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Abstract: The neutralisation ability of homologous and heterologous booster vaccinations against the
KP.2 variant of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is unknown. We
evaluated Omicron variants (XBB.1, JN.1, and KP.2) neutralisation in participants vaccinated with
heterologous versus homologous boosters. In 38 participants each from homologous and
heterologous booster groups over 690 days, serum pseudovirus neutralisation was tested against the
prototype, XBB.1, JN.1, and KP.2 variants to detect neutralisation titres. Total concentration of
neutralising antibodies against SARS-CoV-2 receptor-binding domain was measured by enzyme-
linked immunosorbent assay. On throat swab samples, reverse transcription polymerase chain
reaction was used to verify breakthrough SARS-CoV-2 infections in participants. Geometric mean
neutralising titres against the prototype, total, XBB.1, N.1, and KP.2 variants were 488.3, 54.5, 42.9,
39.7, and 39.8, respectively. Neutralisation assays revealed 12.3-, 12.3-, and 11.4-fold reductions
against JN.1, KP.2, and XBB.1 variants, respectively, compared with the prototype. No significant
difference occurred in neutralising antibody titres among JN.1, KP.2, and XBB.1 Omicron variants.
Homologous booster group and males produced fewer neutralising antibodies than heterologous
booster group and females, respectively. KP.2 Omicron variant exhibited comparable immune
evasion properties with other variants. A second different-type or broad-spectrum booster may
improve neutralisation against Omicron variants KP.2.
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1. Introduction

The KP.2 variant, a third-generation subbranch of the Omicron JN.1 variant of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), was first detected in samples collected in India
on 2 January 2024 [1, 2]. KP.2, known for its high transmissibility, is sometimes referred to as the
‘FLiRT’ variant due to its mutations in the spike protein, which increase its infectivity [1]. Following
the rapid global spread of KP.2 strain since February 2024, the World Health Organisation listed KP.2
as a ‘variant to be monitored” on 3 May, 2024 [3]. KP.2 began to spread globally between 7 and 13
May 2024 [4]. In April 2024, medical experts warned that FLiRT had a significant transmission
advantage and could lead to a new wave of coronavirus disease 2019 (COVID-19) [5]. FLiRT was
initially discovered in the United States’ sewer system; however, its exact source remains unknown
[3]. Two new mutation sites in KP.2 are located in the S protein, suggesting enhanced transmission
capabilities. Infectious disease experts have also reported that the latest mutation may be better at
evading host immunity, predicting an imminent surge in COVID-19 cases [6]. The proportion of KP.2
subbranches in global circulating strains has gradually increased from 0.16% in early January 2024 to
approximately 14% in early May 2024. In some countries, the prevalence of KP.2 subbranches is
relatively high, accounting for 10-30% of infections [3]. As of 28 April 2024, Canadian national data
showed that KP.2 was the most prevalent subvariant of JN.1, accounting for 26.6% of all COVID-19
cases in Canada (https://gisaid.org/). In the United States, as of May 2024, although other FLiRT
variants, including KP.1.1, were also detected, they were not as prevalent as KP.2 [5]. Notably, data
from the Centre for Disease Control and Prevention showed that KP.2 accounted for an estimated
28.2% of cases in the United States in the 2 weeks ending 11 May 2024, increasing from approximately
6% in mid-April and 1% in mid-March [7]. On 14 May 2024, the Chinese Centre for Disease Control
and Prevention reported that, as of 12 May 2024, 25 KP.2 sequences had been detected in local cases
in China. The proportion of KP.2 in sequences reported weekly was between 0.05% and 0.3%,
indicating an extremely low prevalence (https://www.chinacdc.cn).

