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SUMMARY
The BQ and XBB subvariants of SARS-CoV-2 Omicron are now rapidly expanding, possibly due to altered
antibody evasion properties deriving from their additional spikemutations. Here, we report that neutralization
of BQ.1, BQ.1.1, XBB, and XBB.1 by sera from vaccinees and infected persons was markedly impaired,
including sera from individuals boosted with a WA1/BA.5 bivalent mRNA vaccine. Titers against BQ and
XBB subvariants were lower by 13- to 81-fold and 66- to 155-fold, respectively, far beyond what had been
observed to date. Monoclonal antibodies capable of neutralizing the original Omicron variant were largely
inactive against these new subvariants, and the responsible individual spikemutationswere identified. These
subvariants were found to have similar ACE2-binding affinities as their predecessors. Together, our findings
indicate that BQ and XBB subvariants present serious threats to current COVID-19 vaccines, render inactive
all authorized antibodies, and may have gained dominance in the population because of their advantage in
evading antibodies.
INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic, caused

by severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2), continues to rage due to emergence of the Omicron

variant and its descendant subvariants.1–10 Although the BA.5

subvariant is globally dominant at this time (Figure 1A), a

diverse array of Omicron sublineages have arisen and are

competing in the so-called ‘‘variant soup’’.11 It has become

apparent that four new subvariants are rapidly gaining ground

on BA.5, raising the specter of yet another wave of infections

in the coming months. BQ.1 and BQ.1.1 were first identified

in Nigeria in early July and then expanded dramatically in

Europe and North America, now accounting for 67%, 35%,

and 47% of cases in France, the United Kingdom, and the

United States, respectively (Figure 1A). XBB and XBB.1 were

first identified in India in mid-August and quickly became pre-

dominant in India, Singapore, and other regions in Asia (Fig-

ure 1A). BQ.1 and BQ.1.1 evolved from BA.5, whereas XBB
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and XBB.1 resulted from a recombination between two BA.2

lineages, BJ.1 and BA.2.75 (Figure 1B). These two sublineages

are continuing to evolve and diversify, with an ever-increasing

complexity of spike mutations. However, the spike protein of

the predominant BQ.1 subvariant harbors the K444T and

N460K mutations in addition to those found in BA.5, with

BQ.1.1 having an additional R346T mutation (Figures 1C and

S1). Strikingly, the spike of the predominant XBB subvariant

has 14 mutations in addition to those found in BA.2, including

5 in the N-terminal domain (NTD) and 9 in the receptor-binding

domain (RBD), whereas XBB.1 has an additional G252V muta-

tion (Figures 1C and S1). The rapid rise of these subvariants

and their extensive array of spike mutations are reminiscent

of the appearance of the first Omicron variant last year, thus

raising concerns that they may further compromise the efficacy

of current COVID-19 vaccines and monoclonal antibody (mAb)

therapeutics. We now report findings that indicate that such

concerns are, sadly, justified, especially so for the XBB and

XBB.1 subvariants.
anuary 19, 2023 ª 2022 The Author(s). Published by Elsevier Inc. 1
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. The rise of SARS-CoV-2 Omicron BQ.1, BQ.1.1, XBB, and XBB.1 subvariants

(A) Frequencies of Omicron subvariants from the Global Initiative on Sharing All Influenza Data (GISAID). Variants were designated according to their Pango

dynamic lineage classification.12 Minor sublineages of each subvariant were grouped together with their parental variant. The values in the upper left corner of

each box denote the cumulative number of sequences for all circulating viruses in the denoted time period.

(B) Unrooted phylogenetic tree of Omicron subvariants along with other main SARS-CoV-2 variants. The scale bar indicates the genetic distance.

(C) Key spike mutations found in XBB and XBB.1 in the background of BA.2 and in BQ.1 and BQ.1.1 in the background of BA.4/5. Del, deletion. The positions of

these mutations on the spike trimer are shown in Figure S1.
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RESULTS

Neutralization by polyclonal sera
To understand if BQ.1, BQ.1.1, XBB, and XBB.1 have stronger

resistance to serum antibodies, we first set out to evaluate the

neutralization of these four new subvariants by sera from five

different clinical cohorts. These results are summarized in Fig-

ure 2. The five clinical cohorts included individuals who received

three or four doses of one of the original COVID-19 mRNA vac-

cines (termed ‘‘3 shots wild type [WT]’’ or ‘‘4 shots WT’’, respec-

tively), those who received one of the recently authorized biva-

lent (WT and BA.5) COVID-19 mRNA vaccines as a fourth shot

after three doses of one of the original COVID-19 mRNA vac-

cines (termed ‘‘3 shots WT + bivalent’’), and patients who had

BA.2 and BA.4 or BA.5 breakthrough infection after vaccination

(termed ‘‘BA.2 breakthrough’’ and ‘‘BA.4/5 breakthrough’’,

respectively). Their relevant clinical information is summarized

in Table S1. Consistent with previous findings,2,3,6 BA.2 and

BA.4/5 showed stronger evasion to serum neutralization relative

to the ancestral strain D614G across all five cohorts (Figure 2A).

