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SUMMARY 44 

During the summer of 2024, COVID-19 cases surged globally, driven by variants derived from 45 

JN.1 subvariants of SARS-CoV-2 that feature new mutations, particularly in the N-terminal domain 46 

(NTD) of the spike protein. In this study, we report on the neutralizing antibody (nAb) escape, infectivity, 47 

fusion, and stability of these subvariants—LB.1, KP.2.3, KP.3, and KP.3.1.1. Our findings demonstrate 48 

that all of these subvariants are highly evasive of nAbs elicited by the bivalent mRNA vaccine, the 49 

XBB.1.5 monovalent mumps virus-based vaccine, or from infections during the BA.2.86/JN.1 wave. 50 

This reduction in nAb titers is primarily driven by a single serine deletion (DelS31) in the NTD of the 51 

spike, leading to a distinct antigenic profile compared to the parental JN.1 and other variants. We also 52 

found that the DelS31 mutation decreases pseudovirus infectivity in CaLu-3 cells, which correlates with 53 

impaired cell-cell fusion. Additionally, the spike protein of DelS31 variants appears more 54 

conformationally stable, as indicated by reduced S1 shedding both with and without stimulation by 55 

soluble ACE2, and increased resistance to elevated temperatures. Molecular modeling suggests that 56 

the DelS31 mutation induces a conformational change that stabilizes the NTD and strengthens the 57 

NTD-Receptor-Binding Domain (RBD) interaction, thus favoring the down conformation of RBD and 58 

reducing accessibility to both the ACE2 receptor and certain nAbs. Additionally, the DelS31 mutation 59 

introduces an N-linked glycan modification at N30, which shields the underlying NTD region from 60 

antibody recognition. Our data highlight the critical role of NTD mutations in the spike protein for nAb 61 

evasion, stability, and viral infectivity, and suggest consideration of updating COVID-19 vaccines with 62 

antigens containing DelS31. 63 

 64 
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INTRODUCTION 66 

A global surge in COVID-19 cases has been ongoing since the beginning of summer 2024 and 67 

continues to rise. This year has been dominated by the circulation of the BA.2.86-derived JN.1 variant 68 

of SARS-CoV-2 and its descendants1,2. These variants are characterized by marked immune escape, 69 

making vaccinated and convalescent sera less effective, although immunity is somewhat improved with 70 

the most recent XBB.1.5 spike mRNA monovalent vaccine formulation or repeated exposure to 71 

Omicron variants3-12. The JN.1 lineage of SARS-CoV-2 is continuing to accumulate mutations, showing 72 

distinct convergent evolution at key spike protein residues, including R346, F456, and, most recently, 73 

DelS311,2,13. Currently, several of these variants are increasing in circulation, though the underlying 74 

mechanisms remain to be fully understood. 75 

Throughout 2024, various JN.1-derived variants have fluctuated in prevalence. Early in the year, 76 

the JN.1 variant, characterized by a single L455S mutation relative to the parental BA.2.86 variant, was 77 

dominant3,4. This single mutation significantly enhanced the virus's immune evasion and 78 

transmission3,6,14,15. However, variants like FLiRT, SLiP and KP.2 quickly supplanted JN.1, driven by 79 

key spike mutations R346T and F456L, which further contributed to immune evasion8,9,16-21. More 80 

recent variants are now developing mutations in other regions, particularly concentrated in the N-81 

terminal domain (NTD) of the spike protein (Fig 1A). Globally, variants such as KP.2, KP.3, LB.1, KP.2.3, 82 

and KP.3.1.1 are on the rise (Fig. 1B-C)1,2,13, and a new deletion of residue S31 (DelS31) has emerged 83 

convergently in these variants2, suggesting the latter may play a role in viral fitness, though its exact 84 

consequences are still unknown. 85 

In this study, we focus on the variants currently dominating circulation in the United States, 86 

including LB.1, KP.2.3, KP.3, and KP.3.1.1. We investigated these variants in comparison to parental 87 

strains D614G, JN.1, FLiRT, and KP.2, as well as the impact of single mutations in the NTD, such as 88 

DelS31, H146Q, and Q183H. The goal of our study was to better understand the impact these new 89 

JN.1-derived variants have on nAb titers in individuals who received the bivalent mRNA vaccine, 90 

patients hospitalized during the BA.2.86/JN.1 wave in Columbus, Ohio, and a cohort of hamsters that 91 
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received two doses of the monovalent XBB.1.5 vaccine. We also sought to understand the underlying 92 

mechanism by characterizing key aspects of spike biology, including infectivity, cell-cell fusion, 93 

processing, and stability. 94 

 95 

RESULTS 96 

Infectivity of LB.1, KP.2.3 and KP.3.1.1 in 293T-ACE2 cells and CaLu-3 cells 97 

We first investigated the infectivity of lentivirus pseudotypes bearing SARS-CoV-2 spikes of 98 

recently emerged JN.1 subvariants in 293T cells overexpressing human ACE2 (293T-ACE2) (Fig 1D) 99 

and in the human lung-derived cell line CaLu-3 (Fig 1E). As we have established previously9, JN.1 and 100 

its derived FLiRT subvariants exhibited a modestly increased infectivity in 293T-ACE2 cells compared 101 

to ancestral D614G. Notably, the newly emerged KP.3 and KP.3.1.1 subvariants exhibited higher titers 102 

than parental JN.1. In particular, the addition of the DelS31 mutation in FLiRT-DelS31, KP.2-DelS31 103 

and KP.3-DelS31 (i.e., KP.3.1.1) caused a 1.7-fold, 1.4-fold and 2.0-fold increase in titer relative to the 104 

parental FLiRT (p < 0.001), KP.2 (p < 0.01) and KP.3 (p < 0.001), respectively (Fig 1D). Single point 105 

mutations Q183H in FLiRT (FLiRT_Q183H) and H146Q in KP.2 (KP.2_H146Q) did not appear to 106 

contribute to the increased infectivity of LB.1 (harboring both DelS31 and Q183H) and KP.2.3 107 

(containing both DelS31 and H146Q) relative to their ancestral FLiRT and KP.2, respectively (Fig 1D).  108 

In CaLu-3 cells, we observed distinct phenotypes. While all JN.1-derived variants exhibited much 109 

lower titers compared to ancestral D614G (Fig. 1E, p < 0.0001) as we have established previously9,14, 110 

KP.3.1.1 showed increased titers compared to parental JN.1. Interestingly, addition of a single DelS31 111 

mutation to FLiRT and KP.2 led to modest yet consistent decreases the titers of FLiRT-DelS31 (p > 112 

