Signal Transduction and Targeted Therapy

ARTICLE

www.nature.com/sigtrans

q

Check for
updates

Neutralizing antibody responses to three XBB protein vaccines
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The ongoing COVID-19 pandemic has underscored the importance of strong immune defenses against emerging SARS-CoV-2
variants. While COVID-19 vaccines containing XBB subvariants have proven effective in neutralizing new SARS-CoV-2 variants, a gap
remains in knowledge regarding neutralizing antibody responses in older adults aged >65 years against these newly emerged
variants. This study was therefore undertaken to investigate and compare neutralizing antibody responses to three XBB-containing
protein-based vaccines (trivalent XBB.1.5 vaccine, bivalent Omicron XBB vaccine, and tetravalent XBB.1 vaccine) head-to-head in
90 individuals aged >65 years. The results showed that all three XBB-containing vaccines substantially enhanced the neutralizing
antibody response, with 100% of vaccinees having detectable antibody titers against ancestral D614G and variants BA.5, XBB.1.5,
JN.1, KP.2, and KP.3 after booster immunization. Subsequent analysis indicated that the trivalent XBB.1.5 and tetravalent XBB.1
vaccines elicited higher levels of neutralizing antibodies compared to the bivalent Omicron XBB vaccine. The KP.2 and KP.3 variants
displayed antibody resistance comparable to the JN.1 variant. Older adults produce similar neutralizing antibody responses to the
vaccines regardless of their underlying medical conditions. These findings indicate that booster vaccination with XBB-containing
vaccines can effectively elicit strong neutralizing responses against a number of SARS-CoV-2 variants in older adults over 65 years,
which will help guide vaccine strategies in this elderly population.
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INTRODUCTION

The implementation of highly efficacious coronavirus disease 2019
(COVID-19) vaccines has mitigated the risk of infection, disease
severity, hospitalization, and mortality. Nonetheless, over 4 years
after the emergence of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), the persistent evolution and spread
of new variants of the virus remain to present significant global
health challenges because of their increased transmissibility and
resistance to vaccine-elicited neutralizing antibodies, making
existing vaccines less effective in preventing infection. In this
context, timely updates of COVID-19 vaccines, including those
based on mRNA, vector, and protein technologies containing the
SARS-CoV-2 XBB subvariants, have been developed.”® These
updated XBB-containing vaccines have been demonstrated to
effectively neutralize XBB lineages and the JN.1 variant,'™® albeit
with slightly diminished protection against the latter. Consistent
with the findings of serum neutralization, the efficacy of the XBB-
containing vaccines in preventing JN.1 infection was somewhat
lower than their effectiveness against XBB-related lineages.””'?
KP.2 and KP.3, two descendants of the JN.1 variant, harbor not
only recurrent spike mutations at R346T, F456L, and T572I but also
have specific mutations in their spike proteins. KP.2 is character-
ized by mutations at positions R346T, F456L, and V1104L, while
KP.3 has mutations at F456L, Q493E, and V1104L. These two
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subvariants have rapidly become the dominant strains in many
countries as of June 2024 because of their increased transmissi-
bility and capacity to evade immune responses.*'

While neutralizing antibodies alone may not offer complete
protection against SARS-CoV-2 infection, they are crucial in
preventing infections and reducing the severity of the disease.
Moreover, growing evidence shows that the level of neutralizing
antibodies is a significant predictor of protection against infection
over the first months after vaccination.'*'” Nonetheless, data
concerning the neutralizing responses or vaccine efficacy of these
XBB variant-specific vaccines in older individuals aged >65 years
are lacking.'? Older adults face a heightened risk of severe COVID-
19 complications. In contrast to earlier SARS-CoV-2 variants, the
XBB lineages and the JN.1 variant cause less severe disease in
adults aged <65 years, yet the risk of experiencing severe illness
and death remains high in older adults aged >65 years.'®
Moreover, older adults have a reduced efficacy in their immune
response to novel antigens, a diminished capacity to produce a
strong immune response after infection or vaccination,'®*° and a
more pronounced waning of the antibody response and vaccine
effectiveness.?’ Even in the post-COVID-19 pandemic era, older
adults continue to be a priority for vaccination to reduce mortality,
severe illness, and hospitalizations associated with COVID-19. Most
countries have prioritized vaccination for individuals older than 65
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due to their increased susceptibility to infection and higher risk of
severe disease.

In an effort to control infections caused by XBB subvariants, China
has approved five XBB-containing COVID-19 vaccines for emer-
gency use, including three trivalent, bivalent, and tetravalent
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protein-based XBB-containing vaccines. The trivalent XBB.1.5
vaccine, designed as WSK-V102C (WestVac Biopharma Co., Ltd.,
China), is an XBB-containing protein-based COVID-19 vaccine that
utilizes the spike receptor binding domain (S-RBD) and heptad
repeat motifs from the Delta, BA.5, and XBB.1.5 variants and is
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Fig. 1 Neutralizing antibody titers before and after immunization with three XBB-containing vaccines. a—c Neutralization of D614G, BA.5,
XBB.1.5, JN.1, KP.2, and KP.3 pseudoviruses by individual-matched serum obtained before or after vaccination with the trivalent XBB.1.5
vaccine (a, n = 30), bivalent Omicron XBB vaccine (b, n = 30), or tetravalent XBB.1 vaccine (c, n = 30). Sera were collected before vaccination
(“before”) and 3 weeks after vaccination (“after”). Each dot represents the 50% neutralization titer (NTso) for an individual, and a line connects
the NTs, values for the same individual before and after vaccination. The horizontal dotted line in the neutralization assay indicates a limit of
detection of 30, with serum samples demonstrating neutralization below 30 plotted as 10. The geometric mean titers (GMTs) of the
neutralizing antibodies and the percentages of individuals with NTso values above the limit of detection are presented on top of each group.
Statistical analyses were performed using a two-tailed Wilcoxon matched-pairs signed-rank test to compare neutralizing antibody titers before
and after vaccination. A p-value <0.05 was considered statistically significant, and only significant differences are displayed in the figure, with