The geometric mean 50% inhibitory dose (ID50) titers against

BA.2 and BA.4/5 decreased 2.9- to 7.8-fold and 3.7- to

14-fold, respectively, compared to that against D614G. Alarm-

ingly, in the ‘‘3 shots WT’’ cohort, neutralization titers were far

lower against BQ.1, BQ.1.1, XBB, and XBB.1, with reductions

of >37-fold to >71-fold compared to D614G. Moreover, although

all sera had detectable titers against BA.2 and BA.4/5, a majority

of samples did not neutralize the new subvariants at the lowest
2 Cell 186, 1–8, January 19, 2023
dilution (1:100) of serum tested. A similar trend was also noted

in the other four cohorts, with the lowest titers observed against

XBB.1, followed by XBB, BQ.1.1, and BQ.1. The geometric mean

neutralization titers of sera from the ‘‘BA.4/5 breakthrough’’ and

‘‘BA.2 breakthrough’’ cohorts were noticeably higher, indicating

that SARS-CoV-2 breakthrough infection induced better anti-

body responses than vaccination among these samples.

We then utilized the serum neutralization results to construct

an antigenic map to depict the antigenic distances among

D614G and the Omicron subvariants13,14 (Figure 2B). The result-

ing map shows that BQ.1.1 has drifted away from BA.4/5 anti-

genically as much as the latter has from the ancestral D614G.

With each antigenic unit equaling a 2-fold difference in virus

neutralization, BQ.1.1 is approximately 6-fold more resistant to

serum neutralization than its predecessor BA.5. On the other

hand, it is clear that XBB.1 is the most antigenically distinct of

the Omicron subvariants. The large number of antigenic units

that separates XBB.1 and BA.2 suggests that this new subvar-

iant is �63-fold more resistant to serum neutralization than its

predecessor, or �49-fold more resistant than BA.4/5. The

impact of this antigenic shift on vaccine efficacy is particularly

concerning.

Neutralization by monoclonal antibodies
To understand the types of serum antibodies that lost neutral-

izing activity against BQ.1, BQ.1.1, XBB, and XBB.1, we con-

structed pseudoviruses for each subvariant, as well as for each

individual mutation found in the subvariants, and then evaluated
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Figure 2. Serum neutralization of Omicron subvariants BQ.1, BQ.1.1, XBB, and XBB.1

(A) Neutralization of pseudotyped D614G and Omicron subvariants by sera from five different clinical cohorts, with their clinical information summarized in

Table S1. The limit of detection is 100 (dotted line). Error bars represent geometric mean ± geometric SD. Values above the symbols denote the geometric mean

ID50 values, and values beneath the symbols denote the numbers of samples that lost neutralization activity. Values on the lower left show the sample size (n) for

each group. The fold reduction in geometric mean ID50 value for each variant compared to D614G is also shown above the symbols. Comparisons were made by

two-tailed Wilcoxon matched-pairs signed-rank tests. ***p < 0.001; ****p < 0.0001.

(B) Antigenic map based on the serum neutralization data from (A). Virus positions are represented by closed circles whereas serum positions are shown as open

squares. Sera are colored by group. Both axes represent antigenic distance with one antigenic distance unit (AU) in any direction corresponding to a 2-fold

change in neutralization ID50 titer.

See also Table S1 and Figure S3.
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their susceptibility to neutralization by a panel of 23mAbs target-

ing various epitopes on the spike (Figure 3A). These mAbs were

chosen because they had appreciable activity against the initial

Omicron variant. Among these antibodies, 20 were directed to

the class 1 to class 4 epitope clusters on the RBD:15

S2K146,16 Omi-3,17 Omi-18,17 BD-515,18 XGv051,19 XGv347,20

ZCB11,21 COV2-2196 (tixagevimab),22 LY-CoV1404 (bebtelovi-

mab, authorized to treat COVID-19),23 XGv289,20 XGv264,19

S309 (sotrovimab),24 P2G3,25 SP1-77,26 BD55-5840,27

XGv282,20 BD-804,28 35B5,29 COV2-2130 (cilgavimab),22 and

10-40.30 The other three were non-RBDmAbs, with C152031 tar-

geting the NTD, C171731 targeting NTD-SD2, and S3H332 target-

ing SD1. We also included the clinical mAb combination of

COV2-2196 and COV2-2130, marketed as Evusheld for the pre-

vention of SARS-CoV-2 infection. Their neutralization IC50 values

are presented in the Figure S2 and their fold changes in IC50

compared to BA.4/5 or BA.2 are shown in Figure 3B. BQ.1 and

BQ.1.1 were greatly or completely resistant to all RBD class 1

and class 3 mAbs tested as well as to one RBD class 2 mAb

(XGv051), a class 4 mAb (10-40), and an NTD-SD2 mAb

(C1717). The loss of neutralizing activity of NTD-SD2 and RBD

class 1 mAbs was due to the N460K mutation, whereas the
impairment in the potency of RBD class 3 mAbs resulted from

both the R346T and K444T mutations. As BQ.1.1 has one

more mutation (R346T) than BQ.1, it exhibited stronger antibody

evasion to the class 3 RBDmAbs than BQ.1. It is also noteworthy

that BQ.1.1, XBB, and XBB.1 share R346T and N460K,

showing evolutionary convergence to avoiding antibodies

directed to these spike regions. Importantly, clinically authorized

LY-CoV1404 (bebtelovimab) and Evusheld were inactive against

BQ.1 or BQ.1.1.

