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ABSTRACT

The rapid evolution of SARS-CoV-2 variants presents a constant challenge to the global
vaccination effort. In this study, we conducted a comprehensive investigation into two newly
emerged variants, BA.2.87.1 and JN.1, focusing on their neutralization resistance, infectivity,
antigenicity, cell-cell fusion, and spike processing. Neutralizing antibody (nAb) titers were
assessed in diverse cohorts, including individuals who received a bivalent mRNA vaccine booster,
patients infected during the BA.2.86/JN.1-wave, and hamsters vaccinated with XBB.1.5-
monovalent vaccine. We found that BA.2.87.1 shows much less nAb escape from WT-BA.4/5
bivalent mRNA vaccination and JN.1-wave breakthrough infection sera compared to JN.1 and
XBB.1.5. Interestingly. BA.2.87.1 is more resistant to neutralization by XBB.15-monovalent-
vaccinated hamster sera than BA.2.86/JN.1 and XBB.1.5, but efficiently neutralized by a class IlI
monoclonal antibody S309, which largely fails to neutralize BA.2.86/JN.1. Importantly, BA.2.87.1
exhibits higher levels of infectivity, cell-cell fusion activity, and furin cleavage efficiency than
BA.2.86/JN.1. Antigenically, we found that BA.2.87.1 is closer to the ancestral BA.2 compared to
other recently emerged Omicron subvariants including BA.2.86/JN.1 and XBB.1.5. Altogether,
these results highlight immune escape properties as well as biology of new variants and
underscore the importance of continuous surveillance and informed decision-making in the

development of effective vaccines.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of
the COVID-19 pandemic, continues to evolve despite the global pandemic being declared over.
Late 2023 into early 2024 has seen the emergence of highly mutated variants of the virus,
heightening new concern over the continued efficacy of current vaccination strategies and other
pandemic control measures (1, 2). Among these, the BA.2.86 variant was characterized by around
30 mutations and evolved into JN.1 and a series of other subvariants with the spike protein distinct
from the previously dominant variant XBB.1.5 (1). While BA.2.86 proved to be a less dominant
variant and displayed minimal escape of neutralizing antibodies in mRNA-vaccinated and SARS-
CoV-2 infected sera (3, 4), JN.1, which has only an additional L455S mutation in spike compared
to BA.2.86, has significantly increased evasion of neutralizing antibodies and become the
dominant variant in the United and States and other countries (5, 6).

Concern is mounting once more as a new highly mutated variant, BA.2.87.1, has been
detected in South Africa (7). This variant contains over 100 mutations relative to XBB.1.5 and
JN.1 throughout the genome, with over 30 in spike alone (Fig. 1a) (1). Since its initial detection in
September of 2023, 9 cases have been recorded in South Africa as of early February 2024 and
was recently reported in the wastewater of Southeast Asia. This variant has not yet been detected
elsewhere (7). Currently, little is known about this new variant, including critical aspects of virus
biology, sensitivity to neutralizing antibodies, and transmissibility. While BA.2.87.1 does not
appear to have spread widely now, the fact that the currently dominant JN.1 was derived from a
single mutation L455S in the spike in the less-fit BA.2.86 variant raises concerns over similar
situations occurring.

Here, we investigate the immune escape and biology of the BA.2.87.1 variant in
comparison to previously dominant variants JN.1 and XBB.1.5 and ancestral BA.2.86, BA.2 and
parental D614G. We characterized the nAb titers in the sera of health care workers (HCWs) that

received the wildtype (WT) plus BA.4/5 spike bivalent mMRNA vaccine (n=13), sera from hamsters
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89 that received the XBB.1.5 monovalent mRNA vaccine (n=15), and sera from patients in the ICU

90 during the BA.2.86/JN.1-wave of infection in Columbus, Ohio, U.S (n=9). We also elucidated the

91 antigenic distance between variants and examined the neutralization of two RBD-targeting

92  monoclonal antibodies S309 and 2B04. Additionally, we studied other aspects of virus biology

93 including viral infectivity in lung airway epithelial cells, spike processing into the S1 and S2

94  subunits, spike surface expression, and cell-cell fusion.

95

96 RESULTS

97 BA.2.87.1 exhibits comparable infectivity to its ancestral BA.2 in human 293T-ACE2 and

98 lung epithelial CaLu-3 cells. We first investigated the infectivity of pseudotyped lentiviral vectors

99  bearing the spike of BA.2.87.1 or others of interest in 293T cells overexpressing human ACE2
100 (293T-ACEZ2) (Fig. 1b) and human lung epithelial cell line CaLu-3 (Fig. 1¢). In 293T-ACE2 cells,
101  BA.2.87.1 exhibited comparable infectivity to BA.2, but with a 4-fold increase relative to D614G
102  (p < 0.0001). In contrast, JN.1 showed an infectivity comparable to D614G but lower than BA.2
103  (3.2-fold, p < 0.0001), BA.2.87.1 (3.1-fold, p < 0.0001) and XBB.1.5 (2.4-fold, p < 0.0001),
104  respectively. The infectivity of JN.1 was even lower than its ancestral BA.2.86, with a 40%
105 decrease (p < 0.01), and was among the lowest in all examined Omicron subvariants (Fig. 1b).
106 Omicron spikes have been characterized by an overall lower infectivity in CalLu-3 cells,
107  but infectivity increased with some of the recently emerged subvariants (8-12). Here we found
108 that both JN.1 and BA.2.87.1 had titers about 2-fold lower in relative infectivity compared to
109 D614G (p < 0.0001), but 1.6-fold (p < 0.0001) and 1.7-fold (p < 0.0001) higher than JN.1 and
110 XBB.1.5, respectively. Notably BA.2.86 showed an increased infectivity in CaLu-3 cells compared
111  to other Omicron subvariants, similar to previous results (4, 13-15) (Fig. 1c¢).
112
113  Bivalent mRNA-vaccinated sera more effectively neutralize BA.2.87.1 than JN.1. We next