the fold change in the GMT denoted in brackets
<

adjuvanted with a squalene-based oil-in-water emulsion (SE). The
vaccine was authorized for emergency use for all doses or as a
booster for individuals 18 years of age and older in China on June 8,
2023. The bivalent Omicron XBB vaccine, referred to as BV-01-QX
(Livzon Mabpharm Inc., China), is another XBB-containing protein-
based COVID-19 vaccine that utilizes S-RBD from the original
Wuhan-Hu-1 strain and the Omicron XBB variant and is adjuvanted
with aluminum hydroxide. The vaccine was authorized for
emergency use for individuals 18years of age and older for all
doses or as a booster in China on December 1, 2023. The tetravalent
XBB.1 vaccine, designated SCTVO1E-2 (Sinocelltech, China), is also an
XBB-containing protein-based COVID-19 vaccine based on the
trimeric spike extracellular domain of the Beta, Delta, BA.1, and
XBB.1 variants and is adjuvanted with SE. The vaccine was approved
for emergency use for all doses or as a booster for individuals
18 years of age and older in China on December 1, 2023. Although
preliminary data from manufacturers indicate that these three XBB-
containing vaccines significantly boosted the level of neutralizing
antibodies against earlier Omicron XBB.1.5 and EG.5.1 subvariants,
the neutralizing efficacy to newly emerged variants remains to be
determined.”>** Moreover, there is a paucity of data regarding
neutralizing responses to these three XBB-containing vaccines in
older adults aged >65years and the impact of boosters in
increasing cross-reactivity against newly emerged variants.

To bridge this knowledge gap, we conducted a comparative
analysis of the neutralization of D614G, BA.5, XBB.1.5, JN.1, KP.2,
and KP.3 variants using serum samples from 90 volunteers aged
over 65 years who received booster vaccination with the trivalent
XBB.1.5 vaccine, bivalent Omicron XBB vaccine, or tetravalent
XBB.1 vaccine. These data are essential not only for evaluating
the neutralizing antibodies induced by these three vaccines in
older adults but also for enhancing the understanding of the
immune response profiles of these three vaccines, which is
crucial for optimizing vaccination strategies among the elderly
population.

RESULTS

Study participant characteristics

A total of 90 participants over 65 years of age were included, with
30 received the trivalent XBB.1.5 vaccine, 30 received the bivalent
Omicron XBB vaccine, and 30 received the tetravalent XBB.1
vaccine. The sex, age, body mass index, and smoking status
distributions were comparable across all three vaccine groups
(Supplementary Table 1). Approximately half of the participants
reported chronic medical conditions, with hypertension being the
most common condition, accounting for 59% of the reported
conditions. The percentages of underlying medical conditions
among the participants in the three cohorts were comparable.
Eighty-eight of 90 participants completed the full course of
primary vaccination, 69 of whom received their first booster
vaccination, and 19 of whom received a second booster
vaccination before the BA.5/BF.7 wave that occurred in late
2022 in China. All participants reported an infection or break-
through infection during the BA.5/BF.7 wave, and more than half
of them experienced an additional infection during the XBB/EG.5.1
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wave in 2023. Detailed information on the study participants’
characteristics is displayed in Supplementary Table 1.

Of 90 participants vaccinated, two experienced systemic
adverse effects following vaccination (Supplementary Table 1).
One participant who was immunized with the trivalent XBB.1.5
vaccine experienced a general fever of 37.6 °C, and another who
received the bivalent Omicron XBB vaccine experienced slight loss
of appetite, fatigue, and nausea. Both participants recovered
within 2-3 days after vaccination. No participant experienced
serious adverse events. Detailed information on the three vaccines
is summarized in Supplementary Table 2.

Neutralizing antibodies elicited by three XBB-containing vaccines
To assess the serum neutralizing antibody titer induced by the
trivalent XBB.1.5 vaccine, bivalent Omicron XBB vaccine, and
tetravalent XBB.1 vaccine, we employed a pseudovirus neutralization
assay to measure neutralization titers against ancestral D614G and
variants BA.5, XBB.1.5, JN.1, KP.2, and KP.2. For the trivalent XBB.1.5
vaccine, all the serum samples had neutralization titers >30 against
D614G, BA.5, KP.2, and KP.3 before vaccination, whereas 96.7% (29)
and 93.3% (28) of the 30 serum samples had neutralization titers
>30 against XBB.1.5 and JN.1 variants, respectively (Fig. 1a). After
booster immunization, all seronegative (titer < 30) serum samples
were seroconverted against variants XBB.1.5 and JN.1. Compared
with the GMTs before vaccination the geometric mean titers (GMTs)
of D614G, BA.5, XBB.1.5, JN.1, KP.2, and KP.3 were boosted 3.7-, 18.8-,
13.8-, 11.2-, 7.4-, and 4.2-fold, respectively (Fig. 1a). For the bivalent
Omicron XBB vaccine, all the serum samples had neutralization titers
>30 against D614G and BA.5, whereas 96.7% (29), 76.7% (23), 96.7%
(29), and 93.3% (28) of the 30 serum samples had titers >30 against
the XBB.1.5, JN.1, KP.2, and KP.3 variants, respectively (Fig. 1b). After
immunization, all seronegative (titer <30) serum samples serocon-
verted against variants XBB.1.5, JN.1, KP.2, and KP.3. The neutraliza-
tion titers against D614G, BA.5, XBB.1.5, JN.1, KP.2, and KP.3 were
boosted 2.4-, 5.7-, 5.2-, 7.0-, 3.2-, and 3.6-fold, respectively, in the
GMTs compared with the GMTs before vaccination (Fig. 1b). For the
tetravalent XBB.1 vaccine, a similar pattern to that of the trivalent
XBB.1.5 vaccine was observed for the GMTs against the tested
pseudoviruses, with 6.1-, 20.4-, 18.0-, 10.4-, 6.2-, and 6.5-fold increase
of the GMTs compared with the GMTs before vaccination (Fig. 1c).