Against XBB and XBB.1, 19 of 23 mAbs lost neutralizing

activity greatly or completely. Only C1717, S3H3, S309 (sotro-

vimab), and 10-40 showed relatively little fold change in

neutralizing activity against these two subvariants relative to

BA.2, although we note that these mAbs, with the exception

of S3H3, had already lost significant activity against BA.2 rela-

tive to D614G (Figure S2). The Q183E mutation contributed to

the activity loss of C1520; N460K and F486S accounted for

the resistance to the RBD class 1 and class 2 mAbs; and

R346T, V455P, G446S, and F490S contributed to the resis-

tance to the RBD class 3 mAbs. Again, the clinically authorized

LY-CoV1404 (bebtelovimab) and Evusheld could not neutralize

XBB or XBB.1.
Cell 186, 1–8, January 19, 2023 3
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Figure 3. Resistance of Omicron subvariants to monoclonal antibody neutralization

(A) Footprints of NTD- and RBD-directed antibodies tested are outlined, and mutations within BQ.1, BQ.1.1, XBB, and XBB.1 are highlighted in red.

(B) The fold changes in neutralization IC50 values of BQ.1, BQ.1.1, XBB, XBB.1, and the individual mutants compared with BA.4/5 or BA.2, with resistance colored

red and sensitization colored green. The raw IC50 values are shown in Figure S2.

See also Figure S2.
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Several aforementioned point mutants (R346T, N460K, and

F486S) had been observed in prior SARS-CoV-2 variants, and

their impact on mAb binding have been reported.2,4,5 We there-

fore conducted structural modeling to understand the impact of

the newly identified point mutants (Q183E, K444T, V445P, and

F490S) on the binding of select mAbs (Figure 4). The Q183E

mutation in XBB and XBB.1 disrupted the hydrogen bond that

residue A32 of mAb C1520 has with the spike and caused a ste-

ric clash with residue W91, likely abrogating the binding of this

mAb (Figure 4A). K444T, found in BQ.1 and BQ.1.1, impaired

the neutralization activities of most of the class 3 mAbs tested

(Figure 3B), probably because mutating lysine to threonine

made the side chain shorter and uncharged, which in turn would

impair the interactions of this residue with mAbs directed to this

site, as can be seen with SP1-77 and LY-CoV1404 (Figures 4B

and 4C). Similarly, the V445P substitution in XBB and XBB.1

could exert an equivalent effect as K444T, by causing steric

hindrance and/or disrupting a hydrogen bond with mAbs, result-

ing in the loss of antibody neutralization (Figures 4D and 4E).

Finally, F490S impaired the neutralizing activities of XGv282,

which can be accounted for by the abolition of a cation-p

interaction (Figure 4F).

Receptor affinity
Angiotensin converting enzyme 2 (ACE2) is the receptor respon-

sible for the entry of SARS-CoV-2 into target cells, and the
4 Cell 186, 1–8, January 19, 2023
binding affinity for this receptor may influence the transmissibility

of the virus. We generated the spike trimer proteins of BA.2,

BA.4/5, BQ.1, BQ.1.1, XBB, and XBB.1, and then tested their

binding affinities to human ACE2 (hACE2) using surface plasmon

resonance (SPR) (Figure 5). Our results showed that the viral re-

ceptor affinities of BQ.1 and BQ.1.1 spikes were comparable to

that of BA.4/5 spike, with equilbrium constant (KD) ranging from

0.56 nM to 0.62 nM. The binding affinities for hACE2 of XBB and

XBB.1 spikes exhibited a modest drop relative to that of BA.2

spike (KD of 2.00 and 2.06 nM versus 0.95 nM). These findings

suggested that the combination of mutations found in BQ.1

and BQ.1.1 did not alter the spike binding affinity to hACE2.

The modest loss in hACE2 affinity for XBB and XBB.1 spikes

may be due to F486S and R493Q mutations, which reside at

the top of the RBD where similar mutations, F486V and

R493Q, were previously observed in BA.4/5 to impair and

improve hACE2 binding, respectively.2 In XBB and XBB.1, the

serine rather than a valine may lower hACE2 binding, as has

been observed in a deep mutational scanning study.33 Overall,

these SPR measurements provide no evidence that the rise of

these new subvariants is due to a higher affinity for hACE2.

DISCUSSION

In summary, we have examined in detail the antibody resistance

profile and viral receptor binding affinity of SARS-CoV-2 Omicron
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Figure 4. Structural analysis of mutational effects on binding of mAbs

(A–F) Modeling of how (A) Q183E affects mAb C1520 neutralization, and how (B) and (C) K444T, (D) and (E) V445P, and (F) F490S affect RBD class 3 mAbs.

Interactions are shown as yellow dotted lines and clashes are indicated as red asterisks.
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BQ.1, BQ.1.1, XBB, and XBB.1 subvariants, which are rapidly

expandinggloballyandalreadypredominant regionally (Figure1A).

