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SARS-CoV-2 JN.1 with an additional L455S mutation on spike when compared
with its parental variant BA.2.86 has outcompeted all earlier variants to
become the dominant circulating variant. Recent studies investigated the
immune resistance of SARS-CoV-2 JN.1 but additional factors are speculated to
contribute to its global dominance, which remain elusive until today. Here, we
find that SARS-CoV-2 JN.1 has a higher infectivity than BA.2.86 in differentiated
primary human nasal epithelial cells (hNECs). Mechanistically, we demonstrate
that the gained infectivity of SARS-CoV-2 JN.1 over BA.2.86 associates with
increased entry efficiency conferred by L455S and better spike cleavage in
hNECs. Structurally, S455 altered the mode of binding of JN.1 spike protein to
ACE2 when compared to BA.2.86 spike at ACE2"*, and modified the internal
structure of JN.1 spike protein by increasing the number of hydrogen bonds
with neighboring residues. These findings indicate that a single mutation
(L455S) enhances virus entry in hNECs and increases immune evasiveness,
which contribute to the robust transmissibility of SARS-CoV-2 JN.1. We further
evaluate the in vitro and in vivo virological characteristics between SARS-CoV-
2 BA.2.86/JN.1 and EG.5.1/HK.3, and identify key lineage-specific features of the
two Omicron sublineages that contribute to our understanding on Omicron
antigenicity, transmissibility, and pathogenicity.
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M Check for updates

SARS-CoV-2 Omicron emerged in late 2021 and is characterized by
robust immune evasion, attenuated pathogenicity, and markedly
increased transmissibility'™. The virus continues to evolve as it
becomes endemic among the human population. In mid-2023, the
dominant circulating SARS-CoV-2 variants were descendants of the
recombinant XBB lineage, including XBB.1L.5, XBB.1.16, and EG.5.1.
Thereafter, BA.2.86, a descendant of BA.2, was detected in July 2023
and received international attention since BA.2.86 spike contains more
than 30 changes when compared with that of BA.2. Recent studies
demonstrated that BA.2.86 is strongly immune evasive'> ¢, efficient at
infecting the bronchial adenocarcinoma Calu3 cells'>""*%, but remain
attenuated in pathogenicity when compared to BA.2".

Shortly after, a descendent lineage of BA.2.86, JN.1, was first
detected on August 25", 2023. Although JN.1 has only one additional

change (L455S) in spike protein when compared with BA.2.86, it dis-
seminates quickly and has replaced BA.2.86 and other XBB descen-
dants to become the dominant variant worldwide. Due to its rapidly
increasing spread, WHO has classified JN.1 as a separate variant of
interest (VOI) from its parent lineage BA.2.86. Recent studies have
characterized the immune evasion potential of JN.1?°"*. However,
other features of JN.1, such as its intrinsic pathogenicity, protease
usage, cell entry, spike cleavage, and infectivity in human nasal epi-
thelial cells, have not been thoroughly investigated.

In this work, we comprehensively investigated the in vivo and
in vitro virological features of JN.1 and compared the results with that
of BA.2, BA.2.86, XBB.1, EG.5.1, and HK.3. Our study identified a gained
cell entry advantage in addition to the increased immune evasiveness
conferred by the L455S mutation on JN.1 spike. In addition, our findings
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demonstrated distinct lineage-specific features between the BA.2
descendent variants BA.2.86/JN.1 and the XBB descendent variants
EG.5.1/HK.3.

Results

Evolution of SARS-CoV-2 JN.1

Among the circulating variants in mid-late 2023, XBB.1, EG.5.1, and
HK.3 are descendants of the XBB lineage that emerge from the
recombination of the BJ.1 and BM.1.1.1 (Fig. 1a—c). BA.2.86 and JN.1 are
descendants of BA.2 that are phylogenetically distinct from the XBB
lineage (Fig. 1a—c). The spike protein of EG.5.1 differs from that of XBB.1
at N-terminal domain (NTD) Q52H and receptor-binding domain (RBD)
F456L, while HK.3 spike RBD contains an additional L455F mutation
when compared to EG.5.1. BA.2.86 spike differs from BA.2 spike at over
30 amino acid positions. When compared to BA.2.86 spike, JN.1 con-
tains one additional mutation at L455S in spike RBD (Fig. 1b, c), as well
as an R252K mutation in nsp6 and an FI9L mutation in ORF7b (Sup-
plementary Fig. 1). In late 2023, the circulating SARS-CoV-2 variants in
Africa were dominated by BA.2.86 and XBB.1, while Asia and Oceania
were dominated by HK.3 and EG.5.1. At the same time, Europe, North
America, and South America were dominated by EG.5.1 and XBB.1
(Fig. 1d). Starting from December 2023, JN.1 has grown rapidly and has
become the most prevalent SARS-CoV-2 variant in all six regions until
today (Fig. 1d).

Immune evasion of SARS-CoV-2 JN.1

To assess the immune evasion characteristics of BA.2.86/JN.1 and
EG.5.1/HK.3 together with their ancestral variants BA.2 and XBB.1, we
performed pseudovirus neutralization assays on these variants against
a panel of monoclonal antibodies (mAbs). Omicron subvariants are
known to exhibit marked escape of mAbs"**'°, Consistent with recent
studies, clinically authorized mAb LY-CoV1404** was found to be
inactive against the pseudovirus of all tested Omicron variants, with
the exception of the parental variant BA.2 (Fig. 2a). Furthermore, the
mADb S3H3%, targeting the SD1 domain, demonstrated efficacy against
BA.2, XBB.1, EG5.1, and HK.3 pseudoviruses, while its neutralization
activity against BA.2.86 and JN.1 pseudoviruses was limited (Fig. 2a).
Notably, while we found that mAb S309%* remained effective against all
evaluated variants, it is more effective against XBB descendent variants
compared to BA.2.86 and JN.1, which was evidenced by their ICso
values of 0.104 pg/ml, 0.073 pg/ml, 0.126 pg/ml, 2.440 pg/ml and
1.993 pg/ml against XBB.1, EG.5.1, HK.3, BA.2.86 and JN.1 pseudo-
viruses, respectively (Fig. 2a). Interestingly, SAS5” remained effective
against all tested Omicron variants including BA.2.86 and JN.1 pseu-
doviruses (Fig. 2a).

We next evaluated the humoral immune evasion of these Omicron
variants with plasma from individuals who received inactivated vac-
cines before experiencing an XBB or JN.1 breakthrough infection. We
recruited two cohorts one group (n=16) with post-vaccination BA.5
breakthrough infection followed by JN.1 reinfection and another group
(n=16) that was reinfected with XBB after BA.5 breakthrough infec-
tions (Supplementary Table 1). In keeping with recent studies®*?,
sera from XBB reinfection displayed a shifted neutralization pattern,
with the highest geometric mean titer (GMT) of 1454 against BA.2
pseudoviruses (Fig. 2b and Supplementary Fig. 2a). These sera were
remarkably decreased in titers against XBB descendent (XBB.1, EG.5.1,
HK.3) pseudoviruses, as well as BA.2.86 and JN.1 pseudoviruses
(Fig. 2b). JN.1 pseudovirus displayed significantly enhanced immune
escape compared to BA.2.86 pseudoviruses, as evidenced by a 1.6-fold
decrease in GMT among individuals who were reinfected with XBB
post-BA.5 infection (Fig. 2b). Similarly, HK.3 pseudoviruses demon-
strated significantly enhanced immune evasion when compared with
EG.5.1 pseudoviruses, as evidenced by a 1.4-fold decrease in GMT
within this cohort (Fig. 2b). The serum neutralization data from this
cohort was further utilized to construct an antigenic map. The

emerging subvariants JN.1 and BA.2.86 clustered together, whereas
HK.3 and EG.5.1 constituted another group (Fig. 2c). These subvariants
notably diverged from their ancestral strains, demonstrating not only
their antigenic similarity but also their greater antibody resistance
compared with their predecessors. In the second cohort, we found that
individuals who experienced breakthrough infections with JN.1
exhibited high levels of neutralizing titers against BA.2, BA.2.86, and
JN.1 pseudoviruses, with GMTs exceeding 2500. However, neutralizing
titers against XBB.1, EG.5.1, and HK.3 pseudoviruses were significantly
less robustly triggered, suggesting that the XBB descendent variants
are antigenically distanced from JN.I (Fig. 2d and Supplementary
Fig. 2b). In keeping with this observation, antigenic mapping revealed
clustering of BA.2, JN.1, and BA.2.86, while HK.3 and EG.5.1 formed a
separate cluster. Notably, XBB.1 was distant from both clusters, indi-
cating significant evolutionary divergence within the XBB sub-
variants (Fig. 2e).