0.05) and KP.2_DelS31 (p < 0.01) relative to their parental FLiRT and KP.2 variants, respectively. The 113 

exception to this trend was the KP.3.1.1 variant, which contains DelS31 but exhibited a modest increase 114 

in titer relative to the parental KP.3 variant (see Discussion) (Fig 1E).  115 

 116 
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DelS31 decreases nAb titers of LB.1, KP.2.3 and KP.3.1.1 in bivalent mRNA-vaccinated healthcare 117 

workers 118 

 Next, we sought to elucidate how well these new variants are neutralized by antibodies in several 119 

different cohorts of sera (Fig 2). First, we investigated a cohort of healthcare workers (HCWs) at the 120 

Ohio State University Wexner Medial Center that had received at least two doses of monovalent mRNA 121 

vaccine and a dose of the bivalent formulation of the mRNA vaccine that includes both the wildtype and 122 

BA.4/5 spikes (n=10) (Table S1, Fig 2A-B). Previously, we have shown that JN.1, FLiRT, and KP.2 123 

exhibit modestly reduced nAb titers relative to their ancestral BA.2.86 in this cohort9. New JN.1-derived 124 

subvariants LB.1, KP.2.3, and KP.3.1.1 all exhibited further decreases in nAb titer of 9.2-fold (p < 0.01), 125 

9.3-fold (p < 0.001), 9.3-fold (p < 0.001) relative to their parental JN.1 variants, respectively. For all 126 

variants, this decrease in nAb titer appeared to have been driven by the single DelS31 mutation, which 127 

contributed to a decrease of 4.5-fold (p < 0.01), 5.1-fold (p < 0.001), and 5.3-fold (p < 0.001) for 128 

FLiRT_DelS31, KP.2_DelS31, and KP.3.1.1 (KP.3 + DelS31) relative to their parental FLiRT, KP.2 and 129 

KP.3 subvariants, respectively (Fig 2A-B). Once again, single point mutants FLiRT_Q183H and 130 

KP.2_H146Q did not have obvious impacts on nAb titer, which showed similar antibody titers to their 131 

parental FLiRT and KP.2, respectively (Fig 2A-B). Overall, these data show that the DelS31 mutation 132 

dictates escape of the newly emerged LB.1, KP.2.3 and KP.3.1.1 variants from bivalent mRNA vaccine-133 

generated nAb responses.  134 

 135 

DelS31 causes escape of antibodies in BA.2.86/JN.1-wave convalescent sera 136 

 We also investigated nAb titers in a cohort of patients admitted to the Ohio State University 137 

Wexner Medical Center during the BA.2.86/JN.1 wave of infection in Columbus, Ohio (n=10) (Table 138 

S1, Fig 2C-D). Serum samples from all patients were collected between 1 to 10 days post-infection, 139 

and the time from their last vaccination ranged from 34 to 1033 days; all patients had received at least 140 

one dose of a monovalent vaccine (Table S1). Previously, we have shown that these patients exhibit 141 

modestly decreased nAb titers against JN.1-derived subvariants, especially FLiRT, relative to JN.1 142 
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likely due to key amino acid mutation R346T and F456L9. Here we found that LB.1, KP.2.3, and KP.3.1.1 143 

all exhibited dramatic decreases in nAb titer, with 5.1-fold (p = 0.06), 4.0-fold (p = 0.06), and 2.9-fold (p 144 

= 0.09) relative to parental FLiRT, KP.2 and KP.3 variants, respectively. Again, this appeared to be 145 

largely driven by the DelS31 mutation, which contributed to decreases in nAb titer of 4.1-fold (p < 0.07), 146 

4.5-fold (p = 0.07), and 2.9-fold (p = 0.09) for FLiRT_del31, KP.2_del31, and KP.3.1.1 relative to parental 147 

FLiRT, KP.2 and KP.3 variants, respectively (Fig 2C-D). Note that the greater p values presented here 148 

compared to those shown above for bivalent serum samples was likely due to large variations among 149 

patients of these two cohorts—one being first responders who became COVID positive and suffered 150 

mild illness (n = 4), and another being ICU patients with large differences in age and clinical conditions 151 

(n = 6) (Table S1, Fig. S2A-B). In particular, we noted that patients P6 and P7 in the ICU group exhibited 152 

higher titers against the JN.1-lineage variants, especially DelS31. P6 was a 77-year-old man, who 153 

received a single dose of the Moderna monovalent vaccine followed by one dose of the Pfizer bivalent 154 

vaccine; his samples were collected 434 days after his final vaccination. P7, on the other hand, was a 155 

46-year-old woman, who was administered three doses of the Moderna monovalent vaccine and one 156 

dose of the Moderna bivalent vaccine; her samples were taken 334 days after her last vaccination. P10 157 

also showed relatively high titers for D614G, though with similar trends of decrease for JN.1 and JN.1-158 

derived subvariants (Fig 2C-D). Collectively, these results are in accordance with the patten of bivalent 159 

mRNA-vaccinated sera, supporting the conclusion that DelS31 drives antibody escape. 160 

 161 

XBB.1.5 monovalent-vaccinated hamster sera robustly neutralize JN.1 variants, with reduced titers for 162 

subvariants harboring DelS31 in the spike 163 

 The last cohort of sera we investigated was golden Syrian hamsters that were administered two 164 

doses of a recombinant mumps virus-based monovalent XBB.1.5 spike vaccine (Fig 2E-F). The nAb 165 

titer in this group was the highest against JN.1, with modest reductions for FLiRT and KP.2 as we have 166 

shown previously9. Even with this strong response, we observed clear decreases in nAb titers for LB.1, 167 

KP.2.3, and KP.3.1.1, with 2.3-fold (p < 0.05), 2.8-fold (p < 0.01), and 1.9-fold (p = 0.059) decreases 168 
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relative to parental FLiRT, KP.2, and KP.3 variants, respectively. Similar to other cohorts described 169 

above, this decrease was driven by the DelS31 mutation, with FLiRT_DelS31, KP.2_DelS31, and 170 

KP.3.1.1 exhibiting decreases of 2.3-fold (p < 0.05), 2.4-fold (p < 0.01), and 1.9-fold (p = 0.059) relative 171 

to parental FLiRT, KP.2 and KP.3 variants, respectively (Fig 2E-F). Altogether, results from these three 172 

cohorts reveal an essential role for DelS31 located in the NTD of spike in driving nAb escape from 173 

vaccination and infection. 174 

 175 

Monoclonal antibody S309 is completely ineffective against JN.1-derived variants 176 

 We have previously shown that BA.2.86-derived Omicron variants, including JN.1 and 177 

subvariants, are resistant to neutralization by class 3 monoclonal antibody S3098,9,14, one of the most 178 

broadly neutralizing antibodies characterized22-25. Here we found that all newly emerged JN.1 179 

subvariants, including LB.1, KP.2.3 and KP.3.1.1, also were completely resistant to neutralization by 180 

S309, with calculated IC50 values similar to their ancestral FLiRT, KP.2 and KP.3 variants (Fig 3A-B).   181 

 182 

DelS31 drives antigenic differences of newly emerged JN.1 subvariants from their parental variants 183 

