition and achieve high 62 

transmissibility (Prévost and Finzi, 2021). The first identified D614G mutation in the Spike 63 

glycoprotein became dominant among the rapidly spreading emerging variants (Korber et al., 2020; 64 

Plante et al., 2021). In late 2020, several other variants emerged throughout the world, including 65 
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the variants of concern (VOCs) B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma) and B.1.617.2 66 

(Delta), as well as the variants of interest (VOIs)  B.1.429 (Epsilon),  B.1.526 (Iota), B.1.617.1 67 

(Kappa) and B.1.617  (CDC; Deng et al., 2021; ECDC, 2020, 2021; Ferreira et al., 2021; Mwenda 68 

M, 2021; West et al., 2021). Critical mutations providing a fitness increase became rapidly selected 69 

in most emerging variants. For example, the N501Y substitution that was first observed in the 70 

B.1.1.7 lineage and provides enhanced ACE2 binding (Prévost et al., 2021; Starr et al., 2020; Zhu 71 

et al., 2021), is now present in B.1.351, P.1, and P.3 lineages. Similarly, the E484K and K417N/T 72 

mutations in the RBD that were first described in the B.1.351 and P.1 lineages likely due to 73 

immune evasion from vaccine or natural infection-elicited antibodies (Amanat et al., 2021; Wang 74 

et al., 2021), are now present in several other lineages (Rambaut et al., 2020). Hence, it is important 75 

to closely monitor not only the emerging variants but also single mutations to better understand 76 

their contribution to replicative fitness and/or ability to evade natural or vaccine-induced immunity. 77 

 Here, by performing detailed binding and neutralization experiments with plasma from 78 

naturally infected and vaccinated individuals, we provide a comprehensive analysis of the 79 

antigenicity of the Spike from selected VOCs (B.1.1.7, B.1.351, P.1 and B.1.617.2) and VOIs 80 

(B.1.429, B.1.526, B.1.617, B.1.617.1).  81 

 82 

 83 

 84 

 85 

 86 

 87 

 88 
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MATERIALS AND METHODS 89 

 90 

Ethics Statement  91 

All work was conducted in accordance with the Declaration of Helsinki in terms of informed 92 

consent and approval by an appropriate institutional board. Blood samples were obtained from 93 

donors who consented to participate in this research project at CHUM (19.381). Plasmas were 94 

isolated by centrifugation.  95 

 96 

Plasmas and antibodies 97 

Plasmas of SARS-CoV-2 naïve-vaccinated and previously infected pre- and post-first dose 98 

vaccination donors were collected, heat-inactivated for 1 hour at 56°C and stored at -80°C until 99 

use in subsequent experiments. Plasma from uninfected donors collected before the pandemic were 100 

used as negative controls in our flow cytometry and neutralization assays (not shown). The S2-101 

specific monoclonal antibody CV3-25 was used as a positive control and to normalized Spike 102 

expression in our flow cytometry assays and was previously described (Jennewein et al., 2021; 103 

Mothes et al., 2021; Tauzin et al., 2021; Ullah et al., 2021). ACE2 binding was measured using 104 

the recombinant ACE2-Fc protein, which is composed of two ACE2 ectodomains linked to the Fc 105 

portion of the human IgG (Anand et al., 2020).Alexa Fluor-647-conjugated goat anti-human Abs 106 

(Invitrogen) were used as secondary antibodies to detect ACE2-Fc and plasma binding in flow 107 

cytometry experiments. 108 

 109 

Cell lines 110 

293T human embryonic kidney cells (obtained from ATCC) were maintained at 37°C under 5% 111 

CO2 in Dulbecco's modified Eagle's medium (DMEM) (Wisent) containing 5% fetal bovine serum 112 
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(VWR) and 100 µg/ml of penicillin-streptomycin (Wisent). The 293T-ACE2 cell line was 113 

previously described (Prévost et al., 2020) and was maintained in medium supplemented with 2 114 

µg/mL of puromycin (Millipore Sigma). 115 

 116 

Plasmids 117 

The plasmid encoding B.1.1.7, B.1.351, P.1, and B.1.526 Spikes were codon-optimized and 118 

synthesized by Genscript. Plasmids encoding B.1.617, B.1.617.1, B.1.617.2 Spikes were generated 119 

by overlapping PCR using a codon-optimized wild-type SARS-CoV-2 Spike gene (GeneArt, 120 

ThermoFisher) that was synthesized (Biobasic) and cloned in pCAGGS as a template. Plasmids 121 

encoding B.1.429, D614G and other SARS-CoV-2 Spike single mutations were generated using 122 

the QuickChange II XL site-directed mutagenesis protocol (Stratagene) and the pCG1-SARS-123 

CoV-2-S plasmid kindly provided by Stefan Pöhlmann. The presence of the desired mutations was 124 

determined by automated DNA sequencing.  125 

 126 

Protein expression and purification  127 

FreeStyle 293F cells (Invitrogen) were grown in FreeStyle 293F medium (Invitrogen) to a density 128 

of 1 x 106 cells/mL at 37°C with 8 % CO2 with regular agitation (150 rpm). Cells were transfected 129 

with a plasmid coding for SARS-CoV-2 S RBD using ExpiFectamine 293 transfection reagent, as 130 

directed by the manufacturer (Invitrogen). One week later, cells were pelleted and discarded. 131 

