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Abstract 39 

Continued evolution of SARS-CoV-2 has led to the emergence of several new Omicron 40 

subvariants, including BQ.1, BQ.1.1, BA.4.6, BF.7 and BA.2.75.2. Here we examine the 41 

neutralization resistance of these subvariants, as well as their ancestral BA.4/5, BA.2.75 and 42 

D614G variants, against sera from 3-dose vaccinated health care workers, hospitalized BA.1-43 

wave patients, and BA.5-wave patients. We found enhanced neutralization resistance in all new 44 

subvariants, especially the BQ.1 and BQ.1.1 subvariants driven by a key N460K mutation, and to 45 

a lesser extent, R346T and K444T mutations, as well as the BA.2.75.2 subvariant driven largely 46 

by its F486S mutation. The BQ.1 and BQ.1.1 subvariants also exhibited enhanced fusogenicity 47 

and S processing dictated by the N460K mutation. Interestingly, the BA.2.75.2 subvariant saw an 48 

enhancement by the F486S mutation and a reduction by the D1199N mutation to its fusogenicity 49 

and S processing, resulting in minimal overall change. Molecular modelling revealed the 50 

mechanisms of receptor-binding and non-receptor binding monoclonal antibody-mediated 51 

immune evasion by R346T, K444T, F486S and D1199N mutations. Altogether, these findings 52 

shed light on the concerning evolution of newly emerging SARS-CoV-2 Omicron subvariants.   53 
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Introduction 54 

 Since its emergence in late 2021, the Omicron variant of severe acute respiratory 55 

syndrome coronavirus 2 (SARS-CoV-2) has produced numerous subvariants that continue to 56 

erode vaccine- and infection-induced immunity, and alter virus biology (Evans et al., 2022; 57 

Kurhade et al., 2022; Qu et al., 2022a; Qu et al., 2022b; Xia et al., 2022b; Yamasoba et al., 2022; 58 

Yu et al., 2022). The initial BA.1 Omicron subvariant spurned a large wave of coronavirus disease 59 

2019 (COVID-19) cases and exhibited strong immune escape from 2-mRNA vaccine dose-60 

induced immunity that was recovered by booster mRNA vaccine administration (Abu-Raddad et 61 

al., 2022; Cao et al., 2022b; Cerutti et al., 2022; Evans et al., 2022; Gruell et al., 2022; Liu et al., 62 

2022; Xia et al., 2022a; Zou et al., 2022). In addition, the BA.1 subvariant exhibited reduced cell-63 

cell fusogenicity, impaired replication in lower airway epithelial cells, as well as altered entry route 64 

preference (Barut et al., 2022; Cui et al., 2022; Meng et al., 2022; Shuai et al., 2022; Suzuki et 65 

al., 2022; Wang et al., 2022a). These features correlated with a reduced replication capacity of 66 

Omicron in lung tissues, enhanced nasopharyngeal tropism, and decreased pathogenicity in vivo 67 

(Barut et al., 2022; McMahan et al., 2022; Shuai et al., 2022; Su et al., 2022b; Suzuki et al., 2022). 68 

Importantly, these characteristics were largely maintained by subsequent Omicron subvariants.  69 

The BA.2 subvariant overtook BA.1 due to its slightly enhanced transmissibility and 70 

immune evasion, with an ability to reinfect individuals who were previously infected with BA.1 71 

(Iketani et al., 2022; Lyngse et al., 2022; Stegger et al., 2022). From BA.2, several subvariants 72 

emerged in quick succession, often with concurrent circulations; these included the BA.4 and 73 

BA.5 subvariants (bearing identical S proteins, referred to as BA.4/5 hereafter) that next rose to 74 

dominance and exhibited further immune escape (Cao et al., 2022c; Hachmann et al., 2022; Khan 75 

et al., 2022; Kimura et al., 2022; Qu et al., 2022b; Tuekprakhon et al., 2022; Wang et al., 2022b). 76 

In addition, BA.2 gave rise to the BA.2.75 subvariant, which is currently increasing in proportion 77 

of COVID-19 cases (Centers for Disease Control and Prevention, 2022), but does not exhibit as 78 

substantial immune escape compared to BA.4/5 (Cao et al., 2022a; Qu et al., 2022a; Saito et al.; 79 
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Wang et al., 2022c). The BA.4/5 and BA.2.75 subvariants have driven further diversification of 80 

the circulating SARS-CoV-2, with the emergence of several additional subvariants including the 81 

BA.4.6, BF.7, BQ.1, and BQ.1.1 (derived from BA.4/5), as well as BA.2.75.2 (derived from 82 

BA.2.75). These new subvariants are currently increasing in frequency (Centers for Disease 83 

Control and Prevention, 2022; Iacobucci, 2022) and may be the next major dominant Omicron 84 

subvariant.  85 

The extent of immune evasion and functional alterations to the spike protein (S) in these 86 

emerging Omicron subvariants remains unclear. To address this, we examine the resistance of 87 

the BA.4.6, BF.7, BQ.1, BQ.1.1, and BA.2.75.2 subvariants to neutralization by serum from 88 

recipients of 3 mRNA vaccine doses, as well as COVID-19 patients infected with the BA.1 or 89 