 To further supplement our nAb data, we conducted antigenic mapping analyses to determine the 184 

relative antigenic distances between each variant for the three cohorts of sera. Overall, trends of 185 

antigenic distances between the three cohorts were comparable, with XBB.1.5-vaccinated hamster 186 

sera having much smaller antigenic distances between variants than the bivalent-vaccinated people 187 

and BA.2.86/JN.1-wave patients as we have demonstrated previously9,14 (Fig. 4A-C). Importantly, all 188 

subvariants possessing the DelS31 mutation, i.e., FLiRT_DelS31, LB.1, KP.2_DelS31, KP.2.3, and 189 

KP.3.1.1 clustered together and were distinct from the other JN.1-derived subvariants (Fig 4A-C) – with 190 

relatively longer antigenic distances to JN.1 (4.7 ~ 5.6 AU) compared to their ancestral FLiRT, KP.2 and 191 

KP.3 (1.0 ~ 1.9 AU) (Fig 4D, Fig. S2A-C). Overall, the antigenic data are consistent with the patterns 192 

of neutralization for each variant, highlighting once again the crucial role of a single DelS31 mutation, 193 

which dictates the antibody escape and shapes the antigenicity of the spike protein. 194 
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 195 

DelS31 decreases cell-cell fusion mediated by the spike  196 

 We sought to better understand how N-terminal mutations impact different aspects of spike 197 

protein biology. First, we investigated the spike’s ability to trigger fusion between cell membranes in a 198 

syncytia formation assay wherein 293T cells transfected with spike were co-cultured with target 293T-199 

ACE2 cells (Fig 5A-B) or CaLu-3 cells (Fig 5C-D). Consistent with the pattern of all Omicron 200 

variants4,8,9,14,20,26,27,and similar to their ancestral FLiRT, KP.2 and KP.3, all newly emerged JN.1 201 

subvariants exhibited decreased fusion relative to D614G and JN.1 in both cell lines (Fig. 5A-D). 202 

Notably, we found that, although fusion mediated by LB.1, KP.2.3, and KP.3.1.1 was comparable to the 203 

parental variant JN.1, DelS31 variants harboring the single DelS31 mutation consistently showed 204 

decreased levels of cell-cell fusion compared to their parental FLiRT, KP.2 and KP.3 variants in 293T-205 

ACE2 cells. Specifically, FLiRT_DelS31, KP.2_DelS31, and KP.3.1.1 (i.e, KP.3_DelS31) variants 206 

exhibited decreases of 1.2-fold (p < 0.01), 1.3-fold (p < 0.01), and 1.2-fold (p < 0.001) relative to their 207 

parental FLiRT, KP.2 and KP.3 variants, respectively (Fig 5A-B). In contrast, a single Q183H mutation 208 

in FLiRT or H146Q in KP.2 did not have any impact on cell-cell fusion of LB.1 and KP.2.3 (Fig 5A-B). 209 

Similar results were obtained in CaLu-3 cells, where decreases of 1.3-fold (p < 0.01), 1.1-fold (p < 0.01), 210 

and 1.2-fold (p < 0.001) were found for FLiRT_DelS31, KP.2_DelS31, and KP.3.1.1 relative to their 211 

parental FLiRT, KP.2 and KP.3 variants, respectively (Fig 5C-D). These results suggest that the DelS31 212 

mutation at the NTD significantly decreases fusion mediated by the SARS-CoV-2 spike, at least in JN.1-213 

derived Omicron subvariants. 214 

 215 

DelS31 variants exhibit increased surface expression despite comparable processing  216 

 Another critical aspect of spike biology is its ability to be expressed on the plasma membrane 217 

following intracellular cleavage and trafficking. Importantly, this feature is directly associated with 218 

membrane fusion activity. We assessed this feature by performing surface staining against the S1 219 

subunit of spike on 293T cells producing pseudotyped lentiviruses. We found that all JN.1-derived 220 
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variants, including newly emerged KP.3, LB.1, KP.2.3 and KP.3.1.1 subvariants, had decreased levels 221 

of surface expression relative to D614G, similar to what we have shown for JN.1 and prior JN.1 variants 222 

such as FLiRT and KP.29,14. Notably, variants that harbor the single DelS31 mutation, i.e., 223 

FLiRT_DelD31, KP.2_DelS31, and KP.3.1.1, showed 20~30% increased expression on the cell surface 224 

relative to their parental FLiRT (p < 0.0001), KP.2 (p < 0.001) and KP.3 (p < 0.0001), respectively—225 

based on their calculated geometric means (Fig 6A-B). In contrast, the single mutations Q183H and 226 

H146Q, which are also located in the NTD of spike, did not affect the cell surface expression of LB.1 227 

and KP.2.3 subvariants (Fig 6A-B).  228 

 We next performed western blotting to determine the ability of the spike protein to be processed 229 

by furin in virus-producer cell lysates by quantifying the ratios of S1 and S2 subunits vs. full-length 230 

spikes. When compared to D614G, JN.1 exhibited a marked increase in processing, whereas FLiRT 231 

and KP.2 showed a decrease relative to JN.1, as we have shown previously9 (Fig 6C). Of note, the new 232 

JN.1 subvariants LB.1, KP.2.3 and KP.3.1.1, alongside their DelS31 and other single mutants, did not 233 

exhibit obvious changes in spike processing, remaining similar to their parental FLiRT, KP.2 and KP.3 234 

variants, respectively (Fig 6C). Comparable transfection efficacy and cell lysis was confirmed by similar 235 

signals of HIV-1 Gag and cellular GAPDH (Fig 6C) Interestingly, all DelS31-containing S1 signals 236 

migrated slower than other JN.1-derived variants, likely due to the acquisition of a potential N-linked 237 

glycosylation site (see Discussion). 238 

 239 

DelS31 stabilizes spike of newly emerged JN.1 subvariants 240 

The above results from viral infectivity, membrane fusion, and cell surface expression assays 241 

suggest that the DelS31 mutation may confer increased conformational stability to the spike protein of 242 

newly emerged JN.1 subvariants compared to their ancestral forms. To test this directly, we incubated 243 

purified pseudotyped viruses, with or without the DelS31 mutation, at temperatures of 37°C, 39°C, 41°C 244 

and 43°C for 1 hour and assessed their impact on viral infectivity by infecting 293T/ACE2 cells. Viruses 245 

kept at 4°C for the same period of time served as a control. As expected, incubation at elevated 246 
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temperatures (37 to 43°C) gradually reduced the infectivity of lentiviral particles bearing the spike 247 

proteins of these variants (Fig 7A-B). Notably, JN.1 subvariants with the DelS31 mutation, particularly 248 

KP.3.1.1 (KP3_DelS31) and FLiRT_DelS31, demonstrated greatly increased resistance to 249 

temperature-induced inactivation, with calculated half-lives (T1/2) of 41.68°C (± 0.14) and 39.25°C (± 250 

