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SUMMARY

Booster immunizations and breakthrough infections can elicit severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) Omicron subvariant neutralizing activity. However, the durability of the neutralization
response is unknown. We characterize the sensitivity of BA.1, BA.2, BA.2.75, BA.4/BA.5, BF.7, BQ.1.1, and
XBB against neutralizing antibodies from vaccination, hybrid immunity, and breakthrough infections
4-6 months after vaccination and infection. We show that a two-dose CoronaVac or a third-dose ZF2001
booster elicits limited neutralization against Omicron subvariants 6 months after vaccination. Hybrid immu-
nity as well as Delta, BA.1, and BA.2 breakthrough infections induce long-term persistence of the antibody
response, and over 70% of sera neutralize BA.1, BA.2, BA.4/BA.5, and BF.7. However, BQ.1.1 and XBB,
followed by BA.2.75, are more resistant to neutralization, with neutralizing titer reductions of ~9- to
41-fold, ~16- to 63-fold, and ~4- to 25-fold, respectively. These data highlight additional vaccination in
CoronaVac- or ZF2001-vaccinated individuals and provide insight into the durability of neutralization against

Omicron subvariants.

INTRODUCTION

As of October 2022, coronavirus disease 2019 (COVID-19)
caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has resulted in a devastating global pandemic
with over 624 million cases and 6.5 million deaths globally.'
SARS-CoV-2 continues to evolve and has generated five vari-
ants of concern (VOCs), including Alpha, Beta, Gamma, Delta,
and Omicron.” The Omicron variant (B.1.1.529 or BA.1) was first
detected in South Africa in November 2021.% Thereafter, Omi-
cron subvariants, such as BA.2, BA.3, BA.2.12.1, BA.2.75,
BA.4, BA.5 (hereafter BA.4/BA.5, share an identical spike
sequence), BA.4.6, and BF.7, subsequently emerged,*® and
BA.1, BA.2, and BA.5 became worldwide dominant. Currently,
BA.5 subvariants BQ.1 and BQ.1.1 and XBB (a recombinant of
BA.2 subvariants BJ.1 and BA.2.75) are appearing more
frequently in sequenced SARS-CoV-2 infections in the USA,
France, Singapore, India, and elsewhere.” BQ.1.1 and XBB sub-
variants have the substitution R346T in the receptor-binding
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domain of their spike glycoprotein, which allows the virus to
escape neutralization by a large group of neutralizing
antibodies.®

The emerged Omicron subvariants share multiple mutations,
but each also has unique mutations,” which are expected to
be associated with different antigenic properties. Previous
studies have shown that the Omicron subvariants BA.1, BA.2,
BA.3, BA.2.12.1, BA.2.75, BA.4/BA.5, BA.4.6, and BF.7 are
substantially resistant to vaccine- and infection-induced
serum-neutralizing activity.>”"'® Booster immunizations and
breakthrough infections can elicit Omicron-neutralizing activity
immediately after vaccination or infection.'®?° However,
these studies have largely focused on responses early in the
course of vaccination or infection; the durability of the neutraliza-
tion capability of antibodies following booster vaccination and
breakthrough infection against Omicron subvariants remains
poorly understood, which limits informed guidance on vaccina-
tion strategies. In addition, BQ.1.1 and XBB variants that are
increasing in frequency raise the concern that the viruses have
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Figure 1. Serum neutralization of SARS-CoV-2 Wuhan-Hu-1 (WA1) and Omicron subvariants in SARS-CoV-2 infection-naive and Alpha

variant-infected individuals after vaccination

(A) Characteristics of vaccinated SARS-CoV-2 infection-naive and Alpha variant-infected individuals and sampling. Serum samples were collected from SARS-
CoV-2 infection-naive individuals with two doses of CoronaVac (CoronaVac?, unboosted), SARS-CoV-2 infection-naive individuals with two doses of CoronaVac
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developed additional mechanisms to escape neutralization by
antibodies elicited by vaccination or infection.

