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SUMMARY

The continued evolution of SARS-CoV-2 has led to the emergence of several new Omicron subvariants,
including BQ.1, BQ.1.1, BA.4.6, BF.7, and BA.2.75.2. Here, we examine the neutralization resistance of these
subvariants against sera from 3-dose vaccinated healthcare workers, hospitalized BA.1-wave patients, and
BA.4/5-wave patients. We found enhanced neutralization resistance in all new subvariants, especially in the
BQ.1 and BQ.1.1 subvariants driven by N460K and K444T mutations, as well as the BA.2.75.2 subvariant
driven largely by its F486S mutation. All Omicron subvariants maintained their weakened infectivity in
Calu-3 cells, with the F486S mutation driving further diminished titer for the BA.2.75.2 subvariant. Molecular
modeling revealed the mechanisms of antibody-mediated immune evasion by R346T, K444T, F486S, and
D1199N mutations. Altogether, these findings shed light on the evolution of newly emerging SARS-CoV-2

Omicron subvariants.

INTRODUCTION

Since its emergence in late 2021, the Omicron variant of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
led to the emergence of numerous subvariants that continue to
evade vaccine- and infection-induced immunity and alter the virus
biology."™ The initial BA.1 Omicron subvariant drove a large wave
of coronavirus disease 2019 (COVID-19) cases and exhibited
strong immune escape from 2-mRNA vaccine dose-induced im-
munity that was recovered by a booster mRNA vaccine adminis-
tration.”®'* In addition, the BA.1 subvariant exhibited reduced
cell-cell fusogenicity, impaired replication in lower airway epithe-
lial cells and lung-derived Calu-3 cells, as well as reduced plasma
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membrane entry through transmembrane protease serine 2
(TMPRSS2)."*?° These features correlated with reduced replica-
tion capacity of Omicron in lung tissues, enhanced nasopharyn-
geal tropism, and decreased pathogenicity in vivo.'®18:20-22
Importantly, these characteristics were largely maintained by
subsequent Omicron subvariants.

The BA.2 subvariant overtook BA.1 due to its slightly
enhanced transmissibility and immune evasion, with an ability
to reinfect individuals who were previously infected with
BA.1.7°%° From BA.2, several subvariants emerged in quick suc-
cession, often with concurrent circulations; these included the
BA.4 and BA.5 subvariants (bearing identical S proteins, referred
to as BA.4/5 hereafter) that next rose to dominance and
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exhibited further immune escape.*?°" In addition, BA.2 gave
rise to the BA.2.75 subvariant, which is currently increasing the
proportions of COVID-19 cases®® but does not exhibit as sub-
stantial immune escape compared with BA.4/5.%%°73° Notably,
the BA.4/5 and BA.2.75 subvariants have driven further diversifi-
cation of the circulating SARS-CoV-2, with the emergence of
several additional subvariants including the BA.4.6, BF.7,
BQ.1, and BQ.1.1 (derived from BA.4/5), as well as BA.2.75.2
(derived from BA.2.75). Additionally, these new subvariants are
currently increasing in frequency®?°° and may be the next major
dominant Omicron subvariant.

The extent of immune evasion and functional alterations to
the spike protein (S) in these emerging Omicron subvariants
currently remains unclear. To address this, we examine the
sensitivity of the BA.4.6, BF.7, BQ.1, BQ.1.1, and BA.2.75.2
subvariants to neutralization by serum from recipients of 3
mRNA vaccine doses, as well as COVID-19 patients infected
with the BA.1 or BA.4/5 variants. Additionally, we examined
the contribution of subvariant lineage-defining mutations to
neutralization escape. We observe strong neutralization resis-
tance in the BQ.1 and BQ.1.1 subvariants driven largely by their
N460K mutation, as well as in the BA.2.75.2 subvariant driven
largely by its F486S mutation. Notably, the F486S diminishes
BA.2.75.2 infectivity in Calu-3 cells. Finally, structural modeling
showed that the F486S mutation reduces binding affinity for
both the angiotensin-converting enzyme 2 (ACE2) receptor
and class | and Il antibodies, whereas the R346T and K444T
mutations are likely responsible for evasion of class Ill antibody
recognition.