Supernatants were filtered using a 0.22 µm filter (Thermo Fisher Scientific). The recombinant 132 

RBD proteins were purified by nickel affinity columns, as directed by the manufacturer 133 

(Invitrogen). The RBD preparations were dialyzed against phosphate-buffered saline (PBS) and 134 
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stored in aliquots at -80°C until further use. To assess purity, recombinant proteins were loaded on 135 

SDS-PAGE gels and stained with Coomassie Blue. 136 

 137 

Virus neutralization assay 138 

293T cells were transfected with the lentiviral vector pNL4.3 R-E- Luc (NIH AIDS Reagent 139 

Program) and a plasmid encoding for the indicated Spike glycoprotein (D614G, B.1.1.7, P.1, 140 

B.1.351, B.1.429, B.1.526, B.1.617, B.1.617.1, B.1.617.2) at a ratio of 10:1. Two days post-141 

transfection, cell supernatants were harvested and stored at -80°C until use. 293T-ACE2 target 142 

cells were seeded at a density of 1×104 cells/well in 96-well luminometer-compatible tissue culture 143 

plates (Perkin Elmer) 24h before infection. Pseudoviral particles were incubated with the indicated 144 

plasma dilutions (1/50; 1/250; 1/1250; 1/6250; 1/31250) for 1h at 37°C and were then added to the 145 

target cells followed by incubation for 48h at 37°C. Then, cells were lysed by the addition of 30 146 

µL of passive lysis buffer (Promega) followed by one freeze-thaw cycle. An LB942 TriStar 147 

luminometer (Berthold Technologies) was used to measure the luciferase activity of each well 148 

after the addition of 100 µL of luciferin buffer (15mM MgSO4, 15mM KPO4 [pH 7.8], 1mM ATP, 149 

and 1mM dithiothreitol) and 50 µL of 1mM d-luciferin potassium salt (Prolume). The 150 

neutralization half-maximal inhibitory dilution (ID50) represents the plasma dilution to inhibit 50% 151 

of the infection of 293T-ACE2 cells by SARS-CoV-2 pseudoviruses.  152 

 153 

Cell surface staining and flow cytometry analysis 154 

293T were transfected with full length SARS-CoV-2 Spikes and a green fluorescent protein (GFP) 155 

expressor (pIRES2-eGFP; Clontech) using the calcium-phosphate method. Two days post-156 

transfection, 293T-Spike cells were stained with the CV3-25 Ab, ACE2-Fc or plasma from SARS-157 
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CoV-2-naïve or recovered donors. Briefly, 5 µg/mL CV3-25 or 20 µg/mL ACE2-Fc were 158 

incubated with cells at 37ºC or 4 ºC for 45 min. Plasma from SARS-CoV-2 naïve or convalescent 159 

donors were incubated with cells at 37ºC. The percentage of Spike-expressing cells (GFP+ cells) 160 

was determined by gating the living cell population based on viability dye staining (Aqua Vivid, 161 

Invitrogen). Samples were acquired on a LSRII cytometer (BD Biosciences), and data analysis 162 

was performed using FlowJo v10.7.1 (Tree Star). The conformational-independent S2-targeting 163 

mAb CV3-25 was used to normalize Spike expression. CV3-25 was shown to be effective against 164 

all Spike variants (Mothes et al., 2021). The Median Fluorescence intensities (MFI) obtained with 165 

ACE2-Fc or plasma Abs were normalized to the MFI obtained with CV3-25 and presented as ratio 166 

of the CV3-25-normalized values obtained with the D614G Spike.  167 

 168 

Biolayer Interferometry  169 

Binding kinetics were performed on an Octet RED96e system (FortéBio) at 25°C with shaking at 170 

1,000 RPM. Amine Reactive Second-Generation (AR2G) biosensors were hydrated in water, then 171 

activated for 300 s with an S-NHS/EDC solution (Fortébio) prior to amine coupling. SARS-CoV-172 

2 RBD proteins were loaded into AR2G biosensor at 12.5 µg/mL in 10mM acetate solution pH5 173 

(Fortébio) for 600 s and then quenched into 1M ethanolamine solution pH8.5 (Fortébio) for 300 s. 174 

Baseline equilibration was collected for 120 s in 10X kinetics buffer. Association of sACE2 (in 175 

10X kinetics buffer) to the different RBD proteins was carried out for 180 s at various 176 

concentrations in a two-fold dilution series from 500nM to 31.25nM prior to dissociation for 300 177 

s. The data were baseline subtracted prior to fitting performed using a 1:1 binding model and the 178 

FortéBio data analysis software. Calculation of on-rates (Ka), off-rates (Kdis), and affinity constants 179 

(KD) was computed using a global fit applied to all data.  180 
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RESULTS  181 