Inactivated vaccines, such as CoronaVac by Sinovac, China,
and protein subunit vaccines, such as ZF2001 by Anhui Zhifei
Longcom, China (a tandem repeat of the dimeric receptor-bind-
ing domain of the SARS-CoV-2 Wuhan-Hu-1 spike protein-
based protein subunit vaccine), have been widely used in China
and several other countries,?” and boosting is available in China.
Therefore, we evaluated the susceptibility of earlier and currently
circulating Omicron subvariants BA.1, BA.2, BA.2.75, BA.4/
BA.5, BF.7, BQ.1.1, and XBB to six panels of sera from SARS-
CoV-2 infection-naive individuals with two doses of CoronaVac
or heterologous ZF2001 booster vaccination, previously SARS-
CoV-2 Alpha variant-infected individuals with booster vaccina-
tion, and fully vaccinated individuals with breakthrough infection
of Delta, BA.1, or BA.2 and compared them with SARS-CoV-2
Wuhan-Hu-1 (WA1).

RESULTS AND DISCUSSION

We first examined the neutralizing activity of sera collected from
SARS-CoV-2 infection-naive individuals who were fully vacci-
nated with two doses of CoronaVac (unboosted) or a third
dose of heterologous ZF2001 booster (boosted) against WA1,
BA.1, BA.2, BA.2.75, BA.4/BA.5, BF.7, BQ.1.1, and XBB using
a pseudovirus neutralization assay (Figure 1A). Unboosted sera
were collected from 20 individuals approximately 5 months (me-
dian 146 days, interquartile range [IQR] 127-168 days) after the
second dose (Figure 1A; Table 1). We observed that only one
of 20 unboosted sera had neutralization titers of 38 against
WAT1, and none neutralized Omicron subvariants (Figures 1B
and 1F). Boosted sera were collected from 25 individuals
approximately 6 months (median 189 days, IQR 189-189 days)
after the third ZF2001 dose (Figure 1A; Table 1). We observed
that 18 (72%) of 25 boosted sera had neutralizing antibody titers
>30 against WA1 with a geometric mean titer (GMT) of 57 (95%
confidence interval [Cl] 32.3-100.6), whereas only 20%-36% of
sera neutralized BA.1, BA.2, BA.2.75, and BA.4/BA.5 variants
with a GMT decrease of 2.6- to 3.9-fold compared with WA1
(Figures 1C and 1F). However, only one of the 25 sera neutralized
BF.7, and none neutralized BQ.1.1 and XBB. These data suggest
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that two doses of CoronaVac or heterologous ZF2001 booster
vaccination elicited minimal or absent neutralizing antibodies
against Omicron subvariants, especially for BQ.1.1 and XBB,
6 months after vaccination.

We further examined the neutralizing activity of sera collected
from previously SARS-CoV-2 Alpha variant-infected individuals
with booster vaccination (Alpha infected + boosted) against Om-
icron subvariants along with WA1 (Figure 1A; Table 1). Sera were
collected from 23 previously Alpha variant-infected individuals
approximately 4 months (median 128 days, IQR 112-130 days)
after the third homologous CoronaVac (n = 11) or heterologous
ZF2001 (n = 12) dose (Table 1). We found that previous Alpha
variant infection following vaccination not only increased the
neutralizing antibody titers against all tested variants but also
restored neutralization of BA.1, BA.2, BA.4/BA.5, and BF.7
4 months after vaccination, with only a 4.4- to 7.9-fold reduction
in GMT relative to WA1 (Figure 1D). In contrast, only approxi-
mately 50% of sera neutralized BA.2.75, BQ.1.1, and XBB,
with a 23.3-, 41.4-, and 63.4-fold reduction in GMT compared
with WAT1, respectively. Moreover, GMTs against BA.2.75,
BQ.1.1, and XBB were significantly lower than GMTs against
BA.1, BA.2, BA.4/BA.5, and BF.7 (Figures 1D and 1F). Homolo-
gous CoronaVac-vaccinated individuals exhibited significantly
lower neutralizing antibody titers than heterologous ZF2001-
vaccinated individuals after the booster vaccination but a com-
parable neutralizing titer against XBB between the two groups
(Figure 1E). Interestingly, several ZF2001-vaccinated individuals
exhibited broad neutralizing activity that was effective against
Omicron subvariants (Figure 1F). These data indicate that hybrid
immunity by ZF2001 booster dose administration in previously
Alpha variant-infected individuals enhances neutralizing anti-
body titers and increases the breadth of the neutralizing antibody
response, especially against Omicron subvariants.