114  investigated the nAb responses in a series of cohorts (Fig. 2, Fig. $1). The first was The Ohio
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115  State University (OSU) Wexner Center HCWs that received at least 2 doses of monovalent
116  vaccine (WT) plus a single booster of bivalent vaccine (WT + BA.4/5) (Table S$1). The samples
117  were collected between December 2022 and January 2023, approximately 23 and 108 days post
118 the bivalent dose administration; the cohort had no breakthrough infection with BA.2.86/JN.1 or
119 BA.2.87.1, but 9 of the 13 were COVID-19 positive with variants prior to the XBB.1.5 wave (see
120 Table S1). BA.2.87.1 exhibited an increased sensitivity to neutralization by the bivalent mRNA-
121  vaccine sera, with a titer ~4-fold lower than D614G (p < 0.05) as compared to JN.1, which was
122 7.6-fold lower than D614G (p < 0.001) (Fig. 2a, Fig. S1a). JN.1 exhibited the lowest titers of all
123  variants tested, even relative to its ancestral BA.2.86 and previous XBB.1.5, which were 4.7-fold
124  and 4.8-fold lower than D614G (p < 0.05 for both), respectively. However, all variants were
125  effectively neutralized by the bivalent HCW sera, with none falling below the limit of detection for
126  the assay (NTso = 40). These results together suggest that bivalent mRNA vaccine could still be
127  effective for BA.2.87.1 but efficiency is reduced for JN.1.

128

129  Sera from JN.1/BA.2.86-wave ICU patients neutralize BA.2.87.1 better compared to JN.1
130 and XBB.1.5. The next cohort we investigated were Columbus first-responders and their
131  household contacts (n=5, P1 to P5) as well as ICU COVID-19 patients admitted to the OSU
132 Medical Center (n=4, P6 to P9) during the BA.2.86/JN.1 wave of infection in Columbus, OH (early
133 2024) (total n=9 in this cohort) (Fig. 2b, Fig. S1b, and Table S1). Nasal swabs were collected
134  and sequenced, with 1 individual being confirmed to have been infected with BA.2.86, 1 individual
135  confirmed to have been infected with JN.1, and the remaining 7 were assumed to have been
136  infected with JN.1 based on the timing of the cases in Columbus, Ohio after Jan 2024. Of note,
137  all nine patients were vaccinated with different doses of mMRNA vaccine, most 357-898 days prior
138  to sample collection, except one (P5), who was vaccinated with XBB.1.5 monovalent vaccine with
139  sample collected 45 days after the vaccination (Table S1). Overall, nAb titers varied greatly in this

140  cohort due to its heterogeneity, and were generally lower compared to the bivalent vaccinated
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141  cohort, especially against Omicron-lineage variants (Figs. 2a-b and Figs. S1a-b). Notably,
142  BA.2.87.1 exhibited a modestly increased titer compared to JN.1 (1.3-fold, p = 0.301), with only
143 3.3-fold lower than D614G (p = 0.6778). Surprisingly, JN.1 showed the lowest neutralization titers,
144  which were similar to the bivalent serum samples (Fig. 2a, Fig. S1a), with ~4.3-fold lower than
145  D614G (p = 0.1321). Notably, despite the limited sample size, 3 of the 4 ICU patients (P6, P8 and
146  P9) exhibited very high neutralization titers compared to the first-responders and household
147  contacts, results of which were in accordance with our previous studies (4, 9, 10, 13). We noticed
148  thatone ICU patient (P7, 78-year-old female) and one first-responder and household contact (P1)
149  exhibited extremely low titers, especially against the Omicron variants (Fig. 2b, Fig. S1b). This
150  was despite that P7 had received 4 doses of monovalent WT mRNA and 2 doses of WT-BA.4/5
151  bivalent vaccine shots prior to the BA.2.86/JN.1-wave in July 2023, without obvious history of
152 immunocompromised conditions.

153

154 BA.2.87.1 is less efficiently neutralized by XBB.1.5 monovalent-vaccinated hamster sera
155  compared to JN.1. The final cohort we tested was a group of hamsters vaccinated twice with a
156  monovalent XBB.1.5 spike vaccine delivered by recombinant mumps virus (n=15). In contrast to
157  the human cohorts that received WT and BA.4/5 bivalent vaccine doses shown above, we found
158 that these hamster serum samples exhibited the highest titers against XBB.1.5 (NTso = 14,626),
159  BA.2.86 (NTso = 10,452), and JN.1 (NTso = 9,081), with D614G showing the lowest titers (NTso =
160 916), followed by BA.2.87.1 (NTso = 1,850) and BA.2 (NTso = 3,130) (Fig. 2c, Fig. S1c¢). For this
161  cohort, comparisons were thus made instead to XBB.1.5 rather than D614G, due to the fact that
162  XBB.1.5 s the variant included in the vaccine. Titers against JN.1 were only slightly reduced, with
163  1.6-fold lower than XBB.1.5 (p = 0.4722). Titers against BA.2.87.1 were markedly reduced, with
164  7.9-fold lower than XBB.1.5 (p < 0.0001). No neutralization escape was evident for this cohort
165 relative to XBB.1.5, though one hamster (XBB.1.5-15) exhibited titers near the limit of detection

