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 2 

Abstract 25 

The rapid spread and dominance of the Omicron SARS-CoV-2 lineages have posed severe health 26 

challenges worldwide. While extensive research on the role of the Receptor Binding Domain (RBD) 27 

in promoting viral infectivity and vaccine sensitivity has been well documented, the functional 28 

significance of the 681PRRAR/SV687 polybasic motif of the viral spike is less clear. In this work, we 29 

monitored the infectivity levels and neutralization potential of the wild-type human coronavirus 2019 30 

(hCoV-19), Delta, and Omicron SARS-CoV-2 pseudoviruses against sera samples drawn four months 31 

post administration of a third dose of the BNT162b2 mRNA vaccine. Our findings show that in 32 

comparison to hCoV-19 and Delta SARS-CoV-2, Omicron lineages BA.1 and BA.2 exhibit enhanced 33 

infectivity and a sharp decline in their sensitivity to vaccine-induced neutralizing antibodies. 34 

Interestingly, P681 mutations within the viral spike do not play a role in the neutralization potential 35 

or infectivity of SARS Cov-2 pseudoviruses carrying mutations in this position. The P681 residue 36 

however, dictates the ability of the spike protein to promote fusion and syncytia formation between 37 

infected cells. While spike from hCoV-19 (P681) and Omicron (H681) promote only modest cell 38 

fusion and formation of syncytia between cells that express the spike-protein, Delta spike (R681) 39 

displays enhanced fusogenic activity and promotes syncytia formation. Additional analysis shows 40 

that a single P681R mutation within the hCoV-19 spike, or H681R within the Omicron spike, restores 41 

fusion potential to similar levels observed for the Delta R681 spike. Conversely, R681P point 42 

mutation within the spike of Delta pseudovirus abolishes efficient fusion and syncytia formation. Our 43 

investigation also demonstrates that spike proteins from hCoV-19 and Delta SARS-CoV-2 are 44 

efficiently incorporated into viral particles relative to the spike of Omicron lineages. We conclude 45 

that the third dose of the Pfizer-BNT162b2 provides apprecciable protection against the newly 46 

emerged Omicron sub-lineages. However, the neutralization sensitivity of these new variants is 47 

diminished relative to that of the hCoV-19 or Delta SARS-CoV-2. We further show that the P681 48 

residue within spike dictates cell fusion and syncytia formation with no effects on the infectivity of 49 

the specific viral variant and on its sensitivity to vaccine-mediated neutralization. 50 
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Introduction 52 

In December 2019, a new virus of the Severe Acute Respiratory Syndrome Coronavirus (SARS-53 

CoV)-related coronavirus species was identified in China in and classified as the pathogenic cause of 54 

COVID-19. Over 600 million cases were diagnosed, and as of February 2023, above 7.5 million death 55 

tolls were reported globally [1, 2]. In an attempt to limit viral spread, several authorized vaccines 56 

were developed, among them the BNT162b2-Pfizer mRNA vaccine and the 1273 Moderna mRNA 57 

vaccines were primarily administrated. For both of these vaccines, two doses were administered to 58 

produce anti-spike antibodies that can target the SARS- CoV-2 full-length spike protein of the hCoV-59 

19 spike protein, thus providing efficient protection against viral infection and disease progression  60 

[3-8] [9-12] [13, 14]. However, the rapid and efficient viral spread enhanced the accumulation of 61 

variants that exhibit spike mutations, primarily at the receptor binding domain domain that mediates 62 

binding to the human ACE2 receptor. These mutations often result in an improved affinity of spike 63 

to ACE2, and serves as a mechanism to evade the immune response and neutralizing antibodies. 64 

Overall, emerged viral variants exhibited reduced sensitivity to the vaccines, thus leading to an 65 

evaluation regarding the administration of supplementary boosts.  66 

Early viral strains that have been defined as Variants Of Concern (VOC) include Alpha [15] 67 

and Beta [16, 17] [18-28], which were quickly dominated by Delta variant that causes severe clinical 68 

symptoms [29-31]. To battle against the waning of vaccine-elicited antibody immune response to 69 

emerging VOCs, a third dose of vaccine was approved in mid-2021, first in Israel and later worldwide. 70 

This boost has been proven to be highly effective, as it induced efficient protection and prevented 71 

disease progression or patient hospitalization [32]. Another VOC, referred to as Omicron (B.1.1.529) 72 

emerged in late 2021, initially in South Africa, and then quickly became globally dominant. Since 73 

then, other variants, including BA.1.1., BA.2, BA.4, and BA.5, have emerged from the Omicron 74 

parental lineage strain -  B.1.1.529. When compared to the original hCoV-19, Omicron sub-lineages 75 

carry several unique mutations within their spike [33, 34]. Omicron-BA.1 harbors 59 mutations 76 

within its genome, 36 of them within the spike and 15 specifically in RBD. However, there are few 77 
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 4 

mutations within spike that allows researchers to differentiate between them [33, 35, 36]. Omicron 78 

newly emerged variants partially escape vaccine-mediated protection. Moreover, in contrast to Alpha, 79 

Beta, and Delta, infection by Omicron lineages results in less severe clinical disease symptoms and 80 

lower hospitalization incidents [37-49]. To further enhance the protection of vaccine-elicited 81 

protection against the newly emerged Omicron-sub-lineages, a fourth boost of the Pfizer vaccine was 82 

initiated in Israel, providing minimal protection against emerged viruses variants with low boost 83 

efficacy of vaccine-mediated protection against viral infection [50-52]. Other countries followed this 84 

initiative, and the fourth boost is available almost everywhere. 85 

While mutations within the spike RBD are widely investigated for their role in dictating viral 86 

infectivity and neutralization potential, the importance of the 681PRRAR/SV687 mutations of spike, 87 

and specifically the P681 residue, is less clear. This polybasic Furin Cleavage Site (FCS) motif is 88 

unique to SARS-CoV-2 and is known to mediate entry of the viral particles via process that is 89 

dependent on TMPRSS2. While both cathepsins B and L that are both expressed in endosomes, 90 

