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Dear Editor:

Vaccines previously designed based on the prototype
(PT) sequence of SARS-CoV-2 are currently not effec-
tive against SARS-CoV-2 infection due to the continued
emergence and spread of SARS-CoV-2 Omicron sub-
lineages. The proportion of individuals with break-
through infections (BTI) is increasing, generating
much concern. In China, the inactivated vaccine, the
adenovirus type 5 (Ad5)-vectored vaccine developed
using the SARS-CoV-2 spike protein as an antigen, and
the protein-subunit vaccine designed based on the
spike protein dimeric receptor-binding domain (RBD)
have been administered to most of the population.1

From November 2022 to early January 2023, the Chi-
nese population encountered a large wave of SARS-
CoV-2 infections primarily attributed to Omicron
BA.5.2 and BF.7.2 Therefore, the current neutralising
antibody (NAb) levels in the population after BTI are of
serious concern, particularly whether protection can be
provided against potentially upcoming sub-variants,
such as BQ.1.1, XBB.1.5, XBB.1.16, or CH.1.1. More-
over, in China, most individuals have not been infected
with any SARS-CoV-2 variants. Thus, the data provided
an appropriate model for analysing Omicron BA.5/
BF.7 BTI after vaccination with an inactivated vaccine,
protein-subunit, or Ad5-vectored vaccine.

This study reports the test results of serum samples
collected from convalescents who were infected during
the COVID-19 wave from November 2022 to January
2023 in China after the adjustment of the zero-COVID
policy. The samples were tested for the neutralisation
of SARS-CoV-2 PT, and Omicron sub-variants,
including BQ.1, BQ.1.1, BM.1.1.1, BJ.1, XBB, XBB.1.5,
XBB.1.16, and CH.1.1, using a pseudovirus neutralisa-
tion assay (Fig. 1A and Supplementary Fig. S2). The
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samples were categorised based on vaccine type and
approach, encompassing the following groups: those
who received no COVID-19 vaccine (group 1), two or
three shots of inactivated vaccines (CoronaVac or
BBIBP-CorV, groups 2, 3, and 4), two or three shots of
the Ad5-vectored vaccine (Convidecia, groups 5, and 6),
and three shots of protein-subunit vaccines with short or
long intervals between the second, and third doses
(ZF2001, groups 7, and 8). In seven of the eight groups,
samples were collected from Beijing, China, where ac-
cording to the China CDC, over 70% of people were
infected with BF.72 in this wave. In Group 4 (three doses
of inactivated vaccine administered before BTI), sam-
ples were collected from convalescents in Hunan and
Jiangxi provinces in China, where 70–80% of in-
dividuals were reported to be infected with BA.5.22

(Supplementary Fig. S1 and Table S1).
Generally, in the serum samples from the unvacci-

nated group, the NAb levels against SARS-CoV-2 PT and
all Omicron sub-variants were lower than those in the
samples from the vaccinated groups (Fig. 1 and
Supplementary Table S2). In the sera from the unvacci-
nated group, the NAb levels against BA.4/5 (sharing the
same representative amino acid sequence with BA.5.2 in
its spike protein) and BF.7 (with an additional R346T
mutation in its spike protein) were the highest among all
the variants detected. The NAb levels against CH.1.1
(34.8 times lower than BA.4/5), BM.1.1.1 (31.9 times
lower than BA.4/5), and PT (23.3 times lower than BA.4/
5) were the lowest among all variants detected, specif-
ically lower than XBB, XBB.1.5, and XBB.1.16 (8.6–16.5
times lower than BA.4/5). This indicates that limited
NAb levels against PT and BA.2.75 sub-lineages and
BA.2.75-related recombinant strains were observed after
infection (Supplementary Fig. S3–S6 and Table S2).
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In all BTI groups, the NAbs against PT, BA.2, BA.4/
5, and BF.7 were higher (with the NAb titres 1.3 times
lower to 1.7 times higher than that of PT). BM.1.1.1,
CH.1.1, XBB, XBB.1.5, and XBB.1.16 were the sub-
variants with the lowest NAb titres (4.9–48.8 times lower
than PT). In China, more than 90% of the population
had been vaccinated with these three types of vaccines.
Therefore, it can be expected that the potential threat of
the next epidemic in China may arise from strains
CH.1.1, XBB, or their descendants. As a recombinant of
BM.1.1.1, and BJ.1, XBB presented an immune escape
potency similar to that of BM.1.1.1, but higher than that
of BJ.1. The mutations in XBBs derived from BM.1.1.1,
such as N460K, F486S/P, and F490S may play essential
roles in immune escape (Fig. 1A and Supplementary
Fig. S2b). Among XBBs, XBB.1.5 showed less resis-
tance, which may be due to the close antigenicity be-
tween XBB and XBB.1.16.3 Generally, individuals who
received the Ad5-vectored and protein-subunit vaccines
had higher NAb titres against the PT and Omicron sub-
variants than those who received the inactivated vaccine
(Fig. 1 and Supplementary Fig. S3). For inactivated or
Ad5-vectored vaccines, 1.7–3.5 times lower NAb titres
against BQ.1 and BQ.1.1 were observed than those
against PT and 2.0–3.9 times lower than those against
BA.4/5. However, for the protein-subunit vaccine
ZF2001 developed using RBD as antigen, the NAb titres
against BQ.1 and BQ.1.1 were 7.0–8.3 times lower than
those against PT and 6.8–8.1 times lower than those
against BA.4/5 (Fig. 1, Supplementary Figs. S3 and S4).
This indicates that the two additional mutation sites on
the RBD of BQ.1 and BQ.1.1; K444T, and N460K, play
important roles in mediating immune escape (Fig. 1A
and Supplementary Fig. S2).
Fig. 1: Neutralisation of sera of convalescents infected with SARS
Schematic representation of the phylogenetic relationship between spike p
variants, BA.2, BA.2.75, CH.1.1, BM.1.1.1, BJ.1, XBB, XBB.1.5, XBB.1.16, B
spike proteins of BA.4, BA.5, and BA.5.2 are the same, they are groupe
insertions) in amino acids (AA) from PT to sub-variant sequences are sho
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grouped based on COVID-19 vaccination backgrounds. In Group 1, name
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vaccine before BTI (f, g); Groups 7 and 8 represented participants who r
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A booster shot of both inactivated and Ad5-vectored
vaccines can induce higher NAb titres against the
SARS-CoV-2 PT and variants.4 However, after BTI in
both the inactivated and Ad5-vectored vaccine groups,
individuals who received two shots of the vaccine before
BTI had similar, if not higher, NAb levels against the PT
and Omicron sub-variants (Fig. 1 and Supplementary
Fig. S5). This is consistent with previous reports on
mRNA and inactivated vaccines after the BTI.5–7