166  for both D614G and BA.2.87.1 (Fig. 2c, Fig. S1c).
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167

168  Class Il monoclonal antibody S309 efficiently neutralizes BA.2.87.1 but not JN.1. We next
169 tested the neutralization of BA.2.87.1 and JN.1 by two neutralizing antibodies: the class Il
170  monoclonal antibody (mAb) S309 and class | mAb 2B04 (16, 17). S309 targets the epitopes of
171  non-receptor binding motif (RBM) of the spike and has largely maintained efficacy against
172 Omicron variants with the exception of CH.1.1, CA.3.1, BA.2.75.2 and BA.2.86 (9, 18).
173 Interestingly, we found that S309 maintained neutralization against BA.2.87.1, with an 1Cso of 0.62
174  pg/mL (Fig. 2d, Fig. S1d). However, the neutralizing activity of S309 was lost for JN.1 and greatly
175  reduced for BA.2.86, with an ICso of 6.22 ug/mL for the latter (Fig. 2d, Fig. S1d). Omicron variants
176  have been expected to exhibit a complete escape of mAb 2B04 due to the multitude of mutations
177  contained within the class | RBM epitope (1, 19) (Fig. 1a), and JN.1 and BA.2.87.1 were no
178  exception, both having escaped neutralization by this monoclonal antibody (Figs. S1d-e).

179

180 BA.2.87.1 is antigenically more related to D614G and BA.2 other than recent Omicron
181  subvariants. To further analyze our neutralization data, we performed antigenic cartography
182  analysis using a program called Racmacs, which uses principal component analysis to plot the
183  antigenic distance between the variants tested based on the nAb titers. For bivalent-vaccinated
184  human samples, D614G and BA.2 clustered near each other, with an antigenic distance of 0.45,
185  and they were farther away from the cluster of newer variants (Fig. 2e). Notably, JN.1 was farthest
186  away from D614G, with antigenic distance of 2.95, which was in accordance with its lowest nAb
187 titers (Fig. 2a and Fig. S1a), suggesting that JN.1 is more antigenically distinct from D614G and
188  BA.2 than XBB.1.5, BA.2.86, and BA.2.87.1. Interestingly, BA.2.87.1 clustered closer to D614G
189 and BA.2, with an antigenic distance of 2 and 2.15., respectively, suggesting that despite the 30
190 additional mutations in the spike, it has actually become more antigenically similar to the parental
191  variants (Fig. 2e). Because of the heterogeneity as well as the small sample size of JN.1-wave

192  patient samples, we did not perform the antigenic analysis for this cohort.
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193 The hamster cohort map was quite distinct from the bivalent mRNA-vaccinated human
194  cohort due to the very different patterns of antigenic exposure. We observed that XBB.1.5,
195 BA.2.86, and JN.1 all clustered together, but with greater antigenic distances of 3.48~4.14 from
196 D614G; whereas BA.2.87.1 was antigenically closer with distances of 1.08 and 2 from D614G
197  and BA.2, respectively (Fig. 2f). Overall, these analyses indicate that antigenically, BA.2.87.1 is
198  more closely related to BA.2, the ancestral Omicron variant; however, BA.2.86 and JN.1 are more
199 closely related to XBB.1.5.

200

201 BA.2.87.1 spike exhibits increased cell-cell fusion and processing into S1 and S2. Given
202  more than 30 amino-acid changes in the spike protein of BA.2.87.1 and JN.1, including some
203  near the furin cleavage site as well as in the S2 subunit (Fig. 1a), it is important to examine the
204  furin cleavage efficiency and cell-cell fusion property of these new variants. For cell-cell fusion,
205 we transfected 293T cells with the spikes of interest plus GFP, followed by co-culturing the
206  detached effector 293T cells with target 293T-ACE2 or CalLu-3 cells. In both cell lines, D614G
207  exhibited the highest cell-cell fusion compared to all Omicron variants (Figs. 3a-d), as would be
208  expected. Notably, BA.2.87.1 exhibited the highest cell-cell fusion activity of the Omicron variants
209 in both cell lines. While JN.1 exhibited an increased cell-cell fusion relative to BA.2, the level was
210 comparable to its ancestral BA.2.86. XBB.1.5 showed increased fusion activity relative to the
211  ancestral BA.2, which was consistent with our previous results (4, 9), although the level was
212 relatively lower than BA.2.87.1 in both 293T-ACE2 and CalLu3 cells (Figs. 3a-d). We validated
213 these results using a syncytia formation assay wherein 293T-ACE2 cells are transfected to
214  produce the spikes of interest and GFP and incubated 24 hours before imaging fusion (Figs. S2a
215 andb).

