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Repeated Omicron exposures override
ancestral SARS-CoV-2immune imprinting
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M Check for updates

The continuing emergence of SARS-CoV-2 variants highlights the need to update

COVID-19 vaccine compositions. However, immune imprinting induced by vaccination
based onthe ancestral (hereafter referred to as WT) strain would compromise the
antibody response to Omicron-based boosters' . Vaccination strategies to counter
immune imprinting are critically needed. Here we investigated the degree and dynamics
ofimmune imprinting in mouse models and human cohorts, especially focusing on the
role of repeated Omicron stimulation. Inmice, the efficacy of single Omicronboosting
is heavily limited when using variants that are antigenically distinct from WT—such as
the XBB variant—and this concerning situation could be mitigated by asecond Omicron
booster. Similarly, in humans, repeated Omicroninfections could alleviate WT
vaccination-induced immune imprinting and generate broad neutralization responses
inboth plasma and nasal mucosa. Notably, deep mutational scanning-based epitope
characterization of 781 receptor-binding domain (RBD)-targeting monoclonal
antibodies isolated from repeated Omicroninfection revealed that double Omicron
exposure could induce alarge proportion of matured Omicron-specific antibodies

that have distinct RBD epitopes to WT-induced antibodies. Consequently, immune
imprinting was largely mitigated, and the bias towards non-neutralizing epitopes
observed insingle Omicron exposures was restored. On the basis of the deep mutational
scanning profiles, we identified evolution hotspots of XBB.1.5 RBD and demonstrated
that these mutations could further boost the immune-evasion capability of XBB.1.5
while maintaining high ACE2-binding affinity. Our findings suggest that the WT
component should be abandoned when updating COVID-19 vaccines, and individuals
without prior Omicron exposure should receive two updated vaccine boosters.

SARS-CoV-2 continues to evolve, and new mutants emerge under con-
tinuous humoral immune pressure® ™. New variants, such as the XBB
lineages, are capable of evading antibodiesinduced by vaccination or
infection, resulting in repeated infections among populations*>>%,
Therefore, itis critical to develop updated vaccines that canelicit strong
immune responses against the latest variants.

mRNA vaccine platforms can quickly adapt to new SARS-CoV-2
variants”2°. However, as the majority of the population was vaccinated
withthe ancestral SARS-CoV-2 strain (WT),immune imprintinginduced
by WT vaccination presents a major challenge to the performance of
updated boosters®?. Thisis because boosting with avariant thatis anti-
genically distinct from WT would mostly recallmemory B cellsinduced
by WT vaccination and mask the de novo generation of variant-specific

B cells, which would hinder the generation of appropriate humoral
immunity against new and emerging variants>*>??,

Itiscrucial to explore vaccination strategies that can counterimmune
imprinting. In this paper, we investigated the dynamics of immune
imprinting in both mouse models and human cohorts, witha particular
focus onwhether repeated exposure to Omicron variants could allevi-
ateimmune imprinting.

Alleviation ofimmune imprinting in mice

First, we investigated the effects of SARS-CoV-2 immune imprinting
induced by WT vaccination in BALB/c mice. To accomplish this, two
doses of 3 pg CoronaVac (an inactivated vaccine derived from WT
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Fig.1|Humoralimmuneimprintinginmice. a, NAbresponse after two doses
of priming with CoronaVac followed by boosting with SARS-CoV-1spike protein
or SARS-CoV-2 variant spike proteinsin mice. b, NAb response after 2 doses

of CoronaVac priming followed by boosting with variant spike proteins with
3-month (mo) or 6-month timeintervalsin mice. a,b, The x-axis labels indicate
NT,, values against the respective variants and the variants used for boosting
areindicated at the bottom of the figure; fold differences in titres against
variants compared withD614G are shown above theline.c, NAbresponse after
priming with 2 doses of variant spike proteins or priming with 2 doses of
CoronaVac followed by 2 boosts of variant spike proteins with 1-month or
3-monthintervalsin mice.d, NAbresponse after priming with two doses of
variant spike mRNAs or priming with two doses of CoronaVac followed by two

SARS-CoV-2) were used as primary immunization, and variant spike
proteins were used as boosters?®°, AllSARS-CoV-2 spike proteins con-
tained six proline substitutions (S6P) and alanine substitutionsin the
furin cleavage site to stabilize them in the prefusion conformation®.
Mice that received a single booster of 10 pg spike protein, includ-
ing BA.1, BA.5, BQ.1.1, XBB and SARS-CoV-1, exhibited lower serum
50% neutralizing titre (NTs,) values against D614G (using vesicular
stomatitis virus (VSV)-based pseudovirus) as the antigenic distance
between the boosting variantand WT increased, suggesting decreased
cross-reactive B cell recall after the variant booster (Fig.1a). Addition-
ally, single-dose boosted mice had significantly lower NTs, against the
boosting variants compared to D614G (Fig. 1a). Moreover, single-dose
boosting with XBB spike generated lower NTs, values against XBB line-
agesthanthose observedin the one-dose XBB priming group (Extended
DataFig.1a). These results revealed substantial ancestral strainimmune

boosts of variant spike mRNAs. ¢,d, The variants used for priming or boosting
areindicated atthe bottom of the figure and red, blue, yellow circlesindicate
NT,, values for BA.5,BQ.1.1and XBB. Ten mice wereimmunized and analysed in
eachgroup (n=10) exceptinb eight mice wereimmunized with BA.5booster 6
months after priming (n=8). The dosage of CoronaVac, spike protein and spike
mRNAwere 3 nug,10 pgand1pg, respectively. Serawere collected four weeks
after thelast dose. Geometric mean titres (GMTs) are shown. Two-tailed
Wilcoxonsigned-rank tests for paired samplesina,b and two-tailed Wilcoxon
rank-sumtests forindependentsamplesinc,d.*P<0.05,**P<0.01,***P<0.001,
***+p < 0.0001; NS, not significant (P> 0.05). All neutralization assays were
conducted as atleast twoindependent experiments.

imprinting at the serum level, and are consistent with the observations
in humans?*?*323 aswell as previous findings of immune imprinting
ininfluenzaviruses***,

Toinvestigate whether prolonging theinterval between the primary
WT immunization and the variant booster could alleviate immune
imprinting, we further tested boosting mice three and six months
after CoronaVac priming (Fig. 1b). The 3-month and 6-monthintervals
between WT priming and variant boosting slightly increased overall
NT,, values, but the fold difference between NT, values against D614G
and XBB spike remained high (Fig. 1b). Also, there was no significant dif-
ferencein NTy,among1-month, 3-month and 6-month boostinginterval
groups for BQ.1.1and XBB boosting (Extended Data Fig. 1b,c). This
suggests thatlonger intervals between priming and Omicron boosting—
whichwould allow the maturation of WT-induced antibodies—may not
be sufficient to alleviate immune imprinting.
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Next, we examined how second Omicron boosters perform*. We
started by boosting CoronaVac-primed mice withtwo doses of the vari-
antspike proteinoveral-month or3-monthinterval (Fig.1c). Notably, the
second boosters resulted in greatly increased NTs, values against the
corresponding variants (Extended Data Fig. 2a), as well as substantially
reduced fold differences between D614G and variant spike proteins
(Extended Data Fig. 2b). However, the neutralizing titres induced by
two boosters over al-month interval after two doses of CoronaVac
priming were still lower than those induced by 2 doses of variant prim-
ing, clearly indicating the interference caused by immune imprinting
(Fig.1c). Notably, compared withal-monthboostinginterval, a3-month
interval between Omicronboostersresultedin clearimprovementsin
NT,, values against all the corresponding boosting variants (Fig.1c), and
the fold difference between the NT,, against D614G and the boosting
variants also decreased (Extended Data Fig.2b). Thisindicates that the
maturation of B cells induced by Omicron boosting are highly beneficial
for mitigation of immune imprinting.

As mRNA vaccines encoding spike have proved to be capable of quick
adaptation tonew variants, itis critical to test how updated mRNA vari-
antboosters perform, especially when the higher immunogenicity of
mRNA vaccine might help to alleviateimmune imprinting when served
as Omicronboosters. Therefore, we tested 1 pg mRNA vaccines encod-
ing BA.5,BQ.1.1and XBB spike as boosters, replacing the protein boost-
ers (Fig. 1d). As expected, 1 pg mRNA vaccine demonstrated higher
immunogenicity than the 10 pg spike protein vaccine (Extended Data
Fig.2c,d,f). However, the performance of one-dose mRNA Omicron
boosters was still affected by immune imprinting, whereas two mRNA
Omicron boosters could significantly increase antibody titres and
achieve similar titres compared with the priming groups (Fig. 1d and
Extended Data Fig. 2c—e). This suggests that increasing the immuno-
genicity of variant boosters could help to counter immune imprinting
from WT vaccination.

Notably, among the Omicron variants tested, XBB boosting exhib-
ited the lowest overalltitres (Fig.1c,d). Indeed, these variant vaccines,
whether they used protein or mRNA, exhibited different levels of
immunogenicity in mice, with XBB having the lowest immunogenic-
ity (Extended Data Fig. 2f).

Together, our results observed in mice emphasize that the efficacy
of the first Omicron booster is severely limited, and a second booster
isalmost mandatory to alleviateimmune imprinting and generate high
antibody responses, especially for boosters encoding variants that
exhibit long antigenic distance from WT, such as XBB.