BA.4/5 variants. We observe strong neutralization resistance in the BQ.1 and BQ.1.1 subvariants 90 

driven largely by their key N460K mutation, as well as in the BA.2.75.2 subvariant driven largely 91 

by its singature F486S mutation. We further examine the fusogenicity and processing of the 92 

subvariant S proteins and observe enhanced fusogenicity and S processing in the BA.4/5-derived 93 

subvariants driven largely by the N460K mutation, but comparable fusogenicity and S processing 94 

in BA.2.75-derived BA.2.75.2 subvariant modulated by its F485S and D1199N mutations. Finally, 95 

structural modeling showed that the F486S mutation reduced binding affinity for both the ACE2 96 

receptor and class I and II antibodies, while the R346T and K444T mutations are likely responsible 97 

for evasion of class III antibody recognition. 98 

 99 

Results 100 

BQ.1, BQ1.1, and BA.2.75.2 exhibit potent neutralization resistance 101 

 To examine the neutralization resistance of emerging Omicron subvariants, we utilized 102 

our previously reported pseudotyped lentivirus neutralization assay (Zeng et al., 2020). Lentivirus 103 

pseudotyped with S from each of the critical Omicron subvariants (Fig. 1A), as well as from the 104 

prototype D614G variant were produced. All Omicron subvariant-pseudotyped viruses exhibited 105 
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modestly enhanced infectivity in HEK293T-ACE2 cells over the D614G variant, with the exception 106 

of BA.2.75.2 (Fig. 1B). Additionally, all Omicron subvariants exhibited comparably poor infectivity 107 

in lung-derived CaLu-3 cells (Fig. 1C) compared to D614G, consistent with prior Omicron 108 

subvariants, and the weak lung tropism observed for the Omicron variant (Barut et al., 2022; Meng 109 

et al., 2022; Shuai et al., 2022; Wang et al., 2022a). 110 

 We next examined the resistance of these emerging Omicron subvariants to sera from 111 

health care workers (HCWs) collected 2-13 weeks after vaccination with a homologous booster 112 

dose of monovalent Moderna mRNA-1273 (n =3) or Pfizer/BioNTech BNT162b2 vaccine (n =12). 113 

We observed potent neutralization resistance among all Omicron subvariants compared to 114 

ancestral D614G (Fig. 1D and Fig. S1A). Specifically, compared to D614G, the BA.4.6, BF.7, 115 

BQ.1, and BQ.1.1 subvariants exhibited a 10.6-fold (p < 0.0001), 11.0-fold (p < 0.0001), 18.7-fold 116 

(p < 0.0001), and 22.9-fold (p < 0.0001) lower neutralization sensitivity, respectively, while BA.4/5 117 

exhibited an 8.7-fold (p < 0.0001) lower neutralization sensitivity than D614G (Fig. 1D). Similarly, 118 

compared to D614G, the BA.2.75.2 subvariant exhibited a 48.4-fold (p < 0.0001) lower 119 

neutralization sensitivity while BA.2.75 exhibited a 4.4-fold (p < 0.0001) lower neutralization 120 

sensitivity than D614G (Fig. 1D). These data indicate further neutralization escape in emerging 121 

Omicron subvariants, with BA.Q.1, BA.Q.1.1, and BA.2.75.2, especially the latter, showing the 122 

most substantial neutralization resistance.  123 

 We also examined the resistance of Omicron subvariants to neutralization by sera from 124 

hospitalized COVID-19 patients (n =15) infected during the BA.1 wave of the pandemic. Despite 125 

exposure to an Omicron antigen, these patients displayed a remarkably similar neutralization 126 

resistance pattern to the boosted HCWs. Specifically, compared to D614G, the BA.4.6, BF.7, 127 

BQ.1, and BQ.1.1 subvariants exhibited a 3.5-fold (p>0.05), 3.2-fold (p <0.05), 5.3-fold (p <0.01), 128 

and 5.0-fold (p <0.05) lower neutralization sensitivity, respectively, while BA.4/5 exhibited an 2.7-129 

fold (p <0.05) lower neutralization sensitivity than D614G (Fig. 1E). Similarly, compared to D614G, 130 

the BA.2.75.2 subvariant exhibited a 6.3-fold (p <0.01) lower neutralization sensitivity, while 131 
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BA.2.75 exhibited a 3.9-fold (p <0.01) lower neutralization resistance (Fig. 1E). As would be 132 

expected, BA.1 patient sera neutralized BA.2 with a higher efficiency compared to these BA.2-133 

derived subvariants (Fig. 1E and Fig. S1B). 134 

 To determine the breadth of immunity from individuals infected with more recent Omicron 135 

subvariants, we next examined sera from Columbus, Ohio first responders and household 136 

contacts testing positive for COVID-19 during the BA.4/5 wave of the pandemic, with 11/20 137 

subjects having the infecting variant confirmed as BA.4/5 or a derivative by sequencing. Notably, 138 

this cohort exhibited the weakest neutralizing antibody titers of the three groups examined, 139 

consistent with milder COVID-19 cases correlating with weaker neutralizing antibody responses 140 

(Zeng et al., 2020). Critically, this cohort again displayed a similar pattern of neutralization 141 

resistance. Specifically, compared to D614G, the BA.4.6, BF.7, BQ.1, and BQ.1.1 subvariants 142 

exhibited a 3.9-fold (p < 0.0001), 4.4-fold (p < 0.0001), 10.4-fold (p < 0.0001), and 10.7-fold (p < 143 

0.0001) lower neutralization sensitivity, respectively, while BA.4/5 exhibited a 3.7-fold (p < 0.0001) 144 

lower neutralization sensitivity than D614G (Fig. 1F). Additionally, compared to D614G, the 145 

BA.2.75.2 subvariant exhibited a 10.6-fold (p < 0.0001) lower neutralization sensitivity whereas 146 

BA.2.75 showed a 3.4-fold (p < 0.0001) decreased neutralization sensitivity (Fig. 1F). Interestingly, 147 

BA.2 exhibited less resistance to sera of BA.4/5-wave infection than BA.4/5, with 2.1-fold reduced 148 

neutralization sensitivity compared to D614G (p < 0.01) (Fig. 1F and Fig. S1C). Together, these 149 

results showed that BQ.1, BQ.1.1, and BA.2.75.2 are strongly resistant to neutralization by sera 150 

from subjects infected with the recently dominant BA.4/5 variant and suggested that BA.4/5 151 

infection does not offer a broader protection against newly emerging subvariants. 152 