216 We next determined the surface expression level of spike proteins in 293T cells used to
217  produce the lentiviral pseudotyped viruses by flow cytometry. We found that XBB.1.5 exhibited

218 the highest expression, followed by D614G and BA.2.86. Interestingly, BA.2, JN.1, an BA.2.87.1
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219  all exhibited decreased surface expression relative to D614G, with BA.2.87.1 being the lowest
220 (Figs. 4a-b). This patten is corroborated by western blotting analysis of the lysate of these
221 producer cells which depicts overall less spike expression for all Omicron variants except for
222 XBB.1.5 (upper panel, Fig. 4c). The differences in spike protein expression, including on the
223  plasma membrane, were not due to artifacts of transfection efficiency, given the similar levels of
224  HIV-1 lentiviral Gag expression detected by an anti-P24 antibody (middle panel, Fig. 4c) and the
225 comparable signals of GAPDH detected by anti-GAPDH (lower panel, Fig. 4c). Importantly,
226  despite the relatively low level of expression, BA.2.87.1 and JN.1 both exhibited increased
227  processing of spike into the S1 and S2 subunits as compared to the parental D614G and their
228 ancestral BA.2, as quantified by the S1/S and S2/S ratios (Fig. 4c).

229

230 DISCUSSION

231 The continued tracking and characterization of emerging variants of SARS-CoV-2 has
232 proven critical to maintaining pandemic control strategies including vaccination. In accordance
233 with the variants swift rise to dominance, in this work we showed that JN.1 exhibits the lowest
234  nAb titers for both bivalent-vaccinated individuals and first-responders/ICU-admitted COVID-19
235  patients. The decrease in neutralization titers against JN.1 relative to BA.2.86 is consistent with
236  data published by others, and also explains, at least in part, why JN.1 has become a globally
237  dominant variant compared to its ancestral BA.2.86 (6, 14, 20). Interestingly, we discovered that
238 the newly emerged BA.2.87.1 variant possesses an increased sensitivity to neutralization by
239  these sera compared to JN.1, implying that this variant may not be able to outcompete the current
240  JN.1 and become predominant. However, given that a single L455S mutation in the spike of JN.1
241  can dramatically increase the nAb evasion of BA.2.86 (3, 14, 21), there is a possibility that
242 additional mutations in BA.2.87.1 could similarly result in new variants that dramatically enhance

243  the nAb escape.
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244 It is currently unclear what amino acid changes in the BA.2.87.1 spike are responsible for
245  the enhanced neutralization by nAb generated by the bivalent mRNA vaccine and JN.1-wave
246  infection. However, given the differences in spike between BA.2.87.1 and others including BA.2
247  and JN.1 shown in Fig. 1a, we speculate that two N-terminal deletions, specifically 15-25del and
248  136-146del, might have contributed to the comparatively higher nAb titers against BA.2.87.1
249  compared to BA.2.86/JN.1 and XBB.1.5 — both lacking these deletions. Moreover, BA.2, which
250 serves as the precursor to recent Omicron subvariants and is devoid of these two deletions,
251  demonstrates approximately a 3.2-fold increased titer against BA.2.87.1 (Fig. 2a). These findings
252 collectively support for a potential role of these deletions in nAb evasion, which was confirmed by
253  arecent preprint (32). Beyond the N-terminal deletions, the presence of eight amino acid changes
254  in the Receptor Binding Domain (RBD), along with seven amino acid modifications in the furin
255  cleavage site and S2 of the spike (Fig. 1a), could alter the ACE2 binding and/or viral membrane
256  fusion capabilities of BA.2.87.1, thus contributing to the varied entry efficiency of BA.2.87.1 (Fig.
257  1b-c). These amino acid changes could also explain the loss of sensitivity of BA.2.87.1 to mAb
258  2B04 yet re-gain of its neutralizing by S309 (Fig. 2d and Fig. S1e). Nevertheless, it's crucial to
259  acknowledge that the replication of BA.2.87.1 diverges from entry mechanisms, and mutations in
260 non-spike regions of the genome could also hold significant roles. Therefore, a comprehensive
261  analysis of the replication of authentic BA.2.87.1 will provide insights into the impact of spike

262  mutations on immune evasion and replication.

263 In this work, we found that antibodies elicited by BA.2.86/JN.1-wave infection did not
264  effectively neutralize BA.2.86/JN.1 compared to D614G, potentially due to immune imprinting,
265  which has been observed for BA.4/5 and XBB.1.5 variants by ours and other groups (22-24).
266  Immune imprinting arises through two general mechanisms, one is that the immune system
267  prioritizes a recalled response over a new one ("antigenic seniority"), and the other is that new

268  response is actively suppressed ("primary addiction") (25, 26). Importantly, SARS-CoV-2 infection
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269  and vaccination can both cause immune imprinting, resulting in decreased vaccine efficacy (22).
270  For example, vaccinated individuals who had breakthrough infection with different variants mount
271  nAb response primarily towards the wildtype spike protein (9, 10, 14, 18, 21, 26, 27). In this study,
272 all JN.1 patients in the infected cohort had received some doses of vaccine containing the WT
273  spike (Table S1). We suspect that this could explain the relatively low titers of these patient sera
274  against JN.1 as compared to D614G (Fig. 2b and Fig. S1b) (25, 26, 28). A single antigenic
275  exposure to an Omicron subvariant such as JN.1 may not be sufficient to overcome immune
276  imprinting driven by the monovalent WT vaccines (18, 28-32).