0.04), respectively. This was in contrast to their parental KP.3 and FLiRT variants, which had T1/2 values 251 

of 39.12°C (± 0.02) and 37.23°C (± 0.08) (Fig 7A-B). Among all variants examined, FLiRT exhibited 252 

the least stability, i.e., T1/2 of 37.23°C (± 0.08), while KP.3-DelS31 showed the greatest stability (Fig 253 

7A-B). 254 

Next, we assessed S1 shedding of these JN.1 subvariants by transfecting 293T cells with the 255 

spike protein of interest, followed by treatment with or without 10 µg/ml of soluble ACE2 (sACE2). The 256 

culture media and cell lysates were harvested and immunoblotted with an anti-S1 antibody. As shown 257 

in Fig 7C, sACE2 treatment significantly stimulated S1 shedding of all spikes examined, validating the 258 

experimental procedure. Interestingly, variants containing the DelS31 mutation, especially KP.2-DelS31 259 

and KP.3.1.1 (KP.3_DelS31), exhibited decreased levels of S1 shedding compared to their parental 260 

KP.2 and KP.3 variants, both in the presence and absence of sACE2 (Fig 7C). In the case of FLiRT-261 

DelS31 and FLiRT, while the former showed reduced shedding compared to the latter, no significant 262 

difference was observed between them in the absence of sACE2 (Fig 7C). The antibody heavy chain 263 

signals were consistent across samples, indicating equal amounts of anti-S1 antibody were used to pull 264 

down the S1 protein from the culture media. Lysates of transfected and sACE2-treated cells were 265 

blotted with anti-S1 and anti-S2 antibodies, showing comparable levels of spike expression and 266 

cleavage into S1 and S2 (Fig 7D). In the cell lysates, we observed significantly reduced S1 signals and 267 

enhanced S2’ intensity, the latter being an indicator of spike activation (Fig 7D). This was consistent 268 

with the transfected cells being activated by sACE2 before lysis, leading to increased S1 shedding from 269 

the cell surface as well as enhanced S2 cleavage upon sACE2 engagement. 270 

 271 

Molecular modeling of key NTD mutations in LB.1, KP.2.3, and KP.3.1.1 spikes  272 
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To better understand the underlying mechanisms, especially the impact of spike mutations on 273 

these new variants, we performed homology modeling to investigate alterations in receptor 274 

engagement, spike conformational stability, and antibody interactions. The DelS31 mutation causes a 275 

positional shift in the adjacent residue F32, orienting it towards the core of the NTD and enabling it to 276 

form strong hydrophobic interactions with surrounding core residues, including T29, R34, V62, L56, 277 

Y91, and F216 (Fig 8A). Compared to the original unfavorable polar-to-hydrophobic interaction 278 

mediated by S31, this serine-to-phenylalanine substitution enhances the stability of the NTD and 279 

induces a conformational change that reshapes the domain. This alteration likely strengthens the 280 

interaction between the NTD and the RBD, leading the RBD to energetically favor the down 281 

conformation (Fig 8B). As a result, the receptor-binding motif (RBM) becomes less accessible to both 282 

ACE2 receptor binding (Fig 8C) and some neutralizing antibodies, such as RBM-targeting class 1 and 283 

inner face-targeting class 4 antibodies. On the contrary, recognition of class 2 and 3 antibodies is not 284 

affected by this mechanism (Fig 8D). The other mutations observed in KP.2.3, and LB.1 spike, such as 285 

H148Q and Q183H, disrupt the epitope region of some NTD-targeting neutralizing antibodies, including 286 

4A8 (Fig 8E) and C1520 (Fig 8F). Mutation of these residues presumably disrupts the binding of these 287 

antibodies to spike. Additionally, the DelS31 mutation introduces an N-linked glycosylation sequon 288 

(NFT), resulting in a glycan modification at the N30 residue. Together with the adjacent N-linked glycan 289 

at N61, these glycan chains may interact with each other, effectively shielding the underlying region of 290 

the NTD from antibody recognition (Fig 8A, Fig 8G). 291 

 292 

DISCUSSION 293 

 The ongoing evolution of SARS-CoV-2 presents a significant challenge to the sustained control 294 

of the COVID-19 pandemic. The emergence of the JN.1 variant raised new concerns due to its 295 

pronounced immune evasion and higher transmissibility compared to its ancestral variant, BA.2.86. 296 

The convergent evolution of key residues in the spike protein of early JN.1-derived subvariants—such 297 

as R346, L455, and F456 in the RBD—has further exacerbated immune escape, underscoring an 298 
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urgent need for updated vaccine formulations as cases surged during the summer of 202429. As 299 

summer draws to a close, several new subvariants from the JN.1 lineage are competing for dominance 300 

globally. Among these, the LB.1, KP.2.3, and KP.3.1.1 variants, which collectively account for over 90% 301 

of COVID-19 cases, are characterized by mutations concentrated in the NTD of the spike protein (Fig. 302 

1). Notably, these variants have convergently acquired the DelS31, suggesting that this mutation may 303 

confer a fitness advantage.  304 

Our study demonstrates that this key mutation significantly contributes to spike protein and viral 305 

particle stability, enhanced evasion of neutralizing antibodies, distinct antigenicity, and reduced cell-cell 306 

fusion. The observation of such distinct phenotypes resulting from a single NTD mutation, particularly 307 

in neutralization and spike stability, is striking. Notably, the reduction in neutralization conferred by 308 

DelS31 in convalescent sera aligns with findings from other studies30-32, though the decreases observed 309 

in our cohorts were more pronounced. This difference may be attributed to the fact that most cohorts 310 

in other studies had been repeatedly exposed to Omicron variants, which likely boosted antibody 311 

responses against more recently circulating variants and helped mitigate immune imprinting from early 312 

pandemic strain22,33,34. Importantly, we found that variants harboring the DelS31 mutation are 313 

antigenically distinct from other JN.1 subvariants across all cohorts analyzed (Fig 4). Together, our 314 

results highlight the necessity of developing new vaccine antigens that incorporate the DelS31 mutation 315 

to effectively curb the pandemic, in addition to the existing JN.1 and KP.2 formulations recently 316 

approved by the US FDA. 317 

Our study revealed that newly emerged JN.1 subvariants, including LB.1, KP.2.3, and KP.3.1.1, 318 

are completely resistant to neutralization by S309, one of the most broadly neutralizing antibodies 319 

tested22-24,35,36. While this finding aligns with expectations—since these subvariants retain the 320 

conserved S309-binding motifs from their ancestral BA.2.86 and JN.1 variants8,14,20,37-39—it 321 

underscores the urgent need for the development of new antibodies capable of effectively neutralizing 322 

these evolving variants to maintain control over the COVID-19 pandemic40. Recent studies on newly 323 

approved monoclonal antibodies Pemivibart, Sipavibart, and SA55 have shown that while these 324 
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antibodies were initially effective as prophylactic measures against some recent variants41-43, 325 

