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Abstract

Evolution of SARS-CoV-2 requires the reassessment of current vaccine measures. Here, we characterized
BA.2.86 and the XBB-lineage variant FLip by investigating their neutralization alongside D614G, BA.1, BA.2,
BA.4/5, XBB.1.5, and EG.5.1 by sera from 3-dose vaccinated and bivalent vaccinated healthcare workers,
XBB.1.5-wave infected first responders, and monoclonal antibody (mAb) S309. We assessed the biology of the
variant Spikes by measuring viral infectivity and membrane fusogenicity. BA.2.86 is less immune evasive
compared to FLip and other XBB variants, consistent with antigenic distances. Importantly, distinct from XBB
variants, mAb S309 was unable to neutralize BA.2.86, likely due to a D339H mutation based on modeling.
BA.2.86 had relatively high fusogenicity and infectivity in CaLu-3 cells but low fusion and infectivity in 293T-ACE2
cells compared to some XBB variants, suggesting a potentially differences conformational stability of BA.2.86
Spike. Overall, our study underscores the importance of SARS-CoV-2 variant surveillance and the need for

updated COVID-19 vaccines.
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Introduction

One of the biggest challenges faced throughout the COVID-19 pandemic is the speed with which the
causative agent SARS-CoV-2 mutates'. The ongoing evolution of the virus has made it challenging to update
and maintain current vaccination measures. This issue was exacerbated with the emergence of the Omicron
BA.1 variant in late 2021, which is characterized by over 30 new mutations in Spike alone, as well as subsequent
Omicron sublineages harboring additional mutations’. These mutations contributed to notable changes in the
biology of the virus, including increased transmissibility?, decreased pathogenicity’*, and marked immune
evasion®'". Immune evasion by these variants has reached a new threshold with the emergence of the
recombinant XBB lineage of Omicron subvariants in early 2023, including XBB.1.5, XBB.1.16 and XBB.2.3.
These variants exhibited dramatic escape of neutralizing antibodies stimulated through 3-dose vaccination that
can be partially recovered through the administration of a bivalent mMRNA booster'?2". The escape variants have
has led to the decision by government regulators to include XBB Spikes in the newest versions of the mRNA

vaccines this fall?>?*,

Of current concern is a new variant, referred to as the “second generation BA.2”, named BA.2.86.
BA.2.86, which was first detected in late July 2023 in Israel and Denmark?®>%, and now has been documented in
different parts of the world, including Australia, Canada, France, United Kingdom (U.K.), and the United States
(U.S.). The Spike protein of BA.2.86 is characterized by more than 30 mutations relative to the predicted
ancestral variant BA.2 and ~35 mutations distinct from XBB.1.5%” (Fig. 1A). The number of mutations in Spike is
reminiscent of the original Omicron BA.1 relative to previous variants of concern. Importantly, there have been
several confirmed cases and detection of the variant in wastewater in some locations including the states of New
York and Ohio in the U.S. The cases appear to be independent of each other, and many are individuals who

have not traveled recently?-%*

, suggesting possible widespread dissemination of this variant. Of particular note
is an outbreak in a U.K. care home that has so far resulted in at least 28 cases, demonstrating the variant’s ability
to transmit in a close-contact setting®. These findings have led to the increased surveillance of BA.2.86 and its

characterization as a “variant under monitoring” in the U.K and U.S%>%,

Given that BA.2.86 Spike is notably distinct from XBB.1.5, there is concern that current mRNA vaccines
as well as the updated XBB.1.5 mRNA booster, will not effectively protect against BA.2.86%"*2. Some initial

studies have been performed to determine whether BA.2.86 may have growth advantages comparable to
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Omicron BA.1, particularly its ability to escape neutralizing antibodies. Deep mutational scanning analysis by the
Bloom group revealed 17 mutations that have the potential to disrupt neutralizing antibody binding, largely
concentrated around the N-terminal domain (NTD) and receptor binding domain (RBD) (Fig. 1A). Their data
suggested that BA.2.86 will be about as immune evasive as XBB.1.5, but antigenically distinct from XBB lineage
variants®*>. However, some recent data indicate that BA.2.86 is not as immune evasive as XBB.1.5 and other
XBB variants. Hence, it is critical to understand whether current vaccination measures can still produce
antibodies that effectively neutralize BA.2.86. Additionally, it is currently unknown whether BA.2.86 may exhibit
growth advantages over other currently circulating Omicron variants, including EG.5.1 and the FLip variant,
which contains the L455F and F456L mutation in the background of XBB.1.5". In this study, we characterized
neutralizing antibody titers against BA.2.86 alongside D614G, BA.1, BA.2, BA.4/5, XBB.1.5, EG.5.1, and FLip
for bivalent vaccinated health care workers (HCWs) (n=14), monovalent 3-dose vaccinated HCWs (n=15),
XBB.1.5-wave infected individuals (n=11), and monoclonal antibody S309 which has been shown to be effective
against most Omicron variants including XBB 1.5 and EG.5.1'°*¢3 We also characterize the biology of the

BA.2.86 Spike by investigating pseudotyped viral infectivity, membrane fusogenicity, and Spike processing

compared with other SARS-CoV-2 variants.