277 The neutralization pattern of XBB.1.5-monovalent-vaccinated hamster sera against
278 BA.2.87.1 is somewhat surprising. These samples exhibited robust titers against XBB.1.5,
279 BA.2.86 and JN.1 yet showed low titers against D614G, which emphasize the need to move away
280 from WT spike-containing vaccines. Interestingly, the titers against BA.2.87.1 were notably lower
281  than those of other Omicron variants in this cohort, raising the possibility that XBB.1.5 monovalent
282  vaccine may not be able to effectively protect against infection by this new variant in SARS-CoV-
283 2 naive individuals. However, this concern might be diminished, given that a majority of the world
284  population has been vaccinated and/or infected by SARS-CoV-2, unlike the naive hamsters in
285  this cohort; this hybrid immunity could offer potential broader protection against emerging
286  variants, including JN.1 and BA.2.87.1 (30-32). Indeed, despite JN.1 exhibiting an enhanced
287  ability to evade the COVID-19 vaccine compared to BA.2.86, recent studies (29, 33, 34) have
288 shown that the monovalent XBB.1.5 vaccine can generate effective nAbs against JN.1,
289  contributing to the control of the rapid JN.1 transmission. Unfortunately, we were unable to confirm
290  the result of hamster serum samples in XBB.1.5 monovalent-vaccinated human population with
291  no prior history of exposure to COVID-19 vaccination or SARS-CoV-2 infection, because XBB.1.5
292  monovalent vaccination is only allowed as booter to those who had been previously vaccinated.
293  In addition, our finding that BA.2.87.1 does not cluster with the other more recent Omicron

294  variants, but instead resembles D614G and BA.2, further highlights the distinctive antigenic nature
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295 of BA.2.87.1, underscoring the need to continue monitoring the SARS-CoV-2 variants and
296  updating the COVID-19 vaccines.

297 In addition to its distinct antigenic phenotype, BA.2.87.1 spike also displayed changes in
298  spike protein biology. Most noticeably, we found that the BA.2.87.1 spike has increased cell-cell
299  fusion and processing as compared to the other Omicron variants including JN.1. While both
300 phenotypes still fall below the levels of D614G, we cannot rule out the possibility that the
301 pathogenicity and/or tissue tropism of this variant may be altered. Experiments using infectious
302 virus to investigate these biological properties will be necessary. Although viral replication fithess
303 is not a focus of this work, it is important to emphasize that differences exist between immunized
304 and immunologically naive individuals, which can shape the emergence of new SARS-CoV-2
305 variants and disease pathogenesis. In immunized individuals, viral replication may be controlled
306  more efficiently in immunized subjects due to the quicker and targeted immune response, leading
307 to faster viral clearance and reduced severity of the infection. However, the immune system's
308  selective pressure in immunized individuals may also drive the evolution of the virus towards
309 variants that can escape immune recognition, although the replication fitness of these escape
310 variants may vary, and they may not always outcompete the original strains in terms of
311  transmissibility or virulence.
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344 FIGURE LEGENDS
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346  FIG 1 Infectivity of BA.2.87.1 and JN.1 in 293T-ACE2 and CaLu-3 cells. (a) A schematic
347  depiction comparing spike mutations in the studied variants including BA.2.87.1 and JN.1 by
348  amino acid numbers. NTD = N-terminal domain, RBD = receptor binding domain; S2: the S2
349  subunit region. (b-c) Relative infectivity of lentiviral pseudotypes bearing each of the listed spikes
350 in (b) 293T cells expressing human ACE2 (293T-ACE2) and (c) human lung cell line CaLu-3.
351 Relative luminescence readouts were normalized to D614G (D614G = 1.0). Bars in (b—c)
352  represent means + standard error from triplicates of transfection. Significance relative to D614G
353 was analyzed by a one-way repeated measures ANOVA with Bonferroni’s multiple testing
354  correction (n = 6). p values are displayed as ns p > 0.05, ***p < 0.001, and ****p < 0.0001.

355

356  FIG 2 Neutralization of BA.2.87.1 and JN.1 by bivalent-vaccinated human sera, JN.1-wave
357 human sera, XBB.1.5-vaccinated hamster sera, and monoclonal antibody S309. (a—c) NAb
358 titers were determined using lentiviruses bearing the indicated spike proteins, with the titer of
359 D614G as a control. All were compared against D614G or XBB.1.5 unless otherwise specified.
360 The three cohorts included sera from 13 HCWs who had at least 2 monovalent doses of mMRNA
361 vaccine and 1 dose of bivalent mRNA vaccine (n = 13) (a), sera from Columbus first-
362  responder/household contact cohort (P1 to P5) and ICU patients admitted to OSU Wexner
363  Medical Center (P6 to P9) during when the BA.2.86/JN.1 variants were predominantly circulating
364 in Columbus, Ohio (b) (n=9 total), and sera from Golden Syrian hamsters inoculated with two
365 doses of XBB.1.5 monovalent vaccine (recombinant mumps virus expressing the spike of
366 XBB.1.5, 1.5 x 10° PFU per hamster, three weeks apart) (n=15), with blood being collected 5
367  weeks after inoculation (c). Geometric mean NTso values for each variant are shown on the top.
368 Bars represent geometric means with 95% confidence intervals. Statistical significance was
369 analyzed with log10 transformed NTso values. Comparisons between multiple groups were
370 performed using a one-way ANOVA with Bonferroni post-test. Dashed lines represent the

371  threshold of detection, i.e., NTso = 40. p values are shown as ns p > 0.05, *p < 0.05, **p < 0.01,
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372 ***p < 0.0001. (d) Neutralization by mAb S309 was assessed, with representative plot curves
373  displayed. Bars represent means + standard deviation. (e—f) Antigenic maps for neutralization
374 titers from Fig. 2a (bivalent-vaccinated human sera) and Fig. 2c (XBB.1.5-monovalent-vaccinated
375  hamster sera) were made using the Racmacs program (1.1.35) (see Methods). Squares represent
376  the individual sera sample and circles represent variants. One square on the grid represents one
377  antigenic unit squared.