 153 

R346T, K444T, N460K, and F486S represent key neutralization escape mutations 154 

 To determine the features governing neutralization resistance, we produced single and 155 

double mutant S constructs to probe the contributions of individual amino acid substitutions alone 156 

or in combination to neutralization resistance. The panel of mutants exhibited largely similar 157 
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infectivity compared to their parental BA.4/5 or BA.2.75 variants in HEK293T-ACE2 cells (Fig. 158 

2A-B) and Calu-3 cells (Fig. S2A-B), although F486S-containing, BA.2.75-derived mutants 159 

appear to have modestly reduced titers in Calu-3 cells (Fig. 2A-B, and Fig. S2A-B). For HCWs 160 

who received 3 mRNA vaccine doses introduction of the N460K mutation reduced neutralization 161 

sensitivity by an additional 2.6-fold (p < 0.0001) compared to the parental BA.4/5 subvariant, with 162 

a similar 2.8-fold (p < 0.0001) reduction for the R346T/N460K double mutant (Fig. 2C). Consistent 163 

with this finding, the N460K-bearing subvariants BQ.1 and BQ.1.1 showed the strongest 164 

neutralization resistance, with a 2.1-fold (p < 0.01) and 2.6-fold (p < 0.01) reduction in 165 

neutralization sensitivity compared to BA.4/5 (Fig. 2C, and Fig. S3A). Though not significant, the 166 

other key individual mutations, R346T and K444T, were associated with a milder 20.7% (p 167 

=0.0782) and 29.3% (p =0.1886) reduction in neutralization sensitivity, respectively (Fig. 2C).  168 

Similarly, the N658S mutation did not appear to be strongly associated with neutralization 169 

resistance (Fig. S3A), with a 23.7 % (p > 0.05) reduction compared to the parental BA.4/5 (Fig. 170 

2C). Altogether, these results showed that the N460K mutation, and to a lesser extent R346T, 171 

K444T and N658S, are critical for the enhanced resistance to mRNA booster-vaccinated sera in 172 

the BQ.1 and BQ.1.1 subvariants. 173 

For BA.2.75-derived mutants, the introduction of the F486S, R346T/F486S, or 174 

F486S/D1199N mutations reduced neutralization sensitivity by 5.2-fold (p < 0.0001), 12.8-fold (p 175 

< 0.0001), 4.8-fold (p < 0.0001), respectively, compared to the 10.9-fold (p < 0.0001) reduction 176 

seen for the parental BA.2.75.2 subvariant (Fig. 2D). However, the introduction of the R346T, 177 

D1199N, or R346T/D1199N resulted in only a 26.3% (p = 0.1074), 22.1% (p > 0.05), and 31.4% 178 

(p < 0.05) reduction in neutralization sensitivity, respectively (Fig. 2 and Fig. S3B). These results 179 

indicated that the F486S mutation is the major driver of enhanced resistance to mRNA booster 180 

vaccinee sera in BA.2.75.2. 181 

The pattern of neutralization resistance was similar for the BA.1-wave hospitalized 182 

COVID-19 patient sera. Introduction of the N460K and R346T/N460K mutations into BA.4.5 183 
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strongly reduced neutralization sensitivity by 2.2-fold (p < 0.01) and 4.9-fold (p < 0.05), 184 

respectively (Fig. 2E and Fig.S3C). Further, introduction of the R346T/F486S mutations into 185 

BA.2.75 reduced neutralization sensitivity by 4.0-fold (p < 0.01) (Fig. 2F and Fig.S3D). 186 

Surprisingly, the F486S mutation alone only resulted in a 31.7% (p = 0.3698) reduction in 187 

neutralization sensitivity (Fig. 2F). 188 

Consistent with the patterns of HCWs and BA.1-wave patients, neutralization resistance 189 

from the BA.4/5-infected COVID-19 patient sera was again largely driven by N460K, F486S, and 190 

R346T. Introduction of the N460K and R346T/N460K mutations into BA.4.5 reduced 191 

neutralization sensitivity by 1.7-fold (p < 0.01) and 1.8-fold (p < 0.01), respectively (Fig. 2G and 192 

Fig. S3E). Similar to the BA.1-wave patients, introduction of the R346T/F486S mutations into 193 

BA.2.75 reduced neutralization sensitivity by 2.8-fold (p < 0.01) (Fig. 2H and Fig.S3F). Thus, the 194 

N460K, F486S, and to a lesser extent R346T, mutations drive neutralization resistance to mRNA 195 

vaccinated and boosted, BA.1-infected, and BA.4/5-infected patient sera.  196 

 197 

BQ.1, and BQ.1.1 exhibit enhanced fusogenicity and S processing 198 

 To examine how alterations to the S protein in these new Omicron subvariants impact 199 

function, we examined the ability of the S from these subvariants to mediate cell-cell fusion. 200 

Consistent with prior Omicron subvariants (Qu et al., 2022a; Wang et al., 2022a; Zeng et al., 201 

2021), all new subvariants exhibited diminished syncytia formation compared to ancestral D614G 202 

(Fig. 3A-B), despite comparable levels of cell surface expression of each S construct (Fig. 3C-203 

D). Notably, the new Omicron subvariants BA.4.6, BQ.1, and BQ.1.1 exhibited enhanced 204 

fusogenicity compared to their parental variant BA.4/5, and similarly, BA.2.75.2 showed an 205 

increased fusogenicity relative to BA.2.75 (Fig. 3C-D).  206 

 Given the key role of cellular furin in processing viral S protein into S1 and S2 subunits for 207 

SARS-CoV-2 entry (Mykytyn et al., 2021; Peacock et al., 2021), we next examined the proteolytic 208 

processing of S in lentivirus producer cells. We saw an enhanced S2/S ratio compared to 209 
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ancestral D614G in BA.4.6, BF.7, BQ.1, and BQ.1.1 with a 1.8-fold, 2.2-fold, 3.6-fold, and 2.8-fold 210 

higher S2/S ratio, respectively, compared to the 1.6-fold higher S2/S ratio in BA.4/5 (Fig. 3E). 211 