RESULTS

New Omicron subvariants exhibit similarly increased
infectivity in HEK293T-ACE2 cells but comparably
decreased infectivity in Calu-3 cells

Derived from the BA.4/5 subvariant, BF.7 acquires an additional
R346T mutation, whereas BA.4.6 and BQ.1 contain R346T/
N658S mutations and K444T/N460K mutations, respectively;
BQ.1.1 also bears an additional R346T mutation compared
with BQ.1 (Figure 1A). The BA.2.75.2 subvariant acquires
R346T, F486S, and D1199N mutations in contrast to BA.2.75
(Figure 1A). These mutations, particularly those on the recep-
tor-binding domain (RBD), have caused increasing concern
over further immune escape.®’

We first examined the infectivity of these subvariants, along
with the individual mutants and D614G by producing lentivirus
pseudotyped with S from each of the critical S constructs
(Figures 1B-1G). All Omicron subvariant-pseudotyped viruses
exhibited modestly enhanced infectivity in HEK293T-ACE2 cells
over the D614G variant with the exception of BA.2.75.2 (Fig-
ure 1B). Additionally, all Omicron subvariants exhibited compa-
rably poor infectivity in lung-derived Calu-3 cells (Figure 1C)
compared with D614G, consistent with prior Omicron subvar-
iants and the weak lung tropism observed for Omicron.'® '8
We found that these panels of mutants also exhibited similar
infectivity compared with their parental BA.4/5 or BA.2.75 vari-
ants in HEK293T-ACE2 cells (Figures 1D and 1E) and Calu-3
cells (Figures 1F and 1G), although F486S-containing/BA.2.75-
derived mutants, including the triple mutant R346T-F486S-
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D1199N (i.e., BA.2.75.2), had reduced titers in Calu-3 cells rela-
tive to the parental BA.2.75 (Figure 1G).

BQ.1, BQ.1.1, and BA.2.75.2 exhibit potent
neutralization resistance to vaccine- and infection-
induced sera

Using our previously reported pseudotyped lentivirus neutraliza-
tion assay,>® we first examined the resistance of these emerging
Omicron subvariants to sera from healthcare workers (HCWs)
collected 2-13 weeks after vaccination with a homologous
booster dose of monovalent Moderna mRNA-1273 (n = 3) or
Pfizer/BioNTech BNT162b2 vaccine (n = 12). Compared with
D614G, the BA.4.6, BF.7, BQ.1, and BQ.1.1 subvariants ex-
hibited a 10.6-fold (p < 0.0001), 11.0-fold (p < 0.0001), 18.7-
fold (p < 0.0001), and 22.9-fold (p < 0.0001) higher neutralization
resistance, respectively, whereas BA.4/5 exhibited an 8.7-fold
(p < 0.0001) higher neutralization resistance (Figures 2A and
S1A). Similarly, compared with D614G, the BA.2.75.2 subvariant
exhibited a 48.4-fold (p < 0.0001) higher neutralization resis-
tance, whereas BA.2.75 exhibited a 4.4-fold (p < 0.0001) higher
neutralization resistance (Figure 2A). These data indicate further
neutralization escape in emerging Omicron subvariants, with
BA.Q.1, BA.Q.1.1, and BA.2.75.2, especially the latter, showing
the most substantial neutralization resistance.

We also examined the resistance of these Omicron subvar-
iants to neutralization by sera from hospitalized COVID-19 pa-
tients (n = 15) infected during the BA.1 wave of the pandemic.
These include 6 unvaccinated patients, 5 patients vaccinated
with 2 doses of Pfizer/BioNTech BNT162b2 or Moderna
mRNA-1273, and 4 patients with 3 doses of Pfizer/BioNTech
BNT162b2. BA.1-wave patient sera exhibited a similar pattern
with the BA.4.6, BF.7, BQ.1, BQ.1.1, and BA.2.75.2 subvariants
exhibiting the strongest immune evasion, with neutralization
resistance 3.5-fold (p > 0.05), 3.2-fold (p < 0.05), 5.3-fold
(p < 0.01), 5.0-fold (p < 0.05), and 6.3-fold (p < 0.01) higher
than D614G, respectively (Figures 2B and S1B). As would be ex-
pected, BA.1 patient sera neutralized BA.2 with a higher effi-
ciency compared with these BA.2-derived subvariants
(Figures 2B and S1B).