Mitigating immune imprinting in humans

Toverify whether the findings obtained from mice also apply to humans,
werecruited cohorts withrepeated Omicron breakthroughinfections
(BTIs), includingindividuals with post-vaccination either BA.1or BA.2
BTI followed by BA.5/BF.7 (the specific variant was not determined)
reinfection (BTI + reinfection) and compared them to previously
reported BA.1, BA.2, BA.5, BF.7 one-time BTI cohorts*>***”*, Of note,
we also included individuals who had no history of SARS-CoV-2 vac-
cination before repeated infection (vaccination-naive reinfection) as
controls (Supplementary Table 1). We first examined plasma neutral-
izing titres against exposed variants using neutralizing assays with
pseudovirus and authentic virus (Fig. 2a,b). Similar to the results
for mice immunization, human plasma neutralizing titres induced
by one-time Omicron BTIs against the corresponding variant were
significantly lower than those against D614G, consistent with our
previous report®, and the fold difference between the NT, values for
D614G and those against corresponding variants alsoincreased as the
antigenic distance increased (Fig. 2a,b). As expected, in the repeated
Omicron infection group—with or without SARS-CoV-2 vaccination
history—the neutralizing titres against Omicron variants significantly
increased compared with one-time BTIs (Fig. 2a,b). Crucially, BA.1 or
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BA.2 BTI followed by BA.5/BF.7 reinfections demonstrated similar
NT,, values between exposed Omicron variants and D614G, indicat-
ingalleviation ofimmune imprinting by the second Omicron exposure
(Fig.2a,b). However, the NT;, values for the vaccination-naive reinfec-
tion group against Omicron variants were the highest among these
cohorts (Fig. 2a,b), suggesting that repeated BTIs were still prone to
WT vaccination-induced immune imprinting. Compared with one-time
BTIs, repeated Omicroninfectionalsoled toanincreaseinthe neutral-
izing titres against highly immune-evasive CH.1.1, BQ.1.1, XBB, FL.8
(XBB.1.9.1.8), XBB.1.5, XBB.1.16 and XBB.1.5 + F456L variants (Fig. 2c,d
and Extended Data Fig. 3a—c), indicating that repeated Omicroninfec-
tions may broaden the breadth of the antibody response. In addition,
we found that the nasal swab samples from individuals with repeated
Omicroninfectionexhibited higher neutralizing titres against Omicron
variants than one-time breakthroughinfection, suggesting that strong
nasal mucosal humoralimmunity had been established after repeated
infection (Extended Data Fig. 4).

Neutralization data from both mouse and human studies under-
score the crucial role of secondary Omicron exposure in mitigating
immune imprinting and generating broad antibody responses. We
propose that this is largely attributable to the further expansion
of Omicron-specific memory B cells generated de novo by the first
Omicron exposure. To assess whether this is the case, we first ana-
lysed the Omicron specificity of RBD-binding memory B cells from
BTlIs, BTIs + reinfection, and vaccine-naive reinfection cohorts using
fluorescence-activated cell sorting (FACS) (Supplementary Data 1).
As we previously reported, in one-time Omicron BTI cohorts, more
than 70% of the Omicron RBD-binding memory B cells also bound to
WT RBD, indicating that post-vaccination Omicron infection mainly
recalls cross-reactive memory B cells elicited by WT-based vaccination
(Fig.3a). Subsequently, following an extended duration of time (eight
months) after the first Omicron BTI, the proportion of cross-reactive
cells declined, whereas that of Omicron-specific cells increased, sug-
gesting that longer B cell maturation periods increased the propor-
tion of Omicron-specific memory B cells (Fig. 3b). Nevertheless, at
eight months after BA.1 BTI, the plasma neutralizing titres were very
low owing to antibody waning, and thus required a secondary Omi-
cronboosting toincrease the antibody levels (Extended Data Fig. 3d).
Notably, for Omicron BTI + reinfection cohorts, the proportion of
cross-reactive cells declined further but still remained higher than
that observed in the vaccination-naive reinfection cohort (Fig. 3¢,d).
Theseresults are highly correlated with the plasma NT, values of the
cohorts, which suggests that Omicron-specific antibodies are a major
contributor to theincreased antibody breadth and neutralization capa-
bility after repeated Omicron infection.

To further investigate the potency, breadth and epitopes of these
antibodies, the BA.1RBD-binding cells and BA.2 RBD-binding cells from
the various BA.1/BA.2 infection cohorts were sorted and sequenced
by high-throughput single-cell V(D)) sequencing. Antibodies were
then expressed in vitro as human IgGl monoclonal antibodies (Sup-
plementary Table 2). For one-time Omicron BTl cohorts, enzyme-linked
immunosorbent assay (ELISA) confirmed that approximately 20% of the
isolated monoclonal antibodies specifically bound to the BA.1/BA.2RBD
and were not cross-reactive to WT RBD, which was consistent with FACS
results (Fig. 3e). Furthermore, long-term sampling (eight months) after
BA.1BTlyielded anincreased proportion of BA.1 RBD-specific mono-
clonal antibodies compared with short-term (two months after BA.1
BTI) sampling. Moreover, reinfection with BA.5/BF.7 further increased
the proportion of BA.1 or BA.2 RBD-specific monoclonal antibodies
to around 50%, but this was still lower than that in vaccination-naive
reinfection groups (Fig. 3e). Notably, the somatic hypermutation (SHM)
rates of BA.1/BA.2-specific antibodiesin BTI + reinfection cohorts were
higher than that in one-time BTI cohorts (Fig. 3f), and the increased
affinity maturation of BA.1/BA.2-specific antibodies contributes to
theirincreased potency against Omicronvariants (Fig. 3g,h). Together,
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Fig.2|Humoralimmuneimprinting after repeated Omicroninfectionsin
humans. a, Examination ofimmune imprinting after Omicron breakthrough
infections and repeated infections. Plasmaantibody titres against pseudotyped
D614G and variants were measured. b, Plasmaantibody titres against authentic
variants. a,b, Fold changes intitres against variants compared with D614G or
Wuhan-Hu-1are displayed above the line, GMTs are shown; two-tailed Wilcoxon
signed-rank test. c, Plasma antibody titres against authentic FL.8 (XBB.1.9.1.8).
d, Plasmaantibody breadth after one-time breakthroughinfection and repeated
Omicroninfections. Plasmaantibody titres against circulating pseudotyped
variants were measured. ¢,d, Fold changesintitres between different cohorts
areshownabove theline; two-tailed Wilcoxon rank-sumtests. BA.1,BA.2, BA.5
and BF.7 BTI: post-vaccination BA.1,BA.2, BA.5 or BF.7 breakthrough infection.

these data indicate that long-term maturation after one-time Omi-
cronBTland repeated Omicroninfections could significantly raise the
proportion and maturation of Omicron-specific antibodies, greatly
contributing to the increased plasma neutralization potency against
Omicron variants.

Epitope analyses of Omicron-specific antibodies

To further interrogate the composition of antibodies elicited by Omi-
cronBA.5/BF.7 BTland reinfection, we determined the binding sites and
escaping mutations on RBD of these monoclonal antibodies using deep

BA.1,BA.2BTI+BA.5/BF.7 infection: post-vaccination either BA.1or BA.2
breakthroughinfection followed by BA.5/BF.7 reinfection. BA.1/BA.2 + BA.5/BF.7
infection: either BA.1or BA.2infection followed by BA.5/BF.7 reinfection with
no SARS-CoV-2 vaccination history. BA.1BTI,n=50; BA.2BTI,n=39; BA.5BTI,
n=36;BF.7BTl,n=30;BA.1BTI+BA.5/BF.7 infection,n=26;BA.2BTI+BA.5/BF.7
infection,n=19;BA.1/BA.2 + BA.5/BF.7 infection,n=12. nrefers to the number
ofindividuals. Blood samples were collected 1-2 months after the last infection.
Detailed information about the cohortsis presented in Supplementary Table1.
c,d,Dataare GMT +s.d. Dashed linesindicate the limit of detection (NTs, =20
and NTs, = 4 for pseudovirus and authentic virus neutralization assays,
respectively). All neutralization assays were conducted as atleast two
independent experiments.

mutational scanning®*° (DMS). As the proportion of Omicron-specific
antibodies is indispensable in reinfection cohorts, and the last expo-
sure of all cohorts involved in this study is BA.5/BF.7, we built a yeast
display mutantlibrary based on the BA.5RBD and performed DMS for
these monoclonal antibodies in a high-throughput manner, similar
to previously described WT-based methods*°. To enhance the sam-
pling of Omicron-specific neutralizing antibodies (NAbs) to facilitate
epitope characterization, we specifically isolated an additional panel
of RBD-targeting monoclonal antibodies that did not cross-bind toWT
according to feature barcode counting during the paired-single-cell
V(D)) sequencing and determined their BA.5-based DMS data. We
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Fig.3|B cellimmuneimprinting after repeated Omicroninfections.

a-d, Flow cytometry analysis of pooled B cells fromindividuals who had
recovered from Omicroninfection. BA.1(top) and BA.2 (bottom) RBD double-
positive CD20'IgM IgD CD27" B cells were isolated for paired-single-cell

V(D)) sequencing. Flow cytometry analyses were performed in cohorts of the
following: 2 months after BA.1(top) or BA.2 (bottom) breakthroughinfections
(a), 8 months after BA.1(top) or BA.2 (bottom) breakthroughinfections

(b), 1month after BA.5/BF.7 reinfection after BA.1(top) and BA.2 (bottom)
breakthroughinfections (c), and 2-3 months after BA.5/BF.7 reinfection after
BA.1(top) or BA.2 (bottom) infection without SARS-CoV-2 vaccination history (d).
APC, allophycocyanin; FITC, fluoresceinisothiocyanate; PE, phycoerythrin;
BV605, Brilliant Violet 605. e, Proportions of WT-binding and non-WT-binding
antibodies from Omicron breakthrough infection and repeated Omicron

also determined the BA.5-based DMS data for all BA.5-RBD-binding
monoclonal antibodies from previous collections isolated from vari-
ous immune backgrounds (Supplementary Table 2). In total, a com-
prehensive panel consisting of BA.5-based DMS for 1,350 monoclonal
antibodies was collected.