According to a population survey conducted by the Chinese Centre for Disease Control and
Prevention in January 2023, the COVID-19 infection rate among the Chinese population reached
87.54% between 9 December 2022 and 30 January 2023 [8], with most individuals infected by the XBB
Omicron variant despite receiving the first booster shot of the COVID-19 vaccine [5]. Conversely,
based on the latest epidemic data from the Chinese Centre for Disease Control and Prevention in
August 2024, the detection rate of COVID-19 infection in fever clinics in China was approximately
5%, with the primary circulating mutant strain being JN.1 and XDV.1 (https://www.chinacdc.cn);
XDV.1 variant accounted for 43.4% prevalence in August 2024 (https://www.chinacdc.cn). However,
the mechanism of breakthrough infection among individuals receiving a booster shot of the COVID-
19 vaccine remains unknown. Moreover, there are no systematic descriptions of the neutralisation
capacity of breakthrough infections in booster sera samples after different homologous and
heterologous booster vaccinations against the Omicron KP.2 variant. Therefore, we aimed to evaluate
the neutralisation of the Omicron variants XBB.1, JN.1, and KP.2 by comparing serum samples of
Chinese individuals who received heterologous boosters (from different manufacturers) with those
from Chinese individuals who received homologous boosters (from the same manufacturer) against
SARS-CoV-2.

2. Materials and Methods

2.1. Participants and Flow of Study

This cross-sectional study enrolled 442 participants between 24 June 2021 and 16 September 2023
from Henan Provincial People’s Hospital, Zhengzhou Municipal Chinese Medicine Hospital, and
Henan Electric Power Survey and Design Institute in central China through announcements and
WeChat groups. The inclusion criteria were healthy or clinically stable adults (aged 18-80 years) who
received the first dose of the booster COVID-19 vaccine between 6 and 8 months (180-240 days) prior
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to the study. Participants vaccinated with other vaccines, such as influenza or booster, were excluded.
Additionally, participants with a clinically notable acute illness or a body temperature 238 °C within
24 h before receiving the planned booster dose of the study vaccine were excluded. Seven participants
were excluded because they did not meet the inclusion criteria. Finally, 435 participants were enrolled
and divided into a homologous-type group (n=273), consisting of participants who received a booster
from the homologous manufacturer as their previous booster, and a heterologous group (n=162),
together with those who received a booster from a different manufacturer. Participants were
monitored for breakthrough infection for 690 days. Sera were collected every 2 months to detect the
titre and total concentration of neutralising antibodies. Additionally, throat swab samples were
collected to verify whether the participants were infected with SARS-CoV-2 using a specific reverse
transcription polymerase chain reaction (RT-PCR). Notably, 269 and 160 of the 429 participants
completed the 690-day period in the homologous and heterologous groups, respectively, with four
and two participants in each group withdrawing consent. To ensure a better overall representation
of our samples, we used the cluster-stratified random sampling method [9]. We classified 429
participants into groups of 11 average sections at every two monthly intervals, based on the time
between booster and primary vaccinations. Since the longest interval between booster and primary
vaccinations for some participants was 690 days, duration was divided into a total of 11 periods.
Furthermore, seven study participants were randomly selected from every period group, and a
similar number was required by sex and age to minimise control bias. Finally, 76 samples were
randomly selected to detect titres against prototype, XBB.1, JN.1, and KP.2 variants and the total
concentration of neutralising antibodies against the receptor binding domain (RBD) of SARS-CoV-2
(Figure 1). These 76 samples included 36 males and 40 females, with 38 samples each from the
homologous and heterologous groups.

|442 participants assessed for eligibility |

7 ineligible because they did not meet
inclusion criteria

435 enrolled and randomised. Basic information, including age, sex, height, weight, vaccine
manufacturer, vaccination date and blood type was collected

I
l |

273 participants were assigned to receive same-type 162 participants were assigned to receive same-type
booster and were assessed for breakthrough SARS- booster and were assessed for breakthrough SARS-
CoV-2 infection. Serum was collected at 2-month CoV-2 infection. Serum was collected at 2-month
intervals. intervals.
—-I 4 withdrew consent _~| 2 withdrew consent I
269 completed day 690 | I 160 completed day 690 I
38 samples were cluster stratified randomly selected from 38 samples were cluster stratified randomly selected from
participants who completed the 690 days, and pseudoviral participants who completed the 690 days, and pseudoviral
neutralisation antibody testing was performed on the XBB.1, neutralisation antibody testing was performed on the
JN.1, and KP.2 variants. XBB.1, IN.1, and KP.2 variants.