Ourdatademonstrate that thesenewsubvariantswerebarely sus-

ceptible to neutralization by sera from vaccinated individuals with

or without prior infection, including persons recently boosted with

thenewbivalent (WA1/BA.5)mRNAvaccines (Figure2).Theextent

of the antigenic drift or shift measured herein is comparable to the

antigenic leap made by the initial Omicron variant from its prede-

cessors one year ago. In fact, combining these results with our

prior findings on the serum neutralization of select sarbecovi-

ruses,34 there are indications that XBB and XBB.1 are now anti-

genically more distant than SARS-CoV or some sarbecoviruses

in animals (Figure S3). Therefore, it is alarming that these newly

emerged subvariants could further compromise the efficacy of

current COVID-19 vaccines and result in a surge of breakthrough

infections as well as re-infections. However, it is important to

emphasize that although infections may now be more likely,

COVID-19 vaccines have been shown to remain effective at pre-

venting hospitalization and severe disease even against Omi-

cron35–38 as well as possibly reducing the risk of post-acute

sequelae of COVID-19 (PASC or long COVID).39–41

We also showed that these new subvariants were completely

or partially resistant to neutralization by most mAbs
tested, including those with Emergency Use Authorization

(Figures 3B and S2). These findings helped to define the causes

behind the loss of serum neutralizing activity. BQ.1 and BQ.1.1

are largely pan-resistant to antibodies targeting the RBD class

1 and class 3 epitopes, whereas XBB and XBB.1 are pan-resis-

tant to antibodies targeting the RBD class 1, 2, and 3 epitopes.

These BQ and XBB sublineages have evolved additional

mutations that are seemingly ‘‘filling up the holes’’ that allow

a few mAbs to get through and neutralize their Omicron prede-

cessors. Interestingly, both sublineages have converged

on identical (R346T and N460K) or similar solutions (K444T

versus V445P and G446S) to enhance antibody evasion.

Furthermore, we have provided structural explanations for anti-

body resistance of various point mutants, including three that

were previously undescribed (Q183E, K444T, and V445P)

(Figure 4).

Perhaps the most important outcome of these mAb studies

is the clinical implication for the use of mAbs to treat or prevent

COVID-19. Previous SARS-CoV-2 variants have already

successively knocked out the use of clinically authorized

therapeutic antibodies (bamlanivimab, etesevimab, imdevi-

mab, casirivimab, tixagevimab, cilgavimab, and sotrovimab),

with bebtelovimab remaining as the only active mAb against
Cell 186, 1–8, January 19, 2023 5



Figure 5. Receptor binding affinities of Omicron subvariant spikes
Each spike was produced and purified as prefusion-stabilized trimers, and their binding to human ACE2 was measured by SPR.
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circulating SARS-CoV-2 strains.1–5,42 Unfortunately, both BQ

and XBB sublineages are now completely resistant to bebtelo-

vimab, leaving us with no authorized antibody for treatment

use. In addition, the combination of mAbs known as Evusheld

that is authorized for the prevention of COVID-19 is

also completely inactive against the new subvariants. This

poses a serious problem for millions of immunocompromised

individuals who do not respond robustly to COVID-19 vac-

cines. The urgent need to develop active mAbs for clinical

use is obvious.

Lastly, we found that the spikes of BQ and XBB subvariants

have similar binding affinities to hACE2 as the spikes of their pre-

decessors (Figure 5), suggesting that the recently observed

growth advantage for these novel subvariants is likely due to

some other factors. Foremost may be their extreme antibody

evasion properties, especially considering the extensive herd

immunity built up in the population over the last three years

from infections and vaccinations. BQ.1, BQ.1.1, XBB, and

XBB.1 subvariants exhibit far greater antibody resistance than

earlier variants, and they may fuel yet another surge of COVID-

19 infections. We have collectively chased after SARS-CoV-2

variants for over two years, and yet, the virus continues to evolve

and evade. This continuing challenge highlights the importance

of developing vaccine andmAb approaches that protect broadly

and anticipate the antigenic trajectory of SARS-CoV-2.
Limitations of the study
The work presented herein have all been conducted in vitro, and

although such studies for SARS-CoV-2 have been largely pre-

dictive of in vivo outcomes, efficacy of COVID-19 vaccines

against BQ and XBB sublineages will need to be assessed in
6 Cell 186, 1–8, January 19, 2023
clinical studies. In addition, we have not studied cellular immu-

nity to these new subvariants, which would be expected to

play a role in vaccine efficacy.
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Schäfer, A., Reidy, J.X., Trivette, A., Nargi, R.S., et al. (2020). Potently
Cell 186, 1–8, January 19, 2023 7