Using graph-based unsupervised clustering on the determined
escape scores over sites on RBD, we identified 12 major epitope
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infection cohorts. Binding specificity was determined by ELISA. The antibodies
were expressed in vitro using the sequence of the RBD-binding memory B cells
fromvarious cohorts. f, The heavy-chain variable domain somatic hypermutation
rate of the monoclonal antibodies (mAbs) from various cohorts. Two-tailed
Wilcoxon rank-sum tests. Boxes indicate the 25th percentile, median and 75th
percentile,and whiskers extend to median + 1.5 times the interquartile range.
Violin plots show kernel density estimation curves of the distribution. The
numbers and ratios of samplesineach group arelabelled above the violin plots.
g,h, The BA.1(g) or BA.2 (h) pseudovirus-neutralizing ability (IC5,) of monoclonal
antibodies fromvarious cohorts. Detection limitis denoted as a dashedline,
and geometricmeanis denoted as black bar. Geometric mean, fold changes and
the number of antibodies areindicated above the plots. f-h, Two-tailed Wilcoxon
rank-sum tests.

groups on the BA.5 RBD and embedded the monoclonal antibodies
using uniform manifold approximation and projection (UMAP) for
visualization (Fig. 4a). Names of the epitope groups were generally
assigned in line with the epitope groups on WT RBD defined previ-
ously**, Neutralizing activities against SARS-CoV-2 D614G, BA.1,BA.2,
BA.5,BA.2.75,BQ.1.1and XBB.1.5 were determined using VSV-based
pseudovirus-neutralization assays. In general, neutralization was highly
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Fig. 4 |Epitopedistribution and characterization of monoclonal
antibodies elicited by Omicron BTIand reinfection. a, UMAP embedding

of epitope groups of monoclonal antibodies binding BA.5RBD isolated from
convalescentindividuals who experienced BA.5/BF.7 BTl or reinfection
(n=1,350).b, Neutralization activities, denoted as ICs, values, for SARS-CoV-2
D614G (n=1,349),BA.4/5(n=1,322) and XBB.1.5 (n=1,346) spike-pseudotyped
VSV, and ACE2 competition determined by ELISA (n=1,344), are projected onto
the UMAP embedding space. ¢, Distribution of monoclonal antibodies across
epitopegroupsisshown for BA.5BTI, BF.7 BTI, BA.1BTIwith BA.5/BF.7 reinfection
and BA.2BTIwith BA.5/BF.7 reinfection. Epitope groups predominantly
comprising non-neutralizing or weakly neutralizing monoclonal antibodies
(E2.2,E3and F1) are highlighted with dashed boxes. The percentage of
antibodiesinthese three groupsislabelled on eachbar.d, Average DMS escape

correlated with targeting epitopes of monoclonal antibodies. Antibod-
iesinepitopegroupsF3,Al1,A2,B,C/D1,D2,D3,D4 and E1/E2.1targeted
neutralizing epitopes, whereas antibodies in the other three groups,
E2.2, E3 and F1, exhibited weak or no neutralization activity (Fig. 4b
and Extended Data Fig. 5b). Consistent with the plasma neutraliza-
tion results, BA.5/BF.7 BTI plasma exhibited substantially imprinted
antibody response, leading to more than 50% of antibodies targeting
conserved weakly neutralizing epitopes. By contrast, convalescent
individuals who experienced BA.5 or BF.7 reinfection after prior BA.1
or BA.2 BTl induced only around 20% of antibodies targeting such
epitopes, indicating substantial alleviation of immune imprinting
(Fig. 4c and Extended Data Fig. 5a). Of note, prior BA.1or BA.2 BTl led
to Omicron-specific antibodies targeting distinct epitopes after rein-
fection. Prior BA.1 BTl induced a higher level of group D3 antibodies,
whereas BA.2 BTl cohorts had more antibodiesin group F3, indicating
thatan Omicroninfection history during repeated Omicroninfections
alsointroduced Omicron-based immune imprinting.

Among the12identified epitope groups, A1, D2, E1/E2.1,E2.2,E3 and
F1are similar to their corresponding WT-based groups and mainly

scores of the crucial epitope groups contributing to neutralization against
XBB.1.5areindicated onthe structure model of the SARS-CoV-2 BA.5RBD (PDB:
7XNS). Key residues with high escape scores for each group are labelled. e, The
average DMS escape scores for the key epitope groups are represented as
sequence logos; residues are depicted using the standard one-letter code and
coloured on the basis of their chemical properties. The height of each letter
corresponds to the escape score of the respective mutation. f, Pseudovirus-
neutralization activities of monoclonal antibodies in the six crucial epitope
groups (Al(n=170),A2(n=60),B(n=33),F3(n=129),D3 (n=155) and D4
(n=80); nrefers to the number of monoclonal antibodies) are shown against
SARS-CoV-2D614G,BA.5,BQ.1.1and XBB.1.5. Geometric mean ICs, values are
displayed asbarsandindicated above each group of data points.

consist of WT-reactive antibodies***! (Fig. 4d,e and Extended Data
Fig.5c,d). As expected, a BA.5-based epitope landscape also defines
novel groups that mainly comprise Omicron-specific monoclonal
antibodies, including groups A2, D3, D4 and F3. Notably, most anti-
bodies in group F3 were not cross-reactive to WT RBD, which differs
fromtherare sarbecovirus-neutralizing broad NAbs in group F3 from
individuals who had recovered from SARS, such as SA55 and BD55-
3372*. Compared with group Al, which mainly contains IGHV3-53/3-
66 public antibodies**** (also known as class 1 or site Ia), monoclonal
antibodies in group A2 are susceptible to mutations on 417 and 505,
including the reversions. Group D3 and D4 target an epitope near
that of group D2 (targeted by LY-CoV1404), but exhibited distinct
escape profiles orinteracting residues®. D3 is susceptible to N439 and
K440 mutations, and was thus escaped by WT owing to N440, whereas
the footprint of D4 is closer to the receptor-binding motif (RBM),
interacting with G447, Y449 and R498 (Fig. 4d,e). Antibodies in the
WT-based groups B, C and D1 were mostly escaped by L452R, E484A
and F486VinBA.5. Groups B and C/D1 here comprise both WT-reactive
and Omicron-specific antibodies; group B is more focused on N487
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and Y489, and C/D1mainly focus on F490, whichis largely escaped by
F490Sin XBB variants (Fig. 4d,e and Extended Data Fig. 5c,d). Among
the 12 groups, Al, A2, B and D3, and especially D4 and F3, comprise
a substantial proportion of NAbs exhibiting broad neutralization
against BQ.1.1and XBB.1.5 (Fig. 4f). Groups C/D1, D2 and E1/E2.1 also
comprise asmall proportion of XBB.1.5-neutralizing monoclonal anti-
bodies (Extended Data Fig. 5f). Considering the recent emergence
and prevalence of XBB subvariants with F456L (XBB.1.5.10) or K478R
(XBB.1.16) substitutions, which are crucial sites for NAbs in groups
Aland A2 or B and C/D1, respectively, we tested the neutralization
of XBB.1.5-neutralizing antibodies from these groups against these
two mutants. As expected, F456L escapes or dampens the neutraliza-
tion of most XBB.1.5-neutralizing antibodies in group Al or A2, and
XBB.1.16 (E180V/K478R) also escapes a large proportion of NAbs in
groups Band C/D1 (Extended DataFig. 5e). Overall, these results dem-
onstrate that repeated Omicroninfection stimulates a higher level of
Omicron-specific NAbs targeting neutralizing epitopes compared with
one-time Omicron BTI, indicating substantial alleviation of immune
imprinting on the antibody epitope level. These Omicron-specific
monoclonal antibodies have distinct RBD epitopes and escaping muta-
tions compared to WT-induced monoclonal antibodies, introducing
alarge neutralizing epitope shift and contributing majorly to the
broadly neutralizing capability against XBB lineages.

Evolutionary hotspots on XBB.1.5 RBD

Encouraged by the successful rationalization of the prevalence of F456L
and K478R based on DMS, we aimed to systematically investigate the
evolutionary preference for the XBB RBD. To integratively evaluate the
preference of each mutation considering their effects on NAb escape,
human ACE2 binding, RBD stability and codon constraints, we pre-
viously calculated a weighted preference score for RBD mutations
using WT-based DMS profiles and neutralizing activities against BA.5
to predict the convergent evolution of the BA.5 RBD® (Extended Data
Fig. 6). We used a similar approach with BA.5-based DMS profiles and
neutralization against XBB.1.5 to identify the evolutionary trends of
the XBB.1.5RBD. When considering antibodies from BA.5/BF.7 BTl only,
the mostimportant sitesinclude R403S/K, N405K, N417Y, Y453S/C/F,
L455W/F/S, F456C/V/L and H505Y/D, corresponding to escape hot-
spotsof groups Al, A2 and F3 (Fig. 5a). With antibodies from repeated
Omicroninfectionincludedin the analysis, scores of N439K, K440N/E,
K444N/E and P445S/H/R/Lbecome higher, corresponding to groups D3
and D4, which are consistent with the epitope distributions of monoclo-
nal antibodies from each cohort (Fig. 5b). Notably, N405D and N417K
reversions should hardly appear inthe real world owing to the potential
recovery of previously escaped NAbsin groups F2and A, respectively.
K478 mutations are not identified in the calculation, whichis also a
limitation of our model due to the low proportion of XBB-neutralizing
antibodiesin group B or C/D1in our cohorts.