Figure 1. Serum samples from the booster vaccine groups.

2.2. Assessment of Samples

Seventy-six samples, 38 and 38 from the homologous and heterologous groups, respectively,
collected between 20 October 2021 and 16 September 2023, were selected for further analysis. The
sample collection dates coincided with a change in epidemic measures from dynamic zero clearance
to full liberalisation before and after 13 December 2022. Under the dynamic zero clearance policy,
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when a resident tested positive for COVID-19 in a residential community, they were immediately
sent to a centralised isolation hospital for free isolation, treatment, and observation. Other residents
in the community were required to undergo throat swab nucleic acid testing and isolation at home
for seven consecutive days. Residents who tested positive during the next 7 days were also sent to a
government isolation hospital. The isolation measures were only lifted if all community residents
had negative throat swabs for seven consecutive days. Basic participant information was collected,
including sex, age, vaccination date, vaccine type, blood type, body mass index (BMI), vaccination
interval between primary and booster doses, and duration after booster dose calculated from the
booster date to the sample collection date. Enzyme-linked immunosorbent assay (ELISA) was used
to detect total neutralising antibodies against the RBD of SARS-CoV-2 in December 2023. The 76
samples also underwent simultaneous pseudovirus-neutralising antibody testing against the
prototype, XBB.1, JN.1, and KP.2 variants in June 2024.

2.3. Serum Pseudovirus Neutralisation Test

Pseudotyped viruses were produced using 293T cells, which were transfected with S protein
expression plasmid (prototype virus, XBB.1, JN.1, and KP.2 variants) and infected with vesicular
stomatitis virus glycoprotein (VSV-G) pseudotyped virus (G*AG-VSV) [10]. Subsequently, a serum
pseudovirus neutralisation test (pVNT) was performed to detect neutralisation titres. The
pseudotyped viruses used for neutralisation titre detection and the mutation sites of the S genes are
listed in Table S1. The initial dilution was 1:30 or 1:10, followed by three-fold serial dilutions. The
final dilution of the sample was 1:7290. The 50% neutralisation dilution (ND50) was calculated using
the Reed—Muench method, and the limit of detection (LOD) was 1:10. Results below the LOD were
set to 0.5 times that of the LOD, and an ND50 titre > 1:30 was considered positive.

2.4. Measurement of Total Neutralising Antibodies and ABO Blood Typing

Total neutralising antibodies were detected using a commercial ELISA kit [11] (anti-SARS-CoV-
2 S Kit; Shanghai GeneoDx Biotechnology Co., Ltd., Shanghai, China), which detects neutralising
immunoglobulin antibodies against the SARS-CoV-2 spike protein RBD, using a universal microplate
reader (DNM-9602; Beijing Pulong Co., Ltd., Beijing, China). A value > 6.5 IU/mL was considered
positive. Following the manufacturer’s protocols and instructions (Chengdu United Co., Ltd.,
Chengdu, China), values > 100 IU/mL were capped at 100 IU/mL. The ABO blood group was
determined using the test tube method based on the manufacturer’s instructions.

2.5. Throat Swab Samples Test

Throat swab samples collected for SARS-CoV-2 analysis were analysed using RT-PCR (Shanghai
Zhejiang Biotechnology Ltd., Shanghai, China). Cycle threshold values of < 44 on RT-PCR were
considered positive.

2.6. Ethics

The study was approved by the Institutional Review Board of the Ethics Committee of Henan
Provincial People’s Hospital (approval number: 20210051, approval date: 24 May 2021) and was
conducted in compliance with the principles of the Declaration of Helsinki. All participants enrolled
in this study provided written informed consent to participate.