 182 

ACE2 recognition by SARS-CoV-2 single mutants and full Spike variants 183 

Since the SARS-CoV-2 Spike is under strong selective pressure and is responsible for 184 

interacting with the ACE2 receptor, we measured the ability of  the Spike from emerging variants 185 

to interact with ACE2 and the contribution of each single mutations toward this binding. Plasmids 186 

expressing the SARS-CoV-2 full Spike harboring single or combined mutations from emerging 187 

variants were transfected into HEK 293T cells. Spike expression was normalized with the 188 

conformationally independent, S2-specific CV3-25 monoclonal antibody (mAb) (Mothes et al., 189 

2021; Ullah et al., 2021). ACE2 binding was measured using the recombinant ACE2-Fc protein, 190 

which is composed of two ACE2 ectodomains linked to the Fc portion of the human IgG (Anand 191 

et al., 2020). Alexa Fluor 647-conjugated secondary Ab was then used to detect ACE2-Fc binding 192 

to cell-surface Spike by flow cytometry. At the time of writing, B.1.617.1 and B.1.617.2 came into 193 

importance and only the full Spikes from these variants were synthesized, not the single mutations. 194 

When compared to the D614G Spike, all tested Spike variants, with the exception of B.1.617.1, 195 

presented significantly higher ACE2 binding (Fig 1A).  196 

We then determine the contribution of individual Spike mutations on ACE2 binding to 197 

discern the ones contributing to the heightened receptor affinity of emerging variants. The B.1.1.7 198 

Spike presented the highest ACE2-Fc interaction amongst all tested Spikes, which is a 5.43-fold 199 

increase in ACE2-Fc binding compared to D614G (Fig 1A-B and Table S2). The mutations that 200 

likely contribute to this phenotype are ΔH69-V70 in the N terminal domain (NTD) and N501Y in 201 

the RBD that enhanced binding by ~1.51 and ~2.52 folds, respectively (Fig 1B).  202 

The Spike from B.1.351 also presented significantly higher ACE2-Fc binding compared to 203 

D614G. Similarly to B.1.1.7, the N501Y mutation likely plays an important role in this phenotype 204 
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(Fig. 1C). Interestingly, three mutations/deletion in this VOC decreased the interaction with 205 

ACE2-Fc, namely R246I and Δ242-244  in the NTD, as well as K417N in the RBD. The NTD 206 

substitution R246I decreased ACE2-Fc binding by ~1.52 folds , the Δ242-244 deletion by ~1.35 207 

folds, whereas K417N had a greater impact with a decreased binding of ~7.7 folds relative to 208 

D614G (Fig 1C). Of note, the E484K mutation, also found in the RBD of other emerging variants 209 

(P.1 and B.1.526) did not significantly impact the ACE2-Fc interaction.  210 

The Spike from P.1 presented a ~4.24-fold increase in binding compared to D614G (Fig 211 

1D). Few NTD mutations, namely T20N, P26S, D138Y, and R190S, likely contributed to the 212 

increase in ACE2 binding, with ~2, ~1.6, ~1.3 and ~1.8- fold increase compared to D614G, 213 

respectively. Like the above-mentioned VOCs, N501Y also likely played a role in enhanced 214 

ACE2-Fc interaction. Interestingly, the RBD mutation K417T and the S2 mutation T1027I 215 

decreased the ACE2-Fc by ~1.3 and ~1.7 folds respectively. The H655Y mutation, near the S1/S2 216 

cleavage site, also slightly increased ACE2 interaction by ~1.2 folds (Fig 1D).  217 

The Spike from B.1.429 augmented ACE2-Fc interaction by ~2.8 folds (Fig 1E). This VOI 218 

has two NTD mutations, S13I and W152C, both of which did not significantly impact this 219 

interaction. On the other hand, its RBD mutation, L452R, increased ACE2-Fc binding by ~2.7 220 

folds, suggesting its major contribution to the phenotype of this variant (Fig 1E). 221 

Lastly, the Spike from B.1.526 showed a ~1.8-fold increase over D614G (Fig 1F). None 222 

of the mutation appears to explain the phenotype observed with the full variant.  223 

While our results identified some key mutations enhancing ACE2 interaction (i.e., 224 

N501Y,L452R and mutation/deletion in the NTD), the overall increased ACE2 affinity from any 225 

given variant appears to result from more than the sum of the effect of individual mutations 226 

composing this variant. 227 
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 228 

Impact of selected mutations on the affinity of Spike RBD for ACE2 229 

Next, we used biolayer interferometry (BLI) to measure the binding kinetics of selected 230 

RBD mutants to soluble ACE2 (sACE2). Biosensors were coated with recombinant RBD and put 231 

in contact with increasing concentration of sACE2 (Fig 2). In agreement with previous reports 232 

(Prévost et al., 2021; Zhu et al., 2021), the N501Y mutation present in B.1.1.7, B.1.351, and P.1 233 

significantly decreased the off-rate (Kdis) (from 6.88×10-3 to 1.49×10-3 1/s), presenting a 3.88-fold 234 

increase in KD compared to its wild-type counterpart (Fig 2A-B, Table S1). Substitution at position 235 