Pemivibart and Sipavibart have lost activity against KP.2, LB.1, and KP.3.1.144,45. Fortunately, SA55 326 

has retained its efficacy against most of these newly emerged JN.1 subvariants43. Overall, our findings 327 

suggest that the DelS31 mutation plays a significant role in reducing the efficacy of these monoclonal 328 

antibodies, despite being distant from their epitopes, indicating possible epistatic effects on 329 

neutralization (Fig 8). They also highlight the critical need for ongoing development of novel antiviral 330 

drugs for both prevention and therapy. 331 

The spike residue S31 has not been extensively studied due to the absence of mutations in prior 332 

variants. However, research by the Bloom lab using high-throughput screens of spike mutations that 333 

could impact ACE2 affinity or antibody neutralization identified S31 as a residue of potential interest17. 334 

Their study demonstrated that mutations at S31 could reduce ACE2 binding in the context of the 335 

XBB.1.5 variant, likely due to conformational changes that favor the spike occupying an RBD-down 336 

conformation more frequently. Our molecular modeling reveals that the DelS31 mutation enhances the 337 

stability of the NTD by reorienting the adjacent phenylalanine residue from an outward to an inward 338 

position (Fig 8). This reorientation creates energetically favorable hydrophobic interactions with the 339 

NTD core. As a result, the NTD is stabilized and undergoes a slight conformational change that 340 

strengthens its interaction with the RBD, favoring the "down" conformation of the RBD. This "down" 341 

conformation reduces the accessibility of the receptor-binding motif (RBM) to both the ACE2 receptor 342 

and certain neutralizing antibodies. Additionally, mutations in KP.2.3 and LB.1 disrupt epitopes targeted 343 

by some NTD-specific antibodies. The DelS31 mutation also introduces glycosylation at N30, which 344 

helps shield the NTD from antibody recognition. Detailed structural studies of DelS31 will be necessary 345 

to confirm these potential changes in spike conformation, particularly concerning ACE2 engagement 346 

and antibody recognition. 347 

Of particular interest is the impact of the DelS31 mutation on infectivity, cell-cell fusion, and cell 348 

surface expression. We observed that DelS31 increased infectivity in 293T-ACE2 cells, a finding 349 

corroborated by another study that reported similar results for KP.3.1.1 compared to KP.3 in HOS-350 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 5, 2024. ; https://doi.org/10.1101/2024.09.04.611219doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.04.611219
http://creativecommons.org/licenses/by-nc/4.0/


ACE2-TMPRSS2 cells30. However, in CaLu-3 cells, the DelS31 mutation led to reduced viral infectivity 351 

and impaired cell-cell fusion (Fig 1, Fig 5). We speculate that this difference is due to the lower levels 352 

of ACE2 expression in CaLu-3 cells, as opposed to the overexpression of ACE2 in 293T-ACE2 cells 353 

(see modeling in Fig 8). Noticeably, fusion is reduced despite the relatively high level of surface 354 

expression of DelS31 variants (Fig. 5, Fig. 6). The reduced fusion is likely driven by the fact that the 355 

spike cannot as readily engage with ACE2, evidenced by the decreased S1 shedding of DelS31 356 

variants compared to their ancestral variants (Fig 7). Our molecular modeling analysis suggests that 357 

DelS31 stabilizes the spike protein by promoting an RBD-down conformation, which could help prevent 358 

premature triggering for membrane fusion46,47. Interestingly, KP.3.1.1 shows slightly higher infectivity 359 

than KP.3 in CaLu-3 cells (Fig. 1E), and this could be attributed to the presence of the Q493E mutation, 360 

which co-occurs with DelS31 in KP.3.1.1. Historically, the Q493E mutation negatively impacted 361 

infectivity in previous variants31,48,49. However, recent studies suggest that when Q493E co-occurs with 362 

L455S and F456L, it enhances ACE2 binding, likely compensating for the reduced binding caused by 363 

DelS3131,49. This reflects the virus’s ongoing evolutionary trade-offs between ACE2 binding/infection 364 

and immune escape. 365 

In addition to our modeling work, we provide experimental evidence that the spike protein of 366 

DelS31 variants is more conformationally stable (Fig 8). This stability is demonstrated by decreased 367 

S1 shedding into culture media—both with and without sACE2 stimulation—as well as increased 368 

resistance to elevated temperatures (Fig 7). While these findings align with the observed decreased 369 

infectivity and impaired cell-cell fusion of these DelS31 variants in CaLu-3 cells (Fig 1, Fig 5), they 370 

could also potentially explain, in part, their dominance during the summer of 2024, in particular KP.3.1.1. 371 

More importantly, these findings underscore the role of spike protein stability as a key factor driving 372 

viral evolution and fitness, and is also a reminiscent of the original Omicron BA.1 variant, which is more 373 

stable compared to its ancestral D614G, Delta, and some earlier variants50. It should be noted that 374 

while the use of spike and pseudotyped viruses offers clear and direct evidence of the spike's role, 375 
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further studies comparing DelS31 variants with those lacking this mutation in the context of authentic 376 

viruses will provide additional insights into the mechanisms at play. 377 

Overall, our findings highlight the significant changes in spike biology that can result from a 378 

single mutation, particularly one located in the NTD. Our results, along with those from other studies9,30-379 

32,44, support the U.S. FDA’s decision to select JN.1/KP.2 as the spike for the latest mRNA vaccine 380 

formulation51. However, our data also suggest that vaccines incorporating DelS31-containing spikes 381 

should be considered as potential immunogens. Additionally, our study underscores the importance of 382 

ongoing surveillance of circulating variants to inform pandemic control measures, including vaccination 383 

strategies. 384 

 385 

LIMITATIONS OF STUDY  386 

 Our study makes use of pseudotyped viruses bearing the SARS-CoV-2 spikes of interest, or the 387 

spike protein alone in transfected cells, but lacks analyses with live authentic SARS-CoV-2. We have 388 

previously validated our pseudotyped infectivity and neutralization assays alongside authentic SARS-389 

CoV-252 and believe that the timeliness of this data justifies the use of lentiviral pseudotypes. The 390 

application of spikes in transfected cells simplifies the study system and allows us to pinpoint the unique 391 

role of spike in nAb evasion and conformational stability. We also want to note that our cohorts used in 392 

the neutralization assays are relatively small. However, we have previously published using similarly 393 

sized cohorts9,14 and similar cohort sizes have been used by corroborating studies30,31, so we therefore 394 

believe these results contribute meaningfully to the discussion of antibody evasion by these variants.  395 