https://doi.org/10.1038/s41586-021-04388-0
https://doi.org/10.1038/s41586-022-05053-w
https://doi.org/10.1038/s41586-022-04594-4
https://doi.org/10.1038/s41586-022-04594-4
https://doi.org/10.1016/j.chom.2022.09.002
https://doi.org/10.1016/S1473-3099
https://doi.org/10.1038/s41586-022-04980-y
https://doi.org/10.1038/s41586-022-04980-y
http://refhub.elsevier.com/S0092-8674(22)01531-8/sref47
http://refhub.elsevier.com/S0092-8674(22)01531-8/sref47
http://refhub.elsevier.com/S0092-8674(22)01531-8/sref47
http://refhub.elsevier.com/S0092-8674(22)01531-8/sref47
https://doi.org/10.1038/s41586-022-05644-7
https://doi.org/10.1038/s41586-022-05644-7
https://doi.org/10.1056/NEJMc2212117
https://doi.org/10.1038/s41586-021-04389-z
https://doi.org/10.1038/s41586-021-04389-z
https://doi.org/10.1038/d41586-022-03445-6
https://doi.org/10.1038/d41586-022-03445-6
https://doi.org/10.1093/ve/veab064
https://doi.org/10.1126/science.1097211
https://doi.org/10.1101/2022.01.28.477987
https://doi.org/10.1038/s41586-020-2852-1
https://doi.org/10.1038/s41586-020-2852-1
https://doi.org/10.1126/science.abm8143
https://doi.org/10.1016/j.cell.2022.05.014
https://doi.org/10.1016/j.cell.2022.05.014
https://doi.org/10.1038/s41422-021-00514-9
https://doi.org/10.1038/s41422-022-00677-z
https://doi.org/10.1038/s41422-022-00677-z
https://doi.org/10.1038/s41586-022-04466-x
https://doi.org/10.1038/s41586-022-04466-x
https://doi.org/10.1038/s41467-022-31259-7


ll
OPEN ACCESS

Please cite this article in press as: Wang et al., Alarming antibody evasion properties of rising SARS-CoV-2 BQ and XBB subvariants, Cell
(2023), https://doi.org/10.1016/j.cell.2022.12.018

Article
neutralizing and protective human antibodies against SARS-CoV-2. Na-

ture 584, 443–449. https://doi.org/10.1038/s41586-020-2548-6.

23. Westendorf, K., �Zentelis, S., Wang, L., Foster, D., Vaillancourt, P., Wiggin,

M., Lovett, E., van der Lee, R., Hendle, J., Pustilnik, A., et al. (2022). LY-

CoV1404 (bebtelovimab) potently neutralizes SARS-CoV-2 variants. Cell

Rep. 39, 110812. https://doi.org/10.1016/j.celrep.2022.110812.

24. Pinto, D., Park, Y.J., Beltramello, M., Walls, A.C., Tortorici, M.A., Bianchi,

S., Jaconi, S., Culap, K., Zatta, F., De Marco, A., et al. (2020). Cross-

neutralization of SARS-CoV-2 by a human monoclonal SARS-CoV anti-

body. Nature 583, 290–295. https://doi.org/10.1038/s41586-020-2349-y.

25. Fenwick, C., Turelli, P., Ni, D., Perez, L., Lau, K., Herate, C., Marlin, R.,

Lana, E., Pellaton, C., Raclot, C., et al. (2022). Patient-derived monoclonal

antibody neutralizes SARS-CoV-2 Omicron variants and confers full pro-

tection in monkeys. Nat. Microbiol. 7, 1376–1389. https://doi.org/10.

1038/s41564-022-01198-6.

26. Luo, S., Zhang, J., Kreutzberger, A.J.B., Eaton, A., Edwards, R.J., Jing, C.,

Dai, H.Q., Sempowski, G.D., Cronin, K., Parks, R., et al. (2022). An anti-

body from single human VH-rearranging mouse neutralizes all SARS-

CoV-2 variants through BA.5 by inhibitingmembrane fusion. Sci. Immunol.

7, eadd5446. https://doi.org/10.1126/sciimmunol.add5446.

27. Cao, Y., Yisimayi, A., Jian, F., Song, W., Xiao, T., Wang, L., Du, S., Wang,

J., Li, Q., Chen, X., et al. (2022). BA.2.12.1, BA.4 and BA.5 escape anti-

bodies elicited by Omicron infection. Nature 608, 593–602. https://doi.

org/10.1038/s41586-022-04980-y.

28. Du, S., Liu, P., Zhang, Z., Xiao, T., Yasimayi, A., Huang,W., Wang, Y., Cao,

Y., Xie, X.S., and Xiao, J. (2021). Structures of SARS-CoV-2 B.1.351

neutralizing antibodies provide insights into cocktail design against

concerning variants. Cell Res. 31, 1130–1133. https://doi.org/10.1038/

s41422-021-00555-0.

29. Wang, X., Chen, X., Tan, J., Yue, S., Zhou, R., Xu, Y., Lin, Y., Yang, Y.,

Zhou, Y., Deng, K., et al. (2022). 35B5 antibody potently neutralizes

SARS-CoV-2 Omicron by disrupting the N-glycan switch via a conserved

spike epitope. Cell Host Microbe 30, 887–895.e4. https://doi.org/10.1016/

j.chom.2022.03.035.

30. Liu, L., Iketani, S., Guo, Y., Reddem, E.R., Casner, R.G., Nair, M.S., Yu, J.,

Chan, J.F.W., Wang, M., Cerutti, G., et al. (2022). An antibody class with a

common CDRH3 motif broadly neutralizes sarbecoviruses. Sci. Transl.

Med. 14, eabn6859. https://doi.org/10.1126/scitranslmed.abn6859.