K417 (either N or T) present in B.1.351 or P.1 lineages accelerated the off-rate kinetics, resulting 236 

in a 0.75- and 0.66-fold decrease in binding affinity (Fig 2C-D, Table S1). Although both K417N 237 

and K417T presented a modest increase in the on-rate kinetic by ~1.56 and ~ 1.11 folds, the 238 

accelerated off-rate kinetics dictated the overall decrease affinity of these mutants. No major 239 

changes were observed for the E484K mutation (Fig 2F). Interestingly, the L452R mutant did not 240 

have a major impact in ACE2 affinity when tested in the context of recombinant monomeric RBD 241 

(Fig. 2G) but presented enhanced binding within the context of full-length membrane anchored 242 

Spike (Fig. 1E), indicating that the overall phenotype of a mutant (in this case enhanced binding) 243 

cannot always be recapitulated with the RBD alone. Altogether, our results show that at least for 244 

the RBD mutants tested here, ACE2 affinity is mostly dictated by the dissociation kinetics. 245 

  246 

Effect of temperature on full variants Spike recognition of ACE2 247 

It was recently shown that the affinity of Spike for ACE2 increases at low temperatures 248 

(Prévost et al., 2021). Interestingly, Prévost et al. also showed that the Spike from B.1.1.7 or 249 

harboring the N501Y mutation present better ACE2 binding at higher temperatures compared to 250 
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the D614G strain (Prévost et al., 2021). To evaluate whether the Spikes from the emerging variants 251 

tested here also shared this phenotype, Spike-expressing cells were incubated at either 4ºC or 37ºC, 252 

and their ACE2-Fc binding was measured by flow cytometry. As presented in Fig. 3, the binding 253 

of ACE2-Fc to cell surface Spike was higher at cold temperature (4°C) compared to warm 254 

temperature (37°C) for all the variants. The impact of cold temperature on ACE2 binding was, 255 

however, more pronounced for the D614G Spike (3.62-fold increase) comparatively to Spikes 256 

from emerging variants (1.57 to 3.08-fold increase). While ACE2 displayed higher binding for the 257 

different emerging variants Spikes at 37ºC, similar level of binding could only be achieved for the 258 

D614G Spike when decreasing the temperature to 4°C. This suggests that Spikes from emerging 259 

variants are able to bypass the temperature restraint to achieve high ACE2 binding. Interestingly, 260 

variants harboring the N501Y mutation (B.1.1.7, B.1.351 and P.1) exhibited an increase in ACE2 261 

binding compared to D614G Spike at both 4ºC and 37ºC, while this phenotype was only observed 262 

at 37ºC with Spike from the other variants. This indicate that the cold temperature and the N501Y 263 

mutation significantly impact Spike-ACE2 interaction. 264 

 265 

Recognition of Spike variants by plasma from vaccinated individuals 266 

To gain information related to the antigenic profile of each emerging variants Spike and 267 

their single mutants, we used plasma collected three weeks post BNT162b2 vaccination from 268 

SARS-CoV-2 naïve (Fig. 4) or previously-infected individuals (Fig. 5) (Tauzin et al., 2021). HEK 269 

293T cells were transfected with Spike from emerging variants or their individual mutants and 270 

plasma binding was evaluated by flow cytometry, as previously reported (Anand et al., 2021; 271 

Beaudoin-Bussières et al., 2020; Gasser et al., 2021; Prévost et al., 2020; Tauzin et al., 2021). 272 

When compared to D614G, Spike from B.1.1.7, P.1 and the recently emerged B.1.617.1 and 273 
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B.1.617.2 variants were significantly less recognized by the plasma from SARS-CoV-2 naïve 274 

individuals (Fig 4A).  275 

Mutations apparently contributing to the reduction of plasma recognition of the B.1.1.7 276 

Spike are the ΔY144 deletion in the NTD, P681H and T716I near the S1/S2 cleavage site (Fig 4B). 277 

The N501Y substitution, also present in other emerging variants (B1.351 and P.1), is the only 278 

mutation that increased plasma recognition.  279 

While we did not observe a significant decrease in plasma recognition of the B.1.351 Spike, 280 

most single mutants of this VOC (L18F, D80A, D215G, Δ242-244, R246I in the NTD, and K417N 281 

in the RBD) exhibit decreased binding. Of note, the K417N mutation that reduced ACE2 binding 282 

(Fig 1C), also significantly impacted plasma recognition by ~1.75-fold compared to D614G (Fig 283 

4C). 284 

Polyclonal recognition of the P.1 Spike was reduced by ~1.33 folds (Fig 4D). Our results 285 

show that all the NTD mutations, namely L18F, T20N, P26S, D138Y and R190S, attenuated the 286 

binding of naïve-vaccinated plasma Abs (Fig 4D). Furthermore, H655Y also contributed to the 287 

immuno-evasive phenotype of the full Spike (Fig 4D). Again, N501Y is the only mutation that 288 

increased plasma recognition, indicating its major role amongst all the mutations of this variant. 289 