 396 
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 431 

Figure Legends 432 

Figure 1: Infectivity of JN.1 subvariants in 293T-ACE2 and CaLu-3 cells. (A) Mutations that 433 

characterize JN.1-derived subvariants FLiRT, KP.2, KP.3, LB.1, KP.2.3, and KP.3.1.1. Recorded 434 

incidences of infection by relevant variants in (B) the United States and (C) globally based on data 435 

collected by the Centers for Disease Control and Prevention (CDC) and Global Initiative of Sharing All 436 

Influenza Data (GISAID). Other JN.1*: JN.1 subvariants. Infectivity of pseudotyped lentiviral vectors 437 

bearing variant spikes of interest was determined in (D) 293T-ACE2 cells and (E) CaLu-3 cells. Bars in 438 

(D and E) represent means and standard deviation from 6 independent infections (n=6). Significance 439 

was determined and displayed relative to D614G, stars represent ** p < 0.01; ***p < 0.001 and ns p > 440 

0.05. 441 

 442 

Figure 2: Neutralization of JN.1 variants by antibodies in bivalent-vaccinated HCWs, XBB.1.5-443 

vaccinated hamsters, and BA.2.86/JN.1-infected people. NAb titers were determined against JN.1-444 

derived variants of interest in the sera of (A-B) HCWs that received at least two doses of monovalent 445 

mRNA vaccine and a dose of bivalent (WT+BA.4/5) mRNA vaccine (n=10), (C-D) individuals that were 446 

infected during the BA.2.86/JN.1 wave of infection in Columbus, Ohio (n=10), and (E-F) golden Syrian 447 

hamsters that were vaccinated with two doses of a mumps virus-based monovalent XBB.1.5 spike 448 

vaccine (n=10). Plots in (A, C, and E) represent geometric mean nAb titers at 50% with standard errors. 449 

Geometric mean antibody titers are depicted at the top of the plots with fold changes relative to JN.1 450 

above them. (B, D and F) Heatmaps that depict the corresponding nAb values for each cohort listed 451 

by individual samples. Significance was determined and displayed relative to JN.1 using log10 452 
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transformed values, unless otherwise indicated; stars represent *p < 0.05; **p < 0.01; ****p < 0.0001, 453 

and ns p > 0.05. 454 

 455 

Figure 3: Neutralization of JN.1 variants by monoclonal antibody S309. Neutralization by class 3 456 

monoclonal antibody S309 was determined for JN.1-derived variants of interest and plotted (A), and 457 

inhibitory concentrations at 50% (IC50) was determined and displayed in (B). Raw luminescence values 458 

were normalized to untreated controls for plotting and IC50 calculations. 459 

 460 

Figure 4: Antigenic mapping of neutralization data against JN.1 variants. The Racmacs program 461 

was used to plot relative antigenic distances between each spike antigen (circles) and sera sample 462 

(squares) for (A) the bivalent-vaccinated HCWs, (B) the BA.2.86/JN.1-wave infected people, and (C) 463 

the XBB.1.5-vaccinated hamsters. The scale bar represents 1 antigenic distance unit (AU) which is 464 

equivalent to about a 2-fold different in nAb titer. (D) The antigenic distances of each variant relative to 465 

JN.1 from three groups of cohorts (n=3) were averaged and plotted. The scale bar represents 1 466 

antigenic distance unit (AU). 467 

 468 

Figure 5: Cell-cell fusion of JN.1-derived spikes. Fusion triggered between membranes by the spike 469 

proteins of interest was determined between 293T cells expressing the spike and 293T-ACE2 cells 470 

overexpressing ACE2 or CaLu-3 cells expressing an endogenous level of ACE2. Representative 471 

images of fusion are depicted for (A) 293T-ACE2 and (C) CaLu-3 and quantification of total areas of 472 

fusion across 3 images are represented for (B) 293T-ACE2 and (D) CaLu-3. Bars represent means 473 

with standard deviation, significance was determined relative to ancestral variants as indicated, and 474 

stars represent *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 and ns: p > 0.05. 475 

 476 

Figure 6: Surface expression and processing of JN.1-derived spikes. (A-B) The surface of 293T 477 

cells used to produce pseudotyped vectors was probed with anti-S1 antibody to compare surface 478 
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expression between spikes of interest. (A) Representative histograms depicting surface expression and 479 

(B) geometric mean intensities (MFIs) of surface S1 are depicted (n=3). (C) Processing of spikes into 480 

S1/S2 subunits by furin was determined by lysing 293T cells used to produce pseudotyped viruses and 481 

probed by using anti-S1, anti-S2, anti-p24, and anti-GAPDH antibodies. Relative ratios of S2/S or S1/S 482 

were quantified using NIH ImageJ, calculated by comparing to D614G, and are displayed under 483 

corresponding blots. The plot in (B) represents geometric means with standard deviation and 484 

significance was determined relative to parental FLiRT, KP.2 or KP.3 variants as indicated; stars 485 

represent **p < 0.01; ***p < 0.001; ****p < 0.0001, and ns: n > 0.05. 486 

 487 

Figure 7: Stability of JN.1 variant spikes and pseudotyped viral particles. (A) Lentiviral 488 

pseudovirions were purified (without serum) and incubated at indicated temperatures (37 to 43°C) for 489 

1 h, and viral infectivity was determined by infecting 293T-ACE2 cells. Relative percent of infection is 490 

plotted by comparing the titer at 4°C, which was set to 100%. For each variant, the temperature at 491 

which the viral infectivity was lost by 50% (T1/2) was determined and displayed by a dashed line in (A) 492 

and listed in (B). (C) HEK293T cells were transfected with spike constructs of interest and treated with 493 

or without sACE2 (10 µg/ml) for 4 h. Cell culture media and lysates were collected, with shed S1 494 

proteins being immunoprecipitated with an anti-S1 antibody. (D) Cell lysates were blotted with anti-S2, 495 

anti-S1 and anti-GAPDH antibodies, and relative signals were quantified by NIH ImageJ by setting the 496 

value of JN.1 to 1.0. 497 

 498 

Figure 8: Structural modeling of key NTD mutations in LB.1, KP.2.3, and KP.3.1.1. (A) Structural 499 

comparisons of NTD between KP.3.1.1 and JN.1 spike proteins. The DelS31 mutation shifts F32, thus 500 

altering its side chain direction to form hydrophobic interactions with surrounding NTD core residues, 501 

including T29, R34, V62, L56, Y91, and F216, while introducing glycosylation at N30. (B) The DelS31 502 

mutation stabilizes the NTD, reshaping its conformation and enhancing its interaction with the receptor-503 

binding domain (RBD) to favor the RBD down conformation. (C) The down conformation reduces RBD 504 
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accessibility to the ACE2 receptor (yellow surface). (D) This down conformation restricts the 505 

accessibility of class 1 and 4 antibodies, but not class 2 and 3 antibodies. Antibodies are depicted as 506 

semi-transparent surfaces. (E) and (F) Mutations at residues (shown as sticks) H146 and Q183 disrupt 507 

the epitopes of certain NTD-targeting antibodies, such as 4A8 and C1520. (G) Glycosylation (shown 508 

as sticks) at N30 interferes with the recognition of some NTD-targeting antibodies, such as C1717. 509 