Results
Infectivity of BA.2.86 and Flip

First, we determined the infectivity of lentiviral pseudotypes bearing each of the SARS-CoV-2 Spikes of
interest in HEK293T cells expressing human ACE2 (293T-ACE2) and in human lung adenocarcinoma cell line
CalLu-3. In 293T-ACEZ2 cells, BA.2.86 did not exhibit a significant change in infectivity compared to D614G (1.4-
fold increase; p > 0.05) but showed a 2.6-fold drop relative to BA.2 (p < 0.001) (Fig. 1B). Notably, the infectivity
of BA.2.86 was 1.8~2.1-fold lower than all Omicron variants including XBB.1.5 and EG.5.1. In contrast, the FLip
variant exhibited a 2.5-fold and 1.8-fold increased titer compared to D614G (p < 0.0001) and BA.2.86 (p < 0.01),
respectively, with a level comparable to XBB.1.5 and EG.5.1 (Fig. 1B). Both XBB.1.5-L455F and XBB.1.5-F456L
contributed equally to the increased infectivity of FLip, with 3.4-fold increase, relative to D614G (p < 0.0001)

(Fig. 1B).
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In CaLu-3 cells, BA.2.86 exhibited significantly decreased infectivity relative to D614G (p < 0.0001),
similar to all Omicron variants (Fig. 1C). Intriguingly, BA.2.86 showed a 1.9~2.8-fold increase in infectivity
compared to XBB.1.5, EG.5.1 and Flip (p < 0.0001). The FLip variant exhibited a 5.3-fold reduction in titer relative
to D614G (p < 0.001), again more closely resembling other Omicron subvariants (p < 0.001), with both the
XBB.1.5-L455F and XBB.1.5-F456L mutations (p < 0.0001) contributing to this phenotype (Fig. 1C). Overall, in
comparison to earlier Omicron XBB subvariants, BA.2.86 appears to have a decreased infectivity in 293T-ACE2

cells yet increased infectivity in CalLu-3 cells. In contrast, the FLip variant follows the same trends of comparable

infectivity to other XBB variants, including XBB.1.5 and EG.5.1, in both 293T-ACE2 and CalLu-3 cells.

BA.2.86 is less resistant to neutralization by bivalent boosted sera compared to XBB.1.5, EG.5.1, and FLip

We determined the sensitivity of new Omicron variants BA.2.86 and FLip to neutralization by sera of a
cohort of health care workers (HCWs) that received at least 2 doses of monovalent vaccine and 1 dose of bivalent
mRNA booster (n = 14, Table S1). Consistent with what we have reported previously'®*, the neutralizing
antibody (nAb) titers of these samples against Omicron subvariants were higher compared to the 3-dose
monovalent vaccinated cohort (Fig. 2A-D)'®. As might be expected, BA.2.86 exhibited reduced nAb titers, with
12.8-fold relative to D614G (p < 0.0001) and 11.7-fold compared to BA.2 ( p < 0.0001), respectively (Fig. 2A-B;
Fig. S1A). Strikingly, we observed a 1.7~5.5-fold increased nAb titer against BA.2.86 compared to other recently
emerged XBB variants, including XBB.1.5 (p >0.05), EG.5.1 (p < 0.01), and FLip (p < 0.0001). The latter 3
variants had 21.9-fold, 36.6-fold and 70.9-fold reductions, respectively, in titer relative to D614G (p < 0.0001 for
all 3 variants). Notably, FLip exhibited more nAb escape than its parental variant XBB.1.5, with a 3.2-fold
reduction in titer (p < 0.0001) due to both the XBB.1.5-L455F and XBB.1.5-F456L mutations (2-fold for each, p
< 0.01). Overall, bivalent vaccinated HCW sera neutralized BA.2.86 more efficiently than other XBB variants,

while FLip exhibited much more pronounced nAb escape than other XBB variants.

Neutralizing antibodies in 3-dose vaccinated sera are unable to neutralize BA.2.86 similar to XBB variants

We next examined the nAb titers in 3-dose mMRNA vaccinated HCWs (n = 15) that have received at least

2 homologous doses of either Pfizer or Moderna monovalent mRNA vaccines (Table S1). Similar to XBB variants
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including XBB.1.5 and EG.5.1, BA.2.86 exhibited nAb titers around the limit of detection for the assay, i. e, NTso
=40, with a 54.1-fold reduction compared to D614G (p < 0.0001) and a 20.1-fold reduction relative to its parental
BA.2 (p < 0.0001), respectively (Fig. 2C-D). Notably, the FLip variant exhibited a more dramatic escape, with
138.0-fold and 51.4-fold reduced nAb titers relative to D614G and BA.2, respectively (p < 0.0001) (Fig. 2C-D).
This extent of nAb escape by FLip was largely comparable to its parental variant XBB.1.5, with NTso values all
falling below the limit of detection, and were due to both the XBB.1.5-L455F and XBB.1.5-F456L mutations (Fig.