Next, we analyzed variant-specific neutralization titers stratified
before and after immunization with three XBB-containing
vaccines. We observed a similar neutralization pattern for the
tested pseudoviruses for individuals in the three vaccine groups
before vaccination. First, neutralization titers against D614G, BA.5,
and XBB.1.5 were comparable (Fig. 2a-c). Second, the neutraliza-
tion titer against JN.1 was the lowest. Third, KP.2 and KP.3 showed
comparable neutralization escape to the JN.1 variant. After
immunization, a clearer pattern was observed in which neutraliz-
ing antibody titers against JN.1, KP.2, and KP.3 variants were
significantly lower than neutralization titers against the D614G,
BA.5, or XBB.1.5. The neutralization titer against BA.5 in the
trivalent XBB.1.5 vaccine booster group was significantly greater
than the neutralizing antibody titer against D614G, and the
neutralization titer against BA.5 in the tetravalent XBB.1 vaccine
group was higher than the neutralization titer against XBB.1.5.
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Fig. 2 Neutralization of the SARS-CoV-2 lineage before and after immunization with three XBB-containing vaccines. a—c Comparison of
SARS-CoV-2 lineage-specific neutralization titers against the indicated pseudoviruses before and after trivalent XBB.1.5 vaccine (a), bivalent
Omicron XBB vaccine (b), and tetravalent XBB.1 vaccine (c) immunization. Each dot represents the 50% neutralization titer (NTso) for an
individual. The horizontal dotted line in the neutralization assay indicates a limit of detection of 30, with serum samples demonstrating
neutralization below 30 plotted as 10. The geometric mean titers (GMTs) of the neutralizing antibodies and the percentages of individuals
with NTs, values above the limit of detection are indicated below each group. Statistical analyses were performed using a two-tailed Friedman
test with a false discovery rate. A p-value <0.05 was considered statistically significant, and only significant differences are displayed in the
figure, with the fold change in the GMT denoted in brackets
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Notably, there were no significant differences in neutralization
titers against the JN.1, KP.2, and KP.3 variants. (Fig. 2a—c).

Stronger antibody response induced by trivalent XBB.1.5 and
tetravalent XBB.1 vaccines

Next, we compared neutralization titers against the tested
pseudoviruses among the three cohorts. We observed that
individuals from the three cohorts before immunization had
comparable neutralization titers against D614G, BA.5, XBB.1.5,
JN.1, and KP.2 (Fig. 3a). However, individuals from the trivalent
XBB.1.5 cohort before immunization had even higher neutralizing
antibody titers against KP.3 (Fig. 3a). After vaccination, individuals
in the trivalent XBB.1.5 vaccine and tetravalent XBB.1 vaccine
cohorts exhibited increased neutralization titers against BA.5,

Signal Transduction and Targeted Therapy (2025)10:48

XBB.1.5, and JN.1 (Fig. 3b). In contrast, individuals from the
trivalent XBB.1.5 cohort produced higher neutralizing antibody
titers against the variants KP.2 and KP.3, and individuals from the
tetravalent XBB.1 vaccine cohort produced higher neutralizing
antibody titers against D614G (Fig. 3b). Overall, recipients of
trivalent XBB.1.5 and tetravalent XBB.1 likely produced similar
antibody titers against the indicated pseudoviruses but were
significantly higher than those of bivalent Omicron XBB vaccine
recipients.

Neutralizing antibody titers in individuals with underlying medical
conditions

Considering that half of the participants reported underlying
medical conditions, we compared antibody titers between
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participants with and without underlying medical conditions. The
results showed that antibody titers against the tested pseudo-
viruses in individuals without chronic medical conditions were
similar to those in individuals with chronic medical conditions, both
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before and after immunization (Fig. 4a, b). A further sub-analysis
comparing neutralization titers between participants with hyper-
tension and those without medical conditions revealed no
statistically significant differences (Supplementary Fig. 1).

Signal Transduction and Targeted Therapy (2025)10:48



Neutralizing antibody responses to three XBB protein vaccines in older...
Yang et al.

Fig. 4 Neutralizing antibody responses in individuals with or without medical conditions before and after immunization with three XBB-
containing vaccines. a-d Comparison of the 50% neutralization titer (NTsp) against the indicated pseudoviruses in individuals with (n =13)
and without (n = 17) medical conditions before receiving the trivalent XBB.1.5 booster (a), in individuals with (n = 20) and without (n = 10)
medical conditions before receiving the bivalent Omicron XBB vaccine (b), in individuals with (n = 11) and without (n = 19) medical conditions
before receiving the tetravalent XBB.1 vaccine (c), and in all pooled sera (d). e-h NTs, of individuals with and without medical conditions after
immunization with the trivalent XBB.1.5 booster (e), bivalent Omicron XBB vaccine (f), tetravalent XBB.1 vaccine (g), or all pooled sera after
immunization (h). Each dot represents the NTso for an individual. The horizontal dotted line in the neutralization assay reflects a limit of
detection of 30, with serum samples exhibiting neutralization below 30 represented as 10. The bar represents the GMTs and 95% confidence
intervals. Statistical analyses were performed using the Wilcoxon rank-sum test for group comparisons of GMTs between individuals with and
without chronic conditions. A p-value <0.05 was considered statistically significant, and only significant differences are displayed in the figure
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Fig. 5 Antigenic map of serum virus neutralization data. a-d Antigenic maps were constructed using the Racmacs program (1.1.4) for
neutralization titers against the indicated pseudoviruses from all cohorts (a), individuals before and after receiving the trivalent XBB.1.5
vaccine (b), bivalent Omicron XBB vaccine (c), and tetravalent XBB.1 vaccine (d). The circles represent the indicated variants, whereas the
squares denote individual serum samples. The x- and y-axes depict antigenic units (AUs), with each grid corresponding to a 2-fold serum
dilution of the neutralization titer. One square on the grid corresponds to one AU squared. Arrows between D614G and selected variants are