 510 

Figure S1 511 

Antigenic distances of JN.1-derived subvariants relative to D614G or JN.1 in three groups of cohorts. 512 

(A) bivalent-vaccinated HCWs; (B) BA.2.86/JN.1-wave infected people; and (C) XBB.1.5-vaccinated 513 

hamsters. One antigenic distance unit (AU) is equivalent to a 2-fold difference in nAb titer shown in 514 

Figure 2. 515 

 516 

Figure S2 517 

NAb titers in the sera of (A) first responders and household contacts during the BA.2.86/JN.1 in 518 

Columbus who became COVID positive and suffered mild illness (n = 4) and (B) ICU patients during 519 

the BA.2.86/JN.1-wave in Columbus, Ohio (n=6). 520 

 521 

METHODS 522 

Lead Contact 523 

Dr. Shan-Lu Liu can be reached at liu.6244@osu.edu with requests for reagents and other resources. 524 

 525 

Materials Availability 526 

Contact Dr. Shan-Lu Liu with questions regarding requests for materials. 527 

 528 

Data and Code Availability 529 

Our study does not report original code. Data can be requested from Dr. Shan-Lu Liu. 530 
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 531 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 532 

Vaccinated and patient cohorts 533 

All data were collected from our cohorts under approved IRB protocols as follows: Bivalent 534 

mRNA vaccination: 2020H0228, 2020H0527, and 2017H0292; BA.2.86/JN.1 wave patients: 535 

2020H0527, 2020H0531, 2020H0240, and 2020H0175; XBB.1.5 monovalent-vaccinated hamsters: 536 

2009A1060-R4 and 2020A00000053-R1. The first human cohort was the Ohio State University Wexner 537 

Medical Center healthcare workers (HCWs) that received at least two doses of monovalent WT mRNA 538 

vaccine and a dose of the bivalent (WT + BA.4/5) mRNA booster vaccine (n=10) (Table S1). All 539 

individuals were administered two homologous doses of mRNA vaccine, 5 received Moderna and 5 540 

Pfizer. Nine individuals received a third dose of vaccine (4 Moderna, 5 Pfizer) while 1 individual did not 541 

receive a third dose. Five individuals were administered the Pfizer formulation of the bivalent vaccine 542 

while 5 received the Moderna formulation. Blood was collected between 23-108 days post bivalent 543 

dose administration. Individuals ranged from 27-46 years old with a median of 37 males and 5 females 544 

were recruited. 545 

The second cohort of human samples were patients at the Ohio State Wexner Medical center 546 

that were either admitted to the ICU during the BA.2.86/JN.1 wave of infection in Columbus, OH 547 

(11/23/2024-8/11/2024) (n=6) or collected from first responders and household contacts in the STOP-548 

COVID cohort that were symptomatic during that time period (n=4). Positivity for SARS-CoV-2 infection 549 

was confirmed via RT-PCR and the infecting variant was determined through sequencing of 550 

nasopharyngeal swabs and next generation sequencing (Artic v5.3.2, IDT, Coralville, IA and Aritc v4.1 551 

primers, Illumina, San Diego, CA). Ages ranged from 34-81 with a median of 52. 4 females and 6 males 552 

were recruited to this cohort. 553 

The last cohort were golden Syrian hamsters (Envigo, Indianapolis, IN) that received 554 

recombinant mumps virus vaccines encoding monovalent XBB.1.5 spike (n=10). The vaccine was 555 
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delivered intranasally at 1.5 x 105 PFU twice three weeks apart. Hamsters were all 15 weeks of age 556 

and blood was collected 2 weeks after the booster dose was administered. 557 

 558 

Cell lines and maintenance 559 

Human epithelial kidney cells (293T, ATCC, RRID: CVCL_1926) and 293T cells overexpressing human 560 

ACE2 (293T-ACE2) (BEI Resources, RRID: CVCL_A7UK) were maintained in DMEM (Signma Aldrich, 561 

Cat #11965-092) supplemented with 10% fetal bovine serum (Thermo Fisher, Cat #F1051) and 0.5% 562 

penicillin/streptomycin (HyClone, Cat #SV30010). Human lung adenocarcinoma cell line CaLu-3 cells 563 

were maintained in EMEM (ATCC, Cat #30-2003) supplemented with the same components. To 564 

passage, cells were washed in phosphate-buffered saline then detached using 0.05% Trypsin + 0.53 565 

mM EDTA (Corning, Cat #27106). Cells were maintained at 37°C with 5.0% CO2. 566 

 567 

METHOD DETAILS 568 

Plasmids 569 

Spike plasmids are engineered into the pcDNA3.1 plasmid backbone with a FLAG tag at C-terminal 570 

end of the coding sequence except D614G, which has a FLAG tag at both N- and C-terminal ends. 571 

D614G was synthesized and cloned into pcDNA3.1 using KpnI/BamHI restriction enzymes by 572 

GenScript Biotech. JN.1 spike was generated through site-directed mutagenesis from BA.2.86 573 

(synthesized by GenScript) and each of the other variants were generated by site-directed mutagenesis 574 

from JN.18,9. Our pseudotyped HIV-1 vectors are based on the pNL4-3-inGluc originally received from 575 

David Derse (NIH), with modifications by Marc Johnson53. 576 

 577 

Pseudotyped lentivirus production and infectivity 578 

Pseudotyped viruses were produced via polyethyleneimine transfection (Transporter 5 Transfection 579 

Reagent, Polyscienes, Cat #26008-5) of 293T cells with a 2:1 ratio of pNL43-inGluc vector and spike52. 580 

Viruses were collected 48 and 72 hours post-transfection and used to infect target cells 293T-ACE2 581 
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and CaLu-3 cells. To measure these readouts, equal volumes of infected cell media and Gaussia 582 

luciferase substrate (0.1 M Tris pH 7.4, 0.3 M sodium ascorbate, 10 µM coelenterazine) are combined 583 

and luminescence is determined by a Cytation 5 Imaging Reader (BioTek). These readings are taken 584 

48 and 72 hours post-infection. 585 

 586 

Virus neutralization assay 587 

Viral infectivity is determined for each variant and normalized to ensure that comparable infectious viral 588 

particles were used for this assay52. Sera from the various cohorts was serially diluted to final dilutions 589 

1:40, 1:160, 1:640, 1:2560, 1:10240 and one no-sera well for each individual sample. S309 was diluted 590 

to 12, 3, 0.75, 0.19, 0.047 and 0 μg/mL. Equal volumes of normalized vector were added to the serially 591 

diluted sera and incubated for 1 hour at 37°C. The mixtures were then used to infect 293T-ACE2 cells 592 

and relative infectivity determined at 48 and 72 hours post infection as described above. Neutralization 593 

titers at 50% were calculated via least squares fit nonlinear regression using GraphPad v10 (San Diego, 594 