We next investigated neutralizing antibody responses and the
extent of cross-neutralizing immunity in a cohort of 71 individuals
who were vaccinated and then experienced Delta (n = 23), BA.1
(n = 24), or BA.2 (n = 24) breakthrough infections (Delta break-
through, BA.1 breakthrough, or BA.2 breakthrough) (Figure 2A;
Table 1). Serum samples were collected approximately 5 (me-
dian 158 days, IQR 156.0-159.0), 4 (median 114.5 days, IQR
111-116), and 5 months (median 147 days, IQR 145-148) after

following heterologous ZF2001 booster (CoronaVac? + ZF2001", boosted), and previously SARS-CoV-2 Alpha variant-infected individuals with three doses of
CoronaVac or two doses of CoronaVac and one dose of ZF2001 (Alpha infected, triple vaccinated, and Alpha infected + boosted). All values are presented as the
median and interquartile range. The number in the top right corner of the vaccines shows the number of doses. N/A, not available.

(B) Serum neutralization of WA1 and Omicron subvariants in 20 sera collected from unboosted individuals with two CoronaVac doses approximately 5 months
after vaccination.

(C) Serum neutralization of WA1 and Omicron subvariants in 25 sera from boosted individuals with two doses of CoronaVac following heterologous ZF2001
booster vaccination approximately 6 months after vaccination.

(D) Serum neutralization of WA1 and Omicron subvariants in 23 sera from previous Alpha infections with boosted vaccination 4 months after the third vaccination dose.
(E) Serum NTsq values for homologous CoronaVac booster-vaccinated (n = 11) and heterologous booster-vaccinated (n = 12) individuals with SARS-CoV-2 Alpha
variant infection are plotted according to vaccine type.

(F) Heatmaps showing vaccine NTsq values against each variant with subject numbers identified as “V” for two doses of CoronaVac vaccination, “B” for
CoronaVac vaccination and ZF2001 booster vaccination, and “IBC” and “IBZ” for previous Alpha variant infection with homologous CoronaVac and heterol-
ogous ZF2001 booster vaccination, respectively.

All serum samples were tested in duplicates. The horizontal dotted line represents the limit of detection (LOD) of 30. The geometric mean titers (GMTs) are shown
at the top of the plots along with the percentage of individuals with NTsq values above the LOD. A two-tailed Friedman test with a false discovery rate for multiple
comparisons was performed in (C) and (D) and a two-tailed Wilcoxon rank-sum test was used in (E). A p value less than 0.05 is shown, and the fold change of GMT
is also denoted.
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Table 1. Characteristics of study subjects

Alpha variant CoronaVac® CoronaVac®
CoronaVac? infected, triple Fully vaccinated, vaccinated, vaccinated,
CoronaVac? and ZF200' vaccinated Delta infected BA.1 infected BA.2 infected
vaccinated vaccinated (Alpha infected +  (Delta (BA.1 (BA.2

Characteristics (unboosted) (boosted) boosted) breakthrough) breakthrough) breakthrough)
No. of participants 20 25 23 23 24 24
Age (median, IQR) 45 (32.5-51.3) 35(29.5-42.5) 49 (32-54) 47 (40-51) 50 (41.5-57.5) 38.5 (32-46.8)
Sex (%)

Male 7 (35) 10 (40) 7 (30.4) 8 (34.9) 11 (45.8) 11 (45.8)

Female 13 (65) 15 (60) 16 (69.6) 15 (65.2) 13 (54.2 13 (54.2)
Vaccine type (n, %)

Two doses CoronaVac 20 (100) 25 (100) 12 (52.2) 10 (43.5) NA NA

Three doses CoronaVac NA NA 11 (47.8) NA 24 (100) 24 (100)

One dose ZF2001 NA 25 (100) 12 (52.2) NA NA NA

Three doses ZF2001 NA NA NA 13 (56.5) NA NA
Sample collection timing

Days from second vaccine 146 (127-167.8) NA NA NA NA NA

dose to sampling (median,

IQR)

Days from third vaccine NA 189 (189-189) 128 (112-130) NA NA NA

dose to sampling (median,

IQR)

Days from positive PCR test NA NA NA 158 (156-159) 114.5 (111-116) 147 (145-148)

to sampling (median, IQR)

IQR, interquartile range; NA, not available; PCR, polymerase chain reaction. The number in the top right corner of the vaccines shows the number of

doses.