annotated with the distance between those variants in AUs

Antigenic cartography

By employing pooled and separate serum neutralization data
from all three vaccine cohorts, antigenic maps were created to
quantify and illustrate the antigenic disparities between
ancestral D614G and the tested variants (Fig. 5a-d). The map
shows that the sera from the three cohorts before vaccination
substantially overlapped and was centered around D614G, and
the sera from the three cohorts after immunization shifted
toward the BA.5 and XBB.1.5 variants (Fig. 5a). The JN.1, KP.2,
and KP.3 variants were clustered together, showing greater
antigenic distinction from D614G than from the XBB.1.5 variant
(Fig. 5a). Specifically, the antigenic distances between D614G
and the XBB.1.5 and JN.1 variants after the administration of the
three XBB-containing vaccines indicated a significant boost in
antibody potency and breadth (Fig. 5b, c). However, the
antigenic distances between D614G and KP.2 or KP.3 were not
shorter after immunization than before vaccination (Fig. 5b, c),
suggesting that XBB-containing vaccines boost the antibody
potency and breadth to KP.2 and KP.3 but are limited, which is
consistent with a mean 5- and 4-fold increase in GMTs being
also observed after immunization (Fig. 1). Taken together, the
JN.1, KP.2, and KP.3 variants exhibited similar antigenic and
distant properties.
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DISCUSSION

Vaccination with COVID-19 XBB-containing vaccines has signifi-
cantly boosted the neutralizing antibody response to XBB lineages,
the JN.1 variant and its subvariants KP.2 and KP.3, and protection
against XBB lineages or JN.1 infection.®* However, neutralizing
antibody immune responses to XBB-containing vaccine immuniza-
tion in older adults, as well as their cross-reactivity with variants of
concern in older adults, are lacking. Here, we quantified the levels
of neutralizing antibodies elicited by the bivalent Omicron XBB
vaccine, the trivalent XBB.1.5 vaccine, and the tetravalent XBB.1
vaccine, highlighting their implications for understanding the
neutralizing antibody response associated with each vaccine. A key
strength of our study is that blood samples after the vaccination
with three XBB-containing vaccines were collected at a consistent
time between the administration of the vaccine and the
subsequent blood sampling process. Additionally, all the samples
were processed at a single blood processing facility and analyzed
simultaneously using unified experimental technologies.

In the current study, neutralizing antibodies were detected in all
participants after immunization. Neutralizing antibody titers
against ancestral D614G and variants XBB.1.5, JN.1, KP.2, and
KP.3 were significantly boosted. Notably, there was a more
substantial increase in the GMTs of the neutralization titer against
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the XBB.1.5 and JN.1 variants, which is in line with previous studies
conducted in younger adults.>?* At 21 days after vaccination, the
hierarchy of neutralizing antibody titers among the three vaccines
was trivalent XBB.1.5 vaccine = tetravalent XBB.1 vaccine >
bivalent Omicron XBB vaccine. This difference may be attributed
to the different spike proteins contained in the three vaccines,
such as XBB.1.5, BA.5, and Delta spike in the trivalent XBB.1.5
vaccine; ancestral Wuhan-Hu-1 and Omicron XBB in the bivalent
Omicron XBB vaccine; and Beta, BA.1, BQ.1.1, and XBB.1 in the
tetravalent XBB.1 vaccine. However, whether immune imprinting
involves a relatively weak antibody response to the bivalent
Omicron XBB vaccine should be further investigated, as previous
studies have reported immunological imprinting after repeated
ancestral SARS-CoV-2 antigen exposure.>>=° On the other hand,
one recent study by Liang et al. revealed that individuals who
received two Omicron-matched booster doses after the original
MRNA-1273 vaccine could bind to the Omicron spike protein and
neutralize related sarbecoviruses®' However, neutralizing
responses were diminished when the serum was pre-cleared with
the Wuhan-Hu-1 spike protein. This finding indicates that earlier
mRNA-1273 vaccinations promote the induction of cross-
neutralizing antibodies, which help target emerging SARS-CoV-2
variants and related viruses, offering broader protection.

We also found that antibody responses in older adults with
medical conditions were comparable to those in older adults
without underlying medical conditions. Our findings are consis-
tent with several studies that hypertension and diabetes are not
correlated with a diminished antibody response following COVID-
19 vaccination®*3* but are inconsistent with other studies that
individuals with hypertension and diabetes exhibit lower levels of
spike-specific IgG antibodies after immunization with the COVID-
19 vaccine. % A recent study reported that individuals with
untreated hypertension, as well as those with diabetes, regardless
of whether they were untreated or treated, exhibited lower levels
of spike-specific 1gG antibody titers compared to individuals
without these medical conditions.®® Similar controversial results
have also been reported regarding cardiovascular disease, chronic
lung disease, and cancer®3°*' In light of the inconsistent
findings from our study and those from previous studies, it is
necessary to continuously monitor antibody titers in individuals
with medical conditions, such as hypertension or diabetes, and
additional booster shots may also be needed to sustain immunity.

Since the most recent immunogenicity studies have focused on
the most widely used COVID-19 mRNA vaccines, immunogenicity
studies on non-mRNA vaccines are crucial. Reassuringly, three
protein-based XBB-containing vaccine boosters elicit strong neu-
tralizing antibody responses in older adults over 65 years of age.
Nonetheless, further investigations are needed to assess the effects
of age on the persistence of immunity after booster immunization
and their efficacy against new variants. While the decline in
immunity against SARS-CoV-2 in older adults may be quicker than
that in younger adults, booster immunization with XBB-containing
vaccines can induce broadly neutralizing antibodies against SARS-
CoV-2 variants in this high-risk population. Additionally, protein-
based vaccines are widely recommended for administration in
infants, children, adults, and even in elderly individuals, and their
promising safety profile and benefits are well-recognized. In
addition, protein-based vaccines are expected to reach the clinic
faster than nucleic acid-based or vector-based vaccines.*? Collec-
tively, these findings underscore the recommendation for the
deployment of these vaccines in older adults to improve immunity
against current and emerging SARS-CoV-2 variants.