2C-D). Overall, BA.2.86 and FLip variants exhibit marked escape of nAbs in 3-dose monovalent vaccinated sera,

with titers near or below the limit of detection.

XBB.1.5-wave breakthrough infections conferred almost no nAb against BA.2.86 and FLip variants

The final cohort we investigated were individuals who became infected during the XBB.1.5 wave in
Columbus, Ohio (n = 11). Nasal swabs were performed to confirm COVID-19 positive status of 8 individuals and
sequencing identified XBB.1.5 as the infecting variant; 3 samples were not sequence confirmed but collected
after February, 2023 when XBB variants had become dominant in this area. Among these 11 samples, 8 were
vaccinated, 3 of which received 3 doses of monovalent vaccine, 3 received at least 3 doses of monovalent and
1 dose bivalent booster, 2 received 2 doses of monovalent vaccine (Table S1). Overall, the nAb titers against all
variants in this cohort were much lower than in the bivalent or monovalent-vaccinated cohorts, with NTso below
the limit of detection for all XBB variants (Fig. 2E-F). Of note, BA.2.86 exhibited an average of NTso = 50, which
was slightly above the limit of detection, i.e, NTso = 40. The nAb titers against FLip were the lowest among all
the variants examined (Fig. 2E-F). Importantly, 3 to 5 of the 11 individuals who had received at least 3-dose
mMRNA vaccine (Table S$1) exhibited nAb titers above the limit of detection for FLip or BA.2.86 (Fig. 2E-F, Fig.
S$1B). In summary, while XBB.1.5-wave breakthrough infections confer limited if any neutralization against
BA.2.86 and FLip, BA.2.86 still exhibits less nAb evasion compared to XBB variants in the XBB.1.5-convalescent

cohort.

Monoclonal antibody S309 neutralizes FLip but not BA.2.86
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Monoclonal antibody (mAb) treatments have been crucial in the control during the early stages of the
COVID-19 pandemic®®, and remarkably one of the mAbs, i.e., S309, has been shown to neutralize all Omicron
subvariants, including XBB.1.5, XBB.1.6, XBB.2.3 and EG.5.1'®%%*'_ Surprisingly, we found that S309 was
unable to neutralize BA.2.86, with no inhibitory concentration at 50% (ICso) detectable. This was in stark contrast
to FLip and other Omicron variants, which were efficiently neutralized by S309, with IC50 between 0.34 + 0.13
(BA.1) ug/mL and 5.50 £ 0.75 (FLip) pug/mL (Fig. 3A-B). These results indicated that BA.2.86 is resistant to S309,

which is distinct from other SARS-CoV-2 variants including XBB.1.5, EG.5.1 and FLip (see Discussion).

BA.2.86 Spike has low fusogenicity in 293T-ACE2 cells, the activity of which is overcome in CalLu-3 cells

To understand the possible mechanisms underlying the differential infectivity of BA.2.86 and other Spikes
in 293T-ACE2 and CalLu-3 cells, we investigated their ability to induce membrane fusion as well as Spike
processing. For cell-cell fusion, we transfected effector 293T cells with Spike plasmid of interest plus GFP, and
cocultured the effector cells with target cells, either 293T-ACE2 or CaLu-3 cells in parallel, with cell-cell fusion
efficiency examined by imaging and quantified using the Leica X Applications Suite software. Similar to our

previous results® 112042

, all Omicron variants exhibited markedly reduced cell-cell fusion compared to D614G
(Fig. 4A-B). Notably, in contrast to XBB variants, especially XBB.1.5 and EG.5.1 which exhibited relatively high
fusion activities, BA.2.86 showed a reduction in cell-cell fusion, with the level almost comparable to the ancestral
BA.2/BA.1. This reduced fusion appeared consistent with the low infectivity/entry of BA.2.86 in 293T-ACE2 cells
(Fig. 1A). Interestingly, we found that the low cell-cell fusion activity of BA.2.86 between 293T and 293T-ACE2
cells was rescued when 293T and Calu-3 cells were cocultured, which showed increased fusion for BA.2.86 as

compared to XBB.1.5. The level of fusion in CaLu-3 cells for BA.2.86 was almost comparable to that of FLip (Fig.

4C-D).

We examined the expression levels of Spike proteins on the plasma membrane of transiently transfected
cells by performing flow cytometry using a polyclonal antibody against S1. We observed approximately similar
levels of expression for Spikes, with BA.2.86, XBB.1.5 and D614G being approximately 50% lower than other
variants (Fig. 5A-B). In addition, we determined the Spike processing of these variants in 293T cells producing

the pseudotyped viruses. We found a decreased level of BA.2.86 Spike processing as compared to XBB variants
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including XBB.1.5, EG.5.1 and FLip, all of which showed a higher level of Spike processing relative to D614G,

BA.1 and BA.2 based on the calculated ratios of S2/S and S1/S (Fig. 5C).

Molecular modeling revealed how mutations in BA.2.86 compromise S309 antibody neutralization.