symptom onset or PCR test positivity for Delta, BA.1, and BA.2,
respectively. We observed that all sera from Delta breakthrough
infection neutralized WA1, and 78.3% (18/23), 73.9% (17/23),
52.2% (12/23), and 69.6% (16/23) of sera neutralized BA.1,
BA.2, BA.2.75, and BA.4/BA.5, respectively (Figures 2B and
2F). Cross-neutralizing activity against Omicron subvariants
was comparable but was limited by the 7.2-, 7.8-, 25.3-, 10.2-,
and 16.2-fold GMT reductions in BA.1 (155.8), BA.2 (143.4),
BA.2.75 (44.4), BA.4/BA.5 (110.2), and BF.7 (69.4) neutralization
relative to WA1 (1,125), respectively (Figure 2B). In addition, GMT
against BA.2.75 was significantly reduced compared with GMT
against BA.1 and BA.2. However, ~30% and ~20% of sera
neutralized BQ.1.1 and XBB, and neutralization titers were far
lower against BQ.1.1 and XBB, with reductions of 39.8- and
58-fold compared with WA1, respectively. Moreover, neutraliza-
tion titers against BQ.1.1 and XBB were significantly lower than
neutralizing antibody titers against BA.1, BA.2, and BA.4/BA.5.
Among these Delta breakthrough individuals, two doses of
CoronaVac-vaccinated individuals (n = 10) induced a neutral-
izing antibody titer comparable to that of three doses of
ZF2001-vaccinated individuals (n = 13) before infection except
for a higher neutralizing titer against BQ.1.1 in CoronaVac-vacci-
nated individuals (Figure 2C).

Interestingly, sera from BA.1 breakthrough infection approxi-
mately 4 months after infection not only efficiently neutralized
WA1 (100%), BA.1 (100%), BA.2 (95.8%), BA.4/BA.5 (95.8%),
and BF.7 (91.7%) but also relatively efficiently neutralized
BA.2.75 (79.2%), BQ.1.1 (87.5%), and XBB (75%) (Figures 2D

4 Cell Reports 42, 112075, February 28, 2023

and 2F). However, neutralizing antibody titers against BA.2.75,
BA.4/BA.5, BF.7, BQ.1.1, and XBB were substantially lower
than those against WA1, with a 10.4-, 3.1-, 2.1-, 8.7-, and
17.3-fold reduction in GMT compared with WA1, and BQ.1.1
and XBB still exhibited strong resistance. Moreover, the GMTs
of BQ.1.1 and XBB were significantly lower than those of BA.1,
BA.2, BA.4/BA.5, and BF.7 (Figure 2D). Unexpectedly, sera
from 5 months after BA.2 breakthrough infection, in contrast to
BA.1 breakthrough infection, exhibited relatively small increases
in neutralizing titers against WA1 and tested variants, and
approximately only 80% of sera neutralized WA1, BA.1, and
BA.2 and approximately 60% of sera neutralized BA.4/BA.5
and BA.2.75 (Figure 2E). Neutralizing antibody titers against
BA.1, BA.2, and BF7 were comparable to those against WA1,
but neutralizing titers against BA.2.75 (4.4-fold) and BA.4/BA.5
(3.9-fold) were significantly decreased (Figure 2E). In line with
other cohorts, neutralization titers were far lower against
BQ.1.1 and XBB, with reductions of 20.1- and 16.2-fold
compared with WA1. Moreover, only two (8.3%) and five
(20.8%) sera neutralized BQ.1.1 and XBB, respectively, with
the lowest titers observed (Figures 2E and 2F).

We further compared neutralization antibody titers against
WA1 and Omicron subvariants among sera from Alpha infected +
boosted as well as Delta, BA.1, and BA.2 breakthrough infec-
tions. We did not include sera from individuals vaccinated with
two doses of the CoronaVac or ZF2001 booster, as these sera
lacked neutralization capacity against Omicron subvariants
6 months after vaccination. We found that Delta breakthrough
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Figure 2. Neutralization of Omicron subvariants by sera from breakthrough infections after vaccination

(A) Characteristics of Delta, BA.1, and BA.2 breakthrough-infected individuals and sampling. Serum samples were collected from individuals vaccinated with two
doses of CoronaVac or three doses of the ZF2001 vaccine (fully vaccinated) who subsequently had a breakthrough infection with Delta (Delta breakthrough) and