 290 

Although the full B.1.429 Spike did not show a significant evasion of plasma recognition, 291 

all of its mutations presented a significant decrease in plasma binding (Fig 4E). Both its NTD 292 

mutations, S13I and W152C, were less efficiently recognized by plasma compared to D614G (Fig 293 

4E). The RBD mutation L452R also presented a minor ~1.16-fold decrease in recognition by 294 

plasma from vaccinated individuals. Lastly, the B.1.526 full Spike variant did not significantly 295 

affect vaccine-elicited plasma recognition. The same phenotype is applicable to most of its 296 
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mutations, with the exception of D253G substitution in the NTD, which showed a modest ~1.2-297 

fold decrease in binding (Fig 4F). 298 

We then evaluated the recognition of our panel of Spikes (VOC, VOI and single mutants) 299 

by plasma from previously-infected vaccinated individuals (plasma recovered three weeks post 300 

vaccination), as recently described (Tauzin et al., 2021). When comparing all Spikes from 301 

emerging variants, the convalescent plasma pre- and post-first dose vaccination both effectively 302 

recognized all tested Spikes (Fig 5A, S1 and S2). Vaccinated convalescent individuals developed 303 

Abs that were able to robustly recognize and bind to the emerging variants B.1.1.7, B.1.351, 304 

B.1.429 and B.1.526 at a similar level than D614G. Binding was decreased by ~ 1.14 folds for P.1, 305 

~1.3 folds for B.1.617 and by ~ 1.8 and ~1.64 folds for B.1.617.1 and B.1.617.2 Spikes, 306 

respectively (Fig 5A).  307 

Examining each variant and their single mutations more closely, though full B.1.1.7 Spike 308 

did not significantly reduce plasma binding in convalescent post-vaccinated individuals, three of 309 

its single mutations, ΔY144, P681H, and S982A significantly affected plasma recognition. 310 

Substitution S982A in the S2 showed the most important reduction, by ~2 folds compared to 311 

D614G (Fig 5B). Inversely, the deletion ΔH69-V70 and the substitution D1118H slightly enhanced 312 

the recognition of this Spike by plasma from previously-infected vaccinated individuals. However, 313 

combined together, the B.1.1.7 was recognized similarly to its D614G counterpart by these 314 

plasmas. 315 

The B.1.351 Spike was efficiently recognized by plasma from previously-infected 316 

vaccinated individuals with a single mutation presenting lower detection (A701V) (Fig 5C). In the 317 

P.1 Spike we observed mutations in the NTD that decreased recognition (P26S, D138Y, and 318 

R190S) (Fig 5D). The Spikes from B.1.429 and B.1.526 were also efficiently recognized. Only the 319 
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A701V substitution present in the B.1.526 reduced plasma binding (Fig.5F).  Among all tested 320 

emerging variants, the Spikes from B.1.617.1 and B.1.617.2 presented the most important decrease 321 

in recognition by ~1.8 and ~1.64 folds compared to D614G (Figure 5A) 322 

Altogether, our results highlight the difficulty in predicting the phenotype of a particular 323 

variant based on the phenotype of its individual mutations. 324 

 325 

Neutralization of Spike variants by plasma from vaccinated individuals 326 

We then determined the neutralization profile of the different emerging variants Spikes 327 

using a pseudoviral neutralization assay (Anand et al., 2021; Beaudoin-Bussières et al., 2020; Ding 328 

et al., 2020; Gasser et al., 2021; Prévost et al., 2020). For this assay we used plasma from five 329 

individuals previously infected with SARS-CoV-2 (on average 8 months post-symptom onset) 330 

after one dose of the Pfizer/BioNtech BNT162b2 vaccine (samples were collected 22 days after 331 

immunization) (Tauzin et al., 2021). As we described previously (Tauzin et al., 2021), we 332 

incubated serial dilutions of plasma with pseudoviruses bearing the different Spikes before adding 333 

to HEK 293T target cells stably expressing the human ACE2 receptor (Tauzin et al., 2021). We 334 

obtained robust neutralization for all pseudoviral particles, with a modest, but significant decrease 335 

in neutralization against pseudoviruses bearing the Spike from B.1.351, B.1.526 and B.1.617.2 336 

lineages, indicating that plasma from previously-infected individuals following a single dose have 337 

a relatively good neutralizing activity against emerging variants (Fig 6).   338 
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DISCUSSION 339 