However, compared to BA.4/5, the S1/S ratio of these BA.4/5-derived subvariants was 212 

comparable (BF.7 and BQ.1.1) or even reduced (BA.4.6 and BQ.1) (Fig. 3E), suggesting possible 213 

shedding of S1 into the culture media. BA.2.75 and BA.2.75.2 exhibited minimal difference in 214 

S2/S ratio compared to D614G (Fig. 3E), but once again, BA.2.75.2 exhibited a decreased S1/S 215 

ratio compared to the parental BA.2.75 (Fig. 3E), suggesting possibly increased S1 shedding for 216 

the BA.2.75.2 subvariant. 217 

 218 

The N460K and F486 mutations enhance fusogenicity while D1199N diminishes fusogenicity 219 

 To identify the determinants of enhanced fusogenicity in new Omicron subvariants, we 220 

examined S-mediated syncytia formation for single and double S mutants. We observed that 221 

introduction of the N460K mutation in BA.4/5 enhanced mean syncytia size by 1.7-fold (p < 0.0001) 222 

(Fig. 4A-B). Notably all N460K-containing mutants and variants exhibited enhanced syncytia size 223 

over BA.4/5 (Fig. 4A-B). Further, while the single mutants had no effect, introduction of the 224 

R346T/K444T and R346T/N658S mutations slightly enhanced mean syncytia size by 1.4-fold (p 225 

< 0.001) and 1.3-fold (p <0.05) over BA.4/5, potentially indicating a synergistic effect likely 226 

contributed by R346T (Fig. 4A-B). Additionally, while the BA.2.75.2 variant exhibited only 227 

modestly enhanced syncytia formation over BA.2.75, i.e., 33.2% (p < 0.0001), the introduction of 228 

the F486S or R346T/F486S mutations into BA.2.75 enhanced mean syncytia size by 33.8% (p < 229 

0.0001) and 58.1% (p < 0.0001), respectively, suggesting a critical role of F486S in promoting 230 

fusion (Fig. 4C-D). Notably, the introduction of the D1199N mutation into BA.2.75 reduced the 231 

mean syncytia size by 17.2% (p < 0.05), revealing opposing effects of the F486S and D1199N 232 

mutations on the fusogenicity of BA.2.75.2 (Fig. 4C-D). These differences in S-mediated cell-cell 233 

fusion occurred despite comparable or even somewhat reduced (especially for BA.2.75.2 mutants) 234 

levels of surface expression among these Omicron subvariant S constructs (Fig. 4E-F, and Fig. 235 
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S4A-B). 236 

 We next sought to determine the impact of the subvariant determining mutations on S 237 

processing. For the BA.4/5-derived subvariants, introduction of the N460K, N658S, R346T/K444T, 238 

and R346T/N460K mutations exhibited 2.2-fold, 1.7-fold, 1.5-fold, and 1.7-fold higher S2/S ratios, 239 

largely consistent with those mutants exhibiting enhanced fusogenicity and S processing, 240 

especially for the BQ.1 and BQ.1.1 subvariants (Fig. 4G). Remarkably, the S1/S ratio for almost 241 

all mutants examined, except the R346T mutation, was decreased compared to the BA.4/5 242 

subvariant (Fig. 4G), suggesting an enhanced S1 shedding in these BA.4/5 derived mutants, 243 

which is consistent with increased fusion. For BA.2.75-derived mutants, the impacts on S2/S and 244 

S1/S ratios were fairly modest, with most exhibiting reductions relative to the parental BA.2.75, 245 

consistent with the more modest impact on cell-cell fusion of these variants (Fig. 4H). Notably, 246 

the introduction of the F486S mutation increased the S2/S ratio by 1.2-fold but had no effect on 247 

S1/S ratio compared to BA.2.75 (Fig. 4H). 248 

 249 

Structural modeling reveals mechanism of mutation-mediated antibody evasion and alteration in 250 

receptor utilization 251 

To further understand the functional impact of the mutations in these Omicron subvariants, we 252 

performed homology modeling-based structural analyses. R346 and K444 are located outside of 253 

SARS-CoV2 receptor binding motif (RBM) and are within the epitope of class III neutralizing 254 

antibodies. Structural analysis indicated an interference of antibody recognition introduced by 255 

R346S (Fig. 5A) and K444T (Fig. 5B), where hydrogen bonds and a salt-bridge can be abolished. 256 

In contrast, F486 is located within the RBM and is a key residue for binding to both ACE2 receptor 257 

and neutralizing antibodies; F486 interacts hydrophobically with M82 and Y83 on ACE2 (Fig. 5C), 258 

whereas the F486S mutation negatively impacts the interaction with ACE2, as well as binding by 259 

some monoclonal antibodies in class I and III categories. Further structural analysis showed that 260 

residue D1199 is located in the heptad repeat 2 (HR2) domain on a solvent-accessible surface 261 
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close to the transmembrane domain or membrane (Fig. 5D). Electrostatic surface potential (Fig. 262 

5C inset) of this region reveals a strong negative surface charge, which repulses the negatively 263 

charged membrane and could help keep the spike in an up-right position. However, the D1199N 264 

mutation in the S2 subunit would reduce the electrostatic repulsion, resulting in a more tilted spike 265 

and rendering its less efficient processing and receptor utilization.  266 

 267 

Discussion 268 

 We examined the neutralization resistance, fusogencitiy, and S processing of the 269 

emerging BA.4.6, BF.7, BQ.1, BQ.1.1, and BA.2.75.2 Omicron subvariants, as well as their 270 

lineage-defining mutations. All of these subvariants exhibit some degree of enhanced 271 

neutralization resistance over their parental BA.4/5 or BA.2.75.2 subvariants, with BQ.1, BQ.1.1, 272 

and BA.2.75.2 exhibiting the strongest resistance. Notably, this pattern is consistent for sera 273 

collected from HCWs following a homologous mRNA booster vaccination, from BA.1-wave 274 

hospitalized COVID-19 patients, as well as from BA.4/5-wave SARS-CoV-2 COVID-19 positive 275 

first responders and household contacts. Critically, the neutralization resistance of BQ.1 and 276 