Antigenicity of SARS-CoV-2 JN.1

To further evaluate the antigenicity of these Omicron subvariants, we
infected hamsters with SARS-CoV-2 BA.2, BA.2.86, JN.1, XBB.1, EG.5.1,
and HK.3, and harvested sera from infected hamsters at 16 days post-
infection (dpi). Our results indicated that both JN.1 and BA.2.86 pseu-
doviruses demonstrated pronounced resistance to sera obtained from
hamsters infected with SARS-CoV-2 BA.2, XBB.1, EG.5.1, and HK.3
(Fig. 2f). Interestingly, while SARS-CoV-2 JN.1 and BA.2.86 infection
primarily elicited autologous antibody responses, their ancestral strain
BA.2 as well as the XBB sub-lineages induced a broader spectrum of
protection (Fig. 2f and Supplementary Fig. 3). The antigenic distance
map (Fig. 2g) and principal component analysis (PCA) map (Fig. 2h)
based on hamster sera data, again but more clearly, grouped JN.1 and
BA.2.86 together, with XBB.1, HK.3, and EG.5.1 formed another group,
demonstrating that cross-reactivity among SARS-CoV-2 subvariants
aligns with their evolutionary relationships.

We further assessed the humoral immune evasion of these SARS-
CoV-2 variants using sera obtained from mice immunized with the
indicated spike trimer. The neutralization assay using mice sera
showed that JN.1 and BA.2.86 pseudoviruses were more significantly
resistant to BA.2 and XBB.1 spike-immunized sera when compared to
XBB.1, HK.3, and EG.5.1 pseudoviruses (Fig. 2i). In keeping with results
obtained in infected hamsters, JN.1 and BA.2.86 spike immunization
predominantly triggered an autologous antibody response (Fig. 2i and
Supplementary Fig. 4). Together, these results indicate that JN.1 and
BA.2.86 are antigenically distinct from the XBB sublineages.

Virological features of SARS-CoV-2 BA.2.86/JN.1 and EG.5.1/HK.3
in vitro

To investigate the virological features of SARS-CoV-2 BA.2.86/JN.1 in
comparison to EG.5.1/HK.3, we first performed a split GFP-based cell-
cell fusion assay to assess the fusogenicity of their spike proteins in
293T cells. Our results showed that BA.2.86 and JN.1 spike appeared to
mediate cell-cell fusion less efficiently than the spike of XBB descen-
dent variants XBB.1, EG.5.1, and HK.3 (Fig. 3a). Interestingly, by com-
paring BA.2.86 and JN.1 spike-mediated fusion, we found that the L455S
mutation in JN.1 spike significantly increased fusogenicity by 3.4-folds
(P=0.0325). Similarly, by comparing EG.5.1 and HK.3 spike-mediated
fusion, the L455F mutation in HK.3 spike significantly increased fuso-
genicity by 2.2-folds (P<0.0001) (Fig. 3a). We evaluated the surface
expression of the spike proteins on 293T cells with flow cytometry and
found that the increased fusion mediated by L455S and L455F was not
due to increased surface expression of the expressed spike proteins
(Supplementary Fig. 5). In addition, we investigated cell-cell fusion
between 293T and Calu3 cells and found that L455S and L455F similarly
promoted fusion by 1.5-fold and 1.2-fold, respectively, albeit the dif-
ferences did not reach statistical significance (Supplementary Fig. 6).
In parallel, we evaluated pseudovirus entry using VSV-based
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Fig. 1| Evolution of JN.1. a A representative phylogenetic tree of SARS-CoV-2 from
September 1, 2023, to March 1, 2024. Pre-Omicron variants are labeled as other
variants. b Step-wise accumulation of key spike mutations in Omicron XBB.1, EG.5.1,
HK.3, BA.2.86, and JN.1 compared to BA.2. Key mutations are color barcoded, and
represented as colored bars when present or white bars if absent. Different amino
acids are shown in colored bars. The number of key mutations of each variant is
summarized at the top. Mutation events are labeled on arrows. R493Q s a reversion
mutation. ¢ Summary of the spike mutations of SARS-CoV-2 lineages BA.2*,

BA.2.86* JN.1*, XBB.1*, EG.5.1*, and HK.3* compared to the ancestral SARS-CoV-2
spike protein. Color represents the proportion of each mutation in each variant.
d Variant dynamics of Omicron lineages BA.2*, BA.2.86* JN.I*, XBB.1*, EG.5.1*, and
HK.3* worldwide and in different regions in terms of variant frequency. The gen-
ome data from September 1, 2023, to March 1, 2024 were analyzed. Note that BA.2*
excludes BA.2.86* XBB.1* does not include EG.5.1*, EG.5.1* does not include HK.3%,
and BA.2.86* does not include JN.1* for sequence and mutation analysis.
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Fig. 2 | Immune resistance and antigenicity of BA.2, BA.2.86,JN.1, XBB.1, EG.5.1,
and HK.3. a Neutralization curves (left) and heatmap showing the ICs values
(right) of mAbs with Omicron-spike pseudoviruses (n = 3). The n number represents
biological repeats. b Neutralization of the indicated Omicron-spike pseudoviruses
by sera collected from individuals between days 14 and 28 after XBB reinfection
following prior infection with BA.S5 virus after receiving two to three doses of
inactivated vaccine (n =16). The horizontal dashed line indicates the detection limit
(40-fold). ¢ Antigenic map based on all the breakthrough infection serum neu-
tralization data from Fig. 2b. Virus positions are represented by closed circles,
whereas serum positions are shown as open squares. d Neutralization of the indi-
cated Omicron-spike pseudoviruses by sera collected from individuals between
days 14 and 28 after JN.1 reinfection following prior infection with BA.S virus after
receiving three doses of inactivated vaccine (n=16). The horizontal dashed line
indicates the detection limit (20-fold). e Antigenic map based on all the break-
through infection serum neutralization data from Fig. 2d. Virus positions are

represented by closed circles, whereas serum positions are shown as open squares.
f Sera from infected hamsters were used for neutralization of the indicated
Omicron-spike pseudoviruses (n =6 for BA.2 and JN.1, n =5 for BA.2.86, XBB.1,
EG.5.1, and HK.3). The horizontal dashed line indicates the detection limit (10-fold).
g Antigenic map based on the hamster serum neutralization data from Fig. 2f. Virus
positions are represented by closed circles, whereas serum positions are shown as
open squares. h Principal components analysis (PCA) map based on the hamster
serum neutralization data from Fig. 2f. i Sera was obtained from mice immunized
with the spike trimer of BA.2, BA.2.86,JN.1, and XBB.1 (n = 8). The horizontal dashed
line indicates the detection limit (20-fold). Statistical significance in (b) was
determined with the two-tailed Wilcoxon matched-pairs signed rank test. Statistical
significance in (f) and (i) was determined with the Kruskal-Wallis test with post
hoc Dunn’s multiple comparisons tests. *p < 0.05, **p < 0.01, **p < 0.001,

**%p < 0.0001. NS is not statistically significant. Source data are provided as

a Source Data file.
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pseudoviruses carrying the spike proteins of B.1, BA.2, BA.2.86, JN.1,
XBB.1, EG.5.1, and HK.3. Our results demonstrated that the L455S
mutation significantly promoted pseudovirus entry in VeroE6-
TMPRSS2, VeroE6, Caco2, and 293T cells (Fig. 3b), which was evi-
denced by the increase in JN.1 pseudovirus entry over BA.2.86 pseu-
dovirus entry in these cell types. Similarly, the L455F mutation in