CV) with values normalized to the no sera/antibody control. 595 

 596 

Antigenic cartography analysis 597 

Racmacs v1.1.35 was used to generate the antigenic maps54. Briefly, instructions detailed on the 598 

GitHub entry (https://github.com/acorg/Racmacs/tree/master) were used to run the program in R 599 

(Vienna, Austria). Raw neutralization titers are input into the program where they are then log2 600 

transformed and plotted in a distance table. This distance table is then used to perform multidimensional 601 

scaling and lot the individual sera samples (squares) and antigens (circles) in two-dimensional space. 602 

These plots are scaled by antigenic distance units (AU) where 1 AU = about a two-fold difference in 603 

nAb titer. Program optimizations were kept on default and maps were exported using the “view(map” 604 

function and labeled using Microsoft Office PowerPoint.  605 

 606 

Cell-cell fusion 607 
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Cell-cell fusion was performed as previously described20. 293T cells were co-transfected with spike 608 

plasmids and GFP. The cells were then detached using Trypsin + 0.53 mM EDTA and co-cultured with 609 

either 293T-ACE2 or CaLu-3 cells. Cells were co-cultured for 6.5 hours (293T-ACE2) or 4 hours (CaLu-610 

3) before fusion was imaged using a Leica DMi8 fluorescence microscope. The Leica X Applications 611 

Suite was used quantify total areas of fusion by outlining areas of GFP fluorescence and calculating 612 

area within these spaces. Scale bars represent 150 µM. Three representative images were taken for 613 

each variant and used for quantification; one representative image was chosen for presentation in Fig 614 

5.  615 

 616 

Spike surface expression 617 

Surface expression of spike was determined on 293T cells used to produce pseudotyped viruses. After 618 

collection of virus 72 hours post-transfection, cells were detached using PBS + 5 mM EDTA and then 619 

fixed in 3.7% formaldehyde. Cells were stained with an anti-S1 polyclonal antibody (Sino Biological, 620 

T62-40591, RRID:AB_2893171) and anti-Rabbit-IgG FITC secondary antibody (Sigma, F9887, 621 

RRID:AB_259816). Flow cytometry data was collected using an Attune NxT flow cytometer and 622 

analyzed using FlowJo v10.8.1. 623 

 624 

Spike processing 625 

Spike processing by furin was determined by lysing 293T cells producing pseudotyped viruses using 626 

RIPA buffer (Sigma Aldrich, R0278) plus protease inhibitor cocktails (Sigma, P8340). Samples were run 627 

on a 10% SDS-polyacrylamide gel and transferred onto a PVDF membrane. Blots were probed with 628 

anti-S2 (Sino Biological, T62-40590, RRID:AB_2857932), anti-S1 (Sino Bio, T62-40591, 629 

RRID:AB_2893171), anti-p24 (Abcam, ab63917; NIH ARP-1513), and anti-GAPDH (Proteintech, 630 

10028230) antibodies, respectively. Secondary antibodies used were anti-Rabbit-IgG-HRP (Sigma, 631 

Cat#A9169, RRID:AB_258434) and anti-Mouse-IgG-HRP (Sigma, Cat#A5728, RRID:AB_258232). 632 

Chemiluminescence was determined by applying Immobilon Crescendo Western HRP substrate 633 
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(Millipore, WBLUR0500) to the blots followed by immediately reading on a GE Amersham Imager 600. 634 

NIH ImageJ (Bethesda, MD) was used to quantify S2/S and S1/S ratios based on relative band intensity. 635 

 636 

S1 shedding 637 

HEK293T cells were transfected with spike expression constructs. Twenty-four hours after transfection, 638 

cells were treated with or without sACE2 (10 μg/mL) for 4 hours at 37°C. Cell lysates and culture media 639 

were harvested. S1-containig cell culture media were incubated with 10 μL of protein A/G-conjugated 640 

anti-S1 beads (Santa Cruz, sc-2003) overnight to precipitate S1 subunit. Following 641 

immunoprecipitation, cell lysates and shed S1 were run on 10% SDS-PAGE, transferred to membranes, 642 

and probed with anti-S1 (Sino Biological, T62-40591, RRID:AB_2893171), anti-S2 (Sino Biological, 643 

T62-40590, RRID:AB_2857932) and anti-GAPDH (Proteintech, 10028230) antibodies, respectively. 644 

Anti-mouse-IgG-Peroxidase (Sigma, A5278) and anti-rabbit-IgG-HRP (Sigma, A9169) were used as 645 

secondary antibodies. 646 

 647 

Virus inactivation by temperature.  648 

Pseudotyped lentiviruses were pelleted through 20% sucrose in TMS buffer (25 mM Tris, 25 mM maleic 649 

acid, 150 mM NaCl, pH 6.5) by centrifugation at 25,000 g at 4°C for 2 h in Beckman SW41 rotor. Viruses 650 

were resuspended in DMEM (pH 7.4) without serum, incubated at different temperatures (37 to 43°C) 651 

for 1 h, and inoculated onto 293T-ACE2 cells to assay the transduction efficiency. Viruses stayed at 4°652 

C throughout the treatment served as control for comparison. 653 

 654 

Structural modeling and analyses 655 

Structural modeling to assess the impact of spike mutations on ACE2 binding, conformational stability, 656 

and antibody evasion was performed using the SWISS-MODEL server. Glycosylation modifications at 657 

residues N30 and N61 were incorporated using the program Coot. This analysis utilized published X-658 

ray crystallography and cryo-EM structures (PDB: 8X4H, 8Y5J, 6LZG, 7XEG, 7KMG, 7YAD, 8DLS, 659 
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7UAP, 7UAR) as templates. The potential effects of key mutations on these interactions were examined, 660 

and the resulting models were visually represented using PyMOL. 661 

 662 

Quantification and statistical analysis 663 

All statistical analyses in this work were conducted using GraphPad Prism 10. NT50 values were 664 

calculated by least-squares fit non-linear regression. Error bars in Figures 1D, 1E, 5B, 5D and 6B 665 

represent means ± standard errors. Error bars in Figures 2A, 2C, and 2E represent geometric means 666 

with 95% confidence intervals. Error bars in Figure 3A represent means ± standard deviation. Statistical 667 

significance was analyzed using log10 transformed NT50 values to better approximate normality 668 

(Figures 2A, 2C and 2E), and multiple groups comparisons were made using a one-way ANOVA with 669 

Bonferroni post-test. Cell-cell fusion was quantified using the Leica X Applications Suite software 670 

(Figures 5A and 5C). S processing was quantified by NIH ImageJ (Figure 6C and 7C). 671 

  672 
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