BQ.1.1 appears to be driven largely by their N460K mutation, while the neutralization resistance 277 

of BA.2.75.2 variant is largely determined by the F486S mutation. Additionally, we provide 278 

evidence that the N460K and F486S mutations dictate the enhanced fusogenicity and S 279 

processing in their respective subvariants, with the D1199N mutation negatively modulating the 280 

fusogenicity of the BA.2.75.2 subvariant. Structural modeling and additional analyses revealed 281 

crucial roles of residues R436, K444 and F486 in antibody recognition and the potential 282 

mechanism of immune evasion through R436S, K444T and F486S mutations present in Omicron 283 

subvariants. Intriguingly, our structural analyses also suggest that D1199N mutation located in 284 

the HR2 region of S2 could alter the spike position in either an upright or a tilted status by reducing 285 

repulsion to the cellular membrane. A tilted spike with less efficient processing and receptor 286 

utilization could explain the reduced fusogenicity observed in D1199N-bearing mutations.  287 
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 The neutralization resistance of the BQ.1, BQ.1.1, and BA.2.75.2 variants has concerning 288 

implications for the persistence of vaccine- and infection-induced immunity. The strong resistance 289 

of these variants to neutralization by patient sera, regardless of the immunogen — mRNA 290 

vaccination, BA.1 infection, or BA.4/5 infection — is particularly striking. This finding may indicate 291 

selection for immune evasion of even broadly neutralizing antibodies induced by multiple 292 

vaccinations and SARS-CoV-2 infections, as is now common in the population. In particular, the 293 

strong evasion of BA.4/5 infection-induced sera is concerning, as the recently recommended 294 

bivalent mRNA vaccine boosters contain BA.4/5 S along with the prototype. This possibility, 295 

together with the emergence of more diverse SARS-CoV-2 variants necessitates the development 296 

of more broadly active, even pan-coronavirus, COVID-19 vaccines (Chen et al., 2022; Su et al., 297 

2022a). As circulating SARS-CoV-2 diversifies, the ability to vaccinate against dominant 298 

circulating variants may be even more compromised. Hence, examination of the efficacy of 299 

bivalent mRNA vaccines against emerging variants is critical to control and end the global 300 

pandemic.  301 

 In addition to changing the neutralization resistance, these new Omicron subvariants also 302 

affect the fusogenicity of the S proteins. Similar to our previous finding that BA.4/5 and BA.2.75 303 

exhibit increased fusion capability (Qu et al., 2022a), here we also observed increased cell-cell 304 

fusion in several new Omicron subvariants compared to their respective parental subvariants, 305 

BA.4/5 or BA.2.75. These data may together indicate a continuing shift towards more efficient 306 

transmembrane protease, serine 2 (TMPRSS2) utilization to allow for plasma membrane-307 

mediated viral fusion and entry pathway. Consistent with this notion, we observed an increased 308 

furin-cleavage efficiency in several S proteins, especially BQ.1, and BQ.1.1 subvariants, which 309 

could improve TMPRSS2 utilization (Mykytyn et al., 2021). This is concerning, because previously 310 

it has been shown that the shift in entry pathway from TMPRSS2-mediated plasma membrane 311 

fusion used by the prototype SARS-CoV-2 towards cathepsin B/L-mediated endosomal entry 312 

observed in the Omicron clade is associated with reduced lung tropism, increased 313 
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nasopharyngeal tropism, and reduced pathogenicity of the Omicron variant (Barut et al., 2022; 314 

McMahan et al., 2022; Meng et al., 2022; Mykytyn et al., 2021; Shuai et al., 2022; Suzuki et al., 315 

2022; Wang et al., 2022a). That said, here we show new Omicron subvariants continue to exhibit 316 

weak infection efficiency in lung-derived CaLu-3 cells. Examination of tissue tropism and 317 

pathogenicity in vivo for these and future emerging Omicron subvariants is critical to tailor 318 

appropriate public health responses.  319 

  In this work, we observed altered S processing and fusogenicity in Omicron subvariants. 320 

Notably, we found that many mutations examined, including N460K, N658S, and F486S, enhance 321 

S processing, as evidenced by increased S2/S ratios in viral producer cells. However, they fail to 322 

enhance, and in most cases reduce, the S1/S ratios in virus producer cells. This may indicate that 323 

the mutations likely destabilize the S1-S2 interaction and trimer conformation, consistent with 324 

increased cell-cell fusion and likely resulting enhanced S1 shedding. Intriguingly, we found that 325 

the D1199N mutation reduced S-mediated fusion and S processing, which could suggest that this 326 

mutation emerged to compensate for alterations in S functionality introduced by the F486S 327 

mutation. Further structural analyses on the impact of these key residues on S trimer conformation 328 

are needed to determine if these immune escape mutants are negatively impacting S functionality 329 

— potentially limiting the fitness of further immune escape mutations to be introduced. 330 

 The perpetual emergence of SARS-CoV-2 variants with enhanced immune escape 331 

continues to threaten public health. Monitoring the immune escape of emerging variants will be 332 

critical to improving mRNA vaccine reformulation, assessing new broader coronavirus vaccine 333 

candidates, as well as directing ongoing public health measures. Further, emerging variants must 334 

be monitored closely for any indication of selective pressure in enhancing lung tropism and 335 

potentially pathogenicity to ensure that any highly transmissible and more pathogenic variants are 336 

better and more quickly contained.  337 

 338 
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 361 

Figure 1: Omicron subvariants, especially BQ.1, BQ.1.1, and BA.2.75.2, exhibit strong 362 

neutralization resistance.  363 
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(A) Displayed is a schematic of SARS-CoV-2 Omicron subvariant evolution indicating the 364 

mutations acquired by the BA.4.6, BF.7, BQ.1, BQ.1.1, and BA.2.75.2 subvariants. (B-C) 365 