We performed homology modeling to understand the possible molecular and structural basis by which
BA.2.86 exhibits distinct viral infectivity and evades S309 neutralization. Fig. 6A shows a model of the BA.2.86
Spike trimer, highlighting mutations that differ from the ancestral BA.2 variant. S309, classified as a class Il
monoclonal antibody, targets the lateral segment of the Receptor Binding Domain (RBD) within the Spike protein,
especially residues 330-441. Among these residues, positions 339 and 356 are pivotal components of the S309-
binding epitope. The replacement of the native Glycine 339 residue with either Aspartic acid (present in BA.2
and BA.4/5) or Histidine (presentin BA.2.86, XBB.1.5, and EG.5.1) creates steric hindrance effects that interfere
binding with residues Y100 and L110 of the S309 antibody (Fig. 6B). Simultaneously, the K356 T mutation, which
is also present in BA.2.86, disrupts the salt-bridge interaction established with E108 of S309 (Fig. 6B). Together,

these dual mutations diminish the neutralization efficacy of the BA.2.86 variant by the S309 antibody.
Antigenic mapping shows distinct antigenicity of BA.2.86 from FLip and other XBB variants

We next analyzed the extent to which antigenicity of the different Spikes varies using antigenic mapping
analysis on our three cohorts of neutralization data shown in Fig. 2. This analysis is adopted from a study by
Smith and colleagues investigating the antigenicity of different influenza hemagglutinin proteins based on
agglutination neutralization assays*’. To construct the maps, we used the Racmacs program, which performs
multidimensional scaling on log2 transformed neutralization assay results. These calculations were used to
construct maps that plot points for individual antigens and antibodies in Euclidean space*. Therefore, the spaces
between these points are directly related to fold changes in neutralization titers, allowing for a visual
representation of the antigenic distance between variant Spikes in our assay. Note that the plots are constructed
in units of “antigenic distance units” (AU) where 1 AU represents a 2-fold change in neutralizing antibody titer>43,
For all cohorts, D614G, BA.1, and BA.2 Spikes consistently cluster together with BA.4/5 nearby (Fig. 7A-C);

XBB lineage variants cluster farther away, averaging about 5-7 AU away from D614G which translates to 32~128-

fold changes in neutralization titers (Fig. 7A-C, Fig. 2). The antigenic distance between variants decreases from
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the 3-dose vaccinated plot to the bivalent vaccinated plot (Fig 7A-B), suggesting that the dose of bivalent vaccine
broadens the immune response against Omicron subvariants. For all cohorts, BA.2.86 is antigenically more
similar to D614G, with antigenic distances of 3.5~5.5 AU from D614G, whereas the FLip variant is more
antigenically distinct from D614G and early Omicron subvariants with antigenic distances of 6~7 AU from D614G

(Fig 7A-C). Overall, this analysis suggests that BA.2.86 is more antigenically similar to early Omicron subvariants

BA.1, BA.2, and BA.4/5 and antigenically distinct from the FLip variant.

Discussion

The ongoing evolution of SARS-CoV-2 has presented a constant challenge for the development of
effective COVID-19 vaccines. Here, we characterized the neutralization of two new variants, BA.2.86 and FLip,
by bivalent-vaccinated, monovalent-vaccinated, or XBB.1.5-infected sera, as well as by the monoclonal antibody
S309. We showed that, while 3 doses of monovalent vaccine remain ineffective against BA.2.86, FLip and other
XBB subvariants, the bivalent-vaccinated sera can efficiently neutralize BA.2.86, with nAb titers actually higher
than that of XBB.1.5, EG.5.1, and FLip. A similar trend was observed for the XBB.1.5-wave cohort — despite
generally low titers, especially in those who had been vaccinated with bivalent vaccines. These results are
somewhat surprising, given that BA.2.86 has >30 mutations relative to XBB variants; however, our data are
consistent with those of other groups (preprints). Together, these results support the conclusion that BA.2.86 is
not as immune evasive as the XBB variants, especially FLip and EG.5.1, which may also explain, in part, why
BA.2.86 has not risen to as much dominance in circulation as the original Omicron did. While BA.2.86 appears
to exhibit quite distinct antigenicity (Fig. 7)*?, it is closer to the early Omicron BA.1, BA.2 and BA.4/5 in contrast
to XBB variants, especially FLip. Interestingly, sera from individuals vaccinated with the new Moderna
monovalent XBB.1.5 mRNA vaccine have shown robust and comparable efficacy against BA.2.86 and XBB

including FLip**.

Vaccination is critical for protection against COVID-19, but monoclonal antibodies also play an important
role. Unfortunately, many monoclonal antibodies have lost the ability to neutralize Spike upon emergence of new

Omicron variants. S309, a class Ill antibody, however, has largely maintained efficacy against Omicron Spike

16,40,41

lineages , With notable exceptions of BA.2.75.2, CH.1.1, and CA.3.1 as shown in our previous study'®, likely
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due to mutations at residues 346 and 339 of the Spike. In this work, we found that S309 is unable to neutralize
BA.2.86, which also has the Spike mutation D339H located within the epitope binding region for S309, as shown
in our model (Fig. 6B). Moreover, a second mutation K356T abolish the important hydrophilic interaction to this
antibody. These dual mutations significantly impair the neutralization efficiency of antibody S309. Further studies

are needed to confirm the role of the dual mutation in facilitating BA.2.86 evasion of the neutralization by S309

as well as possible roles of other Spike mutations in BA2.86.