378

379  FIG 3 Cell-Cell fusion of BA.2.87.1 and JN.1 spikes alongside other SARS-CoV-2 variants
380 in 293T-ACE2 and CalLu-3 cells. HEK293T cells were co-transfected with plasmids of indicated
381  spikes together with GFP and were cocultured with 293T-ACE2 (a-b) or human lung epithelial
382  CalLu-3 cells (c-d) for 6.5 h (HEK293-ACE2) or 4h (CaLu-3). Cell-cell fusion was imaged and GFP
383  areas of fused cells were quantified (see Methods). D614G and no spike served as positive and
384  negative control, respectively. Comparisons of the extent of cell-cell fusion were made for each
385  Omicron subvariant against D614G. Scale bars represent 150 uM. Bars in (b and d) represent
386 means t standard error. Dots represent three images from two biological replicates. Statistical
387  significance relative to D614G was determined using a one-way repeated measures ANOVA with
388  Bonferroni’'s multiple testing correction (n = 3). p values are displayed as ns p > 0.05, *p < 0.05,
389 and ****p < 0.0001.

390

391 FIG 4 Surface expression and processing of BA.2.87.1, JN.1, and other spike proteins. (a-
392  b) Cell surface expression of spike proteins. HEK293T cells used for production of pseudotyped
393 lentiviral vectors bearing indicated spikes of interest were fixed and stained for spike with an anti-
394  S1 specific antibody T62 followed by flow cytometric analyses. (a) Histogram plots of anti-S1
395 signals in transfected cells. (b) Mean fluorescence intensities of individual subvariants from (a).
396  (c) Spike expression and processing. HEK293T cells used to produce pseudotyped vectors were

397 lysed and probed with anti-S1, anti-S2, anti-GAPDH, or anti-p24 antibodies; spike processing was
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quantified using NIH Imaged to determine the S1/S or S2/S ratio and normalized to D614G
(D614G = 1.0). Bars in (b) represent means + standard error. Dots represent three biological
replicates from one typical experiment. Significance relative to D614G was determined using a
one-way repeated measures ANOVA with Bonferroni’s multiple testing correction (n = 3). p values

are displayed as ns p > 0.05, ** p < 0.01, and ****p < 0.0001.
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Table S1. Bivalent-vaccinated HCW and BA.2.86/JN.1-wave first responder cohorts

Age in Years at Sample Collection
[Median (Range)]

Gender [n (% of Total)]

Male

Female

Sample Collection Window

Vaccine status [n (% of Total)]

2-dose Moderna

1-dose Moderna+1-dose Pfizer bivalent

3-dose Pfizer +1-dose Moderna bivalent
2-dose Pfizer+1-dose Pfizer bivalent

4-dose Pfizer+1-dose Pfizer bivalent

3-dose Pfizer+1-dose Pfizer bivalent

3-dose Moderna+1-dose Moderna bivalent
2-dose Moderna+1 Pfizer+1-dose Pfizer bivalent

3-dose Moderna+1-dose Pfizer bivalent+1-dose Moderna
bivalent

2-dose Pfizer +1-dose Moderna

1-dose Pfizer

3-dose Moderana+1-dose XBB.1.5 Moderna monovalent
Sample Collection Timing [Median (Range)]

Days from last vaccination

Days post the bivalent dose for recipients

COVID-19 positive [n (% of Total)]

Days before sample collection [Median (Range)]
Infected Variants

JN.1/BA.2.86

Undetermined

Bivalent HCWs
(n=13)

37 (25-48)

8 (61.5%)
5 (38.5%)
Dec. 2022- Jan.2023

NA
NA
1(7.7%)
1(7.7%)
1(7.7%)
3(23.1%)
6 (46.2%)
1(7.7%)

0

NA
66 (23-108)
9 (69.2%)
324 (182-994)

NA

BA.2.86-JN.1 Wave
Patients

(n=9)

53(35-78)

4 (44.4%)
5 (55.6%)
Nov. 2023-Feb.2024

3 (11.1%)
1(11.1%)
0
0
0
0
1(11.1%)
0

1(11.1%)

1(11.1%)
1(11.1%)
1(11.1%)

656 (45-898)
NA
9 (100%)
7 (1-10)

2 (22.2%)
7 (77.8%)

Summary of the demographic information for two cohorts used for neutralization experiments

depicted in Figure 2. “NA” means the category is not applicable to the cohort.
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408 MATERIALS AND METHODS

409  Study cohorts

410 Bivalent Vaccinated HCWs (n=13): These sera were collected from HCWs at the Ohio State

411  Wexner Medical Center that received at least 2 doses of monovalent vaccine (WT) and 1 dose of
412  bivalent vaccine (WT+BA.4/5) under the approved IRB protocols 2020H0228, 2020H0527, and
413  2017H0292. 11 individuals received 3 doses of monovalent vaccine (Pfizer or Moderna
414  formulations) and 1 bivalent booster dose (Pfizer). 1 person received 4 doses of monovalent
415  vaccine (Pfizer) and 1 bivalent booster dose (Pfizer). 1 person received 2 doses of Pfizer
416  monovalent vaccine and 1 bivalent booster dose (Pfizer). This cohort ranged from 25-48 years of
417  age and included 8 males and 5 females. Blood was collected between 23-108 days post-bivalent
418  booster dose (see details in Table S1).