(legend continued on next page)
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infections elicited reduced neutralizing antibody titers against
BA.1, BF.7, BQ.1.1, and XBB compared with BA.1 breakthrough
infection or Alpha infected + boosted (Figure 3). BA.2 break-
through infections led to a significantly lower neutralizing anti-
body titer against WA1 compared with Alpha infected + boosted,
Delta breakthrough infection, and BA.1 breakthrough infection;
against BA.4/BA.5 compared with BA.1 breakthrough infection
and Alpha infected + boosted; against BF.7 or BQ.1.1 compared
with BA.1 breakthrough infection and Alpha infected + boosted;
and against XBB compared with BA.1 breakthrough infection
(Figure 3). It should be noted that the Alpha infected + boosted
and BA.1 breakthrough infection samples were collected
approximately 4 months after the third vaccination or infection.
In contrast, Delta and BA.2 breakthrough infection samples
were collected approximately 5 months after infection following
infection, which might partially explain the lower levels of neutral-
izing antibodies for the Delta and BA.2 breakthrough infection
samples. Comparable neutralization levels for other Omicron
subvariants were observed among sera from Alpha infected +
boosted and breakthrough infections.

Our data demonstrate that two doses of CoronaVac and
ZF2001 booster vaccination elicit limited or absent neutralizing
activity against Omicron subvariants 6 months after vaccination,
suggesting that an additional dose is likely required to maintain
effectiveness against Omicron subvariants. In contrast, while
previous SARS-CoV-2 infection with booster vaccination, espe-
cially for ZF2001 booster vaccination, and BA.1 breakthrough
infection elicited substantial neutralization activity against all
tested Omicron subvariants, including BQ.1.1 and XBB,
4 months after vaccination or infection, neutralization of BQ.1.1
and XBB 5 months after Delta and BA.2 breakthrough infection
was significantly impaired. However, the duration of protection,
the potential need for an additional dose, and whether an Omi-
cron-modified vaccine is needed should be further evaluated.

Limitations of the study

The current study has several limitations. First, our cohort was
cross-sectional, which limits our ability to determine the
dynamics of neutralizing antibody titers to variants across single
individuals and assess the potential confounding effect on
neutralizing antibody titers, and the durability of neutralization
against the Omicron variant remains to be determined beyond
6 months after infection or vaccination. Second, the relatively
small sample sizes and cohorts were not fully matched in terms

Cell Reports

of the interval between vaccination or infection and sampling and
demographic characteristics such as the age of individuals.
Third, we did not assess long-lived plasma cell, memory B cell,
and T cell immunity, which could provide further insights into
the mechanisms underlying the broad neutralizing activity asso-
ciated with hybrid immunity and breakthrough infection.
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individuals vaccinated with three doses of CoronaVac (CoronaVac®) who subsequently had a breakthrough infection with BA.1 (BA.1 breakthrough) or BA.2 (BA.2
breakthrough). All values are presented as the median and interquartile range. The number in the top right corner of the vaccines shows the number of doses. N/A,
not available.

(B) Neutralization of SARS-CoV-2 Wuhan-Hu-1 (WA1) and Omicron subvariants by 23 sera collected from individuals with Delta breakthrough infection 5 months
after infection.

(C) Serum NTsq values for two doses of CoronaVac-vaccinated (n = 10) and three doses of ZF2001-vaccinated (n = 13) individuals before Delta infection are
plotted according to vaccine type.

(D) Neutralization of WA1 and Omicron subvariants by 24 sera collected from individuals with BA.1 breakthrough infection 4 months after infection.

(E) Neutralization of WA1 and Omicron subvariants by 24 sera collected from individuals with BA.2 breakthrough infection 5 months after infection.

(F) Heatmaps showing patient NTso values against each variant. Patients were identified as “DC” or “DZ” for the Delta breakthrough infection following
CoronaVac or ZF2001 vaccination, “B1” for BA.1 breakthrough infection, and “B2” for BA.2 breakthrough infections.