HK.3 spike significantly promoted pseudovirus entry of HK.3 over
EG.5.1in VeroE6 and Calu3 cells (Fig. 3b). We next infected VeroE6 cells
with SARS-CoV-2 BA.2, BA.2.86, JN.1, XBB.1, EG.5.1, and HK.3, and
quantified plaque formation at 96 and 120 hpi. We found that the BA.2
descendent variants developed smaller plaque sizes than the XBB
descendent variants. At both 96 and 120 hpi, the plaque sizes of
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Fig. 3 | Virological features of BA.2.86/JN.1 and EG.5.1/HK.3 in vitro. a SARS-CoV-
2 spikes mediated cell-cell fusion in vitro. 293T cells (effector cells), which were co-
transfected with the indicated spike and GFP1-10, were co-cultured with 293T cells
co-transfected with hACE2 and GFP11 (target cells) (n=10). The cells were fixed
after 24 hours of incubation. GFP signal intensity was measured by ImageJ. The n
number represents biological repeats. b Entry efficiency of pseudoviruses in cell
lines. Pseudoviruses entry were quantified by measuring the luciferase signal at 24 h
post-transduction (n =6 for B.1 and n =7 for other variants). Fold change in the
luciferase signal was normalized to the mean luciferase readout of BA.2-spike
pseudoviruses. The n number represents biological repeats. ¢ Plaque size of Omi-
cron BA.2, BA.2.86, JN.1, XBB.1, EG.5.1, and HK.3 in VeroE6 cells. VeroE6 cells were
challenged with 60 PFU of Omicron BA.2, BA.2.86,JN.1, XBB.1, EG.5.1, and HK.3. The
infected cells were fixed with 4% paraformaldehyde at 96 and 120 hpi and stained

with crystal violet. Plaque size was measured by Adobe Photoshop (n=10). The n
number represents biological repeats. d Protease usage by pseudoviruses in cell
lines. VeroE6-TMPRSS2, Calu3, Caco2, and 293T cells were pre-treated with 10 uM
Camostat or E64D for 2 h, followed by transduction with B.1-, BA.2-, BA.2.86-, JN.1-,
XBB.1-, EG.5.1-, and HK.3-spike pseudoviruses. At 24 h post-transduction, the level
of pseudovirus entry was quantified by measuring the luciferase signal. The fold
change was normalized to the mean luciferase readout of cells treated with DMSO
for each variant (n = 6). The n number represents biological repeats. Data represent
mean + SEM. Statistical significance in (a-d) was determined with one-way ANOVA
with post hoc Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, **p < 0.001,
****p < 0.0001. NS is not statistically significant. Source data are provided as a
Source Data file.

BA.2.86 and JN.1 were significantly smaller than those of EG.5.1 and
HK.3 (Fig. 3c). In addition, we evaluated protease usage of pseudo-
viruses carrying the spike proteins of B.1, BA.2, BA.2.86, JN.1, XBB.1,
EG.5.1, and HK.3. The evaluated cells were treated with the pan-serine
protease inhibitor, Camostat, or the pan-cathepsin inhibitor, E64D, for
2h before pseudovirus transduction. We found that in VeroE6-
TMPRSS2 and Calu3 cells, where SARS-CoV-2 entry predominantly
occurs at the plasma membrane? ™, the entry of BA.2.86 and JN.1
pseudoviruses were significantly more sensitive to Camostat treat-
ment than that of EG.5.1, and HK.3 pseudoviruses (Fig. 3d and Sup-
plementary Fig. 7). In parallel, in 293T cells, where SARS-CoV-2
primarily enter through the endosomal entry route’**?, the entry of
EG.5.1, and HK.3 pseudoviruses were more sensitive to E64D treatment
than that of BA.2.86 and JN.1 pseudoviruses (Fig. 3d and Supplemen-
tary Fig. 7). In keeping with these findings, in Caco2 cells that supports
both entry pathways®**, Camostat treatment was more effective
against BA.2.86 and JN.1 pseudovirus entry, while E64D treatment was
more effective against the entry of EG.5.1 and HK.3 pseudoviruses
(Fig. 3d and Supplementary Fig. 7). Overall, these results demonstrate a
lineage-specific preference of the route of virus entry, which indicate
that the BA.2 descendent variants BA.2.86 and JN.1 are more depen-
dent on TMPRSS2-mediated cell surface entry pathway than the XBB
descendent variants EG.5.1 and HK.3. In addition, the L455S and L455F
mutations both promote cell-cell fusion and pseudovirus entry of JN.1
and HK.3 when compared to their parental variants.

Virological features of SARS-CoV-2 BA.2.86/JN.1 and EG.5.1/HK.3
in human nasal epithelial cells

Results from us and others revealed that the L455S mutation in the JN.1
spike and the L455F mutation in the HK.3 spike contributed to
enhanced immune escape when compared to their parental variants
BA.2.86 and EG.5.17**. However, it remains to be determined whether
the high transmissibility of SARS-CoV-2 JN.1 in humans is also asso-
ciated with enhanced fitness in primary human nasal epithelial cells
(hNECs). To this end, we first evaluated the replication of SARS-CoV-2
JN.1 in Calu3 and hNECs, with BA.2, BA.2.86, XBB.1, EG.5.1, and HK.3
included as comparison groups. In keeping with our findings on
pseudovirus entry and protease dependency in Calu3 cells (Fig. 3b and
Fig. 3d), the entry and replication of SARS-CoV-2 BA.2.86 and JN.1 in
Calu3 cells were more efficient than those of EG.5.1 and HK.3 in early
time points (2 and 24 hpi). However, SARS-CoV-2 EG.5.1 and HK.3
replicated efficiently in Calu3 cells. By 72 hpi, the viral replication
intermediate, subgenomic envelope (sgE) gene copy of SARS-CoV-2
EG.5.1 and HK.3 has surpassed that of BA.2.86 and JN.1 (Fig. 4a).
Interestingly, at the same time point post-infection, SARS-CoV-2 JN.1
replicated significantly more efficiently in hNECs than other evaluated
Omicron variants, including BA.2 (4.7-folds, P< 0.0001), BA.2.86 (2.7-
folds, P<0.0001), XBB.1 (8.6-folds, P<0.0001), EG.5.1 (6.0-folds,
P<0.0001), and HK.3 (3.0-folds, P < 0.0001) (Fig. 4b). To understand
whether the difference at 72 hpi might be associated with discrepant
levels of virus entry, we evaluated pseudovirus entry of JN.1 in hNECs

and compared the result with that of BA.2.86, EG.5.1, and HK.3. In
keeping with the replication results, we found that BA.2.86-pseudo-
viruses entered hNECs at a higher efficiency than that of EG.5.1- and
HK.3-pseudoviruses, while JN.I-pseudoviruses entered hNECs more
robustly than that of BA.2.86- (1.6-fold, P=0.0082), EG.5.1- (3.9-folds,
P<0.0001), and HK.3-pseudoviruses (3.2-folds, P<0.0001) (Fig. 4c).
To pinpoint the role of L455S on pseudovirus entry in hNECs, we
introduced L455S in the background of XBB.1, EG.5.1, and HK.3 spike
protein. Our data demonstrated that the presence of L455S increased
the entry of XBB.1, EG.5.1, and HK.3 pseudoviruses in hNECs by 7.7-,1.3-,
and 1.9-folds, respectively (Supplementary Fig. 8). In addition, to gain
further insight on the increased hNEC entry by JN.1, we assessed pro-
tease usage and spike cleavage of JN.1 in hNECs. We found that while
both SARS-CoV-2 BA.2.86 and JN.1 infection in hNEC are dependent on
TMPRSS2 but not cathepsins, which is consistent with other Omicron
variants®, there is a limited difference in the efficiency of TMPRSS2
usage between BA.2.86 and JN.1 (Fig. 4d). Next, we harvested hNEC cell
lysates at 48 hpi and investigated spike cleavage of SARS-CoV-2 JN.1.
Interestingly, we found that the cleavage of SARS-CoV-2 JN.1 spike at S1/
S2 is more efficient than that of BA.2.86, while spike cleavage of BA.2.86
is more efficient than those of EG.5.1, and HK.3 (Fig. 4e, ), which is in
keeping with the pseudovirus entry result in hNECs. Furthermore, we
performed immunostaining on SARS-CoV-2 BA.2.86-, JN.1-, EG.5.1-, and
HK.3-infected hNECs harvested at 24 hpi and quantified nucleocapsid
(N) signal. Our results detected significantly higher N signals in SARS-
CoV-2 JN.I-infected hNECs when compared with BA.2.86-, EG.5.1-, or
HK.3-infected cells (Fig. 4g, h). Together, these results demonstrate a
better fitness of BA.2.86 and JN.1 over the XBB descendent variants
EG.5.1 and HK.3 in hNECs and indicate that the further elevated infec-
tivity of JN.1in hNECs conferred by the L455S mutation may contribute
to its dominance over other variants in humans.

Cryo-EM structures of SARS-CoV-2 BA.2.86/JN.1 spike in com-
plex with ACE2
To evaluate whether JN.1 spike binds ACE2 differently when compared
with BA.2.86 spike, we determined the structures of ACE2 in complex
with stabilized prefusion ectodomain of BA.2.86 S (6 P) and JN.1 S (6 P)
trimers individually by cryo-electron microscopy (cryo-EM) (Fig. 5).
The purified spike trimers were mixed with ACE2 at the molar ratio of
1:1.2, and vitrified for cryo-EM study after 10 min. Cryo-EM analysis
revealed that both BA.2.86 spike-ACE2 (S-ACE2) and JN.1 S-ACE2
complexes had only one conformational state: three up-RBDs bound
with three ACE2 (Fig. 5a, ¢) which were determined to the resolution of
2.70A and 3.06A, respectively (Supplementary Figs. 9, 10). To
improve the density of the spike-ACE2 interface, the NTD_RBD_ACE2
regions of BA.2.86 and JN.1 were locally refined to 3.29 A and 3.07 A,
respectively (Fig. 5b, d and Supplementary Figs. 9, 10), allowing the
unambiguous model building of the RBD-ACE2 region.