TMPRSS2 is expressed on the surface of cells and promotes cleavage and activation of S2′ that 91 

promotes fusion between the cell and virus membranes [53, 54]. The polybasic motif of spike also 92 

promotes fusion and syncytia formation between infected cells and further facilitates TMPRSS2 93 

endocytic viral entry that mediates the evasion of IFITM2 cellular innate response [55-60], [61]. 94 

Finally, Omicron and its sub-lineages have also exhibited lower replication levels in lung and gut 95 

cells, and their spike is not efficiently cleaved as the spike of Delta. These differences are linked with 96 

higher levels of TMPRSS2 expression [62]. Overall, the Omicron spike inefficiently utilizes 97 

TMPRSS2, with a higher dependency on endocytic entry. In agreement with these findings, the 98 

formation of syncytia between infected cells following infection with Omicron is diminished in 99 

comparison to infection by Delta. This inefficient cleavage of the Omicron spike and the inability to 100 

use TMPRSS2 possibly exerts its effects on the clinical outcomes of the Omicron variant [63, 64]. 101 

In this work, we monitored the neutralization potential of sera samples that were drawn from 102 

individuals that were vaccinated with a third dose of the BNT162b2 vaccine – at four months post-103 
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the second dose administration. Vaccinated sera were tested against hCoV-19, its Delta, and 104 

pseudoviruses that carry the spike from Omicron-BA.1 and Omicron-BA.2 lineages. We show that 105 

relative to the hCoV-19 SARS-CoV-2 and its Delta variant, Omicron-BA.1 and Omicron-BA.2 106 

exhibit a sharp decrease in neutralization sensitivity and elevated infectivity levels. Nevertheless, 107 

three vaccine doses still provides relative protection four months after its administration. In addition, 108 

we show that spike proteins of both Omicron BA.1 and BA.2 lineages are incorporated less efficiently 109 

into viral particles relative to the spike of hCoV-19 and Delta pseudoviruses. We then focused on the 110 

role of the proline residue at position 681 (P681) of the spike in mediating cell fusion and syncytia 111 

formation between cells that express spike. We further expressed spike proteins from hCoV-19 112 

(P681), Delta-Arginine (R681), and Omicron-Histidine (H681) and monitored their abilities to 113 

mediate cell fusion and syncytia formation. Cell fusion was analyzed either by the GFP-split system 114 

that analyzes GFP expression as a measure of cell fusion [58], or by documenting cell fusion between 115 

transduced cells that stably express two different fluorescent reporter proteins. Our observations show 116 

that while the hCoV-19 and Omicron spike proteins promote only moderate fusogenic activity and 117 

syncytia formation, the Delta spike efficiently enhances fusion and syncytia formation between spike-118 

expressing target cells. Introducing a single P681R mutation in the spike of hCoV-19-SARS-CoV-2 119 

restores fusogenic potential and enhances syncytia formation of this spike. In parallel, the expression 120 

of Delta-spike protein carrying a single R681P mutation abolishes fusion potential and syncytia 121 

formation. Introducing an H681R mutation within the spike protein of Omicron restores cell fusion 122 

potential and enhanced syncytia formation, similar to those of Delta SARS-CoV-2. We therefore 123 

conclude that the P681 position of the spike is critical for mediating cell fusion and syncytia 124 

formation.   125 
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Material and Methods 126 

RESOURCES 127 

Lead Contact  128 

Requests for reagents should be sent to Ran Taube (rantaube@bgu.ac.il). 129 

 130 

Data and sample accessibility 131 

Information regarding this manuscript can be obtained from the leading author. DNA plasmids and 132 

pseudoviruses are also available upon request. 133 

 134 

Human subject cohort 135 

The study was performed under the supervision of the ethical Helsinki committee at the Soroka 136 

Medical Center (protocol 0281-20-SOR).  Sera samples were obtained from healthy individuals 137 

(n=35) vaccinated with the third dose of the BNT162b2 vaccine. Sera samples were collected four 138 

months post the administration of the third boost of the BNT162b2 vaccine.  139 

 140 

Bacterial Strains and Cells 141 

HEK293T cells that stably express the ACE2 human receptor (HEK293T-ACE2) or Vero E6 cells 142 

that express either GFP 10 or GFP 11 GFP proteins were maintained at 370C and 5% CO2. Cells were 143 

grown in complete DMEM media, containing glucose (Gibco), 10% FBS, 2mM GlutaMAX and 144 

100U/ml ampicillin-streptomycin. HEK293T-ACE2 cells were generated by transducing cells with 145 

lentivirus that expresses the human ACE2 receptor. Pseudoviruses used for neutralization and 146 

infectivity experiments were normalized based on their p24 levels using ELISA. DH5 bacteria were 147 

transformed with DNA lentiviral packaging plasmids and the viral SARS-CoV-2 spike. For DNA 148 

propagation, one colony was picked and cultured in growth media at 370C for 10 hr while shaking. 149 
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Fusion assays 150 