All serum samples were tested in duplicates. The horizontal dotted line represents the LOD of 30. The GMTs are shown at the top of the plots along with the
percentage of individuals with NTsq values above the LOD. A two-tailed Friedman test with a false discovery rate for multiple comparisons was performed in (B),
(D), and (E) and a two-tailed Wilcoxon rank-sum test was used in (C). A p value less than 0.05 is shown, and the fold change of GMT is also denoted.
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Figure 3. Neutralizing antibody titers against Omicron subvariants among prior SARS-CoV-2 infection and breakthrough infections
Comparisons of neutralizing antibody titers against SARS-CoV-2 Wuhan-Hu-1 (WA1), BA.1, BA.2, BA.2.75, BA.4/BA.5, BF.7, BQ.1.1, and XBB among prior
SARS-CoV-2 Alpha variant infections with booster vaccination (infected/boosted) and Delta, BA.1, and BA.2 breakthrough infections (BTls). All serum samples
were tested in duplicates. The GMTs are shown above each column. The horizontal dotted line represents the LOD of 30. A two-tailed Kruskal-Wallis test with a
false discovery rate was performed for multiple comparisons. A p value less than 0.05 is shown.
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SARS-CoV-2 pseudovirus for BA.4/BA.5 This study N/A
SARS-CoV-2 pseudovirus for BF.7 This study N/A
SARS-CoV-2 pseudovirus for BQ.1.1 This study N/A
SARS-CoV-2 pseudovirus for XBB This study N/A

E.coli DH5a. Competent Cells TaKaRa Cat# 9057
Biological samples

Serum samples from two doses This study N/A

CoronaVac vaccinated individuals

Serum samples from ZF2001 This study N/A

booster vaccinated individuals

Serum samples from previous Alpha This study N/A

variant infections with booster vaccination

Serum samples from Delta breakthrough infections This study N/A

Serum samples from BA.1 breakthrough infections This study N/A

Serum samples from BA.2 breakthrough infections This study N/A

Chemicals, peptides, and recombinant proteins

Phosphate buffered saline (PBS) Gibco Cat# C10010500BT
Dulbecco’s modified eagle medium (DMEM) Gibco Cat# C111995500BT
Trypsin-EDTA (0.25%) Solarbio Cat# T1300
HEPES Gibco Cat# 15630-080
Fetal bovine serum (FBS) Gibco Cat# 10099-141C
Penicillin/streptomycin Gibco Cat# 15140-122
PEI MAX (MW 40000) Polysciences Cat# 24765-1
Luciferase Assay Reagent Vazyme Cat# DD1201-01
Experimental models: Cell lines

HelLa-hACE2 cells Tsinghua University N/A

HEK-293T cells ATCC Cat# CRL-3216
Recombinant DNA

WAT1 spike plasmid This study N/A

Omicron BA.1 spike plasmid This study N/A

Omicron BA.2 spike plasmid This study N/A

Omicron BA.2.75 spike plasmid This study N/A

Omicron BA.4/BA.5 spike plasmid This study N/A

Omicron BF.7 spike plasmid This study N/A

Omicron BQ.1.1 spike plasmid This study N/A

Omicron XBB spike plasmid This study N/A

Firefly luciferase encoding Tsinghua University N/A

lentivirus backbone plasmid

Software and algorithms
GraphPad Prism Version 9.0.0 GraphPad
Adobe lllustrator Version 23.0.1 Adobe
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Mai-Juan
Ma (mjma@163.com).

Materials availability
All unique reagents generated during this study are available from the lead contact with a completed materials transfer agreement.

Data and code availability
o All data reported in this paper are available within the main manuscript and the supplemental information.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study design, participants, and sample collection

We performed a cross-sectional study to investigate the effect of vaccination and breakthrough infection on the cross-variant
neutralization capacity of human sera 4-6 months after vaccination or infection. We enrolled SARS-CoV-2 infection-naive individuals
with two doses of CoronaVac or two doses of CoronaVac + one dose of ZF2001, previously SARS-CoV-2 Alpha variant-infected in-
dividuals with three doses of CoronaVac or two doses of CoronaVac + one dose of ZF2001, two doses of CoronaVac or three doses of
ZF2001-vaccinated individuals with a confirmed subsequent SARS-CoV-2 Delta breakthrough infection, and three doses of
CoronaVac-vaccinated individuals with a confirmed subsequent SARS-CoV-2 BA.1 or BA.2 breakthrough infection.