To determine the breadth of immunity from individuals in-
fected with more recent Omicron subvariants, we next examined
sera from Columbus, Ohio first responders, and household con-
tacts testing positive for COVID-19 during the BA.4/5 wave of the
pandemic, with 11 of 20 subjects having the infecting variant
confirmed by sequencing. Compared with D614G, the BA.4.6,
BF.7, BQ.1, and BQ.1.1 subvariants exhibited a 3.9-fold
(p < 0.0001), 4.4-fold (p < 0.0001), 10.4-fold (p < 0.0001), and
10.7-fold (p < 0.0001) higher neutralization resistance, respec-
tively, whereas BA.4/5 exhibited a 3.7-fold (p < 0.0001) higher
neutralization resistance than D614G (Figures 2C and S1C).
Additionally, compared with D614G, the BA.2.75.2 subvariant
exhibited a 10.6-fold (p < 0.0001) higher neutralization resis-
tance, whereas BA.2.75 showed a 3.4-fold (p < 0.0001) higher
neutralization resistance (Figure 2C). Interestingly, BA.2 ex-
hibited less resistance to sera from BA.4/5-wave infected
patients than BA.4/5, with 2.1-fold reduced neutralization sensi-
tivity compared with D614G (p < 0.01) (Figures 2C and S1C).
Similar trends were observed for both BA.1-wave and BA.4/5-
wave patients, regardless of the vaccination status (Figure S2).
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Together, these results showed that BQ.1, BQ.1.1, and
BA.2.75.2 are strongly resistant to neutralization by sera from
subjects infected with the recently dominant BA.4/5 variant.

The N460K mutation is most critical for the enhanced
neutralization resistance of BA.4.6, BF.7, BQ.1,

and BQ.1.1

We further examined the amino acid residues critical for the
neutralization resistance to sera from HCWs, BA.1 infection,
and BA.4/5-infected individuals. Compared with the parental
BA.4/5 subvariant, introduction of the N460K mutation reduced
neutralization sensitivity by an additional 2.6-fold (p < 0.0001),
with a similar 2.8-fold (p < 0.0001) reduction for the R346T/
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Calu-3

Calu-3

¢? CellPress

Figure 1. Omicron subvariant-defining mu-
tations and their impacts on pseudotyped
viral infectivity in HEK293T-ACE2 and
Calu-3 cells

(A) Displayed is a schematic of SARS-CoV-2 Om-
icron subvariant evolution indicating the mutations
acquired by the BA.4.6, BF.7, BQ.1, BQ.1.1, and
BA.2.75.2 subvariants.

(B and C) Infectivity of lentivirus pseudotyped with
the indicated Omicron subvariant S constructs in
HEK293T-ACE2 cells (B) (n = 3) or in Calu-3 cells
(C) (n = 3). Bars represent means + standard error.
Significance relative to D614G was determined by
one-way ANOVA with Bonferroni’s multiple testing
correction. p values are represented as ns for p >
0.05, *p < 0.05, and ****p < 0.0001.

(D-G) Infectivity of lentivirus pseudotyped with the
indicated BA.4/5-derived mutant S constructs (D
and F) (n = 3) or BA.2.75-derived mutant S con-
structs (E and G) (n = 3) in HEK293T-ACE2 or
Calu-3 cells. Bars represent means + standard
error. Significance relative to BA.4/5 or BA.2.75
was determined by one-way ANOVA with Bonfer-
roni’s multiple testing correction. p values are
represented as ns for p > 0.05, *p < 0.05,
**p < 0.01, **p < 0.001, and ****p < 0.0001.
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N460K double mutant (Figure 3A). Consis-
tent with this finding, the N460K-bearing
subvariants BQ.1 and BQ.1.1 showed
the strongest neutralization resistance
with a 2.1-fold (p < 0.01) and 2.6-fold
(p < 0.01) reduction in neutralization sensi-
tivity compared with BA.4/5 (Figures 3A
and S3A). Although not significant, two
other individual mutations, R346T and
K444T, were associated with a milder
1.3-fold (p = 0.0782) and 1.4-fold (p =
0.1886) reduction in neutralization sensi-
tivity, respectively (Figure 3A). Of note,
the N658S mutation did not appear to be
strongly associated with neutralization
resistance (Figure S3A), with a 1.1-fold
(p > 0.05) reduction compared with the
parental BA.4/5 (Figure 3A).