In our study, we offer a comparative view examining the ACE2 binding properties of 340 

selected circulating variants, and the impact of their single mutations on plasma binding. We 341 

observed that Spikes from B.1.1.7, B.1.351, P.1, B.1.429, B.1.526, B.1.617, and B.1.617.2 lineages 342 

present increased ACE2 interaction. Consistent with previous reports (Leung et al., 2021; Starr et 343 

al., 2020; Washington et al., 2021), the N501Y mutation shared by B.1.1.7, B.1.351, and P.1 344 

variants presented a significant increase for ACE2-Fc binding. While N501Y plays a major role in 345 

enhanced transmissibility and infectivity (Liu et al., 2021), variants which do not share this 346 

mutation have also gained the increased ACE2 binding by harboring other mutations, such as in 347 

the B.1.429 lineage, where the L452R showed higher ACE2 binding.  348 

We also analyzed the impact of temperature in modulating the capacity of Spikes from 349 

emerging variants to interact with the viral receptor ACE2. For almost all tested Spikes, we 350 

observed a significant increase in ACE2 binding at cold temperature (4 ºC). As recently reported, 351 

this could be explained by favorable thermodynamics changes allowing the stabilization of the 352 

RBD-ACE2 interface and by modulating the Spike trimer conformation (Prévost et al., 2021). 353 

While the D614G Spike necessitates lower temperature for optimal ACE2 interaction, Spikes from 354 

the different VOCs and VOIs seem to bypass this requirement to efficiently interact with ACE2 at 355 

higher temperature (37 ºC). However, whether improved ACE2 binding at higher temperature 356 

facilitates emerging variants transmission and propagation remain to be demonstrated. 357 

Interestingly, variants harboring the N501Y mutation displayed improve ACE2 interaction 358 

compared to the D614G Spike, independently of the temperature, highlighting the critical impact 359 

of this substitution in improving Spike – ACE2 interaction. This reveals the importance of closely 360 

monitoring the appearance of this mutation among the current and future emerging variants. The 361 

appearance of this substitution could potentially impact the transmission and propagation of recent 362 
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rapidly spreading emerging variants (such as the B.1.617.2 lineage) that do not harbor this 363 

mutation, by enhancing the affinity of their Spike for the ACE2 receptor at cold and warm 364 

temperatures.  365 

We also found that plasma from vaccinated SARS-CoV-2 naïve and prior-infected 366 

individuals efficiently recognized the Spikes from emerging variants. However, as previously 367 

shown, plasma from vaccinated previously-infected individuals presented a higher and more 368 

robust recognition of all tested Spikes (Fig. S2)(Lucas et al., 2021; Tauzin et al., 2021). 369 

Accordingly, plasma from these individuals were able to neutralize pseudoviral particles bearing 370 

the different emerging variants Spikes, further highlighting the resilience of the deployed vaccines, 371 

which were based on the original Wuhan strain.  372 

 373 

CONCLUSIONS 374 

Altogether, our results highlight the difficulty in predicting the phenotype of an emerging 375 

variant’s Spike, either related to ACE2 interaction, antigenic profile, infectivity and transmission 376 

based on the sum of the phenotype of single mutants making that particular Spike. Antigenic drift 377 

has been and remains a concern of the current pandemic (Callaway, 2021; Prévost and Finzi, 2021) 378 

and therefore, closely monitoring the functional properties of emerging variants remains of the 379 

utmost importance for vaccine design and to inform public health authorities to better manage the 380 

epidemic by implementing preventive interventions to control the spread of highly transmissible 381 

virus, and tailoring  vaccination campaign .  382 

  383 
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Figure legends 711 

 712 

 713 

Figure 1. Evaluation hACE2 Fc binding to SARS-CoV-2 Spike variants  714 

HEK 293T cells were transfected to express the indicated SARS-CoV-2 Spike variants. Two days 715 

post transfection, cells were stained with ACE2-Fc or with CV3-25 Ab as Spike expression control 716 

and analyzed by flow cytometry. ACE2-Fc binding to (A) full Spikes variants or the (B) B.1.1.7, 717 

(C) B.1.351, (D) P.1, (E) B.1.429, and (F) B.1.526 Spike and its corresponding single mutations 718 

are presented as a ratio of ACE2 binding to D614G Spike normalized to CV3-25 binding. Error 719 

bars indicate means ± SEM. Statistical significance has been performed using Mann-Whitney U 720 

test according to normality analysis (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). 721 

 722 

Figure 2. Kinetic Analysis of RBD interaction to hACE2 Binding by Biolayer Interferometry 723 

Association of the different RBD proteins to sACE2 was carried out for 180s at various 724 

concentrations in a two-fold dilution series from 500nM to 31.25nM prior to dissociation for 300s 725 

for (A) WT, (B) N501Y, (C) K417N, (D) K417T, (F) E484K, and (G)L452R. Curve fitting was 726 

performed using a 1:1 binding model in the ForteBio data analysis software. Calculation of on-727 

rates (Ka), off-rates (Kdis), and affinity constants (KD) was computed using a global fit applied to 728 

all data. Raw data are presented in blue and fitting models are in red. Results are summarized in 729 

Table S1.  730 

 731 

Figure 3. Evaluation of the impact of temperature on Spike-ACE2 interaction. 732 

HEK 293T cells were transfected with the indicated SARS-CoV-2 Spike variants. Two days post 733 

transfection, cells were stained with ACE2-Fc or with CV3-25 Ab as Spike expression control at 734 
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4ºC or 37ºC and analyzed by flow cytometry. ACE2-Fc binding to the different Spike variants are 735 

presented as a ratio of ACE2 binding to D614G Spik, normalized to CV3-25 binding at 37ºC (red) 736 

or at 4ºC (blue). Statistical analyses were used to compare each Spike at 4ºC vs 37ºC (black) or to 737 

compare variants Spike to D614G at 37ºC (red) or at 4ºC (blue). Fold changes of ACE2 binding at 738 