Interestingly, BA.2.86 presents distinct biology from BA.2 and XBB variants. We have previously shown
that the original BA.1/BA.2 Omicron Spike has low infectivity in CaLu-3 cells, decreased fusogenicity in 293T-
ACE2 cells, and impaired Spike processing in virus producer cells®'". Here we find that BA.2.86 displays
decreased infectivity in 293T-ACE2 cells, not only compared to the ancestral BA.2/BA.1 but also relative to more
recent XBB variants, including XBB.1.5, EG.5.1 and FLip. Moreover, the fusion activity of BA.2.86 is also low in
293T-ACE?2 cells, consistent with the relatively low efficiency of Spike processing as well as surface expression.
Strikingly, in CaLu-3 cells, BA.2.86 exhibits a higher infectivity as well as enhanced cell-cell fusion compared to
the ancestral BA.2 and some XBB variants. These results suggest that the Spike protein of BA.2.86 may be
more conformational stable compared to the parental BA.2 and XBB variants, especially FLip and EG.5.1.
Indeed, molecular modeling shows that the A570V mutation enhances hydrophobic interactions between
protomers, thereby potentially increasing trimer stability (Fig 6C). However, the exact mechanisms underlying

the distinct fusogenicity and/or stability of BA.2.86 will be investigated in future studies.

The increased infectivity of BA.2.86 in CalLu-3 cells is somewhat alarming. CalLu-3 represents a
biologically relevant cell line that is derived from human lung epithelia type Il pneumocytes and is known to
express endogenous levels of ACE2 and host co-factor TMPRSS2 — the latter is critical for the respiratory tract
tropism for SARS-CoV-2**5*7_ |t has been established that CaLu-3 cells are almost exclusively infected through
the TMPRSS2-reliant plasma membrane fusion pathway, while the endosomal pathway is used in 293T-ACE2
cells due to the lack of TMPRSS2. Furthermore, comparisons between the Delta and Omicron variants

54648 associates with increased transmissibility>*®, but decreased pathogenicity

demonstrated that Omicron
versus Delta®*. Our data shown here suggest that BA.2.86 may have an increased tendency of using the plasma
membrane route of entry, as opposed to the endosomal route of entry. Our molecular modeling suggests that

mutations present in BA.2.86 and XBB variants can alter the Spike binding to ACE2 receptor, therefore impacting
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membrane fusion and entry of different target cells. For example, the V445H and R493Q mutations may enhance
ACE2 binding by introducing hydrogen bonds between the Spike protein of BA.2.86/XBB.1.5 and the ACE2
receptor. Conversely, the F486P mutation present in XBB.1.5 weakens receptor binding by losing the
hydrophobic interaction with F83 of ACE2 (Fig. 6D). Whether or not BA.2.86 will have an increased lung tropism,

thus enhanced pathogenesis compared to other Omicron variants, is unknown and needs to be carefully

examined.
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Figure Legends

Figure 1: Infectivity of Omicron subvariants BA.2.86 and FLip. (A) Diagrams of the SARS-CoV-2 Omicron
subvariants BA.2, BA.2.86, and XBB.1.5 Spikes. The location of specific mutations for BA.2.86 or XBB.1.5
relative to BA.2 in the N-Terminal Domain (NTD) or Receptor Binding Domain (RBD) of the S1 subunit, or in the
domain between Fusion Peptide (FP) and Trans-membrane domain (TM) of the S2 subunit, or near the S1/S2
cleavage site is shown. (B-C) Infectivity of pseudotyped lentiviruses bearing each of the indicated Omicron
subvariants Spike was determined in (B) HEK293T cells stably expressing human ACE2 (HEK293T-ACE2) or
(C) human lung cell-derived epithelial CaLu-3 cells. Transfection efficiency and Spike protein expression were
comparable among all groups, which is shown in Figure 5C. Bars in (B-C) represent means + standard error
from ftriplicates. Significance relative to D614G was analyzed by a one-way repeated measures ANOVA with
Bonferroni’s multiple testing correction (n=6). P values are displayed as ns p > 0.05, **p < 0.01, ***p < 0.001,

and ****p < 0.0001.

Figure 2: Neutralization of Omicron BA.2.86 and FLip subvariants by sera of monovalent or bivalent
mRNA vaccinated health care workers (HCWs) and XBB.1.5-wave infection. Neutralizing antibody (NAb)
titers were determined using lentiviruses containing the indicated Spike proteins with D614G as a control. All the
NADb titers were compared against D614G. The three cohorts included sera from 14 HCWs who received 3
monovalent doses of MRNA vaccine and 1 dose of bivalent mMRNA vaccine (n=14) (A and B), sera from 15 HCWs
that received three doses of monovalent mMRNA vaccine (n=15) (C and D), and sera from 11 SARS-CoV-2
infected first responders/household contacts or hospitalized patients who tested COVID-19 positive during the
XBB1.5- wave of infection in Columbus, Ohio (E and F). Geometric mean NTso values for each variant are shown
on the top. Bars represent geometric means with 95% confidence intervals. Statistical significance was analyzed
with log10 transformed NTso values. Comparisons between multiple groups were performed using a one-way
ANOVA with Bonferroni post-test. Dashed lines represent the threshold of detection, i.e., NTs,=40. P values are
shown as ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Heatmaps in (B, D and F) indicate NAb
titers of each individual against each variant tested. Asterisk in (B) indicates that the person being COVID-19

positive within six months before the sera collection, asterisk in (F) indicates that the individuals who received 2
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or 3-dose monovalent vaccines before infection, and number sign in (F) indicates that the individuals that

received monovalent vaccines and bivalent vaccines.