We next examined the determinants of
resistance of these Omicron subvariant
mutants to neutralization by sera from hospitalized COVID-19
patients infected during the BA.1 wave of the pandemic. In addi-
tion, we tested sera from Columbus, Ohio first responders, and
household contacts testing positive for COVID-19 during the
BA.4/5 wave of the pandemic. We found that N460K and
R346T/N460K mutations in the context of BA.4/5 reduced
neutralization sensitivity to BA.1 sera 2.2-fold (p < 0.01) and
4.9-fold (p < 0.05), respectively (Figures 3B and S3B) and to
BA.4/5 sera 1.7-fold (p < 0.01) and 1.8-fold (p < 0.01), respec-
tively (Figures 3C and S3C). Notably, two BA.4/5-wave patients
(BA.4/5_P5 and BA.4/5_P17) and one BA.1-wave patient
(BA.1_P11) exhibited starkly reduced neutralization of K444T
containing mutants, indicating the K444T mutation may be
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Figure 2. Omicron subvariants, especially BQ.1, BQ.1.1, and
BA.2.75.2, exhibit strong neutralization resistance

Neutralizing antibody titers were determined against lentivirus pseudo-
typed with S from the Omicron subvariants and ancestral D614G variant
for sera from health care workers (HCWs) (n = 15) who received a single
homologous monovalent Moderna mRNA-1273 (n = 3) or Pfizer/BioNTech
BNT162b2 (n = 12) mRNA booster vaccination (A); for sera from BA.1-
wave hospitalized COVID-19 patients (n = 15) (B); or for sera from BA.4/5-
wave SARS-CoV-2 infected Columbus, Ohio first responders and house-
hold contacts (n = 20) (C). Bars represent geometric means with 95%
confidence intervals. Geometric means are displayed at the top of the
plots. Significance relative to D614G was determined by one-way
repeated measures ANOVA with Bonferroni’s multiple testing correction.
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critical for evading the neutralizing antibody response for a sub-
set of Omicron-infected patients (Figures S3B and S3C).
Together with the results from HCWs, we concluded that the
N460K mutation, and to a lesser extent, R346T, K444T, and
N658S are critical for the enhanced resistance of the BQ.1 and
BQ.1.1 subvariants.

The F486S mutation drives the enhanced neutralization
resistance of BA.2.75.2

We also interrogated the critical amino acid residues responsible
for the substantially enhanced nAb resistance of the BA.2.75.2
subvariant to sera from the same cohorts of HCWs, BA.1-wave
patients, as well as BA.5-infected individuals mentioned above.
We found that introduction of the F486S, R346T/F486S, or
F486S/D1199N mutations to the parental BA.2.75 reduced
neutralization sensitivity to HCW sera 5.2-fold (p < 0.0001),
12.8-fold (p < 0.0001), 4.8-fold (p < 0.0001), respectively; these
were in comparison with the 10.9-fold (p < 0.0001) reduction
seen for the BA.2.75.2 subvariant which contains all three muta-
tions, i.e., R346T, F486S, and D1199N (Figure 3D). Notably,
introduction of the R346T, D1199N, or R346T/D1199N resulted
in only a 1.4-fold (p = 0.1074), 1.3-fold (p > 0.05), and 1.5-fold
(p < 0.05) reduction in neutralization sensitivity, respectively
(Figures 3D and S3D), indicating that R346T and D1199N muta-
tions play less important roles compared with F486S in confer-
ring the neutralization resistance. We noted that R346T/F486S
double mutations reduced neutralization sensitivity to BA.1
wave patient sera 4.0-fold (p < 0.01) (Figures 3E and 3E),
although the F486S mutation alone only conferred a 1.5-fold
(p = 0.3698) reduction in neutralization sensitivity for this cohort
(Figure 3E). Importantly, introduction of the R346T/F486S
mutations into BA.2.75 reduced neutralization sensitivity to
BA.4/5-infected patient sera 2.8-fold (p < 0.01) (Figures 3F and
S3F). Overall, these results indicated that the F486S mutation
in BA.2.75.2 is the major driver of enhanced nAb resistance,
for both sera from HCWs and COVID-positive patients.