4ºC vs 37ºC for each Spike is shown in black. Error bars indicate means ± SEM. Statistical 739 

significance has been performed using Mann-Whitney U test (*p < 0.05; **p < 0.01; ***p < 0.001; 740 

****p < 0.0001, ns; non-significant). 741 

 742 

Figure 4. Recognition of SARS-CoV-2 Spike variants and single mutants by plasma from 743 

vaccinated SARS-CoV-2 naïve individuals. 744 

HEK 293T cells were transfected with the indicated SARS-CoV-2 spike variants. Two days post 745 

transfection, cells were stained with 1:250 dilution of plasma collected from naive post vaccinated 746 

individuals (n=3-5) or with CV3-25 Ab as control and analyzed by flow cytometry. Plasma 747 

recognition of (A) full Spike variants (B) B.1.1.7, (C) B.1.351, (D) P.1, (E) B.1.429, (F) B.1.526 748 

Spike and variant-specific Spike single mutations are presented as ratio of plasma binding to 749 

D614G Spike normalized CV3-25 binding. Error bars indicate means± SEM. Statistical 750 

significance has been performed using Mann-Whitney U test (*p < 0.05; **p < 0.01; ***p < 0.001; 751 

****p < 0.0001). 752 

 753 

Figure 5. Recognition of SARS-CoV-2 Spike variants and single mutants by plasma from 754 

vaccinated previously-infected individuals. 755 

HEK293T cells were transfected with SARS-CoV-2 full Spike variants and stained with plasma 756 

collected 3 weeks post-first dose vaccinated previously infected individuals (n=3-5) or with CV3-757 
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25 Ab and analyzed by flow cytometry. Plasma recognition of (A) full Spike variants or the (B) 758 

B.1.1.7, (C) B.1.351, (D) P.1, (E) B.1.429, (F) B.1.526 Spikes and Spikes with their corresponding 759 

single mutations are presented as a ratio of plasma binding to D614G Spike normalized with CV3-760 

25 binding. Error bars indicate means ± SEM. Statistical significance has been performed using 761 

Mann-Whitney U test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). 762 

 763 

Figure 6. Neutralization of SARS-CoV-2 Spike variants by plasma from previously infected 764 

vaccinated individuals  765 

Neutralizing activity of previously infected vaccinated individuals against pseudoviruses bearing 766 

the SARS-CoV-2 Spike variants were assessed. Pseudoviruses with serial dilutions of plasma were 767 

incubate for 1 h at 37°C before infecting 293T-ACE2 cells. ID50 against pseudoviruses were 768 

calculated by a normalized non-linear regression using GraphPad Prism software. Detection limit 769 

is indicated in the graph (ID50=50). Statistical significance has been performed using Mann-770 

Whitney U test (*p < 0.05). 771 

  772 
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SUPPLEMENTAL TABLE 773 

Table S1. Binding Kinetics of the interaction between SARS-CoV-2 RBD and sACE2 774 

quantified by Biolayer Interferometry.  775 

 776 

Table S2. Summary of ACE2 Binding, Plasma binding, and Neutralization to Spike variants. 777 

 778 

SUPPLEMENTAL FIGURES 779 

Figure S1. Recognition of SARS-CoV-2 Spike variants and single mutants by plasma from 780 

convalescent donors. 781 

HEK293T cells were transfected with the indicated SARS-CoV-2 spike variants and stained with 782 

plasma collected from individuals that were infected around 9 months before plasma collection 783 

(n=5) or with CV3-25Ab and analyzed by flow cytometry. Plasma recognition of (A) full Spike 784 

variants or the (B) B.1.1.7, (C) B.1.351, (D) P.1, (E) B.1.429, (F) B.1.526 Spikes and lineage 785 

specific Spike single mutations are presented as ratio of plasma binding to D614G normalized with 786 

CV3-25 binding. Error bars indicate means± SEM. Statistical significance has been performed 787 

using Mann-Whitney U test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). 788 

 789 

Figure S2. Recognition of SARS-CoV-2 Spike variants by plasma from naïve or previously-790 

infected, vaccinated individuals. 791 

HEK293T cells were transfected with SARS-CoV-2 full Spike variants and stained with plasma 792 

collected 3 weeks post-first dose vaccinated previously infected individuals (n=5), first dose 793 

vaccinated naïve individuals (n=5), or CV3-25 Ab and analyzed by flow cytometry. Plasma 794 

recognition of full Spike variants are represented as Median Fluorescent Intensities (MFIs) 795 
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normalized as a percentage of CV3-25 binding. Error bars indicate means ± SEM. Statistical 796 

significance has been performed using Mann-Whitney U test (*p < 0.05; **p < 0.01; ***p < 0.001; 797 