Infectivity of lentivirus pseudotyped with the indicated S constructs in HEK293T-ACE2 cells, n = 366 

3 (B), or lung-derived CaLu-3 cells, n = 3 (C). Bars represent means +/- standard error. 367 

Significance relative to D614G was determined by one-way ANOVA with Bonferroni’s multiple 368 

testing correction. P values are represented as ns for p ≥ 0.05, *p < 0.05, and ****p < 0.0001, 369 

respectively. (D-F) Neutralizing antibody tiers against lentivirus pseudotyped with S from the 370 

indicated SARS-CoV-2 variants were determined for sera from health care workers (HCWs) (n = 371 

15) who received a single homologous monovalent Moderna mRNA-1273 (n =3) or 372 

Pfizer/BioNTech BNT162b2 (n =12) mRNA booster vaccination (D), for sera from BA.1-wave 373 

hospitalized COVID-19 patients (n = 15) (E), and for sera from BA.4/5-wave SARS-CoV-2 infected 374 

Columbus, Ohio first responders and household contacts (n = 20) (F). Bars represent geometric 375 

means with 95% confidence intervals. Significance relative to D614G was determined by one-376 

way repeated measures ANOVA with Bonferroni’s multiple testing correction. P values are 377 

displayed as ns for p ≥ 0.05, *p < 0.05, **p < 0.01, and ****p < 0.0001. 378 

 379 

Figure 2: Mutations N460K and F486S, and to a lesser extent, R346T and K444T, drive 380 

Omicron subvariant neutralization resistance.  381 

(A-B) Infectivity of lentivirus pseudotyped with the indicated BA.4/5-derived mutant S constructs, 382 

n = 3 (A) or BA.2.75-derived mutant S constructs, n = 3 (B) in HEK293T-ACE2 cells. Bars 383 

represent means +/- standard error. Significance relative to BA.4/5 or BA.2.75 was determined 384 

by one-way ANOVA with Bonferroni’s multiple testing correction. P values are represented as ns 385 

for p ≥ 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, respectively. (C-H) Neutralizing 386 

antibody tiers were determined for sera from health care workers (HCWs) (n = 15) who received 387 

a single homologous monovalent Moderna mRNA-1273 (n = 3) or Pfizer/BioNTech BNT162b2 (n 388 

= 12) mRNA booster vaccination against lentivirus pseudotyped with S from the BA.4/5-derived 389 
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mutants (C) and BA.2.75-derived mutants (D); for sera from BA.1-wave hospitalized COVID-19 390 

patients (n = 15) against lentivirus pseudotyped with S from the BA.4/5 derived mutants (E) and 391 

BA.2.75 derived mutants (F); and for sera from BA.4/5-wave SARS-CoV-2 infected Columbus, 392 

Ohio first responders and household contacts (n = 20) against lentivirus pseudotyped with S from 393 

the BA.4/5-derived mutants (G) and BA.2.75-derived mutants (H). Bars represent geometric 394 

means with 95% confidence intervals. Significance relative to D614G was determined by one-395 

way repeated measures ANOVA with Bonferroni’s multiple testing correction. P values are 396 

displayed as ns for p ≥ 0.05, *p < 0.05, **p < 0.01, and ****p < 0.0001. 397 

 398 

Figure 3: Omicron subvariants, especially BA.4.6, BQ.1 and BQ.1.1, exhibit enhanced 399 

fusogenicity and S processing.  400 

(A) Representative images from syncytia formation assays for S constructs from each of the 401 

indicated variants are displayed. The scale bars represent 150 μm. (B) Quantification of syncytia 402 

formation for the indicated S constructs, n = 6. Bars represent means +/- standard error. 403 

Significance relative to D614G was determined by one-way ANOVA with Bonferroni’s multiple 404 

testing correction. P values are displayed as ****p < 0.0001. (C) Representative histograms of 405 

anti-S surface staining in HEK293T cells transfect to express the indicated S constructs. (D) 406 

Quantification of S surface expression (mean fluorescence intensity) relative to the D614G 407 

construct is displayed, n = 3. Bars represent means +/- standard error. Significance relative to 408 

D614G was determined by one-way ANOVA with Bonferroni’s multiple testing correction. P values 409 

are displayed as ns for p ≥ 0.05. (E) S processing is displayed as determined by Western blot 410 

probing with anti-S1 and anti-S2 antibodies. The ratio of band intensities for S1 and S as well as 411 

S2 and S relative to D614G are displayed. 412 

 413 

Figure 4: Mutations N460K, N658S, F486S, and D1199N determine the fusogenicity and S 414 

processing of Omicron subvariants.  415 
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(A) Representative images from syncytia formation assays for S constructs from each of the 416 

indicated BA.4/5-derived mutants are displayed. The scale bars represent 150 μm. (B) 417 

Quantification of syncytia formation for the indicated BA.4/5 derived S mutants, n = 6. Bars 418 

represent means +/- standard error. Significance relative to BA.4/5 was determined by one-way 419 

ANOVA with Bonferroni’s multiple testing correction. P values are displayed as ns for p ≥ 0.05, *p 420 

< 0.05, ***p < 0.001, and ****p < 0.0001. (C) Representative images from syncytia formation 421 

assays for S constructs from each of the indicated BA.2.75-derived mutants are displayed. The 422 

scale bars represent 150 μm. (D) Quantification of syncytia formation for the indicated BA.2.75-423 

derived S mutants, n = 6. Bars represent means +/- standard error. Significance relative to 424 