Structural modeling reveals mechanism of mutation-
mediated antibody evasion

To further understand the functional impact of the mutations in
these Omicron subvariants, we performed homology
modeling-based structural analyses. Neutralizing antibodies tar-
geting the SARS-CoV-2 S protein can largely be divided into four
classes based on the region of the receptor-binding domain
(RBD) targeted by the antibodies.***° Specifically, class | anti-
bodies target RBDs in the “up” conformation, class Il and class
Il antibodies target RBDs in either their up or “down” conforma-
tion, and class IV antibodies generally fail to block interactions
with ACE2.%° Notably, R346 and K444 are located outside of
SARS-CoV-2 receptor-binding motif (RBM) and are within the
epitope of class Il neutralizing antibodies. Structural analysis
indicated an interference of antibody recognition introduced by
R346T (Figure 4A) and K444T (Figure 4B), where hydrogen bonds
and salt-bridge can be abolished. In contrast, F486 is located
within the RBM and is a key residue for binding to both the
ACE2 receptor and to neutralizing antibodies; F486 interacts

p values are displayed as ns for p > 0.05, *p < 0.05, **p < 0.01, and
****p < 0.0001.
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hydrophobically with M82 and Y83 on ACE2 and residues on
antibody complementarity-determining regions region, whereas
the F486S mutation negatively impacts the interaction with ACE2
(Figure 4C), as well as the recognition by some monoclonal anti-
bodies in the class | and Il categories (Figure 4D). Further struc-
tural analysis showed that residue D1199 is located in the heptad
repeat 2 (HR2) region on a solvent-accessible surface close to
the transmembrane domain or membrane (Figure 4E). Electro-
static surface potential (Figure 4E inset) of this region reveals a
strong negative surface charge, which repulses the negatively
charged membrane and could help keep the spike in an up-right
position. However, the D1199N mutation in the S2 subunit would
reduce the electrostatic repulsion, resulting in a more tilted spike
and may impact receptor utilization. These analyses provided
molecular mechanisms of mutation-mediated antibody evasion
and alteration in receptor utilization by the BQ.1, BQ.1.1,
BA.4.6, BF.7, and BA.2.75.2 subvariants.

DISCUSSION

We examined the neutralization resistance of the emerging
BA.4.6,BF.7,BQ.1,BQ.1.1,and BA.2.75.2 Omicron subvariants,
as well as the impact on neutralization resistance of their lineage-
defining mutations. All of these subvariants exhibit some degree
of enhanced neutralization resistance over their parental BA.4/5
or BA.2.75.2 subvariants, with BQ.1, BQ.1.1, and BA.2.75.2 ex-

cally, we find that the neutralization resis-

tance of BQ.1 and BQ.1.1 is driven largely
by their NA60K mutation, whereas the neutralization resistance
of the BA.2.75.2 subvariant is determined by the F486S muta-
tion. Our previous structural modeling analyses have shown
that the N460K mutation present in BA.2.75 may potentiate
ACE2 interactions,® thus introduction of the N460K mutation
into the BA.4/5-derived subvariants may contribute to enhanced
cell-cell fusion and neutralization resistance. Our new structural
modeling and additional analyses in this work revealed crucial
roles of residues R346, K444, and F486 in antibody recognition,
as well as the potential mechanisms of immune evasion through
R346T, K444T, and F486S mutations present in Omicron subvar-
iants. Notably, these mutations mediate resistance not only to
3-dose mMRNA vaccine-induced sera but also to BA.1- and
BA.4/5-infection-induced sera. We also found that BA.4/5-
wave patient sera exhibited weaker neutralization of BA.4/5
than of BA.2, which could be related to prior exposure to
SARS-CoV-2 variant antigen biasing patient neutralizing anti-
body response to BA.4/5 infection. In addition, conformational
alterations to the S protein have been demonstrated to alter
neutralization sensitivity.*'