2.7. Statistics

Summary statistics for the geometric means with 95% confidence intervals (CIs) are presented.
Statistical significance between groups and subgroups was assessed using the Mann—Whitney U test,
Student’s t-test, and one-way analysis of variance for continuous variables; however, Pearson’s x* or
Fisher’s exact test was used for categorical variables. Spearman’s rank correlation and r values were
used to evaluate the correlation between two continuous variables. As the total neutralizing
antibodies and four different neutralizing antibodies against the prototype strain, XBB.1, JN.1, KP.2
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were respectively measured for each specimen, our data were repeated measures. Therefore, a mixed
linear model was used to identify the factors affecting neutralising antibodies after booster
vaccination [9]. The log:-transformed neutralising antibody titre or total antibody concentration was
considered the dependent variable in this model. Age, sex, BMI, ABO blood type, vaccination mode,
the interval between primary and booster vaccination doses, SARS-CoV-2 breakthrough infection,
and epidemic measures were considered independent variables. Hypothesis testing was two-sided,
with statistical significance at P< 0.05. SPSS (version 25.0; IBM Corp., Armonk, NY, USA) and
GraphPad Prism (version 8.0; La Jolla, CA, USA) were used for statistical analyses and plotting.

3. Results

Thirty-six male and forty female participants were enrolled in this study. Of these, 37 (48.7%,
37/76) had breakthrough SARS-CoV-2 infections, with no difference in the rate of breakthrough
infection between the heterologous-type (22/38, 57.9%) and homologous-type (15/38, 39.5%) booster
groups (p=0.108) (Table 1). However, a significant difference (p < 0.001) was found in the rate of
breakthrough infection before 13 December 2022 (0/30, 0%) when dynamic zero measures were
strictly implemented, compared with that after 13 December 2022 (37/46, 80.4%), when dynamic zero
measures were replaced by routine epidemic control measures (Table 1). The median (quartile) age
of the participants was 34.0 (23.3-53.0) years in the total group and specifically, 27.0 (21-57.0) years
and 37.5 (31-50) years in the heterologous-type and homologous-type booster groups, respectively
(Mann-Whitney U test, p=0.084). Four samples (7/38, 18.4%) in the heterologous-type booster group
and 23 samples (23/38, 60.5%) in the homologous-type booster group were collected before 13
December 2022 (p=0.001). Additionally, 18 (18/38, 47.4%) and 22 (22/38, 52.6%) participants in the
heterologous-type and homologous-type booster groups, respectively, were men (p=0.358). BMI and
blood type were similar between the two groups (p=0.702 and p=0.719, respectively), and no
significant difference was observed in the duration of booster vaccination between the two groups
(p=0.054). The interval between the primary and booster vaccinations was also similar between the
two groups (p=0.238). Among the homologous group, 35 participants were vaccinated using Chinese
inactive COVID-19 vaccine (produced by eight manufacturers including Beijing Kexing Zhongwei,
Beijing Biologics, Changchun Biologics, Beijing Kexing, Wuhan Biologics, Lanzhou Biologics)
whereas three participants were vaccinated Chinese by protein vaccine (produced by Anhui Zhifei
Biologics) as primary and booster vaccinations. Additionally, among the heterologous group, 38
participants used inactive vaccine as the primary vaccination. However, for booster vaccination,31
participants used attenuated live vaccine (produced by Tianjin CanSino Biologics) and 7 participants
used protein vaccine (the product manufacturers were the same as above). Additional basic
characteristics are listed in Table 1.

Table 1. Basic characteristics of participants from the homologous-type and heterologous-type booster groups.

Heterologous-type Homologous-type

Factor (n = 38) (n = 38) P Total
Sex
Male 16 20 36
Female 22 18 0.358 40
Age (yeg;?)’ MED o7 01,570) 375(31,50)  0.084 34.5 (24.5,44.8)
18-35 24 18 42
> 36 14 20 0166 34
Blood type

A 10 6 16
B 9 10 19
o) 14 17 0719 31
AB 5 5 10

d0i:10.20944/preprints202501.1560.v1


https://doi.org/10.20944/preprints202501.1560.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 January 2025 d0i:10.20944/preprints202501.1560.v1

6 of 14

BMI (kg/m?) 22.7+3.3 229+3.3 0.702 22.8+34
18.5-23.9 26 22 48
<18.5and >23.9 12 16 0.342 28
Breakthrough infection
Yes 22 15 37
No 16 23 0108 39