Onthebasis of the analysis above, we explored whether the combina-
tion of multiple escape mutations against major epitope groups effec-
tive against XBB.1.5 could essentially evade the broadly neutralizing
capability of plasma from repeated Omicron infection while retain-
ing high ACE2-binding affinity. Besides the two emerging mutations
K478R and F456L, we selected seven additional substitutions, includ-
ing HS05Y, R403K, K444T, K440N, A484P, Y453F and N405K—which
were sequentially added to XBB.1.5—and constructed seven pseudovi-
ruses, XBB.1.5-S1to XBB.1.5-S7 (Fig. 6a). The mutations were selected
from alarger set of mutation candidates considering their impacts
on human ACE2-binding affinity as determined by surface plasmon
resonance (SPR) and the capability of escaping the neutralization of
a panel of 131 potent XBB.1.5-neutralizing antibodies from 8 epitope
groups (Fig. 6b,c and Extended Data Fig. 7a). XBB.1.5-S7 successfully
escaped most of the NAbsin the panel, except for asmall group of broad
NAbs fromgroup F3, Aland D4, including SA55, atherapeutic antibody
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Fig. 5| Estimation of the evolutionary trends of XBB.1.5 RBD from DMS
profiles.a,b, Normalized average DMS escape scores weighted by IC;, against
XBB.1.5using DMS profiles of monoclonal antibodies from BA.5/BF.7 BTl (a),
and monoclonal antibodies from BA.5/BF.7 BTland BA.1/BA.2 BTIwith BA.5/BF.7
reinfection (b). The effects of eachmutation on ACE2 binding and RBD expression
and the codon constraints on each residue are also considered (Methods).
Residueswith highestimated preferencesare labelled, and their corresponding
mutationscores are shown aslogos.

under clinical development*2. We then evaluated the neutralization
titres of convalescent plasmafromindividuals who experienced Omi-
cron BTl or repeated Omicron infection against the designed escape
mutants. As expected, XBB.1.5-S7 could significantly escape plasma
samples from all tested cohorts. Plasma from BA.5 or BF.7 BTl were
significantly escaped upon the inclusion of F456L, and were almost
completely ineffective against XBB.1.5-S7 (Extended Data Fig. 8b).
Plasma from repeated Omicron infections was much more resistant
to escape mutations. Of note, plasma from BA.5/BF.7 reinfection with
prior BA.1BTlor BA.2 BTl exhibited distinct neutralization to different
escape mutants. Plasmasamples from BA.5/BF.7 reinfection with prior
BA.1BTIwere largely evaded by K444 T and K440N, but not strongly
affected by H505Y, whereas those with prior BA.2 BTl were significantly
evaded by H505Y (Fig. 6d,e). This is consistent with the observation
that reinfection with prior BA.1 BTl elicits more group D3 antibodies,
whereasreinfectionwith prior BA.2 BTl elicits more group F3 antibodies
(Fig.4c). Unvaccinated reinfection cohorts exhibited higher neutrali-
zation against XBB.1.5 compared with vaccinated cohorts, but were
equivalently escaped by XBB.1.5-S7. The most significant reduction
in neutralization occurred upon the inclusion of H505Y, K440N and
N405K, indicating a high proportion of Omicron-specific antibodies
ingroups D3 and F3 (Fig. 6f).

Discussion

In summary, our findings suggest that secondary Omicron exposure
isnecessary to mitigate theimmune imprinting conferred by previous
ancestral virus exposure and to elicit higher levels of Omicron-specific
antibodies. Accordingly, our recommendation is to administer two
booster doses of Omicron-based vaccines to individuals who have not
received prior Omicron-based vaccinations or have not been previ-
ously infected with the Omicron variant. Moreover, administering the
second booster shot after a prolonged interval can provoke awider and
more efficientimmune response, whereas incorporating WT virus into
subsequent vaccine designs may worsen outcomes?®.

Recently, several fast-growing XBB lineages, such as the variant of
interest XBB.1.16, have acquired RBD mutations on K478. However,
the K478 mutation did not emerge in our prediction of evolutionary
trends for XBB.1.5RBD. This contradiction may be attributed to the fact
that our mutational prediction model relies primarily on the cohorts
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Fig. 6| Combination of escape mutations evades XBB.1.5-neutralizing
antibodies fromreinfection. a, Generation of SARS-CoV-2 XBB.1.5-based
pseudoviruses with combinations of critical mutations identified through
analysis of DMS profiles. b, Human ACE2-binding affinity for various RBD
mutants of SARS-CoV-2, assessed using SPR. Geometric mean dissociation
constants (K;) fromatleast fourindependentreplicates are shown. Pvalues for
the comparisonwith the K, for XBB.1.5RBD were determined using a two-tailed
t-testonlog-transformed K, values and are shown above the bars.n =2 for
BA.2.75;n=6for XBB.1.5and XBB.1.5 + F456L; and n = 4 for other groups. ¢, ICs,
values for representative potent XBB.1.5-neutralizing antibodies from different
epitope groups against XBB.1.5 variants carrying individual or multiple escape

that we recruited, and we did not capture the immune background
thatintroduced K478 mutation. One possible background that may
giverisetoK478isrepeated BA.5/BQ.1.1/XBB exposure, as F486 could
mask the immunogenicity of K478. Another potential source of K478
is Delta-imprinted convalescent individuals who experienced BA.5/
BQ.1.1/XBBinfections, which could resultin the generation of abundant
K478X-sensitive monoclonal antibodies, given that Delta carries T478K.
This may explain why K478X is observed mostly in India®*.

The degree ofimmune imprinting might be different between mRNA
andinactivated virus vaccinations. Recent studies have shown that sub-
sequent exposure to Omicron twice after two doses of WT-based mRNA
vaccinesstill produce significantly low levels of Omicron-specific anti-
bodies, despite the enhanced neutralization breadth against BQ.1.1and
XBB variants**8, Additionally, individuals who have received two doses

mutations. Fold changesinIC,,against the mutantsrelative to XBB.1.5are
presented as aheat map. d-f, NT,, for SARS-CoV-2 XBB.1.5-based mutants, using
plasmafrom convalescentindividuals who experienced BA.5 or BF.7 reinfection:
BA.1BTI priortoBA.5/BF.7 reinfection (n=26) (d); BA.2BTI prior to BA.5/BF.7
reinfection (n=19) (e); or reinfection with BA.5 or BF.7 after BA.1or BA.2 infection
without vaccination (n=12) (f). Key mutations diminishing neutralization are
labelled above the corresponding lines. Dashed lines indicate the limit of
detection (NT5,=20). GMTs are shown above data points. Statistical tests were
performed between neighbouring mutants; two-tailed Wilcoxon signed-rank
testson paired samples.

of mRNA vaccines and experienced two rounds of Omicron infection
also have low levels of Omicron-specific antibodies”. This indicates
that mRNA vaccines may generate astronger immune imprinting effect
compared withinactivated vaccines, potentially owing to its stronger
humoralimmune response**’. However, a direct comparison is needed
for validation.
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Methods

Isolation of PBMCs and plasma

Blood samples from vaccinated or unvaccinated individuals who had
recovered from Omicron breakthrough infection or reinfection were
obtained under study protocols approved by Beijing Ditan Hospital,
Capital Medical University (Ethics committee archiving no. LL-2021-
024-02) and the Tianjin Municipal Health Commission, and the Ethics
Committee of Tianjin First Central Hospital (Ethics committee archiv-
ing no.2022N045KY). All participants have provided writteninformed
consent for the collection of information, storage and use of their clini-
cal samples for research purposes and publication of data generated
from this study.

Samples from one-time breakthrough infection and the first infec-
tionsinrepeat-infection cohorts were collected during the ‘zero COVID’
periodin China. During that period, the total number of infected indi-
viduals was small and there were clear epidemiological correlations
between confirmed cases. BA.1 breakthrough infections occurred in
TianjininJanuary and a cumulative count of 430 individuals tested
positive for Omicron BA.1 by 7 February 2022, with no additional
infections identified in the subsequent 16 days®. BA.2 breakthrough
infections occurred in Beijing between April and July 2022. From 22
April to 14 November, a total of 2,230 cases of local infections were
reportedinBeijing, and BA.2.2.1(BA.2 + 11221T in spike) was the most
prevalent subvariant in Beijing between April and July*®°. BA.5 break-
through infections occurred in Beijing and Tianjin between Septem-
ber and October 2022%°. BF.7 breakthrough infections occurred in
Inner Mongoliain November 2022, and BF.7 accounted for 100% of the
sequences®. These samples of infection were confirmed by PCR, and
the majority also underwent sequencing to determine the viral strains.
The unsequenced samples, which make up only asmall proportion of
the total samples, showed strong epidemiological correlations with
the sequenced samples.

Reinfections were confirmed by PCR or antigen testing. While the
viral strain types for these infections were not confirmed through
sequencing, itisimportant to note that these samples were confirmed
in December 2022 in Beijing and Tianjin. At that time, these regions
were predominantly undergoing the BA.5/BF.7 wave®’. Among the
sequences from samples collected between 1 December 2022 and 2
January 2023,>98% of them were designated as BA.5* (excluding BQ*).
Specifically, the major subtypes circulating in China at that time were
BA.5.2.48* (DY*) and BF.7.14*, which do not harbour additional muta-
tions on RBD, and thus canbe generally considered as BA.5/BF.7 in this
study (cov-spectrum.org/explore/China/AllSamples/from%3D2022-
12-01%26t0%3D2023-02-01/variants?&).