31. Wang, Z., Muecksch, F., Cho, A., Gaebler, C., Hoffmann, H.H., Ramos, V.,

Zong, S., Cipolla, M., Johnson, B., Schmidt, F., et al. (2022). Analysis of

memory B cells identifies conserved neutralizing epitopes on the N-termi-

nal domain of variant SARS-Cov-2 spike proteins. Immunity 55, 998–

1012.e8. https://doi.org/10.1016/j.immuni.2022.04.003.

32. Hong, Q., Han, W., Li, J., Xu, S., Wang, Y., Xu, C., Li, Z., Wang, Y., Zhang,

C., Huang, Z., and Cong, Y. (2022). Molecular basis of receptor binding

and antibody neutralization of Omicron. Nature 604, 546–552. https://

doi.org/10.1038/s41586-022-04581-9.

33. Starr, T.N., Greaney, A.J., Stewart, C.M., Walls, A.C., Hannon, W.W.,

Veesler, D., and Bloom, J.D. (2022). Deepmutational scans for ACE2 bind-

ing, RBD expression, and antibody escape in the SARS-CoV-2 Omicron

BA.1 and BA.2 receptor-binding domains. Preprint at bioRxiv. https://

doi.org/10.1101/2022.09.20.508745.

34. Wang, Q., Bowen, A., Valdez, R., Gherasim, C., Gordon, A., Liu, L., andHo,

D.D. (2022). Antibody responses to Omicron BA.4/BA.5 bivalent mRNA

vaccine booster shot. Preprint at bioRxiv. https://doi.org/10.1101/2022.

10.22.513349.

35. Tenforde, M.W., Self, W.H., Adams, K., Gaglani, M., Ginde, A.A., McNeal,

T., Ghamande, S., Douin, D.J., Talbot, H.K., Casey, J.D., et al. (2021). As-

sociation Between mRNA Vaccination and COVID-19 Hospitalization and

Disease Severity. JAMA 326, 2043–2054. https://doi.org/10.1001/jama.

2021.19499.
8 Cell 186, 1–8, January 19, 2023
36. Lin,D.Y.,Gu, Y., Xu, Y.,Wheeler, B., Young,H., Sunny, S.K.,Moore, Z., and

Zeng, D. (2022). Association of Primary and Booster Vaccination and Prior

Infection With SARS-CoV-2 Infection and Severe COVID-19 Outcomes.

JAMA 328, 1415–1426. https://doi.org/10.1001/jama.2022.17876.

37. Havers, F.P., Pham, H., Taylor, C.A., Whitaker, M., Patel, K., Anglin, O.,

Kambhampati, A.K., Milucky, J., Zell, E., Moline, H.L., et al. (2022).

COVID-19-Associated Hospitalizations Among Vaccinated and Unvacci-

nated Adults 18 Years or Older in 13 US States, January 2021 to April

2022. JAMA Intern. Med. 182, 1071–1081. https://doi.org/10.1001/jamai-

nternmed.2022.4299.

38. Price, A.M., Olson, S.M., Newhams, M.M., Halasa, N.B., Boom, J.A.,

Sahni, L.C., Pannaraj, P.S., Irby, K., Bline, K.E., Maddux, A.B., et al.

(2022). BNT162b2 Protection against the Omicron Variant in Children

and Adolescents. N. Engl. J. Med. 386, 1899–1909. https://doi.org/10.

1056/NEJMoa2202826.

39. Azzolini, E., Levi, R., Sarti, R., Pozzi, C., Mollura, M., Mantovani, A., and Re-

scigno, M. (2022). Association Between BNT162b2 Vaccination and Long

COVID After Infections Not Requiring Hospitalization in Health Care

Workers. JAMA 328, 676–678. https://doi.org/10.1001/jama.2022.11691.

40. Al-Aly, Z., Bowe, B., and Xie, Y. (2022). Long COVID after breakthrough

SARS-CoV-2 infection. Nat. Med. 28, 1461–1467. https://doi.org/10.

1038/s41591-022-01840-0.

41. Ayoubkhani, D., Bosworth, M.L., King, S., Pouwels, K.B., Glickman, M.,

Nafilyan, V., Zaccardi, F., Khunti, K., Alwan, N.A., and Walker, A.S.

(2022). Risk of Long COVID in People Infected With Severe Acute Respi-

ratory Syndrome Coronavirus 2 After 2 Doses of a Coronavirus Disease

2019 Vaccine: Community-Based, Matched Cohort Study. Open Forum

Infect. Dis. 9, ofac464. https://doi.org/10.1093/ofid/ofac464.

42. Wang, P., Nair, M.S., Liu, L., Iketani, S., Luo, Y., Guo, Y., Wang, M., Yu, J.,

Zhang, B., Kwong, P.D., et al. (2021). Antibody resistance of SARS-CoV-2

variants B.1.351 and B.1.1.7. Nature 593, 130–135. https://doi.org/10.

1038/s41586-021-03398-2.

43. Chan, K.K., Dorosky, D., Sharma, P., Abbasi, S.A., Dye, J.M., Kranz, D.M.,

Herbert, A.S., and Procko, E. (2020). Engineering human ACE2 to optimize

binding to the spike protein of SARS coronavirus 2. Science 369, 1261–

1265. https://doi.org/10.1126/science.abc0870.