The interfaces of BA.2.86 S-ACE2 and JN.1 S-ACE2 are nearly
identical with the exception that the L455S mutation caused a local
change. In BA.2.86 spike-ACE2 structure, the side chain of ACE2"** has
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Fig. 4 | Virological features of BA.2.86/JN.1 and EG.5.1/HK.3 in human nasal
epithelial cells. a Replication of BA.2, BA.2.86, JN.1, EG.5.1 and HK.3 in Calu3 cells
(n=#6). Cell lysates were quantified for viral subgenomic E gene (sgE) copies.

The n number represents biological repeats. b Replication of BA.2, BA.2.86, JN.1,
EG.5.1 and HK.3 in hNECs (n =3). Cell lysates were quantified for viral sgE copies.
The n number represents biological repeats. ¢ Pseudovirus entry in hNECs. hNECs
were transduced with BA.2.86- (n=7), JN.1- (n=7), EG.5.1- (n=4), and HK.3-spike
(n=4) pseudoviruses. Pseudovirus entries were quantified by measuring the luci-
ferase signal. The n number represents biological repeats. d Preference of protease
usage by BA.2.86 and JN.1in hNECs (n = 3). The supernatant was quantified for viral
RdRp gene level with qRT-PCR. The n number represents biological repeats. e Spike
cleavage of BA.2.86, JN.1, EG.5.1, and HK.3 in hNECs. A representative image of the
spike was shown with B-actin added as a sample processing control. Spike and
B-actin were run on different gels and detected on different membranes.

The cleavage ratio of spike proteins was quantified by ImageJ. f Quantification of
spike cleavage as performed in Fig. 4e (n=4). The n number represents biological
repeats. g Infectivity of BA.2.86, JN.1, EG.5.1, and HK.3 in hNECs. Infected hNECs
were fixed at 48 hpi for the visualization of ciliated cell marker beta-tubulin (red)
and SARS-CoV-2 nucleocapsid protein (green). The DAPI channel was included in
the merged images. Scale bar, 20 pm. h Immunofluorescence signal intensity of
SARS-CoV-2 N BA.2.86 (n=5),JN.1 (n=9), EG.5.1 (n=7), and HK.3 (n=5) in Fig. 4g
was quantified with Image). The n number represents biological repeats. Scale
bar =20 pm. Data represent mean + SEM. Statistical significance in (a-c and f, h)
was determined with one-way ANOVA with post hoc Tukey’s multiple comparisons
test. Statistical significance in (d) was determined with two-way ANOVA with Sidak’s
multiple comparison tests. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. NS is
not statistically significant. Source data are provided as a Source Data file.
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Fig. 5| Cryo-EM structures of BA.2.86/JN.1 spikes in complex with ACE2. a Cryo-
EM structure of the BA.2.86 spike in complex with ACE2. Two perpendicular views
of BA.2.86 spike-ACE2 are depicted as surface, with ACE2 in cornflower blue and the
trimeric spike in pink, medium purple, and purple. b Structure of BA.2.86 RBD-

ACE2. ¢ Cryo-EM structure of the JN.1 spike in complex with ACE2. Two perpendi-
cular views of JN.1 spike-ACE2 are depicted as surface, with ACE2 in cornflower blue

and the trimeric spike in orange, gold, and pale violet. d Structure of JN.1 RBD-ACE2.
e Detailed interactions between the BA.2.86 spike"“**-ACE2 and the local refinement
cryo-EM maps. f Detailed interactions between the JN.1 spike>**-ACE2 and the local
refinement cryo-EM maps. g Comparation of the RBD-ACE2 interface region in
other recent variants: WT RBD-ACE2(PDB:6LZG), XBB.1 RBD-ACE2(PDB:8IOV),
EG.5.1 RBD-ACE(PDB:8XLN).
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two alternative orientations (Fig. 5e). In the favored orientation A,
ACE2"* establishes van der Waals interactions with spike** and forms
a hydrogen bond with spike"*3 (Fig. 5e). In orientation B, the side chain
of ACE2"** swings to the opposite direction, forming a hydrogen bond
with S494 (Fig. 5e). Importantly, in JN.1 spike-ACE2 structure, the side
chain of ACE2"** only exists in orientation B as the L455S mutation
breaks the interaction between ACE2"3* and spike***® (Fig. 5f). In both
orientations, spike®® forms van der Waals interactions with ACE2"*
(Fig. Se, f). In summary, ACE2"* binds to BA.2.86 spike with its side
chain adopting two alternative orientations, while in the JN.1 spike-
ACE2 structure, interaction occurs in orientation B when the side chain
of ACE2"* forms a hydrogen bond with S494. Further structural ana-
lysis of the RBD-ACE2 interface regions of BA.2.86, JN.1, WT, XBB.1, and
EG.5.1 variants revealed that most variants have only one conformation
at ACE2"** and no binding mode similar to BA.2.86, which may explain
the strong binding force between BA.2.86. S and ACE2 (Fig. 5g)*.
Notably, there were significant differences in the region adjacent to the
specific mutation site of JN.1 RBD*** compared to other variants. In
this region, RBDS*** can form 5 pairs of hydrogen bonds with neigh-
boring residues F456, Q493, P491, and Y453, but RBD** in other var-
iants can only form 2 pairs of hydrogen bonds with P491 and Y453
(Supplementary Fig. 11). Based on the structural analysis, it is inferred
that the hydrogen bond network changes as a result of the L455S
mutation, which may explain why JN.1 has an enhanced ineffectiveness,
although it has only one additional L455S mutation when compared
with BA.2.86 at the spike protein.

Intrinsic pathogenicity of SARS-CoV-2 BA.2.86/JN.1 and EG.5.1/

HK.3 in vivo

Next, we investigated the intrinsic pathogenicity of SARS-CoV-2
BA.2.86 and JN.1 together with the XBB descendant variants EG.5.1
and HK.3 (Fig. 6). We first infected hamsters with 1x10* PFU SARS-CoV-
2 B.1, BA.2, BA.2.86, JN.1, XBB.1, EG.5.1, and HK.3, and harvested ham-
ster lungs at 2 days post-infection (dpi) for virological assessments. We
found that the ancestral B.1 variant replicated more efficiently than all
emerging Omicron subvariants, as evidenced by its significantly higher
sgE gene copy and infectious titer in hamster lungs (Fig. 6a, b). Inter-
estingly, when compared with their parental subvariant BA.2, BA.2.86
and JN.1 appeared to be further attenuated in sgE gene copy and
infectious titer in hamster lungs. In contrast, when compared with
XBB.1, we observed a trend of increase in sgE gene copy and infectious
titer for EG.5.1 and HK.3 in hamster lungs (Fig. 6a, b). In parallel, we
performed immunostaining against N protein and quantified viral
antigen expression in the infected hamster lungs. The pattern of N
expression was largely in agreement with that of sgE gene copy and
infectious titer. While we detected a clear decrease in N expression in
SARS-CoV-2 BA.2.86- and JN.1-infected hamster lungs when compared
to BA.2, N expression in EG.5.1- and HK.3-infected hamster lungs was
significantly higher than that of XBB.1 (Fig. 6¢, g). In addition, N
expression in SARS-CoV-2 BA.2.86- and JN.l-infected hamster lungs
was significantly lower than that of EG.5.1 and HK.3, demonstrating a
lineage-specific difference in antigen expression in the lungs (Fig. 6c,
g). We next examined the histopathological changes in hamster lungs
upon virus infection with haematoxylin and eosin (H&E) staining and
quantified lung pathology scores based on our semi-quantitative
protocol*¥. We found that while the pathological changes of lungs
from SARS-CoV-2 B.l-infected hamsters were featured by perivascular
edema, alveolar wall collapse, alveolar wall congestion, and epithelium
damage, the pathological manifestations were milder in EG.5.1- and
HK.3-infected hamsters, which were further attenuated in BA.2.86- and
JN.I-infected hamsters (Fig. 6d, h). In addition to the hamster model,
we similarly challenged wildtype C57 mice and K18-hACE2 mice with
SARS-CoV-2 BA.2.86, JN.1, EG.5.1, and HK.3, and assessed virus repli-
cation at 2 dpi. In keeping with results from the hamster model,
BA.2.86 and JN.1 have a trend of less efficient replication than EG.5.1

and HK.3 in mice lungs (Fig. 6e, f). Overall, these results indicated a
lineage specific difference in replication and intrinsic pathogenicity
between BA.2.86/JN.1 and the XBB descendant variants EG.5.1 and HK.3
in vivo.