Figure 3: Neutralization of Omicron BA.2.86 and FLip subvariants by monoclonal antibody (mAb) S309.
The lentiviral pseudotypes carrying each of the indicated variant Spike proteins were used to assess the
effectiveness of mAb S309 in neutralizing BA.2.86, Flip and other variants. Representative plot curves are
displayed (A) and the calculated ICso values (means + standard deviation) from two biological replicates are

shown (B).

Figure 4: Cell-cell fusion of Omicron BA.2.86 and FLip subvariants. HEK293T cells were cotransfected with
the indicated Spikes of interest and GFP plasmids, and were cocultured with HEK29T cells overexpressing
human ACE2 (293T-ACE2) (A-B) or human lung epithelial CaLu-3 cells (C-D) for 24 hours. Cell-cell fusion was
imaged and GFP areas of fused cells were quantified (see Methods). D614G and no S were included as positive
and negative control, respectively. Comparisons in extents of cell-cell fusion for each Omicron subvariant were
made against D614G. Bars in (B and D) represent means + standard error. Dots represent three images from
two biological replicates. Statistical 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

<0.05, ***p < 0.001, and ****p < 0.0001.

Figure 5: Cell surface expression and processing of Omicron BA.2.86 and Flip Spike proteins. (A-B) Cell
surface expression of the indicated variant Spike proteins. HEK293T cells used for production of pseudotyped
lentiviral vectors carrying each variant Spike proteins (Figures 1-3) were stained with anti-SARS-CoV-2 S1
antibody. Representative histogram of anti-S1 signals in the cells (A) and geometric mean fluorescence
intensities (B) of each subvariant from three biological replicates are shown. (C) Spike expression and
processing in viral producer cell lysates. HEK293T cells, which were used to produce lentiviral pseudotypes,
were lysed and probed with anti-S1, anti-S2 and anti-GAPDH antibodies, respectively. Spike processing was

quantified by NIH ImageJ and set to a S1/S or S2/S ratio and normalized the ratios of each Omicron subvariant
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to that of D614G. Dots represent three biological replicates. Bars in (B) represent means + standard error.
Significance relative to D614G was made using a one-way ANOVA with Bonferroni post-test. P values are

displayed as ns p > 0.05, *p < 0.05, **p < 0.01, and ***p < 0.001.

Figure 6: Homology modeling of key mutations in BA.2.86. (A) Ahomology model of the BA.2.86 Spike trimer
is presented, highlighting mutations that differ from the BA.2 variant as red sticks on the green protomer. (B) The
substitution of the wildtype G339 residue with either D or H introduces steric hindrance to residues Y100 and
L110 of antibody S309. Simultaneously, the K356T mutation disrupts the salt-bridge interaction with E108 of
S309. These mutations collectively impair the recognition of the Spike protein by antibody S309. (C) The A570V
mutation in BA.2.86 Spike enhances hydrophobic interactions between protomers, thereby increasing trimer
stability. (D) Focusing on the RBM region, the V445H and R493Q mutations may enhance receptor binding by
introducing hydrogen bonds between the Spike protein and the ACE2 receptor. Conversely, the F486P mutation

weakens receptor binding by losing the hydrophobic interaction with F83 of ACE2.

Figure 7: Antigenic mapping of neutralization titers for bivalent vaccinated, monovalent vaccinated, and
XBB.1.5-wave infected cohorts, derived from the NTso in Figure 2. Antigenic maps for neutralization titers
from (A) the bivalent vaccinated, (B) the monovalent vaccinated, and (C) the XBB.1.5-wave infected cohorts
were made using the Racmacs program (1.1.35) (see Methods). Squares represent the individual sera sample

and circles represent the variants. One square on the grid represents one antigenic unit squared.

Study cohorts, Materials, and Methods

Vaccinated and convalescent cohorts

This study included three different groups of human sera that were tested for neutralizing antibody titers
against the selected panel of SARS-CoV-2 variants. The first cohort were HCWs working at the Ohio State
Wexner Medical Center that received 3 homologous doses of monovalent mRNA vaccine (n=15). Samples were

collected under the approved IRB protocols 2020H0228, 2020H0527, and 2017H0292. Of the 15 total
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individuals, 3 received the Moderna mRNA-1273 vaccine and 12 received Pfizer BioNTech BNT162b2 vaccine.
Sera samples were collected between 14-86 days after administration of the third vaccine dose. Individuals

ranged from 26-61 years old (median 33), 10 males and 5 females were included.