For cell-cell fusion measurements, Vero-E6 cells expressing either GFP1‐10 or GFP11 were co‐151 

cultured in a 12‐well plate at an equal number, and were then transfected with a total of 1µg of 152 

phCMV‐SARS‐CoV2‐spike using TransIT-X2 (Mirus). At 24 h post‐transfection, GFP fluorescence 153 

images were documented for analying cell fusion using Olympus IX73. The GFP area and the number 154 

of nuclei were quantified using ImageJ software. Fusion was defined as the percentage of GFP pixels.  155 

 156 

Generating spike mutants 157 

For inserting point mutations within the spike, the QuikChange Lightening Site-Directed 158 

Mutagenesis kit was used (Agilent Technologies). The hCoV-19 spike plasmid, pCG1-SARS-S-HA, 159 

that codes for the hCoV-19 spike was obtained from S. Pöhlmann at the University Göttingen [42]. 160 

For each of the indicated mutants, DNA oligos that carried the required mutation were designed. 161 

Omicron-BA.1 spike was synthetically synthesized by IDT. 162 

 163 

Generation of pseudotyped lentivirus and neutralization assays 164 

SARS-CoV-2 pseudoviruses were generated as previously described [31, 65]. Briefly, HEK293T 165 

cells were transfected with the following HIV packaging plasmids; pHDM-Hgpm2 that codes for a 166 

codon optimized HIV Gag-Pol (5 g per plate; Addgene #164441); pHDM-Tat1b (3 g per plate; 167 

Addgene #164442); pRC-CMV Rev1b (5 g per plate; Addgene #164443) and the pHAGE-CMV-168 

luciferase transgene (20 g per plate). The indicated pCG1-SARS-S spike expression plasmid was 169 

also transfected (6 g per plate) [42]. Transfection of DNA was done by CaCl2 in a 10cm plate format. 170 

Viral particles were collected from the  supernatant at 72 h post-transfection and filtered through 22 171 

[31, 65, 66]. Neutralization assays were performed in a 96-well format. SARS CoV-2 pseudutyped 172 

lentiviruses were incubated with the tested sera for 1 h at 37oC.  No sera samples were used as a 173 

control. The indicated pseudoviruses were then used to transduce HEK-ACE2 for 12 h, followed by 174 

replacement with complete fresh media. Following transduction, cells were harvested and their 175 
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 8 

luciferase readouts were monitored (Promega). Two neutralization experiments that are independent 176 

were conducted. In each experiment, the indicated sera samples were diluted (for each serum, 5-6 177 

dilutions were made) and analyzed against the pseudovirus. For each dilution point, three independent 178 

dilutions were performed and analyzed.  Neutralization assays were analyzed using an automated 179 

Tecan liquid handler. Readouts were used to calculate the NT50 – 50% inhibitory values. For 180 

monitoring the infectivity of the recombinant SARS-CoV-2 pseudoviruses, 1x105 HEK293T-ACE2 181 

cells were plated in a 12-well plate and, 24 hours later, were transduced with decreased serial 182 

dilutions. 48 hours post-transduction, cells were harvested, and their luciferase readouts were 183 

monitored. p24 ELISA measurements were conducted to ensure equal loads.  184 

 185 

Analysis of spike incorporation into viral particles  186 

For monitoring spike incorporation into pseudoviruses, we followed a protocol described by Schulte 187 

and colleagues [67]. Concentrated HIV-1 particles pseudotyped carrying the different SARS-CoV-2 188 

spikes proteins were lysed with a lysis buffer that contains N-dodecyl-β-d-maltopyranoside and 189 

detected by western blot with anti-SARS-CoV-2 spike monoclonal antibody GTX632604 (GeneTex; 190 

clone 1A9) and anti-p24 (NIH repository) antibodies. For validation of spike expression, we also used 191 

a polyclonal antibody against the spike. Following SAD-PAGE and transfer to a nitrocellulose 192 

membrane, three washes in PBS-Tween were performed and membranes were incubated for 30 min 193 

with an anti-goat and anti-mouse conjugated to IRDye 680LT or IRDye 800CW (LI-COR). Bands 194 

were detected by scanning the blots using the LI-COR Odyssey Imaging System in the 700 nm or 195 

800 nm channel. 196 

 197 

Image analysis 198 

Image analysis was conducted with the Scikit-image library [68] in Python 3.1. Images for each 199 

channel (GFP – fused cells; DAPI – nuclei stain) were loaded separately. Histograms for all images 200 

were equalized. Using the Otsu threshold algorithm on the GFP channel, the borders of the fused cells 201 
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were determined. The cell regions in each image were isolated and labeled using the scikit-image 202 

label algorithm, where each area corresponds to a fused cell. These regions were then iterated over 203 

and used to mask the corresponding region individually over the DAPI channel. For each iteration, 204 

the number of nuclei in the masked area, and therefore the fused cell, was assessed using the local 205 

maxima in the intensity of the DAPI image, with a minimum distance of 3 pixels between each peak. 206 

The pixel area of each region was also measured, giving us, in addition to the nuclei number in each 207 

cell, the area also. For statistical analysis, only regions with 2 or more nuclei were selected. Statistical 208 

analysis was done using a two-sided independent t-test from the stat module of the scipy [69] library. 209 

Graphing was done using the matplotlib and seaborn libraries [70]. Additional libraries were used – 210 

pandas and NumPy [71]. 211 

 212 

Statistical analysis  213 

Statistical analyses were conducted with GraphPad Prism. The statistical significance of our study 214 

was determined by a two-tailed Student’s t-test - P0.001. Error bars show standard deviation.  215 