Thewholeblood samples were 1:1diluted with 2% fetal bovine serum
(FBS) (Hyclone, SH30406.05) in phosphate buffered saline (PBS)
(Invitrogen, C10010500BT) and subjected to Ficoll (Cytiva, 17-1440-03)
gradient centrifugation toisolate plasmaand PBMCs. Plasmawas col-
lected fromupper layer after centrifugation. PBMCs were collected at
theinterface and further prepared through centrifugation, red blood
celllysis (Invitrogen eBioscience 1x RBC Lysis Buffer, 00-4333-57) and
washing steps. If not used for downstream processimmediately, sam-
pleswere stored in FBS with 10% DMSO (Sigma-Aldrich, D4540) inliquid
nitrogen. AllPBMC samples were shipped ondryice and cryopreserved
PBMCswerethawed in PBS + 1 mMEDTA (Invitrogen, AM9260G) + 2%
FBS before use.

mRNA and protein vaccine preparation and mouse
immunization

For mRNA vaccine preparation, 5’ untranslated region (UTR), target
sequence, and 3’ UTR were sequentially inserted after T7 promoter
in an empty PSP73 plasmid first. The plasmid was then subjected
to double digestion to obtain linearized DNA. This DNA served as a
template for an in vitro transcription reaction mediated by T7 RNA

polymerase to synthesize RNA encoding the SARS-CoV-2 S6P (F817P,
A892P,A899P, A942P,K986P, V987P,R683A and R685A) protein accord-
ing to the manufacturer’s instructions (Vazyme, DD4201). Transcrip-
tion products were treated with DNase I to remove DNA templates,
and purified using VAHTS RNA Clean Beads (Vazyme, N412-02). Cap1
structure was added using Vaccinia Capping Enzyme (Vazyme,
DD4109) and mRNA Cap 2’-O-methyltransferase (Vazyme, DD4110),
followed by magnetic bead purification. Poly(A) tails were added using
Escherichia coliPoly(A) Polymerase (Vazyme, N4111-02) and the prod-
uctwas purified again.

The mRNA was encapsulated in a functionalized lipid nanoparticle
as described previously*. In brief, ionizable lipid, DSPC, cholesterol,
and PEG2000-DMG were dissolved in ethanol at the mole ratio of
50:10:38.5:1.5, respectively. mRNA was diluted in RNase free 50 mM
citrate buffer (pH 4.0) to obtain a final lipid:mRNA weight ratio of 6:1.
The aqueous and ethanol solutions were mixed in a 3:1 volume ratio
using a microfluidic apparatus and the obtained lipid nanoparticles
were dialysed overnight. All of the samples were stored within a week
at 2~ 8 °C of use to ensure the chemical stability of the components.
Thesize of lipid nanoparticles, the particle size distributions, and the
encapsulation and concentration of mMRNA were determined. The
encapsulationin all of the samples was typically 90-99%.

The spike proteins, including D614G (ACROBiosystems, SPN-C52H9),
XBB (ACROBiosystems, SPN-C5248), BQ.1.1 (ACROBiosystems,
SPN-C522s), BA.1 (ACROBiosystems, SPN-C522a) and BA.5 (ACRO-
Biosystems, SPN-C522e) were used for mouse immunization. All of
these proteins were modified to incorporate 6P2A mutations (F817P,
A892P, A899P, A942P,K986P, V987P, R683A and R685A) and a T4 fibri-
tin foldon domain at the C terminus to improve the stability of the
trimeric structure.

Animal experiments were carried out under study protocols
approved by Rodent Experimental Animal Management Com-
mittee of Institute of Biophysics, Chinese Academy of Sciences
(SYXK2023300) and Animal Welfare Ethics Committee of HFK Bio-
logics (HFK-AP-20210930). Six- to eight-week-old female BALB/c mice
were used for experiments. The mice were kept under a12-hour light
and 12-hour dark cycle, with room temperatures maintained between
20°Cand 26 °C. The humidity levels in the housing area ranged from
30% to 70%. Mice were immunized according to schemes in Fig. 1. All
inactivated vaccines were administered intraperitoneally at a dose of
3 pg per mouse, while mRNA vaccines were administered intramus-
cularly at a dose of 1 ug or 10 pg per mouse. Protein subunit vaccines
were administered subcutaneously at six sites on the back at a dose
of 10 pg per mouse, where complete Freund’s adjuvant was used for
the prime immunization, and incomplete Freund’s adjuvant was used
for boosterimmunizations, with a1:1volume ratio of protein subunit
and adjuvant. The second immunizations were given 2 weeks after the
first dose, with subsequent doses administered at 1-month intervals,
unless stated otherwise. Blood samples were collected 4 week after
the final immunization.

BCR sequencing, analysis and recombinant antibody expression
CD19" B cells were enriched from PBMCs using EasySep Human CD19
Positive Selection Kit I (STEMCELL, 17854). Following enrichment,
every 1x10°B cells in 100 pl buffer were incubated with a panel of
antibodiesincluding 3 pl FITC anti-human CD20 antibody (BioLegend,
302304), 3.5 pl Brilliant Violet 421 anti-human CD27 antibody (BioLeg-
end, 302824), 2 pl PE/Cyanine7 anti-human IgD antibody (BioLegend,
348210) and 2 pl PE/Cyanine? anti-human IgM antibody (BioLegend,
314532). Additionally, fluorophore or oligonucleotide conjugated
RBD were added. For FACS, 0.013 pg of biotinylated BA.1 (Sino Bio-
logical, 40592-V49H7-B) or BA.2 (customized from Sino Biological)
RBD protein conjugated with PE-streptavidin (BioLegend, 405204)
and APC-streptavidin (BioLegend, 405207), and 0.013 pg of WT bioti-
nylated RBD protein (Sino Biological, 40592-V27H-B) conjugated
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with BV605-streptavidin (BioLegend, 405229) were added. For
sequencing, BA.1 or BA.2 biotinylated RBD protein conjugated with
TotalSeq-C0971Streptavidin (BioLegend, 405271) and TotalSeq-C0972
Streptavidin (BioLegend, 405273), WT biotinylated RBD protein con-
jugated with TotalSeq-C0973 Streptavidin (BioLegend, 405275) and
TotalSeq-C0974 Streptavidin (BioLegend, 405277) and biotinylated
Ovalbumin (Sino Biological) conjugated with TotalSeq-C0975 Strepta-
vidin (BioLegend, 405279) were added. After incubation and washing
steps, 5 pl of 7-AAD (Invitrogen, 00-6993-50) was included for dead
cell exclusion.

Cells negative for 7-AAD, IgM and IgD, but positive for CD20, CD27
and BA.1or BA.2RBD were sorted using a MoFlo Astrios EQ Cell Sorter
(Beckman Coulter). FACS datawere collected by Summit 6.0 (Beckman
Coulter) and analysed using FlowJo v10.8 (BD Biosciences).

The sorted B cells were processed using the Chromium Next GEM
Single Cell V(D)) ReagentKits vl.1according to the manufacturer’s user
guide (10X Genomics, CG000208). In brief, the cells were resuspended
in PBS +10% FBS after centrifugation and then processed to obtain gel
beads-in-emulsion (GEMs) using the 10X Chromium controller. The
GEMSs were subjected to reverse transcription and the products were
further purified with a GEM-RT clean up procedure. Preamplification
was then performed on the products which were subsequently purified
using the SPRIselect ReagentKit (Beckman Coulter, B23318). The paired
V(D)) BCR sequences were enriched with 10X BCR primers, followed
by library preparation. Finally, the libraries were sequenced using the
Novaseq 6000 platform, running either the Novaseq 6000 S4 Reagent
Kit v1.5300 cycles (Illumina, 20028312).

The 10X Genomics V(D)) sequencing data were assembled as BCR
contigs and aligned using the Cell Ranger (v6.1.1) pipeline according to
the GRCh38 BCRreference. To ensure high quality, only the productive
BCR contigs and cells with one heavy chain and one light chain were
retained. The IgBlast program (v1.17.1) and Change-O toolkit (v1.2.0)
were utilized to annotate the germline V(D)) genes and detect somatic
hypermutation sites in the variable domain of the BCR sequences.

For expression optimization in human cells, heavy and light chain
genes were synthesized by GenScript, inserted separately into plasmids
(pCMV3-CH, pCMV3-CL or pCMV3-CK) via infusion (Vazyme, C112),
and co-transfected into Expi293F cells (Thermo Fisher, A14527) using
polyethylenimine transfection. The cells were cultured at 36.5 °C in
5% CO, and 175 rpm for 6-10 days. The cell expression fluid was col-
lected and centrifuged. After centrifugation, supernatants containing
the monoclonal antibodies were purified using protein A magnetic
beads (Genscript, L00695). The purified samples were determined
by SDS-PAGE.

Pseudovirus-neutralization assay

Codon-optimized SARS-CoV-2 S gene was inserted into the pcDNA3.1
vectorto construct plasmids encoding the spike proteins of SARS-CoV-2.
The 293 T cell line (ATCC, CRL-3216) was transfected with the spike
protein-expressing plasmids and then infected with G*AG-VSV virus
(Kerafast, EH1020-PM). After culturing, the pseudovirus-containing
supernatant was collected, filtered, aliquoted, and frozen at —-80 °C
for future use. Pseudovirus-neutralization assays were conducted
on the Huh-7 cell line (Japanese Collection of Research Bioresources
(JCRB), 0403).

Monoclonal antibodies or plasma were serially diluted in DMEM
(Hyclone, SH30243.01) and incubated with pseudovirus in 96-well
platesat5% CO,and 37 °Cfor1h. Digested Huh-7 cell (JCRB, 0403) were
seeded and cultured for 24 h. Half of the supernatant was then discarded
and Bright-Lite Luciferase Assay Substrate (lyophilized) was mixed with
Bright-Lite Luciferase Assay Buffer (Vazyme, DD1209-03-AB) and then
the mixture was added to react in the dark. The luminescence value
was detected using a microplate spectrophotometer (PerkinElmer,
HH3400).1C,, was determined by afour-parameter logistic regression
model using PRISM (version 9.0.1).