Several limitations should be addressed in this study. First, the
relatively small sample size may limit the generalizability of the
study findings. In addition, the lack of a younger reference group
may also limit our understanding of age-related differences in
antibody responses to XBB-containing vaccines. Furthermore, the
data on medical conditions and infection histories may be
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inaccurate because of the recall bias collected through ques-
tionnaires, which can lead to misrecording health-related claims or
infection times. Second, neutralizing responses elicited by
alternative vaccine platforms, including mRNA-based and vector-
based vaccines, were not assessed because the vaccines were
limited in utilization in China or unavailable at the study site.
Moreover, given that systemically administered vaccines induce
limited mucosal immune responses,**** our study focused on the
systemic immune response. Therefore, mucosal IgA antibodies,
which are also critical for preventing severe outcomes from SARS-
CoV-2 infection,** were not evaluated. Third, the study did not
assess the T-cell response, which is also essential for protective
immunity against infection. Fourth, antibody responses were
measured ~1month after vaccination. Longitudinal studies of
neutralizing antibodies following booster vaccination are needed
to elevate the durability of immunity induced by the three XBB-
containing vaccines against new variants. Lastly, the increasing
complexity of population heterogeneity after breakthrough
infections and vaccinations has led to significant difficulties in
recruiting participants with similar backgrounds regarding infec-
tion and vaccination status. As a result, this heterogeneity among
the study participants may influence antibody responses after
immunization with XBB-containing vaccines.

In summary, our study presents important evidence of
neutralizing antibody responses induced by three protein-based
XBB-containing vaccines in older adults aged over 65 years. This
study also provides significant insights for optimizing vaccination
strategies for older adults to enhance neutralizing immunity
against emerging SARS-CoV-2 variants. On the other hand,
investigations are needed to characterize the immunity elicited
by vaccines with different routes of administration.

MATERIAL AND METHODS
Study design, participants, and sampling
In April 2024, older adults aged >65 years who were planning to
receive XBB-containing vaccines were recruited from a local
community service center in Quzhou City, Zhejiang Province, to
compare neutralizing antibody responses to three XBB-containing
recombinant protein vaccines. These three XBB-containing vac-
cines include a trivalent XBB.1.5 protein vaccine (WSK-V102C;
WestVac Biopharma Co. Ltd., China), a bivalent XBB protein
vaccine (BV-01-QX; Livzon Mabpharm Inc,, China), and a tetra-
valent XBB.1 protein vaccine (SCTVO1E-2; Sinocelltech, China).
Owing to the decreased demand for COVID-19 vaccines, each
vaccine has 30 doses available for immunization. Therefore, 30
individuals were enrolled for each vaccine and included in the
study. The sample size for this study was not pre-determined
using statistical methods. Instead, it was chosen to align with the
sample sizes of previous studies for evaluating neutralizing
antibody response following SARS-CoV-2 infection and vaccina-
tion,**™*® as well as the available vaccine dose at the study site.
Individuals who met the following criteria were included in the
study: (1) were older than 65 years, (2) were healthy or had stable,
well-controlled chronic conditions, and (3) had completed the
primary immunization series, received booster doses, or had a
SARS-CoV-2 infection for >6 months. Conversely, individuals were
excluded if they had a history of immunosuppressive medications,
antibacterial agents, corticosteroids, immunosuppressive drugs,
anesthetic agents, severe allergic reactions to vaccine compo-
nents, or an infection of SARS-CoV-2 within the preceding 14 days.
We employed the RUND function in Microsoft Excel to generate
a sequence of random numbers ranging from 001-090. Each
random number was divided by 30 to create a fixed random
identifier, determining the participants’ allocation to one of the
three vaccine groups. Participants with random numbers less than
or equal to 1, those between 1 and 2 were assigned vaccine 2, and
participants with numbers >2 were assigned vaccine 3. The
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participants were then given a permanent study number based on
the order of their arrival at the study site. These study numbers
were then matched with the generated random identifiers to
allocate each participant to their respective vaccine group. After
vaccination, the participants were asked daily for 7 days to report
whether they experienced systemic adverse effects. Systemic
adverse effects included fever, headache, fatigue, chills and
shivers, diarrhea, arthralgia, myalgia, and nausea.

We collected serum samples from all participants who were
subsequently vaccinated with these three XBB-containing vac-
cines on the same day, and we conducted a follow-up evaluation
21days later. We collected venous blood samples from the
participants, centrifuged them to obtain plasma containing
neutralizing antibodies, and then detected and calculated the
antibody content in the plasma through pseudovirus neutraliza-
tion tests. Additionally, we collected demographic information
and information related to exposure, such as vaccination history
and infection history, through online forms and paper-based
questionnaires. The vaccination records of each participant were
verified through the vaccination system.

This study was conducted in accordance with the Declaration of
Helsinki and approved by the Institutional Review Board of the
Academy of Military Medical Sciences (AF/SC-08/02.197). Each
participant provided informed written consent.

Cell lines

HEK-293T cells (ATCC, CRL-3216) were propagated at 37°C with 5%
CO, in Dulbecco’s Modified Eagle’'s Medium (DMEM, Gibco),
supplemented with 10% (v/v) heat-inactivated fetal bovine serum
(FBS, Gibco) and 1% penicillin-streptomycin (Gibco). The cells were
passaged when they reached confluence, using 0.25% trypsin with
1 mM EDTA (Solarbio) every 48-72 h. HEK-293T cells expressing
human ACE2 (HEK-293T-hACE2) were propagated under identical
conditions.