 216 

 217 
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Results 219 

Neutralizing and infectivity levels of the SARS CoV-2 Omicron pseudoviruses  220 

Sera samples were obtained from a broad cohort of individuals that were vaccinated with three doses 221 

of the Pfizer mRNA vaccine. Samples were collected at four months post-administration of the third 222 

dose (n=35). The cohort was tested for neutralizing potency against the original hCoV-19 SARS-223 

CoV-2, its Delta variant, and the Omicron-BA.1 and Omicron-BA.2 sub-lineages. Our neutralization 224 

assays show that in comparison to the hCoV-19 pseudovirus, Omicron-BA.2 exhibited a 12-fold 225 

decrease in neutralization potential, while Omicron-BA.1 exhibited a relative 9-fold reduction in its 226 

neutralization sensitivity to the tested sera (Figure 1A). Delta pseudovirus displayed only a 2-fold 227 

reduction relative to the hCoV-19 (Figure 1A). Despite this decrease, Omicron variants were still 228 

neutralized by the tested sera. 229 

We then examined the infectivity of the Delta and Omicron-BA.1 and Omicron-BA.2 variants in 230 

HEK293T-ACE2 cells, comparing them to the infectivity of the hCoV-19 pseudovirus. Our findings 231 

show that Omicron-BA.1 and Omicron-BA.2 pseudoviruses exhibited 5-fold higher infectivity when 232 

compared to the hCoV-19 SARS-CoV-2. Moreover, we confirmed previous data reporting that the 233 

infectivity of the Delta variant is 2-3 fold higher compared to hCoV-19 (Figure 1B) [31]. Finally, as 234 

TMPRSS2 plays a role in mediating viral entry and infectivity, we over-expressed HA-TMPRSS2 in 235 

HEK293T-ACE2 cells and monitored the infectivity of SARS-CoV-2 hCoV-19 and its P681 mutants. 236 

Our data show that expression of TMPRSS2 has no role in mediating pseudovirus infectivity 237 

(Supplementary Figure S1). Since our analysis uses engineered pseudoviruses that replicate only 238 

one round, the term transduction is more appropriate than infection. Moreover, for this kind of 239 

analysis that measures viral entry, there exists a close association between pseudoviruses and live 240 

viruses [31, 65, 72].  241 

 242 

 243 

 244 

Jo
urn

al 
Pre-

pro
of



 11 

P681 mutations within the spike do not play a role in both the neutralization potential and 245 

infectivity of SARS-CoV-2 pseudoviruses 246 

We monitored the role of mutations within the P681 residue of the spike in affecting neutralization 247 

against a pool of our cohort and determined the viral infectivity of P681 mutated pseudoviruses in 248 

HEK293T-ACE2 cells. Our pseudo-viruses carrying spike with P681R or P681H mutations were 249 

subjected to neutralization assays against a mixture of our sera samples (Figure 2). Our observations 250 

show that the P681 residue has no effects on the neutralization potential of the examined sera sample. 251 

The P681R and P681H exhibited similar neutralization potential as the hCoV-19 P681 pseudovirus 252 

(Figure 2A). In addition, the P681H/R mutants exhibited similar infectivity levels as measured for 253 

the hCoV-19 virus (Figure 2B).  254 

 255 

The fusogenic potential of hCoV-19 and its Delta or Omicron SARS-CoV-2  256 

We next expressed spike proteins from the hCoV-19, Delta, Omicron-BA.1, and Omicron-BA.2 in 257 

Vero-E6-GFP-split cells, documenting GFP expression as a measure of cell fusion and syncytia 258 

formation between spike-expressing cells (Figure 3A) [56]. The hCoV-19 spike carries a Proline 259 

residue at position 681 (P681) and is part of the poly-basic motif in the spike. In the Delta spike, P681 260 

is mutated to Arginine (R681), while in the Omicron-BA1 or Omicron-BA2, this residue is mutated 261 

to Histidine (H681). Our analysis demonstrated that expression of Delta R681 spike protein in Vero-262 

E6 GFP split cells promoted enhanced fusion and formation of syncytia when compared to the fusion 263 

potential documented for the hCoV-19 P681 spike or to that of the Omicron lineages H681 spike 264 

(Figure 3B). GFP expression (area per cell) was also quantitated as a measurement for fusion 265 

potential. Image analysis and quantitation of nuclei per cell for each of the variants and cell area was 266 

calculated based on the expression of GFP and DAPI and was performed using the Scikit-image 267 

library [68] in Python 3.1 (Figure 3C). Our analysis confirmed the above results, showing that the 268 

Delta spike promotes efficient cell fusion relative to the hCoV-19 and Omicron spike proteins. 269 
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We also imaged cell fusion between Vero-E6 cells stably expressing either mCherry or GFP reporter 270 

proteins. Cells were mixed at equal numbers and then transfected with the indicated spike proteins 271 

from either hCoV-19, Delta, or Omicron-BA1 sub-lineage. Syncytia formation, as measured by 272 

GFP/mCherry expression overlap per nuclei, was documented using microscopy imaging (Figure 273 

3D). We confirm that the hCoV-19 (P681) and Omicron-BA.1 (H681) spike proteins mediate only a 274 

modest cell fusion, as shown by their low number of syncytia. On the other hand, the Delta spike, 275 

carrying the R681 mutation, efficiently enhances fusion potential and forms syncytia. 276 