419

420 ICU patients infected in BA.2.86/JN.1 wave (n=9): These sera were collected from ICU patients

421  in the OSU Wexner Medical Center or symptomatic participants in the first responder/household
422  contact STOP-COVID cohort who had reverse transcription PCR positivity for SARS-CoV-2
423  between the dates of 11/23/2024-2/16/2024 during which the BA.2.86/JN.1 variants were
424  predominantly circulating in Columbus, Ohio, U.S (Table S1). Samples were collected under the
425  approved IRBs protocols 2020H0527, 2020H0531, 2020H0240, and 2020H0175. Variant type
426  was confirmed in a subset of samples with available nasopharyngeal swabs by SARS-CoV-2
427  complete genome next-generation sequencing using Artic v5.3.2 (IDT, Coralville, IA) and Artic
428  v4.1 primer sets (lllumina, San Diego, CA).

429

430 Hamster cohorts vaccinated with monovalent XBB.1.5 vaccine (n=15)

431  Fifteen 4-week-old golden Syrian hamsters (Envigo, Indianapolis, IN) were immunized

432  intranasally with 1.5 x 10° PFU per animal of XBB.1.5 spike-based monovalent vaccine
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433  (recombinant mumps virus expressing spike of XBB.1.5). Three weeks later, hamsters were
434  boosted with the same vaccine at the same dose. Blood was collected at week 5 after initial
435  immunization (week 2 after booster immunization).

436

437  Cell lines

438 The cell lines utilized in this investigation comprised human epithelial kidney cells (HEK293T,
439 ATCC CRL-11268, RRID: CVCL_1926) and HEK293T cells overexpressing human ACE2 (BEI:
440 NR-52511, RRID: CVCL_A7UK). Additionally, we employed the human epithelial lung carcinoma
441  cell line CaLu-3. HEK293T cell lines were cultured in DMEM Gibco (11965-092) supplemented
442  with 10% fetal bovine serum (Sigma, F1051) and 0.5% penicillin/streptomycin (HyClone,
443  SV30010). CaLu-3 cells (RRID: CVCL_0609) were cultured in EMEM (ATCC, 30-2003) under the
444  same conditions. Cell cultures were maintained at 37°C with 5.0% CO2 and sub-cultured by
445  washing with PBS (Sigma, D5652-10X1L) followed by detachment using 0.05% trypsin + 0.53
446  mM EDTA (Corning, 25-052-Cl).

447

448  Plasmids

449  All spike constructs are encoded within the pcDNA3.1 backbone and flanked by C-terminal FLAG
450 tags. They were cloned using Kpnl and EcoRI restriction sites. D614G, BA.2, BA.2.86, and
451 BA.2.87.1 plasmids were all synthesized by GenScript Biotech (Piscataway, NJ). The BA.2.87.1

452  spike sequence was generated based on the consensus of the first few reported

453  Isolates: hCoV-19/SouthAfrica/NICD-R13200/2023 EPI_ISL_18849984; hCoV
454  19/SouthAfrica/NICD-N56614/2023 EPI_ISL_18849985; hCoV-19/SouthAfrica/NICD-
455  N56836/2023 EPI_ISL_18849986; hCoV-19/SouthAfrica/NICD-N57176/2023

456  EPI_ISL_18849987; hCoV-19/SouthAfrica/NICD-N57208/2023 EPI_ISL_18849988; hCoV-
457  19/SouthAfrica/NICD-N57216/2023 EPI_ISL_18849989; hCoV-19/SouthAfrica/NICD-

458  N57440/2023 EPI_ISL_18849990; hCoV-19/SouthAfrica/NICD-N57469/2023
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459  EPI_ISL_18849991;hCoV-19/South  Africa/NICD-R13515/2023 EPI_ISL_18845398; while
460 XBB.1.5 and JN.1 were generated through site-directed mutagenesis of XBB and BA.2.86,
461  respectively. The lentiviral vector used was an HIV-1 based vector called Pnl4-3 with an Env
462  deletion that encodes a Gaussia luciferase reporter gene.

463

464  Pseudotyped lentiviral production and infectivity

465  Pseudotyped lentiviral vectors were generated following established protocols. Briefly, 293T cells
466  were co-transfected using PEI (Transporter 5 Transfection Reagent, Polysciences) at a 2:1 ratio
467  with the Pnl4-3_inGluc vector and the spike plasmid under investigation. Pseudovirus was
468  harvested by collecting media from the cells at 48 and 72 hours post-transfection. The media was
469 then clarified by centrifugation, and equal volumes were utilized to infect the target cells.
470  Luciferase activity was measured by combining 20Ul of infected cell culture media with 20Ul of
471  Gaussia luciferase substrate (0.1 M Tris Ph 7.4, 0.3 M sodium ascorbate, 10 uM coelenterazine)
472  and immediately quantifying luminescence using a BioTek Cytation plate reader. These values
473  were normalized relative to D614G, with D614G set as 1.

474

475  Virus neutralization assay

476  The pseudotyped lentiviral vector neutralization assay was performed as described previously
477  (10). Briefly, sera samples are serially diluted 4-fold at a starting dilution of 1:40 for 5 total dilutions
478  (1:40, 1:160, 1:640, 1:2560, 1:10240), with one well left without sera. Pseudotyped viruses are
479  diluted based on infectivity readouts in order to normalize them then placed in equal volumes on
480 the diluted sera and incubated 1 hour at 37°C. The sera/virus mixture is then used to infect 293T-
481  ACE2 cells. As described for infectivity, luminescence readouts are collected at 48 and 72 hours
482  and used to determine a neutralization titer at 50% (NTso) using least squares fit non-linear
483  regression normalized to the no serum value using GraphPad Prism 9 (San Diego, CA).