Authentic virus neutralizing assay

The serum samples obtained from Convalescent individuals were
heat-inactivated at 56 °C for 0.5 h and subsequently diluted in two-
fold steps with cell culture medium. These diluted sera were mixed
with a virus suspension (SARS-CoV-2 Wuhan, BA.1(GISAID, EPI_
ISL_8187354), BA.5.2.1 (GISAID, EPI_ISL_17261619.2), BF.7.14 (GISAID,
EPILISL_17959240), FL.8 (XBB.1.9.1.8) (GISAID, EPL_ISL_17262369) con-
taining 100 cell culture infectious dose 50% (CCIDs,) and added to
96-well plates at a 1:1ratio. The plates were then incubated at 36.5 °C
ina 5% CO,incubator for 2 h. Following the incubation period, Vero
cells (Gifted from WHO, (ATCC, CCL-81)) were added to each well con-
taining the serum-virus mixture. The plates were further incubated
for 5 days at 36.5 °Cin a 5% CO, incubator. Microscopic observation
of cytopathic effects was performed, and the neutralizing titre was
determined based on the highest dilution that showed 50% protec-
tion against the virus-induced cytopathic effects. Experiments were
conducted in a biosafety level 3 (ABSL3) facility.

ELISA

ELISA assays were conducted by pre-coating ELISA plates with RBD
(SARS-CoV-2WT, SARS-CoV-2BA.1,SARS-CoV-2BA.2RBD, Sino Biologi-
cal) at concentrations of 0.03 pg ml™ and 1 pug mlI™in 0.05 M coating
buffer (Solarbio, C1055) overnight at4 °C. The plates were then washed
and blocked, after which 100 pl of 1 pg ml™ antibodies were added to
each well and incubated at room temperature for 30 mins. Following
incubation, the plates were washed and incubated with 0.25 pg ml™
Peroxidase-conjugated AffiniPuregoatanti-humanIgG(H +L) (JACKSON,
109-035-003) for 30 min at room temperature. The reaction was
developed using tetramethylbenzidine (TMB) (Solarbio, PR1200),
andstopped by adding H,SO,. The absorbance was measured at 450 nm
using a microplate reader (Thermo Scientific, Multiskan Fc) and the
negative control used was the 1 pg mI™ H7N9 human IgGl1 antibody
HGIK (Sino Biological, HG1K).

Surface plasmon resonance

Human ACE2 with Fc tag was immobilized onto protein A sen-
sor chips using a Biacore 8 K (GE Healthcare). Purified SARS-CoV-2
mutants RBD were prepared in serial dilutions, ranging from 100 to
6.25nM, and injected over the sensor chips. The response units were
recorded atroom temperature using BIAcore 8 K Evaluation Software
(v4.0.8.20368; GE Healthcare). The obtained datawere then analysed
using BlAcore 8 K Evaluation Software (v4.0.8.20368; GE Healthcare)
and fitted to a1:1binding model.

DMS library construction

Duplicate single site saturated mutant libraries spanning all201amino
acids of BA.5RBD (position N331-T531 by Wuhan-Hu-1reference num-
bering) were constructed based on previously reported method, in
order to ensure the reproducibility and reliability of results®. Aunique
N26 barcode was PCR appended to each RBD variant as an identifier,
and the correspondence of variant and N26 barcode was obtained by
PacBio sequencingon Sequelll platform. The BA.5 RBD mutant libraries
were assembled into pETcon 2649 vector and amplified in DH10B cells.
Above plasmids products were then transformed into Saccharomyces
cerevisiae EBY100. Yeasts were screened on SD-CAA plates and further
enlargedin SD-CAAliquid media, theresulted libraries were preserved
at—80 °C after flash frozen in liquid nitrogen.

MACS-based mutation escape profiling

The high-throughput mutation escape profiling for every single anti-
body was performed as previously described>*. In brief, non-functional
RBD variants were first eliminated from BA.5 mutant libraries by
magnetic-activated cell sorting (MACS). The selected yeasts were
inoculated into SG-CAA media to induce RBD surface expression by



overnight culture. To capture yeast cells that escape specific antibody
binding, two rounds of sequential negative selection and one round
of positive selection were carried out based on MACS. After overnight
amplification, plasmids were extracted from the sorted yeasts using
the 96-Well Plate Yeast Plasmid Preps Kit (Coolaber, PE053), then used
astemplate for N26 barcode amplification by PCR. Final PCR products
were purified, quantified, and sequenced on Nextseq 500 or Nextseq
550 platform.

DMS data analysis and antibody clustering

DMS raw sequencing data were processed as described previously**. In
brief, the detected barcode sequences of both the antibody-screened
and reference library were aligned to the barcode-variant dictionary
generated using dms_variants (v0.8.9) from PacBio sequencing data
of the BA.5DMS library. Only barcodes that are detected more than 5
times in the reference library are included in the calculation to avoid
large samplingerror. The escape scores of avariant X that are detected
bothinthescreened and referencelibrary were defined as F x (ny ,o/N,p)/
(ny i/ Nrer), where Fis a scale factor to normalize the scores to the 0-1
range, while nand N are the number of detected barcodes for variant
Xandtotalbarcodesin antibody-screened (ab) or reference (ref) sam-
ples, respectively. To assign an escape score to each single substitu-
tion on RBD, an epistasis model is fitted using dms_variants (v0.8.9)
as described previously****. For antibodies with multiple replicates
of DMS, the final escape score of each mutation is the average over
allreplicates.

We used graph-based unsupervised clustering and embedding
to assign an epitope group for each antibody and visualize them in
atwo-dimensional space. First, site escape scores (the sum of mutation
escape scores on aresidue) of each antibody are first normalized to a
sum of one and considered as a distribution over RBD residues. The
dissimilarity of two antibodies is defined by the Jessen-Shannon diver-
gence of the normalized escape scores. Pair-wise dissimilarities of all
antibodiesinthe dataset are calculated using the SciPy module (scipy.
spatial.distance.jensenshannon, v1.7.0). Then, a12-nearest-neighbour
graphis built using python-igraph module (v0.9.6). Leiden clustering
is performed to assign a cluster to each antibody*. The name of each
cluster is annotated manually based on the featured sites on the aver-
age escape profiles of a cluster to make it consistent with the defini-
tion of our previously published DMS dataset using WT-based library
in general®. To project the dataset onto a 2D space for visualization,
we performed UMAP based on the constructed k-nearest-neighbour
graph using umap-learn module (v0.5.2). Figures were generated by
R package ggplot2 (v3.3.3).

Estimate the preference of RBD mutations

Similar to the approach in our previous study?, we incorporated
four types of weights in our calculations to account for the impact
of each mutation on human ACE2-binding affinity, RBD expression,
neutralizing activity, and the codon constraints on each residue.
The weights for ACE2 binding and RBD expression are determined
by tanh(Sy;,q) + 1and tanh(min(0, S,,,,)) + 1, respectively, where the
Sping @and S, values are from the BA.2-based DMS on ACE2 binding
and RBD expression®. The function tanh(x) is used as a sigmoidal
curve to constrain the weights between 0 and 2. For codon constraint
weights, mutations that cannot be accessed through single nucleotide
mutation are first assigned aweight of zero. To address the intrinsic
disparities in the frequency of distinct nucleotide substitutions in
SARS-CoV-2, we assign different weights for mutations correspond-
ing to various nucleotide substitutions®. Specifically, the weight of
the most frequent substitution (C>T) is assigned a value of 0.1, while
weights for G>T and G>A are 0.041and 0.035, respectively. To retain
the potential of rare mutations, all other substitutions are assigned
aweight of 0.03. We use BA.4/5 (EPI_ISL_11207535) and XBB.1.5 (EPI_
ISL_17054053) to define weights for codon usage. Regarding the

neutralizing activities, the weight is calculated as —log,,(ICs,). ICs,
values (ng ml™) less than 0.0005 or greater than 1.0 are considered
as 0.0005 or 1.0, respectively. As the dataset specifically enriches
for Omicron-specific antibodies, potentially introducing bias when
estimating mutation preferences. An additional weighting strategy
isapplied that assigns higher weights to cross-reactive monoclonal
antibodies, resulting in 89% cross-reactive monoclonal antibodies
for BA.5/BF.7 BTl cohorts and 51% for reinfection cohorts, as deter-
mined by unbiased characterization of monoclonal antibodies using
ELISA. The raw escape scores for each antibody are first normalized
by the maximum score among all mutants. The weighted score for
each antibody and each mutation is obtained by multiplying the
normalized scores with the corresponding four weights, and the
final mutation-specific weighted score is the sum of scores for all
antibodies in the designated set, which is then normalized once
moreto produce avalue between 0 and 1. To visualize the calculated
escape maps, sequence logos were created using the Python module
logomaker (v0.8).

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

Data availability

Information on SARS-CoV-2 RBD-targeting monoclonal antibodies is
includedinSupplementary Table 2. Raw sequencing datafor DMS are
available on Genome Sequence Archive (GSA) of China National Center
for Bioinformation with Project accession PRJCA020116. The Protein
DataBank model 7XNS is used for the structural model of SARS-CoV-2
RBD. Source data are provided with this paper.