BA.2.75 was determined by one-way ANOVA with Bonferroni’s multiple testing correction. P 425 

values are displayed as ns for p ≥ 0.05, *p < 0.05, and ****p < 0.0001. (E) Quantification of S 426 

surface expression relative to the BA.4/5 construct for the BA.4/5-derived mutants is displayed, n 427 

= 3. Bars represent means +/- standard error. Significance relative to BA.4/5 was determined by 428 

one-way ANOVA with Bonferroni’s multiple testing correction. P values are displayed as ns for p 429 

≥ 0.05 and *p < 0.05. (F) Quantification of S surface expression relative to the BA.2.75 construct 430 

for the BA.2.75 derived mutants is displayed, n = 3. Bars represent means +/- standard error. 431 

Significance relative to BA.4/5 was determined by one-way ANOVA with Bonferroni’s multiple 432 

testing correction. P values are displayed as ns for p ≥ 0.05. (G) S processing for the BA.4/5-433 

derived mutants as well as ancestral D614G is displayed, which was determined by Western blot 434 

probing with anti-S1, anti-S2, and anti-β-actin antibodies. The ratio of band intensities for S1 and 435 

S as well as S2 and S relative to BA.4/5 are displayed. (H) S processing for the BA.2.75-derived 436 

mutants as well as ancestral D614G is displayed as determined by Western blot probing with anti-437 

S1, anti-S2, and anti-β-actin antibodies. The ratio of band intensities for S1 and S as well as S2 438 

and S relative to BA.2.75 are displayed. 439 

 440 
 441 
Figure 5: Homology modeling-based structural analysis for the mutations. 442 
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 443 
(A) and (B) Structures of spike-antibody binding interface shown as ribbons. Spike recognition of 444 

class III neutralizing antibodies C1365 (A) and SW186 (B) are interfered by R346S and K444T 445 

mutations, where multiple hydrogen bonds and salt-bridge (shown as yellow dot lines) are 446 

abolished. (C) Structure of spike-ACE2 binding interface shown as ribbon. F486 interacts 447 

hydrophobically with M82 and Y83 on ACE2, whereas F486S impedes this interaction. (D) 448 

Structural model of HR2 domain of SARS-CoV2 S. Inset: Electrostatic surface potential of HR2 449 

membrane proximal region. D1199 contributes to the overall negative charge of this region.  450 

 451 

Methods 452 

Samples and Patient Information 453 

 Sera samples were collected from HCWs at the Ohio State University Wexner Medical 454 

Center in Columbus, Ohio with approval from an institutional review board (Gordon et al.) (IRB 455 

2020H0228 and IRB 2020H0527). These HCWs samples were collected 2-13 weeks after 456 

vaccination with a third homologous dose of the monovalent Moderna mRNA-1273 (n = 3) or 457 

Pfizer BioNTech BNT162b2 (n =12) vaccines. HCWs included 10 male and 5 female subjects 458 

with ages ranging from 26 to 61 (median 33).  459 

 Sera from BA.1-wave COVID-19 patients hospitalized in Columbus, Ohio were collected 460 

with approval from an IRB (IRB 2020H0527). The patient samples were collected 1-7 days after 461 

hospitalization with COVID-19. Hospitalizations occurred between the end of January and the end 462 

of February of 2022, a BA.1 dominant period in Columbus, Ohio. Patients included 12 male and 463 

3 female patients with ages ranging from 29 to 78 (median 57). Patients included 6 unvaccinated 464 

patients, 5 patients vaccinated with 2 doses of Pfizer/BioNTech BNT162b2 (n = 2) or Moderna 465 

mRNA-1273 (n = 3), and 4 patients vaccinated and boosted with Pfizer/BioNTech BNT162b2. 466 

 Sera from BA.4/5-wave Columbus, Ohio first responders and household contacts who 467 

tested positive for SARS-CoV-2 infection were collected with IRB approval (IRB 2020H0527, 468 
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2020H0531, and 2020H0240). 11 patient nasal swab samples were sequenced to confirm 469 

infection with BA.4, BA.5, or a derivative variants, with 4 patients infected with BA.4, 7 with BA.5, 470 

and 9 patients could not have their variant determined. Of those who could not have the specific 471 

variant identified, their samples were collected between late July and late September of 2022, a 472 

BA.4/5 dominant period. Except for one patient whose gender and age are unknown, patients 473 

included 4 male and 15 female with ages ranging from 27 to 58 (median 44). Patients included 474 

17 unvaccinated, and 3 vaccinated and boosted with Pfizer/BioNTech BNT162b2 (n=1) or 475 

Moderna mRNA-1273 (n = 2). 476 

 477 

Cell Lines and Maintenance 478 

Human female embryonic kidney cell lines HEK293T (ATCC CRL-11268, RRID: 479 

CVCL_1926) and HEK293T cells stably expressing human ACE2 (BEI NR-52511, RRID: 480 

CVCL_A7UK) were maintained in DMEM (Gibco, 11965-092) with 10% FBS (Sigma, F1051) and 481 

1% penicillin-streptomycin (HyClone, SV30010) added. Human male adenocarcinoma lung 482 

epithelial cell line Calu-3 (RRID:CVCL_0609) were maintained in EMEM (ATCC, 30-2003) with 483 

10% FBS and 1% penicillin-streptomycin added. All cells were passaged first by washing with 484 

Dulbecco’s phosphate buffered saline (Sigma, D5652-10X1L) then incubating in 0.05% Trypsin + 485 

0.53 mM EDTA (Corning, 25-052-CI) until cells were completely detached. Cells were maintained 486 

at 37°C and 5.0% CO2 in 10 cm cell culture dishes (Greiner Bio-one, 664160). 487 

 488 

Plasmids 489 

The pNL4-3 inGluc lentiviral vector has been reported on in our previous publications 490 