Spike plasmid pseudovirus production

A pseudoviruses were produced by cotransfecting HEK-293T cells
with human immunodeficiency virus backbones expressing firefly
luciferase (pNL4-3-R-E-luciferase) and the pcDNA3.1 vector encod-
ing the spike proteins of the D614G, XBB.1.5, JN.1, KP.2, and KP.3
plasmids. These codon-optimized, full-length open reading frames
were synthesized by GenScript (Nanjing, China). All the plasmid-
encoded spike sequences were confirmed by Sanger sequencing.
The mutations in the spike proteins of D614G, BA.5, XBB.1.5, and
JN.1 were described in our previous studies,**° while the
mutations in the spike proteins of KP.2 and KP.3 relative to
D614G are shown in Supplementary Table 3. Pseudovirus particles
were generated by cotransfecting HEK-293T cells with human
immunodeficiency virus backbones expressing firefly luciferase
(pNL4-3-R-E-luciferase) and the pcDNA3.1 vector encoding the
spike proteins D614G, XBB.1.5, JN.1, KP.2, and KP.3 plasmids. The
culture medium was replaced with fresh medium at 24 h, and the
supernatants were harvested at 48 h posttransfection and clarified
by centrifugation at 300 x g for 10 min before being aliquoted and
stored at -80 °C until use.

Pseudovirus neutralization assay

Pseudovirus neutralization assay (pVNT) was performed as
previously described,***° utilizing the 293T cell line stably
expressing human ACE2 orthologs as target cells. All viruses were
first titrated to normalize the viral input across assays. Duplicate
3-fold serial 8-point dilutions of heat-inactivated sera, starting at a
1:30 dilution, were mixed with 500-1000 TCIDs, of the SARS-CoV-2
pseudotyped virus and incubated for 1h at 37°C and 5% CO,.
Subsequently, 1x 10* 293T-ACE2 cells were added per well and
incubated for 48 h at 37°C and 5% CO,. Afterward, the supernatant
was removed, and the cells were lysed with a passive lysis buffer
(Vazyme) for 3min at room temperature. The lysates were
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transferred to opaque white 96-well plates, mixed with luciferase
assay buffer (Vazyme, China), and luminescence was measured
immediately using a GloMax 96 Microplate Luminometer (Pro-
mega). The 50% neutralization titer (NTso) was calculated using a
four-parameter nonlinear regression inhibitor curve in GraphPad
Prism 9.0.0 (GraphPad Software), with the NTs, defined as the
reciprocal serum dilution that elicits a 50% reduction in relative
light units. Samples with an NTs, value below 30 (the detection
threshold) were classified as negative for neutralizing antibodies
and were assigned a nominal value of 10 for geometric mean titer
calculations, which is the lowest serum dilution factor used in the
pseudovirus neutralization assay.

Antigenic cartography

An antigenic map was constructed employing a previously
outlined antigenic cartography approach. The antigenic distances
among SARS-CoV-2 variants were estimated by incorporating the
neutralization efficacy of each serum sample, with these distances
inversely proportional to the log2 titer of the antigens and
antisera. The Racmacs package (https://acorg.github.io/Racmacs/,
v.1.1.4) within R was utilized to generate the map, employing 2000
optimization iterations and setting the minimum column basis
parameter to “none”. The map distances function of the Racmacs
package was used to determine antigenic distances, and the
average distances for all sera to variants were utilized to represent
the final distances. Within each serum group, D614G served as the
reference point for the serum samples, and the seeds for each
antigenic map were manually adjusted to ensure that XBB.1.5 was
displayed horizontally relative to the serum samples.

Statistical analysis

A descriptive analysis was employed to summarize the demo-
graphic characteristics of the participants, presenting relative
counts and frequencies for categorical variables, as well as
medians with interquartile ranges for nonnormally distributed
continuous variables. The chi-square test or Fisher's exact test was
used to compare the categorical variables among different
cohorts as appropriate. The Wilcoxon matched-pairs signed rank
test was applied to compare the neutralizing antibody titers in
paired samples collected before and after vaccination. The
Friedman test with the false discovery rate method was used for
multiple comparisons of the neutralizing antibody titers among
paired neutralizing antibody titers against the tested pseudo-
viruses of participants. The Kruskal-Wallis test with the false
discovery rate method was applied for multiple comparisons of
the ages, unpaired neutralizing antibody titers, and interval days
between the last vaccination or infection and sampling. Statistical
analyses were conducted utilizing GraphPad Prism software
(version 9.0.0, La Jolla, California, USA). All statistical tests were
2-sided with a significance level of 0.05. Further information
regarding the statistical analysis is provided in the figure legends.

DATA AVAILABILITY

All data that support the results of this study are included in the main text and
supplementary information. Raw data and further information are available from the
corresponding author upon reasonable request.

ACKNOWLEDGEMENTS
This work was supported by grants from the National Natural Science Foundation of
China (82273692 and 92169207).

AUTHOR CONTRIBUTIONS

M.-J.M. and B.-D.Z. conceived and supervised the study. G.-J.Y., SW.,, R-R.C, X-DS., G.-
P.C, and L.L. collected blood samples. G.-J.Y., R-R.C,, X.-D.S., and X.-J.H. performed the
pseudovirus neutralization assay. G.-J.Y. and M.-J.M. analyzed the data and created

SPRINGER NATURE


https://acorg.github.io/Racmacs/

Neutralizing antibody responses to three XBB protein vaccines in older...

Yang et al.

10

the figures. G.-J.Y. and M.-J.M. drafted the manuscript, and all the authors reviewed
and approved the final manuscript.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541392-025-02132-y.

Competing interests: The authors declare no competing interests.

REFERENCES

1.

20.

21.

22.

23.

Wang, Q. et al. XBB.1.5 monovalent mRNA vaccine booster elicits robust neu-
tralizing antibodies against XBB subvariants and JN.1. Cell Host Microbe. 32,
315-321.e313 (2024).