Code availability

Processed mutation escape scores and custom scripts for processing
and analysing DMS data can be downloaded at github.com/jianfcpku/
SARS-CoV-2-reinfection-DMS. The scripts have also been uploaded to
Zenodo at https://doi.org/10.5281/zenodo.8373447.
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Extended DataFig.1|Neutralizing antibody response after CoronaVac

priming and one-dose variant spike boosting. a, Comparison of neutralizing

titers between miceimmunized with one doses of BA.5/BQ.1.1/XBB Spike

protein and mice with 2 doses of CoronaVac followed by one-dose Spike protein
boosters. The variants used for priming or boosting are indicated at the bottom
ofthefigureandred,blue, yellow circlesindicate the NT50s against BA.5,BQ.1.1,

and XBB. b, ¢, Comparison of neutralizing titers among different groups of

with. The variants used for priming or boosting areindicated at the bottom of

thefigureandred, blue, yellow circlesindicate the NT50s against BA.5,BQ.1.1,

and XBB.10 mice wereimmunized and analyzed in each group (n =10), except

inb,ceight mice wereimmunized with BA.5booster 6 months after priming
(n=8),and all neutralization assays were conducted in at least two independent
experiments. Serawere collected four weeks after the last dose. Geometric

meantiters (GMT) were labeled. All neutralization assays were conductedin at
leasttwoindependent experiments. Statistical significance was determined
using the two-tailed Wilcoxon rank sumtest. *p < 0.05, **p < 0.01, ***p < 0.001,
****p <0.0001, and not significant (NS) p > 0.05.

miceimmunized with 2 doses of CoronaVac followed by one-dose BA.5/BQ.1.1/
XBB Spike proteinboosters administered with one-month, three-month, or
six-monthintervalsbetween the second and third dose. b) Neutralizing titers
against D614G; c) Neutralizing titers against variants that the mice boosted
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Extended DataFig.2|Neutralizing antibody response after CoronaVac
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were conductedinatleasttwoindependent experiments. Serawere collected
four weeks after the last dose. Geometric meanttiters (GMT) were labeled. All
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Statistical significance was determined using the two-tailed Wilcoxon rank
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Extended DataFig.3|Antibodybreadth of plasmaafter repeated Omicron
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Extended DataFig.5|See next page for caption.
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Extended DataFig. 5| Characteristics of BA.5-reactive mAbs elicited by
BA.5/BF.7BTlorreinfection. a, Source of the antibodies are projected onto
the UMAP embedding space. Antibodies from BA.5BTI (n = 445), BF.7 BTI
(n=243),BA.1BTIwithreinfection (n=284),and BA.2 BTl with reinfection
(n=232)are coloredblueinthe corresponding panel, and other antibodies are
gray. b, Neutralization activities, denoted asIC50 values, against SARS-CoV-2
BA.1(n=1260),BA.2(n=1238),BA.2.75 (n=1238),BQ.1.1(n=1335) and XBB
(n=1341) spike-pseudotyped VSV are projected onto the UMAP embedding
space.c, Average escape scores of epitope groups that are not shownin Fig. 4d
(C/D1,D2,E1/E2.1,E2.2,E3,and F1) areillustrated on the structure model of the
SARS-CoV-2BA.5RBD (PDB: 7XNS). Key residues with high escape scores for
eachgrouparelabeled.d, Average DMS escape scores for these epitope groups
arerepresented as sequencelogos; residues are depicted using the standard

one-letter code and colored based on their chemical properties. The height

of eachletter corresponds to the escapescore of the respective mutation.

e, Pseudovirus-neutralization activities of XBB.1.5-neutralizing mAbsin
groupsAl(n=70,p<0.0001)and A2 (n=23,p <0.0001) against XBB.1.5and
XBB.1.5.10; and mAbsingroups B (n=15,p=0.02) and C/D1(n =13, p=0.001)
against XBB.1.5and XBB.1.16 (‘'n’ refers to the number of mAbs). Fold changes in
IC50are labeled. P-values are calculated using two-tailed Wilcoxon signed-rank
testof paired samples. f, Pseudovirus-neutralization activities of mAbs within
thesix crucial epitope groups (C/D1[n=76],D2[n=86],E1/E2.1[n=100],E2.2
[n=124],E3[n=101],and F1[n =236], “n” refers to the number of mAbs) are
shown against SARS-CoV-2D614G, BA.5,BQ.1.1,and XBB.1.5. Geometric mean
IC50 values are displayed as bars and labeled above each group of data points.
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Extended DataFig.7|SPRsensorgrams for affinity of hACE2 and SARS-CoV-2 mutants RBD. Representative sensorgram of at least four replicates is shown for
eachRBD. Geometric meankinetic constantsk,, ky, and dissociation equilibrium constant K are labeled in each panel.
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Extended DataFig.8|NAbsfrom BTl and reinfection are escaped by
constructed mutants. a, IC50 values for representative potent XBB.1.5-
neutralizing antibodies from different epitope groups against XBB.1.5 variants
carryingindividual or multiple escape mutations are shown. The order of
antibodiesisthe same asthatinFig. 6¢c.b, Pseudovirus NT50 for SARS-CoV-2

XBB.1.5-based mutants are shown using plasma from convalescentindividuals
who experienced BA.5(n=36) or BF.7BTI (n =30). Statistical tests are performed
betweenneighboring mutants. P-values are calculated using two-tailed
Wilcoxonsigned-rank tests on paired samples.*p <0.05,**p <0.01, ***p < 0.0001,
and p >0.05(NS).
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Software and code

Policy information about availability of computer code

Data collection  Pseudovirus neutralization and ELISA data were collected by Multiskan™ FC Microplate Photometer.
SPR data was collected by BlAcore 8K Evaluation Software (v4.0.8.20368; GE Healthcare).
FACS data was collected by Summit 6.0 (Beckman Coulter).

Data analysis Neutralization assays data were analyzed using PRISM (v9.0.1) .
FACS data were analyzed by FlowJo 10.8.
SPR data were analyzed by BlAcore 8K Evaluation Software ((v4.0.8.20368; Cytiva).
Sequence alignment of Omicron sublineages was performed by biopython (v1.78); V(D)J sequence data were aligned using Cell Ranger
(v6.1.1), The IgBlast program (v1.17.1) and Change-O toolkit (v1.2.0) were utilized to annotate the germline V(D)J genes and detect somatic
hypermutation sites in the variable domain of the BCR sequences.
lllumina barcodes sequencing data from deep mutational scanning experiments were analyzed using custom scripts (https://github.com/
jianfcpku/SARS-CoV-2-reinfection-DMS) and Python package dms_variants (v0.8.9).
Custom scripts to analyze the escape mutation profiles data are available at Zenodo (DOI: 10.5281/zenodo.8373447) and Github (https://
github.com/jianfcpku/SARS-CoV-2-reinfection-DMS).
We used Python package logomaker (v0.8), R package ggseqglogo (v0.1) and ggplot2 (v3.3.3) for illustration.
We utilized Python package python-igraph (v0.9.6), scipy (v1.7.0), scikit-learn (v0.24.2), leidenalg (v0.8.7), umap-learn (v0.5.2) to perform
clustering and UMAP embedding fo antibodies. 2D UMAP plots are generated by ggplot2 (v3.3.3).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Sequences and neutralization of the antibodies are included in Supplementary Table 2. Raw sequencing data of DMS assays are available on Genome Sequence
Archive (GSA) of China National Center for Bioinformation (https://ngdc.cncb.ac.cn/gsa) with Project accession PRICA020116. We used
vdj_GRCh38_alts_ensembl-5.0.0 as the reference of V(D)J alignment, which can be obtained from https://support.10xgenomics.com/single-cell-vdj/software/
downloads/latest. PDB 7XNS is used for the structural model of SARS-CoV-2 BA.5 RBD.
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Sample size A total of 1816 antibodies were characterized in the manuscript. We analyzed all antibodies in hand and the sample size of antibodies in this
study was sufficient to reach statistical significance by two-tailed binomial test for the differences in epitope distribution.
We collected plasma samples from 50 convalescent individuals with BA.1 breakthrough infection, 22 long-term convalescent individuals with
BA.1 breakthrough infection, 39 with BA.2 breakthrough infection, 36 with BA.5 breakthrough infection and 30 with BF.7 breakthrough
infection, all of whom received three doses of CoronaVac before infection. Further, we investigated 26 individuals who had post-vaccination
BA.1 breakthrough infection followed by BA.5/BF.7 reinfection, 19 with post-vaccination BA.2 breakthrough infection followed by BA.5/BF.7
reinfection, and 12 individuals with BA.1/BA.2 infection followed by BA.5/BF.7 reinfection, who had no history of vaccination.
We analyzed all plasma samples collected and the sample size of plasma could reach statistical significance of NT50 values from neutralization
assays by two-tailed Wilcoxon signed-rank test.
No sample size calculation was performed.

Data exclusions 466 antibodies were excluded from the study because of insufficient antibody or failed deep mutational scanning experiments, which is
defined as no mutations scored two times of the median score.

Replication Experimental assays were performed in at least two independent experiments according to or exceeding standards in the field.
Specifically, we performed mutation screening using two independently constructed mutant libraries. We conducted all neutralization assays

and ELISA in at least two independent experiments. All replicates for neutralization and ELISA are successful.

Randomization  Randomization was not required since we were applying a uniform set of measurements across the panel of monoclonal antibodies and
plasma. As this is an observational study, randomization is not relevant.

Blinding Blinding was not required since we were applying a uniform set of measurements across the panel of monoclonal antibodies and plasma. As
this is an observational study, investigators were not blinded.
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Antibodies

Antibodies used ELISA: 0.25 pg/ml goat anti-human 1gG(H+L)HRP (JACKSON, 109-035-003)
1 pg/ml H7N9 human 1gG1 antibody HG1K (Sino Biologicals, Cat #HG1K) was used as negative control.
FACS: The cells were stained with FITC anti-human CD20 antibody (BioLegend, 302304), Brilliant Violet 421 anti-human CD27
antibody (BiolLegend, 302824), PE/Cyanine7 anti-human IgM antibody (BioLegend, 314532), PE/Cyanine7 anti-human IgD
antibody(BioLegend, 348210).
All human antibodies were expressed using Expi293F™ (Gibco, A14527) with codon-optimized cDNA and human IgG1 constant
regions in house. The detailed sequence could be found in Supplementary material.

Validation All antibodies were expressed using Expi293F™ with codon-optimized cDNA and human 1gG1 constant regions. All antibodies'
species and specificity to RBD were validated by ELISA. All antibodies neutralization ability was verified by VSV-based pseudotyped
virus assays. Details for all SARS-CoV-2 antibodies evaluated in this study is included in Supplementary Table.

Goat anti-human IgG(H+L)HRP (JACKSON, 109-035-003): Based on immunoelectrophoresis and/or ELISA, the antibody reacts with
whole molecule human IgG. It also reacts with the light chains of other human immunoglobulins. No antibody was detected against
non-immunoglobulin serum proteins. The antibody may cross-react with immunoglobulins from other species.