Discussion

In mid-2023, the circulating SARS-CoV-2 variants were dominated by
XBB descendants, including XBB.1, XBB.1.5, XBB.1.6, and EG.5.1. A
descendant of BA.2, BA.2.86, which emerged in July 2023, did not
outcompete the XBB sublineages despite demonstrated an increased
efficiency in using the plasma membrane route of entry'>". Intrigu-
ingly,JN.1, a descendent variant of BA.2.86 that contained an additional
L455S mutation on a spike when compared to BA.2.86, quickly
replaced all other circulating variants to become the dominant variant
across the world. Recent studies, including the current one, have
demonstrated enhanced immune evasion of JN.1, which is believed to
contribute to its rapid growth in numbers?®?. However, it remains to
be answered whether the high transmissibility of JN.1in humans is also
associated with additional factors. In the current study, we found that
JN.1 has a higher infectivity than BA.2.86 in hNECs. Mechanistically, we
demonstrated that the gained infectivity of JN.1 over BA.2.86 is asso-
ciated with increased entry efficiency conferred by L455S and better
spike cleavage in hNECs. These results indicate that the robust trans-
missibility of JN.1 is associated with increased infectivity in hNECs in
addition to its gained immune escape. Structurally, we demonstrated
that ACE2"* binds to BA.2.86 spike with its side chain adopting two
alternative orientations, while in the JN.1 spike-ACE2 structure, inter-
action occurs in one orientation when the side chain of ACE2"* forms a
hydrogen bond with S494 as the L455S mutation breaks the interaction
between ACE2"** and spike'*. In addition, we revealed significant
differences in the region adjacent to the specific mutation site of JN.1
RBD"**S when compared to other variants. Specifically, we found that
RBD*** can form 5 pairs of hydrogen bonds with neighboring residues
F456, Q493, P491, and Y453, while RBD"*>® in other variants can only
form 2 pairs of hydrogen bonds with P491 and Y453. The increased
number of hydrogen bonds and a modified internal structure of JN.1
RBD'S region may explain why JN.1 has an enhanced infectiveness
over BA.2.86. However, the exact mechanism of how this change
altered the virus-host interaction that increased the infectivity of
JN.1 should be evaluated in future studies.

Since BA.2.86 and JN.1 are derived from the BA.2 lineage, while
EG.5.1 and HK.3 are descendants of the XBB lineage, we compared
the virological characteristics of these two independently evolved
Omicron sublineages in a series of in vitro and in vivo experiments.
We found that while EG.5.1 and HK.3 remain sensitive to mAb S3H3
and S309, BA.2.86 and JN.1 have escaped the neutralization effect of
S3H3 and are only partially sensitive to S309, which is in keeping with
recent findings?. In a cohort of BA.5 breakthrough infection followed
by XBB reinfection, we found that the XBB reinfection induced lim-
ited neutralization against both BA.2-descendent variants (BA.2.86
and JN.1) and XBB-descendent variants (XBB.1, EG.5.1, HK.3). Among
the evaluated subvariants, the lowest GMT was detected against
HK.3, which may potentially due to its dual FLip mutations at L455F
and F456L*. Since JN.1 has remained the predominant circulating
variant, we evaluated serum neutralization upon JN.1 breakthrough
infection. We found that while JN.1 breakthrough infection induced
high GMT against BA.2, BA.2.86, and JN.1, it triggered substantially
lower neutralization titer against XBB.1, EG.5.1, and HK.3. Similarly,
hamsters infected with JN.1 or mice vaccinated with JN.1 spike pri-
marily elicited autologous antibody responses against the BA.2.86/
JN.I1 lineage and is severely reduced in bidirectional cross-reactivity
with other XBB sublineages. Together, the limited cross-protection
between Omicron sublineages that are antigenically distanced
should be taken into consideration in the development of future
COVID-19 vaccines®™.
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In the hNECs, our results demonstrated a clear infection advan-
tage by the BA.2-descendent variants (BA.2.86 and JN.1) over the XBB-
descendent variants (EG.5.1 and HK.3), which was evidenced by the
higher virus replication, more robust pseudovirus entry, better spike
cleavage, and increased number of infected cells. By further introdu-
cing the L455S mutation in the background of XBB.1, EG.5.1, and
HK.3 spike, we demonstrated that the L455S mutation was capable of

WO

S — i -
: Perivascular edema  /\ Alveolar wall congestion

enhancing the pseudovirus entry of all three variants in hNECs. In
addition, the most recent variants under monitoring (VUM), including
JN.1.7, KP.2. KP.3, JN.1.18, and LB.1, all carry L455S, further indicating
the impact of L455S on enhanced fitness. A number of recent studies
have investigated the infectiveness of JN.1 on various cell types'®?-*>%,
It is important to note that differences in the protocol of pseudovirus
preparation, virus culture, and cell culture may have an impact on the
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Fig. 6 | Intrinsic pathogenicity of BA.2.86/JN.1 and EG.5.1/HK.3 in vivo. a, b 6-to-
8-week-old male and female Syrian golden hamster were challenged with 1x10*
PFUB.1, BA.2, BA.2.86,JN.1, XBB.1, EG.5.1, and HK.3 (n = 5). Animals were euthanized
at 2 dpi for collection of lung tissues for detection of viral sgE copies (a) and
infectious titers (b) by probe-specific RT-qPCR and TCIDs, assay, respectively.

¢, g Infected hamster lungs were immunolabelled with anti-SARS-CoV-2-N antibody
and visualized with a microscope. Cell nuclei were revealed with a DAPI stain. The
immunofluorescence signal intensity of N was quantified with Image] software
(n=8) (c). Representative images are shown in (g). Scale bar, 200 um. d, h Hamster
lungs were stained with hematoxylin and eosin staining, and histology score was
estimated (n=5) (d). Representative images are shown in (h). Bold thick arrows,
alveolar wall collapse; arrows, epithelium damage; dotted arrows, perivascular

edema; arrowheads, alveolar wall congestion. Scale bar, 200 pm. e 6-to-8-week-old
male and female C57BL/6 mice were challenged with 1x10° PFU BA.2 (n=6),
BA.2.86 (n=7),JN.1 (n=7), XBB.1 (n=6), EG.5.1 (n=7) and HK.3 (n=7). Animals
were euthanized at 2 dpi for collection of lung tissues for detection of viral burden.
Viral sgE gene copies were detected with probe-specific RT-qPCR. f 6-to-8-week-old
male and female K18-hACE2 transgenic mice were challenged with 1x10* PFU
BA.2.86, JN.1, EG.5.1, and HK.3 (n="7). Animals were euthanized at 2 dpi for collec-
tion of lung tissues for detection of viral burden. Viral sgE gene copies were
detected with probe-specific RT-qPCR. Data represent mean + SEM. Statistical sig-
nificance in (a-f) was determined with one-way ANOVA with post hoc Tukey’s
multiple comparisons test. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. NS is
not statistically significant.

obtained results. Therefore, findings across laboratories should be
compared and contrasted to arrive at a convincing conclusion. Inter-
estingly, in the lung of infected animals, infection by BA.2-descendent
variants (BA.2.86 and JN.1) resulted in lower virus replication and
attenuated histological changes when compared with the XBB-
descendent variants (EG.5.1 and HK.3), which is in keeping with ear-
lier findings comparing the replication and pathogenicity of BA.2.86
and EG.5.1 in hamsters” and may be associated with the non-spike
mutations carried by these variants.

Taken together, our study indicates that the L455S mutation on
the JN.1 spike facilitates the infection of JN.1 in hNECs, which may
contribute to the high transmissibility of JN.1 among humans. In
addition, our findings demonstrate lineage-specific virological char-
acteristics between the BA.2 descendent variants BA.2.86/JN.1 and the
XBB descendent variants EG.5.1/HK.3 which contribute to our under-
standing of their transmissibility and pathogenicity (Supplemen-
tary Fig. 12).