 277 

Incorporation of spike proteins into pseudovirus particles 278 

We next monitored levels of incorporated spike protein into pseudovirus particles. Equal amounts of 279 

pseudoviruses expressing spike from either hCoV-19, Delta, or Omicron sub-lineages were subjected 280 

to western blotting using a mono-clonal anti-spike IgG GTX632604 (GeneTex (Figure 4). Our 281 

analysis demonstrated that while similar levels of spike protein from the hCoV-19 and Delta were 282 

incorporated into pseudo-viral particles, the spike of Omicron BA.1 or BA.2 was incorporated less 283 

efficiently into the viral particles. p24 expression levels ensured that equal amounts of viral particles 284 

were loaded on the gel (lower panel). As the low incorporation of spike observed in the Omicron 285 

linages might be due to antibody recognition, we also confirmed our findings with a different 286 

polyclonal IgG antibody from a rabbit immunized with spike protein. Using this antibody, differences 287 

between the viral variants were more subtle (supplementary, Figure S2)  [73]. Finally, we further 288 

monitored spike incorporation and processing in HEK293 T-producing cells. Our analysis confirmed 289 

that within producing cells, levels of spike from various SARS-CoV-2 variants and their processing 290 

were similar (supplementary, Figure S3).   291 

 292 

 293 

 294 

Jo
urn

al 
Pre-

pro
of



 13 

P681 residue within the spike is important for the fusion and syncytia formation of SARS-CoV-295 

2 pseudoviruses  296 

As Delta and Omicron spike proteins carry a single mutation at position P681, being either P681R in 297 

Delta or P681H in Omicron (BA.1 and BA.2), we aimed to evaluate the functional significance of 298 

these mutations in promoting cell fusion and syncytia formation between target cells. Therefore, we 299 

mutated the P681 residue of the hCoV-19 spike to R681, which displayed on the spike of Delta and 300 

then expressed these two spike proteins in Vero-GFP-split cells, each expressing a GFP sub-unit. 301 

Monitoring cell fusion by microscopy for GFP expression, we documented that the P681R spike 302 

mutation of hCoV-19 led to an enhanced GFP expression, indicating that fusion and syncytia 303 

formation were restored to the levels exhibited for the Delta spike (Figure 5A). Conversely, switching 304 

R681 in the Delta spike to P681, which is in the hCoV-19 version, eliminated the enhanced fusion 305 

potential and syncytia formation (Figure 5A). We similarly mutated the spike of Omicron-BA.1 306 

(H681) into R681 and expressed these spike proteins in Vero-GFP-split cells. We documented an 307 

enhanced fusion potential and increased syncytia formation upon mutating the Omicron-BA.1 (H681) 308 

to R681 spike (Figure 5A). We lastly quantitated the levels of GFP expression as a measure for 309 

fusogenic potential and syncytia formation (Figure 5B). We concluded that P681 in the polybasic 310 

region of the spike is critical for fusion activity and syncytia formation.  311 
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Discussion 313 

The formation of syncytia has been documented as a hallmark of many viruses, including SARS-314 

CoV-2 [74, 75]. The fusion of the virus with its host is mediated through the interactions of the viral 315 

spike protein that is expressed on particles with the human ACE2 receptor [76]. Although not 316 

completely understood, fusion between infected cells also takes place in the lung of infected patients, 317 

and might be linked with severe clinical symptoms and overall mortality [75, 77, 78]. Therefore, 318 

characterizing the residues within the spike that are involved in viral-cell fusion and the formation of 319 

syncytia between infected cells is critical. Along with RBD mutations within spike that have been 320 

investigated for effects on viral infectivity and neutralization sensitivity, viral variants of concern also 321 

exhibit mutations within their Furin Cleavage site (FCS) - primarily at the P681 spike position. In 322 

this study, we first used pseudoviruses to monitor the neutralization potential of sera drawn from fully 323 

vaccinated individuals four months following the administration of the third dose against the hCoV-324 

19 SARS-CoV-2, its Delta and Omicron sub-lineages, BA.1 and BA.2, (Figure 1). We show that, 325 

relative to the hCoV-19, the efficiency of our sera samples to neutralize the recently emerged 326 

Omicron-BA.1 and BA.2 was substantially reduced (to about 9-12-fold). Furthermore, a decrease in 327 

the tested sera to neutralize the Delta pseudovirus was also reduced. However, this decrease in 328 

neutralization potency was lower observed with the Omicron sub-lineages and was only 2-fold 329 

relative to the hCoV-19 SARS-CoV-2. 330 

Nevertheless, analyzed sera samples could neutralize infection of the tested pseudoviruses. We also 331 

demonstrated that Omicron-BA.1 and Omicron-BA.2 exhibited enhanced infectivity levels, which 332 

were 5-fold higher than the infectivity of the hCoV-19 pseudovirus (Figure 1). Overall, we conclude 333 

that the efficiency of the vaccine-elicited immune response is significantly reduced against Omicron 334 

lineages, raising concerns regarding the protection this vaccine provides against the Omicron variants. 335 

P681 residue is changed between hCoV-19 (P681), Delta (R681), and Omicron sub-linages (H681). 336 

We therefore investigated the role of this position in mediating fusion between infected cells and the 337 

formation of syncytia. Our observations show that hCoV-19 and Omicron spike proteins modestly 338 
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enhance cell fusion and syncytia formation between cells expressing the different spike proteins 339 

(Figure 3). In contrast, spike from the Delta SARS-CoV-2 efficiently promotes cell fusion and 340 

generates large syncytia between transduced cells (Figure 3). We further show that the incorporation 341 

of the spike protein into viral particles differs between the tested SARS-CoV-2 variants. Western 342 

blotting analysis shows that spike from hCoV-19, Omicron-BA.1, and Omicron-BA.2 incorporates 343 

less efficiently relative to the spike of the Delta SARS-CoV-2 variant (Figure 4).  These observations 344 

were documented using two different spike antibodies (see also Figure S2). Importantly, the 345 

differences in spike incorporation levels on the surface of viral particles between the hCoV-19 SARS 346 