Vaccine sera of 20 individuals (median 45.0 years, interquartile range [IQR] 32.5-51.3 years; 35.0% male) who had two doses of
CoronaVac were collected at a median of 146 days after the second dose. Vaccine sera of 25 individuals who were boosted with the
third dose of CoronaVac or ZF2001 (median 35.0 years, IQR 29.5-42.5 years; 40.0% male) were collected at a median of
189 days after the third dose of vaccination. Vaccine sera of 23 individuals who were previously infected with the SARS-CoV-2 Alpha
variant and boosted with homologous CoronaVac or heterologous ZF2001 were collected at a median of 223 days after the third dose
vaccination. Convalescent sera were collected from 23, 24, and 24 fully vaccinated individuals with Delta (10 two-dose CoronaVac
vaccinated and 13 three-dose ZF2001 vaccinated; median 47.0 years, IQR 40.0-51.0 years, 34.8% male), BA.1 (three-dose
CoronaVac vaccinated; median 50.0 years, IQR 41.5-57.5 years, 45.8% male) or BA.2 (three-dose CoronaVac vaccinated; median
38.5 years, IQR 32.0-46.8 years, 45.8% male) breakthrough infection at a median of 158, 115, and 147 days after symptom onset or
PCR positivity, respectively. Sera were isolated by centrifugation at 2000 rpm for 10 min and cryopreserved at —80°C until use. The
serum-neutralizing activity was measured using pseudovirus neutralization assays. The details of the demographic information and
sample collection time points of different cohorts are shown in Figures 1A and 2A and Table 1.

Full vaccination was defined as when the second or third shot of the CoronaVac vaccination or the third shot of the ZF2001 vacci-
nation was administered at least 14 days before symptom onset or a positive PCR test for SARS-CoV-2.7%*° Breakthrough infection
was defined as fully vaccinated individuals being diagnosed with SARS-CoV-2 infection.?%2° All individuals with breakthrough infec-
tion had a sequence-confirmed infection or PCR-confirmed symptomatic disease occurring while in isolation and direct contact with
sequence-confirmed cases.

This study was conducted following the Declaration of Helsinki and approved by the Institutional Review Board of the Beijing Insti-
tute of Microbiology and Epidemiology (IRB number: AF/SC-08/02.60 and AF/SC-08/02.124). All participants provided written
consent.

Cell lines

Human embryonic kidney HEK-293T cells were cultured at 37°C and 5% CO, in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco) containing 10% (v/v) heat-inactivated fetal bovine serum (FBS, Gibco) and supplemented with 1% penicillin-streptomycin
(Gibco). Cells were disrupted at confluence with 0.25% trypsin in 1 mM EDTA (Solarbio) every 48-72 h. HeLa-hACE2 cells were pro-
vided by Prof. Lin-Qi Zhang from Tsinghua University and were cultured under the same conditions.

METHOD DETAILS

Spike plasmid pseudovirus production

Pseudovirus particles were generated as previously described®**! by cotransfecting HEK-293T cells (ATCC, CRL-3216) with human
immunodeficiency virus backbones expressing firefly luciferase (pNL4-3-R-E-luciferase) and the pcDNA3.1 vector encoding either
SARS-CoV-2 Wuhan-Hu-1 (WA1) or mutated S protein (BA.1, BA.2, BA.2.75, BA.4/BA.5, BF.7, BQ.1.1, and XBB) plasmids. Codon-
optimized, full-length open reading frames of the spike genes of WA1, BA.1, BA.2, BA.2.75, BA.4/BA.5, BF.7, BQ.1.1, and XBB were
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synthesized by GenScript (Nanjing, China). The mutations in the S protein of variants are shown in Table S1. All plasmid spike se-
quences were verified by Sanger sequencing.

Pseudovirus particles were generated by cotransfecting HEK-293T cells (ATCC) with human immunodeficiency virus backbones
expressing firefly luciferase (pNL4-3-R-E-luciferase) and the pcDNA3.1 vector encoding either WA1 or mutated S protein (Delta and
Omicron subvariants) plasmids. The medium was replaced with fresh medium at 24 h, and the supernatants were harvested at 48 h
post-transfection and clarified by centrifugation at 300 x g for 10 min before being aliquoted and stored at —80°C until use.