44. Martin, M. (2011). Cutadapt removes adapter sequences from high-

throughput sequencing reads. EMBnet. journal 17, 10–12. https://doi.

org/10.14806/ej.17.1.200.

45. Langmead, B., and Salzberg, S.L. (2012). Fast gapped-read alignment

with Bowtie 2. Nat. Methods 9, 357–359. https://doi.org/10.1038/

nmeth.1923.
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Materials availability
All requests for resources and reagents should be directed to and will be fulfilled by the lead contact, David D. Ho (dh2994@cumc.

columbia.edu). This includes selective cell lines, plasmids, antibodies, viruses, serum, and proteins. All reagents will be made avail-

able on request after completion of a Material Transfer Agreement.

Data and code availability
d Data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECTS

Human subjects
Sera analyzed in this study were categorized into several cohorts. ‘‘3 shots WT’’ samples were sera from individuals who had

received three doses of monovalent, referred to as wild-type (WT) mRNA vaccines (either Moderna mRNA-1273 or Pfizer

BNT162b2). Sera were also collected from individuals after a fourth monovalent mRNA vaccine (referred to as ‘‘4 shots WT’’).

Bivalent vaccine sera were collected from individuals who had received three monovalent mRNA vaccine doses followed by

one dose of the Pfizer or Moderna bivalent vaccine targeting BA.4/BA.5 in addition to the ancestral D614G variant. ‘‘BA.2 break-

through’’ and ‘‘BA.4/BA.5 breakthrough’’ sera were collected from individuals who had received monovalent mRNA vaccines fol-

lowed by infection with Omicron subvariants BA.2 and BA.4 or BA.5, respectively. Samples were examined by anti-nucleoprotein

(NP) ELISA to confirm status of prior SARS-CoV-2 infection. Clinical information for the different study cohorts is summarized in

Table S1.

A subset of sera analyzed in this study was collected at Columbia University Irving Medical Center. Subjects provided written

informed consent, and serum collections were performed under protocols reviewed and approved by the Institutional Review Board

of Columbia University.

Additional serum samples included in this study were collected at the University of Michigan through the Immunity-Associated with

SARS-CoV-2 Study (IASO), which is an ongoing cohort study in AnnArbor, Michigan that began in 2020.47 IASOparticipants provided

written informed consent and all serum samples were collected under the protocol reviewed and approved by the Institutional Review

Board of the University of Michigan Medical School.

Cell lines
Vero-E6 cells (CRL-1586) and HEK293T cells (CRL-3216) were purchased from the ATCC. Expi293 cells (A14527) were purchased

from Thermo Fisher Scientific. Morphology of each cell line was confirmed visually before use. All cell lines testedmycoplasma nega-

tive. Vero-E6 cells are from African green monkey kidneys. HEK293T cells and Expi293 cells are of female origin.

METHOD DETAILS

Monoclonal antibodies
Antibodies were generated as previously described.48 The variable regions of heavy and light chains for each antibody were synthe-

sized (GenScript), cloned into gWiz or pCDNA3.4 vector, then transfected into Expi293 cells (Thermo Fisher Scientific) using 1mg/mL

polyethylenimine (PEI), and purified from the supernatant by affinity purification using rProtein A Sepharose (GE).
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Variant SARS-CoV-2 spike plasmid construction
Spike-expressing plasmids for D614G, BA.2, and BA.4/5 were previously generated.2 Plasmids expressing the spike genes of BQ.1,

BQ.1.1, XBB, and XBB.1, as well as the individual mutations found in the four variants in the background of BA.4/5 or BA.2 were

generated by an in-house high-throughput template-guide gene synthesis approach, as previously described.1,3 Briefly, 50-phos
phorylated oligo pools with designed mutations were annealed to the template of the BA.2 or BA.4/5 spike gene construct and

extended by high fidelity DNA polymerase. Taq DNA ligase was used to seal nicks between extension products, which were subse-

quently amplified by PCR to generate variants of interest. Next generation sequencing49 was performed on the Illumina Miseq

platform (single-end mode with 50 bp R1) to verify the sequences of variants. Cutadapt v2.144 and Bowtie2 v2.3.445 were used to

analyze raw reads to get the resulting read alignments, which were then visualized in Integrative Genomics Viewer.46

To make the expression constructs for soluble spike trimer proteins, we subcloned the ectodomain (1-1208aa in WA1) of the spike

into the paH vector and then introduced K986P and V987P substitutions as well as a ‘‘GSAS’’ substitution of the furin cleavage site

(682-685aa in WA1) into the spike.50 All constructs were confirmed by Sanger sequencing.

Protein expression and purification
To make human ACE2 protein, pcDNA3-sACE2-WT(732)-IgG143 (Addgene plasmid #154104, gift of Erik Procko) plasmid was trans-

fected into Expi293 cells using PEI at a ratio of 1:3, and the supernatants were collected after five days. hACE2 was purified from the

cell supernatant by using rProtein A Sepharose (GE) followed by running through a Superdex 200 Increase 10/300GL column. For the

spike trimer proteins, paH-spike was transfected into Expi293 cells using PEI at a ratio of 1:3, and the supernatants were collected

five days later. The spike proteins were purified using Excel resin (Cytiva) according to themanufacturer’s instructions. Themolecular

weight and purity were checked by running the proteins on SDS-PAGE.