CoV-2 and its P681 mutants cannot explain the differences in fusogenic potential and overall viral 347 

infectivity detected for the different spike. We assume that other factors play a role in promoting 348 

syncytia formation, primarily viral infectivity that is determined by the affinity of the viral particle to 349 

its receptor as well as spike processing. Future analysis will need to be performed to better distinguish 350 

between the processes of viral infectivity and fusion and their contribution to the overall pathogenesis 351 

of the virus. Furthermore, the mutational landscape displayed within the RBD, and the furin motifs 352 

cannot dictate the overall immune response elicited by the Pfizer-BNT162b2 mRNA vaccine against 353 

any given viral variant. Thus, additional mutations within the N-terminus domain (NTD) of the spike 354 

also play a role and contribute to conformation changes of the spike that may dictate neutralization 355 

potential, fusogenicity, transmissibility, and affinity of the spike to ACE2. Indeed, residues of 356 

Omicron RBD exhibit increased electrostatic surface potential joint with a reduced affinity of the 357 

spike to the ACE2 receptor, leading to an overall lower fusogenicity potential. These parameters 358 

indicate that Omicron does not display an advantage in its infectivity levels over the Delta SARS-359 

CoV-2. However, neutralizing epitopes that are exhibited on the spike of Omicron-BA.1 and 360 

Omicron-BA.2 protein are greatly affected, and therefore enhance the immune escape from vaccine-361 

elicited antibodies and promote viral infection [79, 80]. In parallel, some antibodies exhibit the 362 

opposite effect and enhance viral infectivity as they promote the binding of spik to the ACE2 receptor, 363 

acquiring an open configuration of the RBD  [81]. Our findings show that P681 is critical for the 364 
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fusogenic activity of the spike protein from different SARS-CoV-2 variants. Changing P681 in the 365 

hCoV-19 spike into R681, seen in Delta, restored fusogenicity and syncytia formation. Similarly, 366 

changing R681 of the Delta spike into P681 or H681 positioned within the spike of hCoV-19 or 367 

Omicron, respectively, abolishes the fusion phenotype seen in the Delta spike (Figure 5). The 368 

polybasic PRRAR motif is unique in the spike of SARS-CoV-2. However, its functional significance 369 

for viral infection is still not clear. Recent work has confirmed that this motif is important for viral 370 

spread, as it provides an advantage for the virus to penetrate its target cells on the cell surface by 371 

enhancing membrane fusion [56, 82, 83]. These syncytia facilitate viral replication, dissemination, 372 

and immune evasion and cause wider cytopathic effects and tissue damage. Using this entry pathway, 373 

the virus evades the IFITM2 innate response and spreads efficiently [54, 61, 84]. In viruses that are 374 

depleted of the polybasic motif, viral fusion into cells takes place in endosomes and is affected by the 375 

innate anti-viral response. In Vero E6 cells that lack TMPRSS2 and do not have an innate response, 376 

viral variants that lack FCS have an advantage due to increased spike stability and premature shedding 377 

of the S1 subunit that abolishes binding to the human receptor [85] [61]. FCS deletion also reduces 378 

infection levels due to low titers that are shed from infected cells in an animal ferrets model, leading 379 

to decreased transmission [54]. This report also showed that the TMPRSS2-mediated entry is more 380 

efficient in viruses that carry the FCS polybasic region [54]. In cell culture, the FCS sequence within 381 

the virus is lost or mutated while preserved in infectious clinical isolates. Therefore, it is possible to 382 

assume that the FCS sequence is important for viral transmission only in clinically relevant cells upon 383 

infection with the live virus [54]. In another recent work, the importance of the polybasic FCS motif 384 

was also reinforced. The P681R mutation within the spike of Kappa increased syncytia formation, 385 

contributing to enhanced infectivity also seen in Beta variants [58]. Other residues that are known to 386 

be involved in cell fusion include the D614G, K417N, and to a lesser extent E484K. However, in this 387 

work, we could not detect any effect of P681 residue on viral infectivity nor neutralization potential 388 

since the assays employed single-round pseudo-viruses and monitored only early steps of infection 389 

without extending measurements on later stages such as particle release. Moreover, we did not 390 
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conduct our analyses in clinically relevant cells, where viral infection depends on TMPRSS2-391 

mediated fusion. Other studies have demonstrated that the Delta variant exhibits higher fusion 392 

potential compared with hCoV-19-H or Alpha P681H mutation [59, 63, 86, 87]. Omicron replicates 393 

more slowly than Delta upon expressing TMPRSS2. The use of specific inhibitors targeting the 394 

endocytic or TMPRSS2 entry pathways further led to the conclusion that while the Omicron sub-395 

lineages mainly use the endocytic path for entry target cells, Delta SARS-CoV-2 uses both the 396 

endocytic and the TMPRSS2-dependent pathways [63]. Our study confirms these data and further 397 

defines the P681 residue within the FCS region of the spike as the key residue that dictates cell-cell 398 

fusion and syncytia formation.  399 

 400 

Study Limitations  401 

This work presented several limitations, mainly associated with the use of pseudoviruses. Indeed, our 402 

work uses single-round replication pseudoviruses, which are suitable for analyzing the binding of 403 