It is well established that the Omicron subvariants exhibit
diminished TMPRSS2-mediated plasma membrane entry result-
ing in reduced infectivity in Calu-3 cells, although retaining
cathepsin-mediated endosomal entry capacity allowing robust
entry in HEK293T-ACE2 cells.'®"'"?° This altered preference of
entry route has been shown to be associated with the reduced
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Figure 4. Homology modeling-based structural analyses of mutations essential for nAb resistance and fusogenicity
(A and B) Structures of spike-antibody binding interface shown as ribbons. Spike recognition of class Il neutralizing antibodies C1365 (A) and SW186 (B) are
interfered by R346T and K444T mutations, where multiple hydrogen bonds and salt-bridge (shown as yellow dot lines) are abolished.
(C) Structure of spike-ACE2 binding interface shown as ribbon. F486 interacts hydrophobically with M82 and Y83 on ACE2, whereas F486S impedes this

interaction.

(D) Structure of class | antibody (AZD8895) recognition focusing on residue F486, with multiple antibody residues forming a surrounding hydrophobic cage. The

F486S mutation abolishes this interaction.

(E) Structural model of HR2 region of SARS-CoV-2 S. Inset: electrostatic surface potential of HR2 membrane proximal region. D1199 contributes to the overall

negative charge of this region.

lung tropism and reduced pathogenicity of the Omicron subvar-
iants.'®718:20 Here, we show that the emerging Omicron sub-
variants BA.4.6, BF.7, BQ.1, BQ.1.1, and BA.2.75.2 retain this
diminished infectivity in Calu-3 cells, but noticeably, the F486S
mutation resulted in further diminished infectivity in Calu-3 cells.
If this reduced infectivity in Calu-3 cell remains correlated with
reduced lung tropism, the F486S mutation would induce further
reduced pathogenicity of SARS-CoV-2. However, we have pre-
viously found increased syncytia formation capacity in several
Omicron subvariants including BA.4/5, BA.2.75, BQ.1, BQ.1.1,
and BA.2.75.2 compared with their ancestral Omicron
strains.>** This may indicate a continuing shift toward more
efficient TMPRSS2 utilization to allow for plasma membrane-
mediated fusion. A thorough investigation of the entry route
preferences and in vivo pathogenicity of emerging Omicron sub-
variants is warranted.

The perpetual emergence of SARS-CoV-2 variants with
enhanced immune escape continues to threaten public health.
Monitoring the immune escape of emerging variants will be critical
to improving mRNA vaccine reformulation, assessing new broader
coronavirus vaccine candidates, as well as directing ongoing pub-
lic health measures. Further, emerging variants, especially those
containing the N460K, F486S, R346T, and K444T mutations,
must be monitored closely for enhanced neutralization resistance.

14 Cell Host & Microbe 37, 9-17, January 11, 2023

Limitations of this work include the lack of experiments us-
ing authentic viruses for the neutralization assay; however,
prior reports from ours and other groups have confirmed
that results of pseudotyped viruses can faithfully reflect the
neutralization of infectious SARS-CoV-2 and variants.®®*°
Additionally, whether these subvariants, as well as associated
mutants, would use entry pathways distinct from the proto-
type Omicron and their parental lineages,®’ is unknown, which
will be determined in future studies. Finally, the impact of Om-
icron-defining mutations on ACE2 binding, as well as spike
conformational changes warrants further biochemical and
structural characterization.
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Data and code availability
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Samples and patient information

Sera samples were collected from HCWs at the Ohio State University Wexner Medical Center in Columbus, Ohio with approval from
an institutional review board*® (IRB 2020H0228, IRB 2020H0527, and IRB 2017H0292). These HCWSs samples were collected 2-
13 weeks after vaccination with a third homologous dose of the monovalent Moderna mRNA-1273 (n = 3) or Pfizer BioNTech
BNT162b2 (n = 12) vaccines. HCWs included 10 male and 5 female subjects with ages ranging from 26 to 61 (median 33).

Sera from BA.1-wave COVID-19 patients hospitalized in Columbus, Ohio were collected with approval from an IRB (IRB
2020H0527). The patient samples were collected 1-7 days after hospitalization with COVID-19. Hospitalizations occurred between
the end of January and the end of February of 2022, a BA.1 dominant period in Columbus, Ohio. Patients included 12 male and 3
female patients with ages ranging from 29 to 78 (median 57). Patients included 6 unvaccinated patients, 5 patients vaccinated
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with 2 doses of Pfizer/BioNTech BNT162b2 (n = 2) or Moderna mRNA-1273 (n = 3), and 4 patients vaccinated and boosted with
Pfizer/BioNTech BNT162b2.