The second cohort were HCWs working at the Ohio State Wexner Medical Center that received at least
2 doses of monovalent vaccine and 1 dose of bivalent vaccine (n=14). Samples were collected under the
approved IRB protocols 2020H0228, 2020H0527, and 2017H0292. 12 individuals received 3 doses of
homologous monovalent mRNA vaccine (Pfizer or Moderna) with an additional 1 dose of bivalent vaccine
(Pfizer). 1 person received 4 doses of monovalent vaccine (Pfizer) and a bivalent booster (Pfizer) and the last
person received 2 doses of monovalent vaccine (Pfizer) and 1 bivalent booster (Pfizer). Sera samples were
collected between 23-108 days post bivalent dose administration. Individuals ranged from 25-48 years old, 8

males and 6 females were included.

The last cohort included were first responders that were infected during the XBB.1.5 wave of infection
(n=8) and hospitalized patients (n=3) in Columbus, Ohio (February 2023-Late August 2023) (total n=11).
Samples were collected under IRB protocols 2020H0527, 2020H0531, 2020H0240, and 2020H0175. Nasal
swabs were used to confirm COVID-19 positive status and were also used for sequencing to determine the
infecting variant. Eight of the samples were confirmed to be XBB.1.5 using COVID-Seq Artic v4 sequencing and
typed with Dragen COVID Lineage with Pangolin plug-in (lllumina). 3 sample did not have conclusive sequencing
but largely matched with XBB.1 lineage and aligned with the timing of the XBB.1.5 wave. Additional 8 individuals
were vaccinated and 3 were completely unvaccinated. Vaccinated people included 2 that received two doses of
monovalent vaccine (1 Moderna, 1 Janseen), 3 people that received 3 doses of monovalent vaccine (1 Moderna,
2 Pfizer), 1 that received 3 doses of Moderna vaccine and 1 dose of Moderna bivalent booster, 2 person that
had 4 doses of Moderna monovalent vaccine 1 dose of Pfizer bivalent booster. Individuals ranged from 36-75

years old (median 53), 7 males and 4 females were included.

Cell lines

The cell lines used included human embryonic kidney 293T cells (ATCC CRL-11268, RRID: CVCL_1926),
HEK293T cells expressing human ACE2 (BEI NR-52511, RRID: CVCL_A7UK), and human lung

adenocarcinoma cell line CaLu-3 (RRID: CVCL_0609). HEK293T cells were cultured in DMEM (Gibco, 11965-
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092) plus 10% FBS (Sigma, F1051) and 0.5% penicillin-streptomycin (HyClone, SV30010). CaLu-3 cells were
maintained in EMEM (ATCC, 30-2003) supplemented the same way. To split, cells were washed in phosphate
buffered saline (Sigma, D5652-10X1L) then incubated in 0.05% trypsin + 0.53 mM EDTA (Corning, 25-052-Cl)

until complete detachment.
Plasmids

Plasmids used in this study include the individual spike plasmids engineered in the pcDNA3.1 backbone,
the pNL4-3-inGluc lentiviral vector, and eGFP. Spike plasmids include FLAG tags and were either engineered
by GenScript Biotech (Piscataway, NJ) through restriction enzyme cloning (D614G, BA.1, BA.2, BA.4/5, BA.2.86)
or generated by our lab through site-directed mutagenesis (XBB.1.5, EG.5.1, FLip, XBB.1.5-L455F, XBB.1.5-
F456L). The pNL4-3 vector is an HIV-1 vector with an Env deletion and a Gaussia luciferase reporter interrupted

by an intron as described in a previous study®.
Pseudotyped lentivirus production and infectivity

Pseudotyped lentiviral vectors were produced by cotransfecting 293T cells with pNL4-3-inGluc vector
and spike in a 2:1 ratio. Polyethyleneimine transfection was used (Transporter 5 Transfection Reagent,
Polysciences). Pseudotyped vectors were collected by taking the media off producer cells at 48 and 72 hours
post-transfection. The collected vectors were then used to infect either HEK293T-ACE2 or CalLu-3 cells.
Infectivity was measured through relative luminescence readouts by taking infected cell media and combining it
with an equal volume of luciferase substrate (0.1 M Tris pH 7.4, 0.3 M sodium ascorbate, 10 uM coelenterazine).

Readings were measured with a BioTek Cytation plate reader.
Virus neutralization assay

Sera samples were diluted 1:40 then serially diluted for final concentrations 1:40, 1:160, 1:640, 1:2560,
1:10240, and no serum as a control. mAb S309 was diluted 12 pug/mL then diluted 4-fold for final concentrations
12, 3, 0.75, 0.1875, 0.046875 ug/ml, no antibody control. The collected pseudotyped virus was titered as
described previously and diluted to normalize any variation in titer. 100 uL of normalized virus was mixed with
the sera samples and incubated for 1 hour and 37C. After the incubation, this mixture was used to infect 293T-

ACE2 cells. Luminescence readouts were collected 48 and 72 hours post-infection and used to calculate
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neutralization titers at 50% (NTso). NTso values were calculated using least-squares fit non-linear regression with

normalized response (no serum control) using GraphPad Prism v9 (San Diego, CA).