Pseudovirus neutralization assay

A SARS-CoV-2 pseudovirus neutralization assay (pVNT) was performed as described,* with the target cell line HeLa overexpressing
hACE2 orthologs. All viruses were first titrated to normalize the viral input between assays. Duplicate 3-fold 8-point serial dilutions of
heat-inactivated sera (starting at 1:30) were incubated with 500-1000 TCIDso of SARS-CoV-2 pseudotyped virus for 1 h at 37°C and
5% CO,. Subsequently, 1x10* HeLa-ACE2 cells per well were added and incubated at 37°C and 5% CO, for 48 h. Afterward, the
supernatant was removed, and the cells were lysed using passive lysis buffer (Vazyme) for 3 min at room temperature. The lysates
were transferred to an opaque white 96-well plate, and reconstituted luciferase assay buffer (Vazyme) was added and mixed with
each lysate. Luminescence was measured immediately after mixing using a GloMax 96 Microplate Luminometer (Promega). The
neutralization titer (NTso) was determined by luciferase activity with a four-parameter nonlinear regression inhibitor curve in
GraphPad Prism 8.4.2 (GraphPad Software). NTsq was reported as the reciprocal serum dilution causing a 50% reduction in relative
light units. A sample with NTsq values no more than 30 (the detectable limit) was considered negative for neutralizing antibodies and
was assigned a nominal value of 10 in geometric mean titer (GMT) calculations, which is the lowest serum dilution factor used in the
pseudovirus neutralization assay.

QUANTIFICATION AND STATISTICAL ANALYSIS
The Friedman and Kruskal-Wallis tests with the false discovery rate method were used for multiple comparisons where it appreci-
ates. The Wilcoxon rank-sum test was used for comparisons between the two groups. All statistical analyses were performed using

GraphPad Prism (version 8.4.2, La Jolla, California, USA), and all statistical tests were 2-sided with a significance level of 0.05. Details
are additionally provided in the Figure legends.

Cell Reports 42, 112075, February 28, 2023 11




Cell Reports, Volume 42

Supplemental information

Durability of neutralization
against Omicron subvariants

after vaccination and breakthrough infection

Ka-Li Zhu, Xiao-Lin Jiang, Bing-Dong Zhan, Xue-Jun Wang, Xian Xia, Guo-Ping
Cao, Wen-Kui Sun, Peng-Xiang Huang, Jin-Zhong Zhang, Yu-Ling Gao, Er-Hei Dai, Hui-
Xia Gao, and Mai-Juan Ma



Table S1. Mutations in spike protein of variants used in the study, related to STAR Methods.

Variants Mutations

BA.l AGB7V, A69-70, T95I, G142D, A143-145, A211, L2121, 214EPE,
G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N,
T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K,
D614G, H655Y, N679K, P681H, N764K, D796Y, N856K, Q954H,
N969K, L981F

BA.2 T191, A24-26, A27S, G142D, V213G, G339D, S371F, S373P, S375F,
T376A, D405N, R408S, K417N, N440K, S477N, T478K, E484A,
Q493R, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H,
N764K, D796Y, Q954H, N969K

BA.2.75 T191, A24-26, A27S, G142D, K147E, W152R, F157L, 1210V, V213G,
G257S, G339H, S371F, S373P, S375F, T376A, D405N, R408S, K417N,
N440K, G446S, N460K, S477N, T478K, E484A, Q498R, N501Y,
Y505H, D614G, H655Y, N679K, P681H, N764K, D796Y, Q954H,
N969K

BA.4/BA.5 T191, A24-26, A27S, A69-70, G142D, V213G, G339D, S371F, S373P,
S375F, T376A, D405N, R408S, K417N, N440K, L452R, S477N,
T478K, E484A, FA86V, Q498R, N501Y, Y505H, D614G, H655Y,
N679K, P681H, N764K, D796Y, Q954H, N969K

BF.7 T191, A24-26, A27S, A69-70, G142D, V213G, G339D, R346T, S371F,
S373P, S375F, T376A, D405N, R408S, K417N, N440K, L452R,
SATTN, T478K, E484A, FA86V, Q498R, N501Y, Y505H, D614G,
H655Y, N679K, P681H, N764K, D796Y, Q954H, N969K

BQ.1.1 T191, A24-26, A27S, A69-70, G142D, V213G, G339D, R346T, S371F,
S373P, S375F, T376A, D405N, R408S, K417N, N440K, K444T,
L452R, N460K, S477N, T478K, E484A, FA86V, Q498R, N501Y,
Y505H, D614G, H655Y, P681H, N679K, N764K, D796Y, Q954H,
N969K

XBB T191, A24-26, A27S, V83A, G142D, A144, H146K, Q183E, V213E,




G339H, R346T, L368I, S371F, S373P, S375F, T376A, D405N, R408S,
K417N, N440K, V445P, G446S, N460K, S477N, T478K, E484A,
F486S, F490S, Q498R, N501Y, Y505H, D614G, H655Y, N679K,

P681H, N764K, D796Y, Q954H, N969K
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