Sera from BA.4/5-wave Columbus, Ohio first responders and household contacts who tested positive for SARS-CoV-2 infection
were collected with IRB approval (IRB 2020H0527, 2020H0531, and 2020H0240). 11 patient nasal swab samples were sequenced to
confirm infection with BA.4, BA.5, or derivative variants, with 4 patients infected with BA.4, 7 with BA.5, and 9 patients could not have
their variant determined. Of those who could not have the specific variant identified, their samples were collected between late July
and late September of 2022, a BA.4/5 dominant period based on CDC Ohio database. Except for one patient whose gender and age
are unknown, patients included 4 male and 15 female with ages ranging from 27 to 58 (median 44). Patients included 17 unvacci-
nated, and 3 vaccinated and boosted with Pfizer/BioNTech BNT162b2 (n = 1) or Moderna mRNA-1273 (n = 2).

Cell lines and maintenance

Human female embryonic kidney cell lines HEK293T (ATCC CRL-11268, RRID: CVCL_1926) and HEK293T cells stably expressing
human ACE2 (BEI NR-52511, RRID: CVCL_A7UK) were maintained in DMEM (Gibco, 11965-092) with 10% FBS (Sigma, F1051)
and 1% penicillin-streptomycin (HyClone, SV30010) added. Human male adenocarcinoma lung epithelial cell line Calu-3
(RRID:CVCL_0609) were maintained in EMEM (ATCC, 30-2003) with 10% FBS and 1% penicillin-streptomycin added. All cells
were passaged first by washing with Dulbecco’s phosphate buffered saline (Sigma, D5652-10X1L) then incubating in 0.05% Trypsin +
0.53 mM EDTA (Corning, 25-052-Cl) until cells were completely detached. Cells were maintained at 37°C and 5.0% CO, in 10 cm cell
culture dishes (Greiner Bio-one, 664160).

METHOD DETAILS

Plasmids

The pNL4-3 inGluc lentiviral vector has been reported on in our previous publications.*® Briefly, the vector is in the HIV-1 pNL4-3
backbone with a deletion of Env and an addition of a Gaussia luciferase reported gene that is expressed in target cells without pre-
mature expression in producer cells. The S variant constructs were cloned into the pcDNAS3.1 vector by GenScript Biotech (Piscat-
away, NJ) using restriction enzyme cloning by Kpn | and BamH |; alternatively, they were produced by PCR mutagenesis. The con-
structs bear FLAG tags on the N- and C-terminal ends. All constructs were confirmed by sequencing.

Pseudotyped lentivirus production and infectivity

Pseudotyped lentiviral vectors were produced as previously described.®® HEK293T cells were transfected with the pNL4-3-inGluc
and S constructs in a 2:1 ratio using polyethyleneimine transfection (Transporter 5 Transfection Reagent, Polysciences) in order
to generate viral particles. Virus was harvested 24, 48, and 72 hours post-transfection. Relative infectivity was determined by infec-
tion of HEK293T-ACE2 or Calu-3 cells and measurement of Gaussia luciferase activity 48 and 72 hours post-infection. Gaussia lucif-
erase activity was measured by combining equal volumes of cell culture media and Gaussia luciferase substrate (0.1 M Tris pH 7.4,
0.3 M sodium ascorbate, 10 uM coelenterazine) with luminescence measured immediately by a BioTek Cytation5 plate reader.

Lentivirus neutralization assay

Neutralization assays with pseudotyped lentiviral vectors were performed as described previously.*®* HCW and COVID-19 patient
samples were 4-fold serially diluted and equal amounts of SARS-CoV-2 pseudotyped virus were added to the diluted sera. Final di-
lutions were 1:80, 1:320, 1:1280, 1:5120, 1:20480, and no serum control. The virus and sera mixture was incubated for 1 hour at 37°C
then added to HEK293T-ACE2 cells to allow for infection. Gaussia luciferase activity was measured at 48 and 72 hours post-infection
by combining equal volumes of cell culture media and Gaussia luciferase substrate with luminescence measured immediately by a
BioTek Cytation5 plate reader. The 50% neutralization titers (NTsg) were determined by least-squares-fit, non-linear regression in
GraphPad Prism 9 (San Diego, CA).