Methods

Human serum collection

Peripheral blood samples were collected from individuals who had
previously experienced BA.5 infection and XBB or JN.1 reinfection
following two to three doses of inactivated vaccines and were col-
lected at the Nanjing Hospital of Chinese Medicine. Sera were isolated
from centrifuged blood samples and then stored at — 80 °C. All col-
lections were conducted according to the guidelines of the Declaration
of Helsinki and approved by the Institutional Review Board of the
Ethics Committee of Nanjing Hospital of Chinese Medicine Affiliated to
Nanjing University of Chinese Medicine (KY2023073). All participants
provided written informed consent. Background information of the
convalescent donors is summarized in Supplementary Table 1.

Virus challenge in hamster and mice

The use of all animals in the study was approved by The Committee on
the Use of Live Animals in Teaching and Research (CULATR) of The
University of Hong Kong (HKU) under CULATR 22-397. The golden
Syrian hamsters and C57BL/6 ) mice were obtained from the Center for
Comparative Medicine Research (CCMR) at HKU. Heterozygous K18-
hACE2 C57BL/6) mice (2B6.Cg-Tg(K18-ACE2)2PrImn/J) were obtained
from The Jackson Laboratory. The hamsters and mice were housed in
cages equipped with individual ventilation systems, maintained at a
humidity level of 65%, and kept at an ambient temperature of 21-23 °C
with a 12-h day-night cycle for proper care and management. Group
sizes were chosen based on statistical power analysis and our prior
experience in examining viral titers in SARS-CoV-2-infected animals®*.,
Gender- and age-matched animals were randomized into different
experimental groups. For hamster infections, 4-6 weeks old male
hamsters were anesthetized with ketamine and xylazine, inoculated
with 1x10* PFU SARS-CoV-2 B.1, Omicron BA.2, BA.2.86, JN.1, XBB.1,
EG.5.1 or HK.3 pre-diluted in 50 pL PBS intranasally. For infection of
wild-type C57BL/6 ] mice, 8-10 weeks old mice were anesthetized with

ketamine and xylazine, followed by intranasal inoculation with 20 pl
per mouse of Omicron BA.2, BA.2.86, JN.1, XBB.1, EG.5.1 or HK.3 at
1x10° PFU. For virus infection of K18-hACE2 transgenic mice,
6-8 weeks old K18-hACE2 mice were anesthetized with ketamine and
xylazine, followed by intranasal inoculation with 20 ul per mouse of
Omicron BA.2.86, JN.1, EG.5.1 or HK.3 at 1x10* PFU. Virus-infected
hamsters and mice were euthanized at 2 dpi to collect lung tissues for
virological assessment, histological examination, and pathology
scoring.

Mouse serum collection

7-weeks female BALB/c mice were randomly assigned to different
groups and subjected to a total of two immunizations at 14-day
intervals. Each immunization involved the use of 25 pg of the indicated
Omicron BA.2, BA.2.86,JN.1, and XBB.1 variant spike trimer through the
intraperitoneal route. Two weeks after the second immunization,
blood was collected, and sera were collected by centrifugation.

Hamster serum collection

4-weeks male Syrian hamsters were inoculated with 3 x10* PFU of
Omicron BA.2, BA.2.86, JN.1, XBB.1, EG.5.1 and HK.3 via the intranasal
route under anesthesia. After 16 days, the serum was harvested, cen-
trifuged, and incubated at 56 °C for 30 min for inactivation.

Cell culture and virus infection

293T, Caco2, Huh7, and VeroE6 were obtained from ATCC and main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) (11965-092,
Gibco, Texas, USA) supplemented with 10% fetal bovine serum (FBS),
100 units penicillin, and 100 pg/ml streptomycin, according to sup-
plier’s instructions. VeroE6-TMPRSS2 was obtained from the Japanese
Collection of Research Bioresources (JCRB) Cell Bank and cultured in
DMEM supplemented with 10% fetal FBS, 100 units penicillin,100 pg/ml
streptomycin, and 2% G418 (ant-gn-5, InvivoGen, China). Calu3 cells
were cultured in DMEM/F12 (10565042, Gibco) supplemented with 10%
FBS, 100 units of penicillin, and 100 ug/ml streptomycin. All cells were
cultured at 37 °C in an incubator with 5% CO,. All cell lines used are
routinely tested for mycoplasma and are maintained mycoplasma-free.
For comparison of virus replication in vitro, Calu3 cells were seeded in
96-well plates and then infected with SARS-CoV-2 B.1 and Omicron
subvariants at 2 multiplicity of infection (MOI).

Human nasal epithelial cell air-liquid interface culture and virus
infection

The human nasal epithelial cells (hNEC) in an air-liquid interface (ALI)
culture were purchased from Epithelix (EPO2MP, Epithelix, Switzer-
land) and maintained with MucilAir culture medium (EPO4MM, Epi-
thelix) until virus challenge. During the virus challenge experiment,
cells were washed with a MucilAir culture medium to remove the apical
mucin. Subsequently, the virus was inoculated at the apical side with a
2 MOI. Cells were incubated for 2 h at 37 °C to facilitate efficient virus
entry. The residual inoculum was removed and rinsed away after
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incubation. Supernatants and cell lysates were harvested from the
apical side for viral genome copy quantification with RNA extraction
followed by one-step RT-qPCR at the designated time points. For
immunofluorescence staining, cells were fixed with neutral-buffered
formalin followed by permeabilization with 0.1% Triton-X-100
(11332481001, Sigma-Aldrich). The SARS-CoV-2 nucleocapsid protein
and ciliated cells were detected with in-house rabbit anti-SARS-CoV-2
nucleocapsid serum and mouse anti-beta-tubulin (T7941, Sigma-
Aldrich), respectively. Primary antibodies were visualized with Alexa
Fluor 594-conjugated goat anti-mouse secondary antibody (A-11005,
Thermo Fisher Scientific, USA) and Alexa Fluor 488-conjugated goat
anti-rabbit secondary antibody (A-11034, Thermo Fisher Scientific),
followed by mounting with ProLong™ Diamond Antifade Mountant
with DAPI (P36962, Thermo Fisher Scientific). Images were acquired
with an LSM980 confocal microscopy system (Zeiss, USA). To acquire
the monolayer image of hNECs, a Z-stack was applied to capture each
layer in the z-axis of hNECs. The orthogonal projection was used to
stack the Z-stack into one image. Images were processed and analyzed
by ZEISS Zen (blue edition) software using the maximum intensity
projection setting.

Viruses and biosafety

SARS-CoV-2 D614G (B.1) (GISAID: EPL_ISL 497840), Omicron BA.2
(GISAID: EPLISL_9845731), BA.2.86 (GISAID: EPI_ISL_18986956), JN.1
(GISAID: EPL_ISL_18841631), XBB.1 (GISAID: EPLISL_15602393), EG.5.1
(GISAID: EPLISL_18461518), and HK.3 (GISAID: EPI_ISL_18986955) were
isolated from laboratory-confirmed COVID-19 patients in Hong Kong.
All variants of SARS-CoV-2 were cultured and titrated by plaque assays
using VeroE6-TMPRSS2 cells. In vivo and in vitro experiments with
infectious SARS-CoV-2 were performed according to the approved
standard operating procedures of the Biosafety Level 3 facility at the
Department of Microbiology, the University of Hong Kong (HKU)***,

Phylogenetic, mutation, and epidemic analysis

A total of 3836 SARS-CoV-2 genome sequences and pair-wised phylo-
genetic trees were downloaded from nextstrain (https://nextstrain.org/)
with the GISAID data (https://www.gisaid.org/) from December 2019 to
February 2024. We accessed recent 6-month global data on March 10,
2024, which highlights the Omicron variants. We re-colored the phylo-
genetic tree by highlighting BA.1, BA.2, BA.4/5, XBB, XBB.1*, XBB.2*,
EG.5.1, HK.3, BA.2.86, JN.1, WT, and other variants (all non-WT pre-
Omicron variants). We analyzed the mutation and epidemic by using
data from covSPECTRUM (https://cov-spectrum.org/) based on the
GISAID data (https://www.gisaid.org/) on March 11, 2024. The mutation
proportion of each variant was based on all genome sequences from
January 6, 2020, to March 6, 2024, obtained on March 11, 2024. Here,
only mutations with >10% frequency were included. The variants fre-
quency of each variant was calculated based on genome sequences from
September 1, 2023, to March 1, 2024 obtained on March 11, 2024. In the
analysis of the step-wise accumulation of key Spike mutations, we used
the color barcode to represent the convergent mutations. In this study,
we included R346T, K356T, V445P/H, G446S, N450D, L452W, F456L,
N460K, F486P/S, F490S/V, and R493Q based on key convergent
mutations*, as well as the “FLip” mutations L455F/S.