FITC anti-human CD20 antibody was validated by successful staining and FC analysis according to the manufacturer's website https://
www.biolegend.com/en-us/products/fitc-anti-human-cd20-antibody-558 and previous publication: Mishra A, et al. 2021. Cell
184(13):3394-3409.€20

Brilliant Violet 421 anti-human CD27 antibody was validated by successful staining and FC analysis according to the manufacturer's
website https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-human-cd27-antibody-7276 and previous publication
Dugan HL, et al. 2021. Immunity. 54(6):1290-1303

PE/Cyanine7 anti-human IgM antibody was validated by successful staining and FC analysis according to the manufacturer's website
https://www.biolegend.com/en-us/products/pe-cyanine7-anti-human-igm-antibody-12467 and previous publication: Shehata L, et al
2019. Nat Commun. 10:1126

PE/Cyanine7 anti-human IgD antibody was validated by successful staining and FC analysis according to the manufacturer's website
https://www.biolegend.com/en-us/products/pe-cyanine7-anti-human-igd-antibody-6996 and previous publication: Ahmed R et al.
2019. Cell. 177(6):1583-1599.
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Monoclonal antibody expression: Expi293F™ (Gibco, A14527);
Yeast display: EBY100 (ATCC MYA-4941);
Pseudutyped virus neutralization assay: Huh-7 (JCRB 0403) ;
Authentic virus neutralizing assay:Vero(ATCC CCL-81);
293T(ATCC, CRL-3216);

Authentication Expi293F™ (Gibco, A14527):Morphology(https://www.thermofisher.com/document-connect/document-connect.html?
url=https://assets.thermofisher.com/TFS-Assets%2Fcertificate%2FFRK%2FCOA%2FCOA_100044202_275162_1.pdf);
EBY100 (ATCC MYA-4941):Whole-genome Sequencing(https://www.atcc.org/products/mya-4941);
Huh-7 (JCRB 0403):Morphology(https://cellbank.nibiohn.go.jp/~cellbank/en/search_res_det.cgi?ID=385);
Vero(ATCC CCL-81):Morphology(https://www.atcc.org/products/ccl-81#related-products);
293T(ATCC, CRL-3216):STR profiling(https://www.atcc.org/products/crl-3216)

Mycoplasma contamination Not tested for mycoplasma contamination;

Commonly misidentified lines No commonly misidentified cell lines were used in the study.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Female,6-8 weeks old BALB/c mice were used in this study
Wild animals No wild animals were used.
Field-collected samples  No field-collected samples were used.

Ethics oversight Animal experiments were carried out under study protocols approved by Institute of Biophysics, Chinese Academy of Sciences
(SYXK2023300) and HFK Biologics (HFK-AP-20210930).

Note that full information on the approval of the study protocol must also be provided in the manuscript.




Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

Ethics oversight

We collected plasma samples from 50 convalescent individuals with BA.1 breakthrough infection, 22 long-term convalescent
individuals with BA.1 breakthrough infection, 39 with BA.2 breakthrough infection, 36 with BA.5 breakthrough infection and
30 with BF.7 breakthrough infection, all of whom received three doses of CoronaVac before infection. Further, we
investigated 26 individuals who had post-vaccination BA.1 breakthrough infection followed by BA.5/BF.7 reinfection, 19 with
post-vaccination BA.2 breakthrough infection followed by BA.5/BF.7 reinfection, and 12 individuals with BA.1/BA.2 infection
followed by BA.5/BF.7 reinfection, who had no history of vaccination. The gender, age, vaccination status, infection time, and
sampling time were listed in Supplementary Table 1.

Patients were recruited on the basis of CoronaVac vaccination, post-vaccination BA.1, BA.2, BA.5 or BF.7 breakthrough
infection, post-vaccination BA.1/BA.2 breakthrough infection followed by BA.5/BF.7 reinfection, and BA.1/BA.2 infection
followed by BA.5/BF.7 reinfection, who had no history of vaccination. The exclusion criteria for the study included individuals
with HIV or other debilitating diseases, as well as immunocompromised individuals.

Blood samples from vaccinated or unvaccinated individuals who had recovered from Omicron breakthrough infection or
reinfection were obtained under study protocols approved by Beijing Ditan Hospital, Capital Medical University (Ethics
committee archiving No. LL-2021-024-02) and the Tianjin Municipal Health Commission, and the Ethics Committee of Tianjin
First Central Hospital (Ethics committee archiving No. 2022N045KY). All participants have provided written informed consent
for the collection of information, storage and use of their clinical samples for research purposes, and publication of data
generated from this study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

|Z| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software

Cell population abundance

Whole blood sample were diluted 1:1 with PBS+2% FBS (Gibco) and subjected to Ficoll (Cytiva) gradient centrifugation.
Plasma was collected from upper layer. Cells were collected at the interface and further prepared by centrifugation, red
blood cells lysis (Invitrogen eBioscience) and washing steps. Samples were stored in FBS (Gibco) with 10% DMSO (Sigma) in
liquid nitrogen if not used for downstream process immediately. Cryopreserved PBMCs were thawed in PBS+2% FBS.
CD19+ B cells were enriched from PBMCs using EasySep Human CD19 Positive Selection Kit Il (STEMCELL, 17854). Following
enrichment, 1x106 B cells in 100l buffer were incubated with a panel of antibodies including 3l FITC anti-human CD20
antibody (BioLegend, 302304), 3.5ul Brilliant Violet 421 anti-human CD27 antibody (BioLegend, 302824), 2 ul PE/Cyanine7
anti-human IgD antibody (BioLegend, 348210) and 2 ul PE/Cyanine? anti-human IgM antibody (BioLegend, 314532).
Additionally, fluorophore or oligonucleotide conjugated RBD were added. For FACS, 0.013 ug of biotinylated BA.1 (Sino
Biological, 40592-V49H7-B) or BA.2 (customized from Sino Biological) RBD protein conjugated with PE-streptavidin
(BioLegend, 405204) and APC-streptavidin (BioLegend, 405207), and 0.013 ug of WT biotinylated RBD protein (Sino Biological,
40592-V27H-B) conjugated with BV605-streptavidin (BioLegend, 405229) were added. For sequencing, BA.1 or BA.2
biotinylated RBD protein conjugated with TotalSeq™-C0971 Streptavidin (BioLegend, 405271) and TotalSeq™-C0972
Streptavidin (BioLegend, 405273), WT biotinylated RBD protein conjugated with TotalSeq™-C0973 Streptavidin (BioLegend,
405275) and TotalSeq™-C0974 Streptavidin (BioLegend, 405277) and biotinylated Ovalbumin (Sino Biological) conjugated
with TotalSeq™-C0975 Streptavidin (BioLegend, 405279) were added. After incubation and washing steps, 5ul of 7-AAD
(Invitrogen, 00-6993-50) was included for dead cell exclusion.

Moflo Astrios EQ (BeckMan Coulter)
Summit 6.0 (Beckman Coulter) for cell sorting; FlowJo 10.8 for data analysis.

BA.1 breakthrough infection (2m) : 7AAD-&CD20+/singletes=84.5%, CD27+&IgM-&IgD-/7AAD-&CD20+=23.6%, BA.1-RBD+/
CD27+&IgM-&IgD-=0.28%, WT-RBD+/BA.1-RBD+=76.4 %
BA.2 breakthrough infection (2m) : 7AAD-&CD20+/singletes=90.9%, CD27+&IgM-&IgD-/7AAD-&CD20+=19.4%, BA.2-RBD+/
CD27+&IgM-&1gD-=0.098%, WT-RBD+/BA.2-RBD+=70.6%

BA.1 breakthrough infection (8m) : 7AAD-&CD20+/singletes=79.3%, CD27+&IgM-&IgD-/7AAD-&CD20+=20.1%, BA.1-RBD+/
CD27+&IgM-&IgD-=0.14%, WT-RBD+/BA.1-RBD+= 41.4%
BA.2 breakthrough infection (8m) : 7AAD-&CD20+/singletes=81.8%, CD27+&IgM-&IgD-/7AAD-&CD20+=23.9%, BA.2-RBD+/
CD27+&IgM-&IgD-=0.19%, WT-RBD+/BA.2-RBD+= 39.9%
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BA.1 breakthrough infection followed by BA.5/BF.7 breakthrough infection: 7AAD-&CD20+/singletes=83.1%, CD27+&IgM-
&IgD-/7AAD-&CD20+=20.1%, BA.1-RBD+/CD27+&IgM-&1gD-=0.46%, WT-RBD+/BA.1-RBD+= 31.6%
BA.2 breakthrough infection followed by BA.5/BF.7 breakthrough infection: 7AAD-&CD20+/singletes=83.1%, CD27+&IgM-
&IgD-/7AAD-&CD20+=23.2%, BA.2-RBD+/CD27+&IgM-&1gD-=0.18%, WT-RBD+/BA.2-RBD+=33.8%

BA.1 infection followed by BA.5/BF.7 breakthrough infection (without vaccination history): 7AAD-&CD20+/singletes=79.4%,
CD27+&IgM-&IgD-/7AAD-&CD20+=34.5%, BA.1-RBD+/CD27+&IgM-&IgD-=0.11%, WT-RBD+/BA.1-RBD+= 14.6%

BA.2 infection followed by BA.5/BF.7 breakthrough infection (without vaccination history): 7AAD-&CD20+/singletes=83.4%,
CD27+&IgM-&IgD-/7AAD-&CD20+=18.1%, BA.2-RBD+/CD27+&IgM-&IgD-=0.084%, WT-RBD+/BA.2-RBD+= 24.8%

Gating strategy Cells negative for 7-AAD, 1gM and IgD, but positive for CD20, CD27 and BA.1 RBD or BA.2 RBD were sorted, the gating
strategy is provided in the Supplementary Information

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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