Structural modeling and analysis

Homology modeling of Omicron spike protein complexes with either ACE2 receptor or neutralizing antibodies was performed on
SWISS-MODEL server with published X-ray crystallography and cryo-EM structures as templates (PDB: 7K8Z, 8DT3, 7XBO,
7L7D, 2FXP). Molecular contacts of Omicron mutants were examined and illustrated with the programs PyMOL.

QUANTIFICATION AND STATISTICAL ANALYSIS

NTso values were determined by least-squares-fit, non-linear-regression in GraphPad Prism 9 (San Diego, CA). NTso values were
log1o transformed for hypothesis testing to better approximate normality, and multiplicity was addressed by the use of Bonferroni
corrections. The statistical analysis was performed using GraphPad Prism 9 and are referenced in the figure legends, including
one-way ANOVA (Figures 1B-1G), one-way repeated measures ANOVA (Figures 2A-2C, 3A-3F, S2A, and S2B), and two-way
repeated measures ANOVA (Figures S2A and S2B) for significance analysis between vaccination status.
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Figure S1: Omicron subvariants display enhanced immune escape, related to Figure 2.
(A-C) Neutralizing antibody tiers against Omicron subvariants and ancestral D614G are
displayed as heat maps for sera from health care workers (HCWs, “H#”) (n = 15) who received
a single homologous monovalent Moderna mRNA-1273 (n = 3) or Pfizer/BioNTech BNT162b2
(n = 12) mRNA booster vaccination (A); for sera from BA.1-wave hospitalized COVID-19
patients (“BA.1_P#”) (n = 15) (B), and for sera from BA.4/5-wave SARS-CoV-2 infected
Columbus, Ohio first responders and household contacts (“BA.4/5_P#") (n = 20) (C).
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(A) NTso data from Fig. 2B is plotted by vaccination status with unvaccinated (n = 6), 2-dose (n
= 5), and 3-dose (n = 4) individuals. (B) NTsq data from Fig. 1C is plotted by vaccination
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and significance was determined by one-way repeated measures ANOVA or two-way repeated
measures ANOVA with Bonferroni’'s multiple testing correction. p-values are represented as
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Figure S3: BA.4/5- and BA.2.75-derived mutants display distinct immune escapes,

related to Figure 3.

(A-F) Neutralizing antibody tiers against BA.4/5-derived (A, B and C) or BA.2.75-derived (D, E
and F) mutants are displayed as heat maps for sera from health care workers (HCWs, “H#”) (n
= 15) who received a single homologous monovalent Moderna mRNA-1273 (n = 3) or
Pfizer/BioNTech BNT162b2 (n = 12) mRNA booster vaccination (A, D); for sera from BA.1-
wave hospitalized COVID-19 patients (“BA.1_P#”) (n = 15) (B, E), and for sera from BA.4/5-
wave SARS-CoV-2 infected Columbus, Ohio first responders and household contacts
(“BA.4/5_P#”) (n = 20) (C and F).

Figure S3



	CHOM2825_proof_v31i1.pdf
	Enhanced neutralization resistance of SARS-CoV-2 Omicron subvariants BQ.1, BQ.1.1, BA.4.6, BF.7, and BA.2.75.2
	Introduction
	Results
	New Omicron subvariants exhibit similarly increased infectivity in HEK293T-ACE2 cells but comparably decreased infectivity  ...
	BQ.1, BQ.1.1, and BA.2.75.2 exhibit potent neutralization resistance to vaccine- and infection-induced sera
	The N460K mutation is most critical for the enhanced neutralization resistance of BA.4.6, BF.7, BQ.1, and BQ.1.1
	The F486S mutation drives the enhanced neutralization resistance of BA.2.75.2
	Structural modeling reveals mechanism of mutation-mediated antibody evasion

	Discussion
	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Samples and patient information
	Cell lines and maintenance

	Method details
	Plasmids
	Pseudotyped lentivirus production and infectivity
	Lentivirus neutralization assay
	Structural modeling and analysis

	Quantification and statistical analysis