Protein expression and purification

The constructs used for expression of stabilized soluble BA.2, XBB.1,
BA.2.86, and JN.1 S6P spike trimer proteins were prepared as we
previously described®. In brief, each spike ectodomain was sepa-
rately cloned into mammalian expression vector pCMV3 with an 8x
His tag and 2x Strep-tag Il tags at the C terminus. To obtain the
protein, Expi293 cells were used for transient transfection with the
suitable S6P stabilized S-expression plasmids by using 1mg/mL
polyethylenimine (PEI, Polysciences). The supernatant was har-
vested, and the S trimer was purified using Ni-Smart resin from Smart

Lifesciences (Ni Smart Beads 6FF: SA036100, Changzhou, China) in
accordance with the manufacturer’s protocol five days after trans-
fection. Prior to use, all proteins were further evaluated for size and
purity through SDS-PAGE.

Antibody expression and purification

Monoclonal antibodies, LY-1404, S3H3, S309 and SAS55, were
obtained from our previous studies*. Briefly, variable genes were
codon optimized for human cell expression and synthesized by
HuaGeneTM (Shanghai, China) into plasmids (gWiz) that encoded
the constant region of human IgGl heavy or light chain. Antibodies
were expressed in Expi293F (A14527, ThermoFisher) by co-
transfection of heavy and light chain expressing plasmids using
polyethylenimine (Polyscience), and cells were cultured at 37 °C with
shaking at 125 rpm and 8% CO,. Supernatants were also collected on
day 5 for antibody purification using MabSelectTM PrismA
(17549801, Cytiva) affinity chromatography.

Production of SARS-CoV-2-spike pseudoviruses

Pseudoviruses were prepared as we previously described**°. Plasmids
encoding the spike of BA.2, BA.2.86, JN.1, XBB.1, EG.5.1, and HK.3 var-
iants were synthesized. Expi293F cells were grown to 3 x 106/mL before
transfection with the indicated spike gene using polyethylenimine.
Cells were cultured overnight at 37 °C with 8% CO, and VSV-G pseudo-
typed AG-luciferase (G*AG-luciferase, Kerafast) was used to infect the
cells in DMEM at a multiplicity of infection of 5 for 4 h before washing
the cells with PBS/2% FBS three times. The next day, the transfection
supernatant was collected and clarified by centrifugation at 300 x g for
10 min. Each viral stock was then incubated with 20% I1 hybridoma
(anti-VSV-G; CRL-2700, ATCC) supernatant for 1 h at 37 °C to neutralize
the contaminating VSV-G pseudotyped AG-luciferase virus before
measuring titers and making aliquots to be stored at — 80 °C.

Pseudovirus neutralization

Neutralization assays were performed by incubating pseudoviruses
with serial dilutions of monoclonal antibodies or sera and scored by
the reduction in luciferase gene expression as we described
previously™. In brief, VeroE6 cells were seeded in a 96-well plate at a
concentration of 2 x10* cells per well. On the following day, pseudo-
viruses were incubated with serial dilutions of the test samples in tri-
plicate for 30 min at 37 °C. The mixture was then added to cultured
cells and incubated for an additional 24 hours. The luminescence was
measured by the Luciferase Assay System (Beyotime). ICso was defined
as the dilution at which the relative light units were reduced by 50%
compared with the virus control wells (virus + cells) after subtraction
of the background in the control groups with cells only. The ICso values
were calculated using nonlinear regression in GraphPad Prism.

Omicron-spike pseudovirus entry efficiency in cell lines

and hNECs

293T, Caco2, Calu3, Huh?7, VerokE6, A549, and VeroE6-TMPRSS2 cells
seeded in 96 well plates were transduced with B.1-, BA.2-, BA.2.86-, JN.1-,
XBB.1, EG.5.1-, and HK.3- spike pseudoviruses. Differentiated hNECs were
transduced with BA.2.86-, JN.1-, EG.5.1-, and HK.3- spike pseudoviruses.
At 24 h post-transduction, transduced cells were washed three times
with PBS and lysed by the lysis buffer (RG129M), luminescence signal
was measured with the Luciferase Assay System (Beyotime). For the
pseudoviruses entry inhibition experiment, VeroE6-TMPRSS2, Calu3,
Caco2, and 293T cells were seeded in 96 well plates. After 24 h, the
target cells were pretreated with 10 uM Camostat (MedChem Express
HY-13512, Monmouth Junction, NJ, USA) or E64D (MedChem Express HY-
100229, Monmouth Junction, NJ, USA) for 2 h, followed by inoculation
with B.1-, BA.2-, BA.2.86-, JN.1-, XBB.1-, EG.5.1-, and HK.3-spike pseudo-
viruses. At 24 h post-transduction, the level of pseudovirus entry was
quantified by measuring the luciferase signal as mentioned above.
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Antigenic maps

The constructed antigenic maps were based on serum neutralization
data utilizing the antigenic cartography methods, which are imple-
mented in the Racmacs package (https://acorg.github.io/Racmacs/).
The antigenic maps were generated in R with 10000 optimization
steps and other default parameters in a 2-dimensional space. The
distances between positions of sub-lineages and serum on the anti-
genic map were optimized so that distances approach the fold
decreases in neutralizing IDsy titer, relative to the maximum titer for
each serum. Each unit of distance in arbitrary directions in the anti-
genic map represents a 2-fold change in the IDs, titer. The antigenic
differences among the sub-lineages are calculated based on the anti-
genicity distances between different sub-lineages and serums, deter-
mined as follows:

Dy = Ing(bj) - Ing(Hij)

Where Dj; represents the antigenicity distance between sub-lineage i
and serum j, b; denotes the maximum titer against one specific strain
(normally, it is strainj itself) for serum generated by strainj as the base
of antigenic distance. H;; is the IDso measurement of neutralizing titer
of serum generated by j against strain i°.

Histology and immunofluorescence staining of hamster lungs
Infected hamster lungs were fixed by 4% paraformaldehyde for 24 h.
Then, samples were washed with 70% ethanol and a TP1020 Leica semi-
enclosed benchtop tissue processor (Leica Biosystems, Buffalo Grove,
IL, USA) was applied to embed lung samples in paraffin. Embedded
samples were sectioned with a microtome (Thermo Fisher Scientific)
and placed on microscope slides for drying at 37 °C overnight. Sample
slides were dewaxed by washing in serially diluted xylene, ethanol, and
double-distilled water. For antigens unmasking, diluted antigen
unmasking solution (H-3300, Vector Laboratories) was heated until
85 °C, then slides were put in solution and boiled for 90 s. Unmasked
slides were stained with Sudan black B and then blocked with 5% FBS
for 30 min. The in-house rabbit anti-SARS-CoV-2-N immune serum was
applied as the primary antibodies and incubated at 4 °C overnight
against SARS-CoV-2 nucleocapsid. Goat anti-rabbit immunoglobulin G
(H+L) fluorescein isothiocyanate (65-6111), which functioned as a
secondary antibody, was purchased from Thermo Fisher Scientific.
Slides were mounted, and meanwhile, the cell nucleus was stained with
the antifade mounting medium with 4’,6-diamidino-2-phenylindole
(DAPI; H-1200, Vector Laboratories, Burlingame, CA, USA). Images
were taken with the Olympus BX53 fluorescence microscope (Olympus
Life Science, Tokyo, Japan). Quantification of the fluorescence signal
was conducted with Image). For H&E staining, tissue sections were
stained with Gill's haematoxylin and eosin. Images were acquired using
the Olympus BX53 light microscope (Olympus Life Science, Japan).
Five hamsters were sampled in each group (as specified in the figure
legends), and three sections from each animal were used for histology
analysis. Histopathological scores were quantified using a semi-
quantitative method we previously described*%

RNA extraction and quantitative reverse transcription poly-
merase chain reaction (QRT-PCR)

Viral RNA was extracted from homogenized animal tissues using
RNeasy Mini Kit (74106, Qiagen). Viral RNA of supernatants collected
from infected Calu3, or hNECs, was extracted using Viral RNA Mini Kit
(52906, Qiagen) or QIAsymphony RNA Kit (931636, Qiagen). After RNA
extraction, qRT-PCR was performed using QuantiNova Probe RT-PCR
Kit (208354, Qiagen) or QuantiNova SYBR Green RT-PCR Kit (208154,
Qiagen) with the LightCycler 480 Real-Time PCR System (Roche, Basel,
Switzerland). The primer and probe sequences are provided in Sup-
plementary Table 4.

Quantification of infectious titer from hamster lungs

To quantify the infectious titer of virus-infected hamster lung tissues, a
monolayer of VeroE6-TMPRSS2 cells in a 96-well plate was challenged
with 10-fold serial diluted supernatants of homogenized tissues.
Cytopathic effect (CPE) was observed at four days post-infection to
quantify the median tissue culture infectious dose as we previously
described™.