SARS-CoV-2 to its host receptor. Other reports have already demonstrated a high association 404 

between pseudoviruses and live SARS-CoV-2 viruses with regards to the attachment and entry steps 405 

of SARS CoV-2 [65, 72, 88-93]. Moreover, as we used a lentivirus system, the expression levels of 406 

the spike that are assembled on the surface of viral particles are driven according to parameters that 407 

account for lentiviruses rather than coronavirus. As such differences in the expression and assembly 408 

of the spike may take place and affect its ability to mediate fusion and syncytia formation. Finally, 409 

our findings relate only to the tested samples derived from vaccinated individuals and need to be 410 

addressed accordingly.  411 
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Main Figures and legends  639 

 640 

Figure 1: The neutralization potential of post-vaccinated sera against SARS-CoV-2 641 

pseudoviruses and its variants of concern  642 

A. Relative neutralization sensitivity of Delta, Omicron-BA.1, and Omicron-BA.2 sub-643 

lineages – Measurements of neutralization were performed with sera samples of individuals 644 

vaccinated with the third dose of the Pfizer-BNT162b2 vaccine and drawn four months post-645 

administration. For neutralization measurements, sera samples (n=35) were incubated with the 646 

indicated pseudoviruses, and then HEK293T-ACE2 target cells were tranduced. 72 hours later, 647 

transduction levels were analyzed by reading luciferase levels. Neutralizing potential was calculated 648 

following transduction of pseudoviruses in the presence of increased serial dilutions of the sera 649 

sample, and was determined relative to transduced cells where no sera were supplemented. NT50 650 

neutralization is the inverse dilution that achieves 50% neutralization levels. The results are the 651 

average of two experiments. For each experiment, the indicated sera samples were diluted (for each 652 

sera, 5-6 dilutions were made) and analyzed against the pseudovirus. For each dilution point, three 653 

independent dilutions were performed and analyzed.  Black bars represent the geometric mean of 654 

NT50 values, indicated at the top. Statistical significance was determined using a two-tailed t-test 655 

***p<0.001. The fold of the average NT50 decrease is calculated relative to the HCoV-19 strain. 656 

B. Relative infectivity levels of hCoV-19, Delta and Omicron- BA.1 BA.2 sub-lineages  657 

HEK293T-ACE2 target cells were transduced with pseudoviruses carrying spike from hCoV-19 658 

SARS-CoV-2, its Delta or Omicron-BA.1 and Omicron-BA.2 spike proteins. Viral load was 659 

normalized based on measuring p24 levels. 48 hours post-transduction, cells were harvested and 660 

luciferase readouts were measured. Three independent infection experiments were performed. Bar 661 

graphs show mean values ± SD error bars of three independent experiments.  662 
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Figure 1  666 
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Figure 2: P681 residue of spike protein has no role in neutralization potential and infectivity of 669 

SARS-CoV-2 pseudoviruses  670 

A. Neutralization sensitivity of SARS-CoV-2 pseudoviruses with P681 spike mutations - 671 

neutralization analyses were performed in the presence of a pool of sera samples (n=35) drawn from 672 

individuals vaccinated with the third dose of the Pfizer-BNT162b2 vaccine and drawn four months 673 

post-administration. For neutralization measurements, sera samples were incubated with the indicated 674 

pseudoviruses for one hour, followed by the transduction of HEK293T-ACE2 target cells. 72 hours 675 

post-transduction, cells were harvested, and their transduction was monitored by measuring luciferase 676 

readings. Neutralizing potency was calculated in the presence of increased serial dilutions of the 677 

mixed sera samples and are presented relative to cells that were transduced with no sera added. 678 

Neutralization, NT50 is defined as the inverse dilution that achieved 50% neutralization. Presented 679 

results are an average of two independent biological assays. For each experiment, the indicated sera 680 

samples were diluted (for each serum, 5-6 dilutions were made) and analyzed against the pseudovirus. 681 

For each dilution point, three independent dilutions were performed and analyzed. Black bars 682 

represent the geometric mean of NT50 values, indicated at the top. Statistical significance was 683 

determined using a two-tailed t-test ***p<0.001. The fold of the average NT50 is calculated relative 684 

to the hCoV-19 strain. 685 

B. Relative infectivity levels of SARS-CoV-2 pseudoviruses carrying P681 mutations  686 

Pseudoviruses expressing the hCoV-19 SARS-CoV-2 spike or its P681R or P681H spike proteins 687 

were used to transduce HEK293T-ACE2 target cells. Equal viral loads were normalized based on p24 688 

protein levels. 48 hours post-transduction, cells were harvested, and their luciferase readouts were 689 

monitored. Three independent infection experiments were performed. Bar graphs show mean values 690 

± SD error bars of three independent experiments.  691 
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 30 

Figure 3: Delta spike promotes enhanced fusogenic activity and syncytia formation relative to 696 

the spike of hCoV-19 and Omicron BA.1 or BA.2 sub-lineages of SARS-CoV2  697 

A.  Vero E6-GFP 10 and 11 represent cells expressing each GFP subunit. GFP is expressed only 698 

upon cell fusion and is solely dependent on the spike of SARS-CoV-2 [58]. 699 

B. Vero-E6-GFP split cells were transfected with the indicated spike proteins from hCoV-19, 700 

Delta, Omicron- BA.1, and Omicron-BA.2. 48 hours post-transfection, cells were imaged for their 701 