Cell-cell fusion

To assess fusogenicity of the spikes, 293T cells were cotransfected with eGFP and Spike of interest.
Next day, the effector 293T cells were digested by trypsin and cocultured with digested 293T-ACE2 or CalLu-3
cells. Spike expressed on the membrane of cells was allowed to interact with ACE2 on neighboring cells and
trigger the cell-cell fusion over the course of 24 hours. Cell-cell fusion were imaged using a Leica DMi8
microscope and the Leica X Applications Suite software was used to outline the edges of syncytia based on the
GFP signal and calculate the area of the fused cell bodies. Three images from duplicate wells were randomly

taken. Scale bars represent 150 uM and one representative image was selected for presentation.

Spike protein surface expression

After collecting virus from the 293T cells used to produce the lentiviral vectors, the producer cells were
washed in PBS and detached using PBS + 5mM EDTA. A portion of these cells were taken and fixed using 3.7%
formaldehyde for 10 minutes at room temperature. Cells were stained with polyclonal anti-S1 antibody (Sino
Biological, 40591-T62; RRID: AB_2893171) for 1.5 hours and washed three times with PBS+2% FBS. The
secondary stain used was anti-Rabbit-IgG-FITC (Sigma, F9887, RRID: AB_259816). Cells were then washed
another 3 times then flow cytometry was performed using a LifeTechnologies Attune NxT flow cytometer. Data

analysis was conducted using FlowJo v10.9.1 (Ashland, OR).

Spike protein processing

The remaining virus producer cells leftover after taking cells for flow cyometry were lysed using RIPA
buffer supplemented with protease inhibitor cocktails (RIPA: 50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA,
Nonidet P-40, 0.1% SDS, PI+PMSF: Sigma, P8340) for 40 minutes on ice. Lysate was then harvested and used
for western blotting. Samples were separated using a 10% acrylamide SDS-PAGE gel and transferred to a PVDF
membrane. Blots were then incubated with polyclonal anti-S2 antibody (Sino Biological, 40590;
RRID:AB_2857932), anti-S1 antibody (Sino Biological, 40591-T62; RRID: AB_2893171), and anti-GAPDH as a
loading control (Santa Cruz, Cat# sc-47724, RRID: AB_627678). Secondary antibodies used were anti-Rabbit-

IgG-FITC (Sigma, A9169; RRID:AB_258434) and anti-Mouse-IgG-FITC (Sigma, Cat# A5278, RRID:
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AB_258232). Blots were imaged using Immobolin Crescendo Western HRP substrate (Millipore, WBLURO0500)
and exposed on a GE Amersham Imager 600. Quantification of band intensity was determined using ImageJ

(NIH, Bethesda, MD).

Homology modeling

Structural modeling of the BA.2.86 Spike protein was used to explore how it interacts with both the ACE2
receptor and neutralizing antibodies. This was performed by the SWISS-MODEL server with published structures
from X-ray crystallography or cryo-EM studies (PDB: 7XOC, 7XCK, 7R6W, 7XIX, 7XIW) as templates. Key

mutations affecting the potential interactions were examined and presented visually with PyMOL.

Antigenic mapping

Antigenic mapping was performed using the Racmacs program (v1.1.35)

(https://github.com/acorg/Racmacs/tree/master) in R (Vienna, Austria). The program works by converting raw

neutralization titers into log2 transformed values and using them to generate a distance table for the individual
antigen and sera values. The program then performs multidimensional scaling based on the table to generate a
map where each antigen and sera sample is represented by a single point in Euclidean space and distance
between them directly correlates to antigenic differences. 1 antigenic distance unit (AU) is equivalent to a 2-fold
change in neutralizing antibody titer'>*®. Optimization settings for mapping were kept on default (2 dimensions,
500 optimizations, minimum column basis “none”). Maps were saved from the “view(map)” function and labels
were added using Microsoft Office PowerPoint. The length of arrows drawn within PowerPoint between antigen
points were used to calculate the distance between points. These distances were normalized using the scale bar

for “1 AU.”
Quantification and statistical analysis

All statistical analyses that were described in the figure legends were conducted using GraphPad Prism 9. NTso
values were calculated by least-squares fit non-linear regression. Error bars in (Fig. 1B-C, Fig. 3A, Fig. 4B, Fig.
4D, Fig.5B, and Fig. S1A-B) represent means * standard error. Error bars in (Fig. 2A, Fig. 2C, Fig. 2E and Fig.
S1A-B) represent geometric means with 95% confidence intervals. Statistical significance was analyzed using
log10 transformed NTso values to better approximate normality (Fig. 2A, Fig. 2C, Fig. 2E and Fig. S1A-B), and

multiple groups comparisons were made using a one-way ANOVA with Bonferroni post-test. Cell-cell fusion were
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489  quantified using the Leica X Applications Suite software (Fig. 4B and Fig. 4D). S processing was quantified by

490  NIH Imaged (Fig. 5C).

491
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