(Zeng et al., 2020). Briefly, the vector is in the HIV-1 pNL4-3 backbone with a deletion of Env and 491 

an addition of a Gaussia luciferase reported gene that is expressed in target cells without 492 

premature expression in producer cells. The S variant constructs were cloned into the pcDNA3.1 493 

vector by GenScript Biotech (Piscataway, NJ) using restriction enzyme cloning by KpnI and 494 
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BamHI; alternatively, they were produced by PCR mutagenesis. The constructs bear FLAG tags 495 

on the N- and C-terminal ends. All constructs were confirmed by sequencing. 496 

 497 

Pseudotyped lentivirus production and infectivity 498 

 Pseudotyped lentiviral vectors were produced as previously described (Zeng et al., 2020). 499 

HEK293T cells were transfected with the pNL4-3-inGluc and S constructs in a 2:1 ratio using 500 

polyethyleneimine transfection (Transporter 5 Transfection Reagent, Polysciences) in order to 501 

generate viral particles. Virus was harvested 24, 48, and 72 hours post-transfection. Relative 502 

infectivity was determined by infection of HEK293T-ACE2 cells and measurement of Gaussia 503 

luciferase activity 48 hours post-infection. Gaussia luciferase activity was measured by combining 504 

equal volumes of cell culture media and Gaussia luciferase substrate (0.1 M Tris pH 7.4, 0.3 M 505 

sodium ascorbate, 10 μM coelenterazine) with luminescence measured immediately by a BioTek 506 

Cytation5 plate reader. 507 

 508 

Lentivirus neutralization assay 509 

 Neutralization assays with pseudotyped lentiviral vectors were performed as described 510 

previously (Zeng et al., 2020). HCW and COVID-19 patient samples were 4-fold serially diluted 511 

and equal amounts of SARS-CoV-2 pseudotyped virus were added to the diluted sera. Final 512 

dilutions were 1:80, 1:320, 1:1280, 1:5120, 1:20480, and no serum control. The virus and sera 513 

mixture was incubated for 1 hour at 37°C then added to HEK293T-ACE2 cells to allow for infection. 514 

Gaussia luciferase activity was measured at 48 and 72 hours post-infection by combining equal 515 

volumes of cell culture media and Gaussia luciferase substrate with luminescence measured 516 

immediately by a BioTek Cytation5 plate reader. The 50% neutralization titers (NT50) were 517 

determined by least-squares-fit, non-linear regression in GraphPad Prism 9 (San Diego, CA). 518 

 519 

Spike surface expression  520 
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 HEK293T cells used to produce pseudotyped lentiviral vectors were harvested 72 hours 521 

post-transfection. The producer cells were incubated in PBS+5mM EDTA for 30 minutes at 37C 522 

to disassociate them. The cells were then fixed in 4% formaldehyde and stained with anti-SARS-523 

CoV-2 polyclonal S1 antibody (Sino Biological, 40591-T62; RRID: AB_2893171). Cells were then 524 

stained with anti-rabbit-IgG-FITC (Sigma, F9887, RRID: AB_259816) and assayed with a Life 525 

Technologies Attune NxT flow cytometer. FlowJo v7.6.5 (Ashalnd, OR) was used to process flow 526 

cytometry data. 527 

 528 

Syncytia formation  529 

 HEK293T-ACE2 cells were co-transfected with the S of interest alongside GFP. Then 24 530 

hours post transfection, the cells were imaged on Leica DMi8 confocal microscope to visualize 531 

syncytia. Representative images were selected. Mean syncytia size was determine using Leica 532 

X Applications Suite. The scale bars represent 150 μm. 533 

 534 

Spike processing and incorporation 535 

Lysate was collected from virus producer cells through a 30-minute incubation on ice in 536 

RIPA lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, Nonidet P-40, 0.1% SDS) 537 

supplemented with protease inhibitor (Sigma, P8340). Samples were run on a 10% acrylamide 538 

SDS-PAGE gel and transferred to a PVDF membrane. Membranes were probed with anti-S1 539 

(Sino Biological, 40591-T62; RRID:AB_2893171), anti-S2 (Sino Biological, 40590; 540 

RRID:AB_2857932), and anti-β-actin (ThermoFisher, MA5-15740; RRID:AB_10983927). 541 

Secondary antibodies included Anti-mouse-IgG-Peroxidase (Sigma, A5278; RRID:AB_258232) 542 

and Anti-rabbit-IgG-HRP (Sigma, A9169; RRID:AB_258434). Blots were imaged using Immobilon 543 

Crescendo Western HRP substrate (Millipore, WBLUR0500) on a GE Amersham Imager 600. 544 

Band intensities were quantified using NIH ImageJ (Bethesda, MD) image analysis software. 545 

 546 
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Structural modeling and analysis 547 

Homology modeling of Omicron spike protein complexes with either ACE2 receptor or 548 

neutralizing antibodies was performed on SWISS-MODEL server with published X-ray 549 

crystallography and cryo-EM structures as templates (PDB IDs: 7K8Z, 8DT3, 7XB0, 550 

2FXP). Molecular contacts of Omicron mutants were examined and illustrated with the 551 

programs PyMOL. 552 

 553 

Quantification and statistical analysis 554 

NT50 values were determined by least-squares-fit, non-linear-regression in GraphPad Prism 9 555 

(San Diego, CA). NT50 values were log10 transformed for hypothesis testing to better approximate 556 

normality, and multiplicity was addressed by the use of Bonferroni corrections. The statistical 557 

analysis was performed using GraphPad Prism 9 and are referenced in the figure legends, 558 

including one-way ANOVA (Figs. 1B-C, 2A-B, 3B, 3D, 4B, 4D, 4E, 4F, and S2A-B) and one-way 559 

repeated measures ANOVA (Figs. 1D–F, and 2C-H). Syncytia sizes (Figs. 3B, 4B, and 4D) were 560 

quantified by Leica Applications Suit X (Wetzlar, Germany). Band intensities (Figures 3E, 4G, and 561 

4H) were quantified using NIH ImageJ (Bethesda, MD) analysis software. 562 
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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