GFP expression as an indicator for cell fusion. 702 

C. Quantification of fusion potentials for hCoV-19, Delta, Omicron-BA.1, and Omicron-BA.2 703 

spike proteins. Quantification was performed by imaging GFP and DAPI expression and calculating 704 

the number of nuclei per cell and cell area as a measurement of fusion. Image analysis and 705 

quantitation were calculated based on the expression of GFP area and DAPI and were performed 706 

using the Scikit-image library in Python 3.1.[68]  707 

D. Visualization of fusion and syncytia formation – Vero-E6 cells stably expression either 708 

mCherry or GFP were transfected with the indicated spike. 48h post-transfection cells were imaged 709 

for syncytia formation that measured the merged expression of mCherry and GFP using a Zeiss 710 

microscope.  711 
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Figure 4: Spike from Omicron-BA.1 and Omicron-BA.2 incorporate less efficiency into viral 736 

particles relative to hCoV-19 and Delta pseudoviruses  737 

A. Concentrated pseudotyped viral particles with the indicated SARS-CoV-2 spike were lysed 738 

and equally loaded on an SDS-PAGE gel, followed by western blotting using an -spike GTX632604 739 

(Genetex) and anti-p24 (NIH repository) antibodies. The lower panel represents a western blot with 740 

p24 for an equal load of viruses. Arrowheads indicate spike proteins. 741 

B. Intensity analysis of spike bands using image J, normalized to p24 levels and shown relative 742 

to the hCoV-19 spike levels set to 100%. Two independent experiments were performed. Bar graphs 743 

show mean values ± SD error bars of two independent experiments. Statistical significance of our 744 

study was determined by a two-tailed Student’s t-test - P0.001. Error bars show standard deviation. 745 
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Figure 5: P681 residue of spike dictates cell fusion and syncytia formation of SARS-CoV-2  750 

A. Equal cell numbers of Vero-E6 cells expressing either GFP1-10 or GFP 11 (Vero GFP-split) 751 

were seeded together and then transfected with the indicated spike from either hCoV-19, Delta, or 752 

Omicron. 72 hours post-transfection, cells were monitored for their GFP expression by microscopy 753 

to measure cell-fusion potential. The top images represent cell fusion upon expressing the hCoV-19 754 

(P681), Delta (R681), and Omicron-BA.1 (H681). The bottom images represent cell fusion upon 755 

expressing HCoV-19-P681R, Delta- R691P, and Omicron H681R. 756 

B. Quantitation of fusogenicity using image J (GFP area/number of nuclei).  757 
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Supplementary 765 

Figure S1: TMPRSS2 has no effects on viral infectivity of pseudoviruses that infect HEK-766 

293T-ACE2-TMPRSS2 767 

A. Pseudoviruses bearing the indicated SARS-CoV-2 spike P681 mutations were used to 768 

transduce HEK-ACE2 cells and HEK cells that express HA-TMPRSS2. The human protease was 769 

transfected into cells 48hr earlier and its expression was verified in infected cells by FACS (panel A). 770 

Equal viral loads were normalized based on p24 protein levels. 48hr post transduction, cells were 771 

harvested and their luciferase readouts were monitored. Bar graphs show mean values ± SD error 772 

bars of three independent experiments. Measured statistical significance was calculated between 773 

experiments by a two-tailed Student’s t test ***P≤0.001.  774 

B. Control HEK-293 non-transfected cells and cells that stably express TMPRSS2-HA were 775 

dissociated by EDTA treatment, and washed with PBS-0.01% Tritin washing buffer.   Cells were then 776 

incubated with 0.04% triton for 10 min on ice, washed and blocked with 4% FCS in PBS. Cells were 777 

then incubated with anti-HA IgG (5 μg/ml, Abcam ab9110) for 45 min on ice. After x3 washes with 778 

washing buffer, the cells were incubated with Rhodamine-Red labeled goat anti-779 

Rabbit IgG antibody (1:200; Jackson 111-296-003), washed x3 times with washing buffer and 780 

analyzed by FACS. 781 
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Figure S2: Omicron-BA.1 and Omicron-BA.2 pseudoviruses display lower levels of spike 785 

relative to hHCoVCoV-19 and Delta pseudoviruses  786 

A. Concentrated HIV particles pseudotyped with the indicated SARS-CoV-2 spike were lysed 787 

and equally loaded on SDS-PAGE, followed by western blot analysis using a polyclonal IgG antibody 788 

from a rabbit immunized with spike protein [73], and anti-p24 (NIH repository) antibodies. The lower 789 

panel represents a western blot with p24 for an equal load of viruses.  790 

B. Intensity analysis of spike bands using image J, normalized to p24 levels and shown relative 791 

to the hCoV-19 spike levels set to 100%. Two independent experiments were performed. Bar graphs 792 

show mean values ± SD error bars of two independent experiments. Statistical significance of our 793 

study was determined by a two-tailed Student’s t-test - P0.001. Error bars show standard deviation. 794 
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Figure S3: Expression and processing of spike in producer cells expressing spike SARS CoV-2   801 

A. Cell lysate of HEK-293T cells expressing the indicated spike protein was subjected to SAS-802 

PAGE and western blot using anti-spike IgG. Spike expression plasmids were transfected into 803 

producer cells using lipofectamine. 48hr post transfection cells were harvested lysed and equally 804 

loaded on SDS-PAGE, followed by western blot analysis using anti-spike GTX632604 (Gene tex) 805 

and anti-p24 (NIH repository) IgG. The lower panel represents a western blot with p24 for an equal 806 

load of viruses. 807 

B. Intensity analysis of spike bands using image J, normalized to p24 levels and shown relative 808 

to the hCoV-19 spike levels set to 100%. Two independent experiments were performed. Bar graphs 809 

show mean values ± SD error bars of two independent experiments. Statistical significance of our 810 

study was determined by a two-tailed Student’s t-test - P0.001. Error bars show standard deviation. 811 
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