. Wang, X. et al. Enhanced neutralization of SARS-CoV-2 variant BA.2.86 and XBB

sub-lineages by a tetravalent COVID-19 vaccine booster. Cell Host Microbe. 32,
25-34.e25 (2024).

. Kaku, Y. et al. Virological characteristics of the SARS-CoV-2 JN.1 variant. Lancet

Infect. Dis. 24, e82 (2024).

. Kaku, Y. et al. Virological characteristics of the SARS-CoV-2 KP.2 variant. Lancet

Infect. Dis. 24, €416 (2024).

. Kaku, Y. et al. Virological characteristics of the SARS-CoV-2 KP.3, LB.1, and KP.2.3

variants. Lancet Infect Dis. 24, e482-e483 (2024).

. Li, P. et al. Distinct patterns of SARS-CoV-2 BA.2.87.1 and JN.1 variants in immune

evasion, antigenicity, and cell-cell fusion. mBio 15, 0075124 (2024).

. Lin, D.Y,, Huang, S., Milinovich, A, Duggal, A. & Wang, X. Effectiveness of XBB.1.5

vaccines and antiviral drugs against severe outcomes of omicron infection in the
USA. Lancet Infect. Dis. 24, e278-e280 (2024).

. Lin, D. Y. et al. Durability of XBB.1.5 vaccines against Omicron subvariants. N. Engl.

J. Med. 390, 2124-2127 (2024).

. Hansen, C. H. et al. Short-term effectiveness of the XBB.1.5 updated COVID-19

vaccine against hospitalisation in Denmark: a national cohort study. Lancet Infect.
Dis. 24, e73-e74 (2024).

. Huiberts, A. J. et al. Effectiveness of Omicron XBB.1.5 vaccine against infection

with SARS-CoV-2 Omicron XBB and JN.1 variants, prospective cohort study, the
Netherlands, October 2023 to January 2024. Euro Surveill. 29, 2400109 (2024).

. Link-Gelles, R. et al. Early estimates of updated 2023-2024 (Monovalent XBB.1.5)

COVID-19 vaccine effectiveness against symptomatic SARS-CoV-2 infection
attributable to co-circulating Omicron variants among immunocompetent adults
- increasing community access to testing program, United States, September
2023-January 2024. MMWR Morb. Mortal. Wkly Rep. 73, 77-83 (2024).

. Moustsen-Helms, I. R. et al. Relative vaccine protection, disease severity, and

symptoms associated with the SARS-CoV-2 omicron subvariant BA.2.86 and
descendant JN.1 in Denmark: a nationwide observational study. Lancet Infect. Dis.
24, 964-973 (2024).

. Li, P. et al. Characteristics of JN.1-derived SARS-CoV-2 subvariants SLip, FLIiRT, and

KP.2 in neutralization escape, infectivity and membrane fusion. bioRxiv. 21,
2024.2005.2020.595020 (2024).

. Khoury, D. S. et al. Neutralizing antibody levels are highly predictive of immune

protection from symptomatic SARS-CoV-2 infection. Nat. Med. 27, 1205-1211
(2021).

. Israelow, B. et al. Adaptive immune determinants of viral clearance and protec-

tion in mouse models of SARS-CoV-2. Sci. Immunol. 6, eabl4509 (2021).

. Feng, S. et al. Correlates of protection against symptomatic and asymptomatic

SARS-CoV-2 infection. Nat. Med. 27, 2032-2040 (2021).

. Gilbert, P. B. et al. Imnmune correlates analysis of the mRNA-1273 COVID-19

vaccine efficacy clinical trial. Science 375, 43-50 (2022).

. Panagiotakopoulos, L. et al. Use of an additional updated 2023-2024 COVID-19

vaccine dose for adults aged =65 years: recommendations of the advisory
committee on immunization practices—United States, 2024. MMWR Morb. Mor-
tal. Wkly Rep. 73, 377-381 (2024).

. Andrew, M. K. & McElhaney, J. E. Age and frailty in COVID-19 vaccine develop-

ment. Lancet 396, 1942-1944 (2021).

de Candia, P., Prattichizzo, F., Garavelli, S. & Matarese, G. T cells: warriors of SARS-
CoV-2 infection. Trends Immunol. 42, 18-30 (2021).

Andrews, N. et al. Duration of protection against mild and severe disease by
covid-19 vaccines. N. Engl. J. Med. 386, 340-350 (2022).

Wang, X, Jiang, S., Ma, W., Zhang, Y. & Wang, P. Robust neutralization of SARS-
CoV-2 variants including JN.1 and BA.2.87.1 by trivalent XBB vaccine-induced
antibodies. Signal Transduct. Target Ther. 9, 123 (2024).

Zhan, B. D. et al. Robust neutralizing antibody response to the XBB.1.5 trivalent
recombinant protein vaccine booster. Signal Transduct. Target Ther. 9, 206
(2024).

SPRINGERNATURE

24,

25.

26.

27.

28.

29.

30.

31.

=

32.

33.

34.

35.

36.

37.

~N

38.

39.

40.

41.

=

42.

43.

w

a4,

45.

v

46.

47.

48.

49.

50.

Monge, S. et al. Effectiveness of XBB.1.5 monovalent COVID-19 vaccines during
a period of XBB.1.5 dominance in EU/EEA countries, October to November
2023: a VEBIS-EHR network study. Influenza Other Respir. Viruses 18, 13292
(2024).

Wang, Q. et al. Deep immunological imprinting due to the ancestral spike in the
current bivalent COVID-19 vaccine. Cell Rep. Med. 4, 101258 (2023).

Roltgen, K. et al. Immune imprinting, breadth of variant recognition, and germ-
inal center response in human SARS-CoV-2 infection and vaccination. Cell 185,
1025-1040.e1014 (2022).