Surface plasmon resonance (SPR)
The CM5 chip was immobilized with anti-His antibodies using the His Capture Kit (Cytiva) to capture the spike protein through their

C-terminal His-tag. Serially diluted human ACE2-Fc protein was then flowed over the chip in HBS-EP + buffer (Cytiva). Binding

affinities were measured with the Biacore T200 system at 25�C in the single-cycle mode. Data was analyzed by the Evaluation Soft-

ware using the 1:1 binding model.

Pseudovirus production
SARS-CoV-2 pseudoviruses were generated as previously described.48 In brief, HEK293T cells were transfected with a spike-ex-

pressing construct using 1 mg/mL PEI and then infected with VSV-G pseudotyped DG-luciferase (G*DG-luciferase, Kerafast) one

day post-transfection. 2 h after infection, cells were washed three times with PBS, changed to fresh medium, and then cultured

for onemore day before the cell supernatants were harvested. Pseudoviruses in the cell supernatants were clarified by centrifugation,

aliquoted, and stored at �80�C.

Pseudovirus neutralization assay
Pseudoviruses were titrated on Vero-E6 cells before conducting the neutralization assays to normalize the viral input between

assays. Heat-inactivated sera were serially diluted starting from 1:100 with a dilution factor of four and antibodies were 5-fold serially

diluted starting from 10 mg/mL in 96 well plates in triplicate. Then, 50 mL of diluted pseudovirus was added and incubated with 50 mL

serial dilutions of serum or antibody for 1 h at 37�C. During the co-culture, Vero-E6 cells were trypsinized, resuspended with fresh

medium, and then added into virus-sample mixture at a density of 4 3 104 cells/well. The plates were incubated at 37�C for

�12 h before luciferase activity was quantified using the Luciferase Assay System (Promega) using SoftMax Pro v.7.0.2 (Molecular

Devices). Neutralization ID50 values for sera and IC50 values for antibodies were calculated by fitting a nonlinear five-parameter dose-

response curve to the data in GraphPad Prism v.9.2.

Antibody footprint and mutagenesis analysis
All the structures were downloaded from the PDB (7XIV (BA.2 spike), 7WK9 (S3H3), 7UAR (C1717), 7UAP (C1520), 7TAS (S2K146),

7XCO (S309), 7WRZ (BD55-5840), 7ZF3 (Omi-3), 7ZFB (Omi-18), 7E88 (BD-515), 7WED (XGv347), 7XH8 (ZCB11), 7SD5 (10-40),

7WM0 (35B5), 7WLC (XGv282), 7WE9 (XGv289), 7UPY (SP1-77), 7QTK (P2G3), 7MMO (LY-CoV1404), 7EYA (BD-804)) for analysis.

The interface residues were obtained by running the InterfaceResidues script from PyMOLWiki in PyMOL, and the edge of these res-

idues was defined as the footprint of the antibodies. Site-directedmutagenesis was also conducted in PyMOL. All the structural anal-

ysis figures were generated in PyMOL v.2.3.2 (Schrödinger, LLC).

Antigenic cartography
We constructed an antigenic map based on the serum neutralization data by utilizing the antigenic cartography technique as previ-

ously described.13,14 The antigenic map was generated using the Racmacs package (https://acorg.github.io/Racmacs/, version

1.1.35) in R with 1000 optimization steps, a dilution step size of zero, and the minimum column basis parameter set to ‘‘none’’. All
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distances between virus and serum positions on the antigenic map were optimized such that distances correspond to the fold

decrease in neutralizing ID50 titer, relative to the maximum titer for each serum. Each unit of distance in any direction in the antigenic

map corresponds to a 2-fold change in the ID50 titer.

QUANTIFICATION AND STATISTICAL ANALYSIS

IC50 and ID50 values were determined by fitting the data to five-parameter dose-response curves in GraphPad Prism v.9.2. Compar-

isons were made by two-tailed Wilcoxon matched-pairs signed-rank tests. ***p < 0.001; ****p < 0.0001.
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Supplemental figures

A B

Figure S1. Key spike mutations of BQ and XBB subvariants, related to Figure 1

(A and B) Key mutations of BQ.1 and BQ.1.1 in the context of BA.4/5 (A), and key mutations of XBB and XBB.1 in the context of BA.2 (B).

See also Figure 1.
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Figure S2. Pseudovirus neutralization IC50 values for mAbs against BQ and XBB subvariants and point mutants, related to Figure 3

Pseudovirus neutralization IC50 values for mAbs against D614G, Omicron subvariants, and point mutants of BQ.1, BQ.1.1, XBB, and XBB.1 in the background of

BA.4/5 or BA.2.

See also Figure 3.
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Figure S3. Antigenic map of BQ and XBB subvariants in relation to SARS-CoV-2 variants and sarbecoviruses, related to Figure 2

Antigenic map of BQ.1, BQ.1.1, XBB, and XBB.1 in relation to sarbecoviruses.

See also Figure 2.
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