****p < 0.0001). 798 

 799 
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Figure 3
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Figure 6
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Figure S2
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Supplementary Table 1

RBD

ACE2 binding

(RBD/biolayer interferometry)

KD (nM) Fold change Ka (1/Ms) Fold change Kdis (1/s) Fold change

WT 161 1 4.27x104 1 6.88x10-3 1

N501Y 41.5 3.88 3.59x104 0.84 1.49x10-3 0.22

K417N 215 0.75 6.65x104 1.56 1.43x10-2 2.07

K417T 245 0.66 4.76x104 1.11 1.17x10-2 1.70

E484K 132 1.22 5.53x104 1.29 7.31x10-3 1.06

L452R 176 0.91 2.74x104 0.64 4.84x10-3 0.70

Table S1: Binding Kinetics of the interaction between SARS-CoV-2 

RBD and sACE2 quantified by Biolayer Interferometry. 
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Table S2. Summary of ACE2 Binding, Plasma binding, and Neutralization to Spike variants.

Variant / mutant
ACE2 

bindinga

Spike recognition by plasmab

Neutralizationc

ID50 (ratio to 

D614G)

Previously 

infected

(8 months 

PSO)

Previously 

infected

Vaccinated

(3 weeks post-

vaccination)

Naïve

vaccinated 

(3 weeks post-

vaccination)

D614G 1.00 1.00 1.00 1.00 3852 (1)

B.1.1.7

Full variant 5.43 1.15 1.00 0.78 2492 (0.65)

D614G/Δ69-70 1.51 1.33 1.14 0.92

D614G/Δ144 0.95 1.14 0.93 0.90

D614G/N501Y 2.52 1.65 1.17 1.09

D614G/A570D 1.18 1.29 1.01 1.04

D614G/P681H 0.81 1.26 0.88 0.90

D614G/T716I 0.89 1.58 0.98 0.68

D614G/S982A 0.77 1.06 0.50 0.89

D614G/D1118H 1.23 1.96 1.09 0.93

B.1.351

Full variant 3.56 0.96 1.28 1.17 1211 (0.31)

D614G/L18F 0.93 1.66 1.30 0.79

D614G/D80A 1.00 2.11 1.64 0.74

D614G/D215G 1.19 2.29 1.79 0.77

D614G/ Δ242-244 0.74 1.97 1.43 0.73

D614G/R246I 0.66 1.53 1.05 0.69

D614G/K417N 0.13 2.16 1.76 0.57

D614G/E484K 0.82 1.42 1.16 1.06

D614G/N501Y 2.52 1.65 1.17 1.09

D614G/A701V 0.99 0.90 0.84 0.91

P.1

Full variant 4.24 0.77 0.88 0.79 4445 (1.15)

D614G/L18F 0.93 1.66 1.30 0.79

D614G/T20N 1.96 1.65 1.29 0.72

D614G/P26S 1.58 0.93 0.81 0.73

D614G/D138Y 1.32 0.64 0.73 0.64

D614G/R190S 1.82 1.09 0.84 0.63

D614G/K417T 0.78 1.10 1.04 0.91

D614G/E484K 0.85 1.42 1.16 1.06

D614G/N501Y 2.52 1.65 1.17 1.09

D614G/H655Y 1.21 1.48 1.04 0.92

D614G/T1027I 0.59 1.56 0.76 0.82

B.1.526

Full variant 1.78 1.02 1.34 1.19 1686 (0.44)

D614G/L5F 0.91 1.00 1.23 0.91

D614G/T95I 0.75 1.00 1.16 0.98

D614G/D253G 0.93 0.84 1.01 0.84

D614G/E484K 0.85 1.42 1.16 1.06

D614G/A701V 0.99 0.90 0.84 0.91

B.1.429

Full variant 2.82 0.91 0.90 0.89 2591 (0.67)

D614G/S13I 1.42 0.84 0.93 0.79

D614G/W152C 1.33 0.87 0.97 0.76

D614G/L452R 2.66 2.15 0.95 0.86

B.1.617 Full variant 1.85 0.82 0.77 0.85 2795 (0.73)

B.1.617.1 Full variant 1.12 0.50 0.56 0.61 2489 (0.65)

B.1.617.2 Full variant 2.34 0.52 0.61 0.53 601 (0.16)

a) ACE2-Fc binding was normalized to CV3-25 binding in each experiment. Values are presented as ratio of normalized

ACE2-Fc binding obtain with the D614G Spike. Values represent the means of data obtained from at least three

independent experiments.

b) Plasma binding were normalized to CV3-25 in each experiment. Values are presented as ratio of normalized plasma

binding obtained with the D614G Spike. Values represent the means of data obtained with 3-5 plasma from the same

group.

c) The ID50 represents the plasma dilution to inhibit 50% of the infection of 293T-ACE2 cells by recombinant viruses

bearing the indicated Spike. Values are presented as the means of ID50 and as ratio of the ID50 obtained with virus

bearing the D614G Spike. Values represent the means of data obtained with 3-5 different plasma.
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