Cell-cell fusion assay

For the 293T-based cell-cell fusion assay, 293T cells were co-
transfected with different SARS-CoV-2 spike plasmids with GFP1-10
plasmid (cat#68715, Addgene) as effector cells. Another population of
293T cells was co-transfected with human ACE2 (hACE2), and GFP11
(cat#68716, Addgene) as target cells as previously described®™. After
24 h post-transfection, the effector and target cells were digested by
EDTA-Trypsin (25200072, Gibco) and mixed at a 1:1 ratio. The mixed
cells were co-cultured in an 8-well chamber slides at a 37 °C incubator
for another 24 h. The mixed cells were fixed in 10% formalin and then
permeabilized with 0.1% Triton-X100 (11332481001, Sigma, USA) at
room temperature. The antifade mounting medium with 4’,6-Diami-
dino-2-Phenylindole, Dihydrochloride (DAPI, H-1200, Vector Labora-
tories) was used for mounting and DAPI staining. Images were taken
with the Olympus BX73 fluorescence microscope (Olympus Life Sci-
ence, Tokyo, Japan). The fusion area of images was quantified by
ImageJ. For the Calu3 cell-cell fusion assay, 293T cells co-transfected
with different SARS-CoV-2 spike plasmids and the GFP plasmid
(cat#13031, Addgene) were co-cultured with Calu3 cells. The co-
cultured cells were fixed after 24 h of incubation and GFP signal
intensity was quantified by ImageJ.

Flow cytometry

293T cells were transfected with B.1, BA.2, BA.2.86, JN.1, XBB.1, EG.5.1,
and HK.3 spike expression plasmids. Then cells were performed as we
previously described*®. Cells were detached with 0.5 mM EDTA in PBS
on day 2 post-transfection and fixed in 4% paraformaldehyde. The
fixed cells were then stained with 1:200 diluted polyclonal rabbit anti-
S1 antibody (Sino Biological, 40591-T62) for 1.5h and washed three
times with 2% FBS/PBS. The Alexa Fluor 488-conjugated goat anti-
rabbit secondary antibody (A-11034, Thermo Fisher Scientific) was
used as the secondary antibody. Flow cytometry was performed using
a BD FACSCanto Il flow cytometer (BD Biosciences), and data was
analyzed using FlowJo X 10.0.7 (BD). The gating strategy was demon-
strated in Supplementary Fig. 13.

Western blot analysis of spike cleavage

Differentiated hNECs were challenged with Omicron BA.2.86, JN.1,
EG.5.1, and HK.3 at 2 MOI and lysed in RIPA buffer (89901, Thermo
Fisher Scientific) at 48 hpi for Western blot analysis. The membranes
were blocked with 5% milk for 2 h at room temperature and incubated
with a rabbit anti-SARS-CoV-2 spike S2 antibody (40590-T62, Sino
Biological, China) at 4°C for overnight incubation, followed by
detection with horseradish peroxidase (HRP) conjugated secondary
antibodies (31460, Thermo Fisher Scientific) for 1h at room tempera-
ture. The signal was developed using SuperSignal West Pico PLUS
Chemiluminescent Substrate (34580, Thermo Scientific) and detected
using Alliance Imager apparatus (Uvitec, Cambridge, UK). B-actin was
detected with a B-actin antibody (clone AC-74, A5316, Sigma-Aldrich)
(1:5000). The uncropped Western blot images were demonstrated in
Supplementary Fig. 14.

Cryo-EM data collection and processing

The JN.1 spike trimer (or BA.2.86 spike) at 5 mg/mL was mixed with
5mg/mL ACE2 at the molar ratio of 1:1.2, and incubated at 4 °C for
10 min. Dilute the mixture to 0.7 mg/mL in 20 mM Tris, pH 8.0, and
200 mM NaCl. The 3 pL composite was added to a newly light-emitting
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porous amorphous Ni-Ti alloy film supported by 400 mesh gold mesh.
The sample was immersed in liquid ethane using Vitrobot IV (FEI,
Thermo Fisher Scientific) and blotted for 2s, -3blot force, 10s
waiting time.

Cryo-EM data was collected on a TITAN Krios G4 transmission
electron microscope (Thermo Fisher Scientific) running at 300 kV. The
microscope is equipped with Falcon 4i and Selectris X-ray imaging
filters (Thermo Fisher Scientific) with a slit width of 20 eV. The EPU
software is used to automatically collect data in 300 kV AFIS mode. EER
movie stacks were collected in super-resolution mode, JN.1S-ACE2 and
BA.2.86 S-ACE2 magnification of 105,000x, corresponding physical
pixel size of 119 A, dose fractioned to 1737 frames. The defocusing
range is — 1.0 to — 3.0 um, and the total dose is about 50¢7/A2 >,

For the dataset of BA.2.86 spike protein and ACE2, all dose-
fractioned images were motion-corrected and dose-weighted by
RELION software and their contrast transfer functions were estimated by
cryoSPARC patch CTF estimation®. The raw particles were auto-picked
using the blob picker job and template picker job, and the particles were
extracted with a box size of 320 pixels and Fourier crop to a box size of
160 pixels, and the following 2D, 3D classifications, and refinements
were all performed in cryoSPARC® (Supplementary Fig. 9a). 597,656
particles were selected after 2D classification, and these particles were
used to do ab initio reconstruction heterogeneous refinement. This
process yielded 446,892 converged particles, corresponding to a “3-up”
conformation with three ACE2 bound to each RBD. Next, these particle
sets were re-extracted with a box size of 320 pixels and used to perform
non-uniform refinement, yielding a resolution of 2.70 A. To elucidate the
structural details of the receptor interaction region, a mask encom-
passing NTD, RBD, and ACE2 was employed for no-alignment 3D clas-
sification and local refinement following global particle convergence
and C3 symmetry expansion. The provided particles depict a local
reconstruction of the NTD-RBD-ACE2 region, resulting in a 3.29 A map
generated using 67,266 particles (Supplementary Fig. 9b).

For the dataset of JN.1 S protein and ACE2, all dose-fractioned
images were motion-corrected and dose-weighted by RELION software
and their contrast transfer functions were estimated by cryoSPARC
patch CTF estimation. The raw particles were auto-picked using the
blob picker job and template picker job, and the particles were
extracted with a box size of 320 pixels and Fourier crop to a box size of
160 pixels, and the following 2D, 3D classifications, and refinements
were all performed in cryoSPARC* (Supplementary Fig. 10a). Follow-
ing 2D classification, 973,795 particles were selected for ab-initio
reconstruction and subsequent heterogeneous refinement. This pro-
cess yielded 642,104 converged particles, corresponding to a “3-up”
conformation with three ACE2 bound to each RBD. Next, this particle
set was re-extracted with a box size of 320 pixels and used to perform
non-uniform refinement, yielding a resolution of 3.06 A. To elucidate
the structural details of the receptor interaction region, a mask
encompassing NTD, RBD, and ACE2 was employed for no-alignment
3D classification and local refinement following global particle con-
vergence and C3 symmetry expansion. The provided particles depict a
local reconstruction of the NTD-RBD-ACE2 region, resulting in a 3.07 A
map generated using 258,064 particles (Supplementary Fig. 10b).

Model building and refinement

The sharpened maps were generated by EMReady**. For model build-
ing, the initial model was generated by swiss-model*” and fitted to the
map using UCSF Chimera®. The model was then manually adjusted in
COOT and furthered refined using PHENIX*. Figures were produced
by UCSF Chimera and UCSF ChimeraX®’. Data collection and model
refinement statistics are shown in Supplementary Table 3.

Statistical analysis
Data on figures represented means and standard error of the mean.
Comparison between the two groups was performed with two-sided

Student’s ¢ tests. Comparison between three or more experimental
groups was performed with one-way or two-way ANOVA. Differences
were considered statistically significant when p <0.05. Data analysis
was performed with GraphPad Prism 8.0.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Coordinates and maps associated with data reported in this manu-
script was deposited to the Electron Microscopy Data Bank (EMDB)
and Protein Data Bank (PDB) with accession numbers EMD-39689 and
PDB 8YZC (BA.2.86 spike-ACE2), EMD-39688 and PDB 8YZB (BA.2.86
NTD-RBD-ACE2 local refinement), EMD-39691 and PDB 8YZE
(JN.1 spike-ACE2), EMD-39690 and PDB 8YZD (JN.I NTD-RBD-ACE2
local refinement). Source data are provided in this paper.
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