Quandt, J. et al. Omicron BA.1 breakthrough infection drives cross-variant neu-
tralization and memory B cell formation against conserved epitopes. Sci. Immu-
nol. 7, eabq2427 (2022).

Park, Y.-J. et al. Imprinted antibody responses against SARS-CoV-2 Omicron
sublineages. Science 378, 619-627 (2022).

Cao, Y. et al. Imprinted SARS-CoV-2 humoral immunity induces convergent
Omicron RBD evolution. Nature 614, 521-529 (2023).

Gao, B. et al. Repeated vaccination of inactivated SARS-CoV-2 vaccine dampens
neutralizing antibodies against Omicron variants in breakthrough infection. Cell
Res. 33, 258-261 (2023).

Liang, C. Y. et al. Imprinting of serum neutralizing antibodies by Wuhan-1 mRNA
vaccines. Nature 630, 950-960 (2024).

Pellini, R. et al. Initial observations on age, gender, BMI and hypertension in
antibody responses to SARS-CoV-2 BNT162b2 vaccine. EClinMed. 36, 100928
(2021).

Parthymou, A. et al. Factors associated with anti-SARS-CoV-2 antibody titres
3 months post-vaccination with the second dose of BNT162b2 vaccine: a long-
itudinal observational cohort study in western Greece. BMJ Open 12, e057084
(2022).

Ali, H. et al. Robust antibody levels in both diabetic and non-diabetic individuals
after BNT162b2 mRNA COVID-19 Vaccination. Front Immunol. 12, 752233 (2021).
Watanabe, M. et al. Central obesity, smoking habit, and hypertension are asso-
ciated with lower antibody titres in response to COVID-19 mRNA vaccine. Dia-
betes Metab. Res. Rev. 38, e3465 (2022).

Soegiarto, G. et al. Hypertension is associated with antibody response and
breakthrough infection in health care workers following vaccination with inac-
tivated SARS-CoV-2. Vaccine 40, 4046-4056 (2022).

Soetedjo, N. N. M., Iryaningrum, M. R, Lawrensia, S. & Permana, H. Antibody
response following SARS-CoV-2 vaccination among patients with type 2 diabetes
mellitus: a systematic review. Diabetes Metab. Syndr. 16, 102406 (2022).

Yang, L., Zeng, T, Li, Y., Guo, Q. & Jiang, D. Poor immune response to inactivated
COVID-19 vaccine in patients with hypertension. Front Med. (Lausanne) 11,
1329607 (2024).

Li, J. et al. Underlying medical conditions and anti-SARS-CoV-2 spike IgG antibody
titers after two doses of BNT162b2 vaccination: a cross-sectional study. PLoS One
18, 0283658 (2023).

Harboe, Z. B. et al. Antibody responses and risk factors associated with impaired
immunological outcomes following two doses of BNT162b2 COVID-19 vaccina-
tion in patients with chronic pulmonary diseases. BMJ Open Respir Res. 9, €001268
(2022).

Cavanna, L., Citterio, C. & Toscani, I. COVID-19 vaccines in cancer patients. Ser-
opositivity and safety. Systematic review and meta-analysis. Vaccines (Basel). 9,
1048 (2021).

Pollet, J, Chen, W. H. & Strych, U. Recombinant protein vaccines, a proven
approach against coronavirus pandemics. Adv. Drug Deliv. Rev. 170, 71-82 (2021).
Gorochov, G. et al. Serum and salivary IgG and IgA response after COVID-19
messenger RNA vaccination. JAMA Netw. Open 7, 248051 (2024).

Woelfel, S. et al. Systemic and mucosal immunogenicity of monovalent XBB.1.5-
adapted COVID-19 mRNA vaccines in patients with inflammatory bowel disease.
Vaccines (Basel). 12, 774 (2024).

Wagstaffe, H. R. et al. Mucosal and systemic immune correlates of viral control
after SARS-CoV-2 infection challenge in seronegative adults. Sci. Immunol. 9,
eadj9285 (2024).

Kosugi, Y. et al. Antiviral humoral immunity against SARS-CoV-2 omicron sub-
variants induced by XBB.1.5 monovalent vaccine in infection-naive and XBB-
infected individuals. Lancet Infect. Dis. 24, e147-e148 (2024).

Marking, U. et al. Humoral immune responses to the monovalent XBB.1.5-adap-
ted BNT162b2 mRNA booster in Sweden. Lancet Infect. Dis. 24, e80-e81 (2024).
Stankov, M. V. et al. Humoral and cellular immune responses following BNT162b2
XBB.1.5 vaccination. Lancet Infect. Dis. 24, e1-e3 (2024).

Song, X. D. et al. Seroprevalence of SARS-CoV-2 neutralising antibodies and cross-
reactivity to JN.1 one year after the BA.5/BF.7 wave in China. Lancet Reg. Health
West Pac. 44, 101040 (2024).

Jiang, X. L. et al. Variant-specific antibody response following repeated SARS-CoV-
2 vaccination and infection. Cell Rep. 43, 114387 (2024).

Signal Transduction and Targeted Therapy (2025)10:48


https://doi.org/10.1038/s41392-025-02132-y

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Signal Transduction and Targeted Therapy (2025)10:48

Neutralizing antibody responses to three XBB protein vaccines in older...

Yang et al.

SPRINGER NATURE

11


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Neutralizing antibody responses to three XBB protein vaccines in older adults
	Introduction
	Results
	Study participant characteristics
	Neutralizing antibodies elicited by three XBB-containing vaccines
	Stronger antibody response induced by trivalent XBB.1.5 and tetravalent XBB.1 vaccines
	Neutralizing antibody titers in individuals with underlying medical conditions
	Antigenic cartography

	Discussion
	Material and methods
	Study design, participants, and sampling
	Cell lines
	Spike plasmid pseudovirus production
	Pseudovirus neutralization assay
	Antigenic cartography
	Statistical analysis

	Supplementary information
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