Furthermore, our previous study showed that the
long-interval strategy of the protein-subunit vaccine
ZF2001 resulted in a much higher NAb titre against all
SARS-CoV-2 variants, particularly Omicron sub-vari-
ants.8,9 Here, the data revealed that after BTI, the two
groups shared similar NAb levels against PT and all
detected Omicron sub-variants (the NAb levels of the
short-interval group were, −1.1 to −1.6 times that of the
long-interval group, Fig. 1 and Supplementary Fig. S5).
It may be because that BTI was equivalent to another
boost of the immune system, and the time interval be-
tween the last shot and BTI was so long that the impact
of the length of the gap between the second and third
shots was not as influential.

Furthermore, a comparison was conducted between
the two groups with identical vaccination backgrounds,
with three doses of the inactivated vaccine were
compared. However, these groups originated from
different regions of China, with the major epidemic
strains during the wave being BF.7 in Group 3 and
BA.5.2 for Group 4. No significant differences were
detected between the variants (Fig. 1 and
Supplementary Fig. S6). This may be due to the original
antigenic sin provided by the vaccination, as well as the
similarity in the spike proteins of BA.5.2 and BF.7.
-CoV-2 against the pseudoviruses of SARS-CoV-2 variants. (a)
roteins of the SARS-CoV-2 prototype (PT) and current Omicron sub-
A.4, BA.5, BA.5.2, BF.7, BQ.1, and BQ.1.1. As the sequences of the
d as BA.4/5/5.2. Mutations (including substitutions, deletions, and
wn along with arrows, and alterations in RBDs are coloured red. (b–j)
inst the SARS-CoV-2 PT strain and the Omicron sub-variants BA.2,
.5.2, BF.7, BQ.1, and BQ.1.1. Human sera were collected from con-
micron sub-variants BF.7 and BA.5.2 in China. Convalescent were
d infection group, participants received no COVID-19 vaccine before
ved two and three doses of COVID-19 inactivated vaccine before
ho were double- and triple-vaccinated with Ad5-Vectored COVID-19
eceived three shots of COVID-19 protein-subunit vaccine with short
een the second and the third doses before BTI (h, j). The pVNT50 in
nce intervals (CI). The GMT numbers are indicated at the top of each
is indicated by dashed lines. (k) Antigenic maps based on serum

els b–j). The distance between the dots in the figure represents the
the distance between the antigen and antiserum is inversely pro-
represented by solid circles, and the serum positions are shown as
d by group. Both axes represent the antigenic distance, with one
ld change in pVNT50.
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In summary, the serological NAb background was
tested in individuals infected with Omicron in a wave
following the zero-COVID policy adjustment in China.
The tests covered all three major types of vaccines
authorised in mainland China: inactivated, protein-
subunit, and Ad5-vectored. The results illustrated that
CH.1.1, XBB, and their sublineages were the strains
with the highest immune escape potential and posed
major threats to future reinfections. The NAb levels in
convalescent patients with BTI varied according to the
type of vaccine they received. However, a booster shot or
the interval between the second and third shots, which
have been proven to have a notable effect on NAb pro-
duction, did not remarkably influence NAb levels after
BTI. These results indicate that the original antigenic
sin should be considered when designing future
immunisation strategies.
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