484
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485  Cell-cell fusion

486  Direct spike-mediated cell to cell fusion assays were performed by first co-transfecting 293T cells
487  with spike and GFP. 293T cells were incubated 24 hours then detached and reseeded in a plate
488  containing one of two detached target cells; 293T-ACE2 or CalLu-3. 293T-ACE2 cells were
489  incubated for 6.5 hours and CalLu-3 cells 4 hours then fusion was imaged using a Leica Dmi8
490 microscope. Areas of fusion were quantified using the Leica X Applications Suite software to
491  outline the edges of fields of GFP and quantify then areas. Three images from duplicate wells
492  were randomly taken. Scale bars represent 150 uM and one representative image was selected
493  for presentation.

494

495  Syncytia formation assay

496  To validate the cell-cell fusion results, a syncytia formation assay was also performed. 293T-
497  ACE2 cells were co-transfected with the spike of interest and GFP and incubated 24 hours before
498  imaging syncytia using a Leica Dmi8 microscope. The images were processed and displayed the
499  same way as the cell-cell fusion results.

500

501  Spike protein surface expression detected by flow cytometry

502 A portion of 293T cells used to produce the lentiviral vectors were collected by detaching with
503 PBS + 5Mm EDTA and fixed in 3.7% formaldehyde for 10 minutes and room temperature. Cells
504 were then stained with polyclonal anti-SARS-CoV-2 S1 antibody (Sino Biological, 40591-T62;
505 RRID: AB_2893171) followed by anti-Rabbit-lgG-FITC (Sigma, F9887, RRID: AB_259816)
506 secondary to visualize on a Life Technologies Attune NxT flow cytometer. FlowJo v10 (Ashland,
507 OR)is used to analyze data.

508

509  Spike protein processing
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510 The remaining 293T cells used to produce lentiviral vectors are lysed in RIPA buffer (Sigma-
511  Aldrich, R0278) supplemented with protease inhibitor (Sigma, P8340) for 40 minutes on ice.
512 Lysate is collected and a portion is used for SDS-PAGE on a 10% poly-acrylamide gel and
513 transferred to a PVDF membrane for western blotting. Blots were probed with polyclonal anti-
514 SARS-CoV-2 S1 (Sino Biological, 40591-T62; RRID:AB_2893171), anti-S2 (Sino Biological,
515  40590; RRID:AB_2857932), anti-p24 (NIH HIV Reagent Program, ARP-1513), and anti-GAPDH
516 (Santa Cruz, Cat# sc-47724, RRID: AB_627678). Secondary antibodies used were Anti-Rabbit-
517 IgG-HRP (Sigma, A9169; RRID:AB_258434) and Anti-Mouse (Sigma, Cat# A5278, RRID:
518 AB_258232). Blots were visualized via Immobilon Crescendo Western HRP substrate (Millipore,
519 WBLURO0500) and exposed on a GE Amersham Imager 600. Band intensities were quantified
520 using NIH Image J analysis software (Bethesda, MD).

521

522  Antigenic mapping

523  Antigenic cartography was performed using the Racmacs program (v1.1.35) by following

524  instructions provided on their GitHub (https://github.com/acorg/Racmacs/tree/master). Briefly, the

525  program is run in R (Vienna, Austria) and works by taking raw neutralization titers and log2
526  transforming them to create a distance table for the individual antigens (spike protein) and sera
527 samples. The program then uses this table to perform multidimensional scaling to plot the
528 individual antigen and sera samples as single points where distance between the points directly
529 correlates to antigenic differences. 1 antigenic distance unit (AU), represented by one side of a
530 square in the plots, is equivalent to a 2-fold change in neutralization titers. Optimization settings
531  were kept on default (2 dimensions, 500 optimizations, minimum column basis “none”). Maps
532 were saved as images via the “view(map)” function and labeled using Microsoft Office
533  PowerPoint.

534

535  Statistical analysis
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536  Statistical analyses were conducted using GraphPad Prism 9. Error bars in the figures represent
537  means with standard error. In Figs 1b and 1c, Figs. 3b and 3d, Fig. 4b, and Fig. S2b, comparisons
538 between viruses were made using a one-way ANOVA with Bonferroni post-test. Neutralization
539 titers were determined using least-squares non-linear regression. In Figs 2a-c, error bars
540 represent geometric means with 95% confidence intervals. Comparisons between viruses in
541 these figures were made using a repeated measures one-way ANOVA with Bonferroni post-test.
542  To better approximate normality, comparisons were conducted using log10 transformed NTso
543  values. Error bars in Fig. 2d represent means * standard deviation. Cell-cell fusion and syncytia
544  formation shown in Figs. 3a, 3c, and Fig. S2a was quantified using the Leica X Applications Suite
545  software. Spike processing shown in Fig. 4c was quantified by NIH ImageJ; the values are then
546  set relative to D614G, with D614G = 1.0.

547

548 RESOURCE AVAILABILITY

549  Data reported in this paper will be shared by the lead contact upon request, Dr. Shan-Lu Liu

550  (liu.6244@osu.edu). Any additional information required to reanalyze the data reported in this

551  paper is available from the lead contact upon request.
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