Control measures

Dynamic zero policy

(before 13 December 7 23 30
.2 022) 0.001
Routine control
measures (after 13 31 15 46
December 2022)
Duration after booster
Before booster 0 5 5
1-30 4 9 13
31-120 8 4 12
121-180 1 5 0.054 6
181-300 5 3 8
301-365 4 3 7
366—480 7 2 9
481-690 9 7 16
Interval between the primary and booster vaccinations
180-210 12 17 29
>210 26 21 0-238 47
Booster vaccine type
Inactive vaccine 0 35 35
Attenuat'ed live 31 0 <0.001 31
vaccine
Protein vaccine 7 3 10

BMI, body mass index; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

We evaluated the neutralisation activity of sera from 76 booster vaccinations against the
prototype, total, XBB.1, JN.1, and KP.2 Omicron variants, which showed the same reduced
neutralisation as the prototype. The geometric mean neutralising titres (GMTs) against the prototype,
total, XBB.1, JN.1, and KP.2 Omicron variants were 488.3 (95% CI: 293.31-812.9), 54.5 (42.9-69.3), 42.9
(35.0-52.4), 39.7 (32.9-47.9), and 39.8 (32.6-48.7), respectively (Figure 2a). Therefore, neutralisation
assays against JN.1, KP.2, and XBB.1 indicated 11.4-, 12.3-, and 12.3-fold reductions in neutralising
antibody titres, respectively, compared with the prototype. Notably, no significant difference was
observed in the neutralising antibody titres among the JN.1, KP.2, and XBB.1 Omicron variants
(adjusted p=0.97; Figure 2a, Table S2). Additionally, a high correlation was observed between the
GMT of JN.1 and KP.2 (r=0.843, p < 0.001) (Figure 2c) and among XBB.1, JN.1, and KP.2 variants
(r=0.717, r=0.751, and p < 0.001, respectively) (Figures 2c and 2d, Table S2). These results further
confirmed that the immune escape capacity of the JN.1 and KP.2 variants did not increase compared
with that of the previous XBB.1 variants (Table S2). However, no correlation was found between the
total neutralising antibodies and the prototype, XBB.1, JN.1, and KP.2 variants (p=0.240 to 0.932, r=-
0.01 to 0.136, respectively) (Table S2).
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Figure 2. Serum neutralisation titres and correlation among different variants for participants who previously
received the first booster Chinese COVID-19 vaccine (a) against the prototype, total, XBB.1, JN.1, and KP.2
variants. Correlation of serum neutralisation titres between (b) JN.1 and KP.2. (c) XBB.1 and KP.2. and (d) XBB.1
and JN.1. The serum samples were collected between 20 October 2021 and 16 September 2023.

Subsequently, we analysed the dynamics of antibody neutralisation titres of sera against the
three SARS-CoV-2 variants, XBB.1, JN.1, and KP.2, and the concentration of the total neutralising
antibodies. We also analysed the influencing factors at different durations after the first booster dose
of the COVID-19 vaccine within 690 days (Figures 3 and 4). Sex, age, blood type, breakthrough
infection, epidemic prevention and control measures, vaccination type, and booster vaccination
interval affected the antibody titre and total antibody concentration of participants after the first
booster vaccination (Figures 3 and 4). Initially, the total antibody serum concentration was highest
between 4 and 6 months after the first booster vaccine and gradually decreased with time (days 121-
180 vs before booster, p=0.001) (Figure 3a and Table S3). However, antibody titres against the XBB.1,
JN.1, and KP.2 variants were very low after the first booster vaccine and remained unchanged during
the 690-day period (Figure 3a and Tables S53-57). Moreover, the population with breakthrough
infection after booster vaccination had higher total antibody concentration in the serum than those
without breakthrough infection (p=0.044). Conversely, the antibody titres against the XBB.1, JN.1 and
KP.2 variants did not differ between populations with and without breakthrough infection (p=0.748,
0.103 and 0.499, respectively) (Figure 3b). Women had a higher antibody titre against the prototype
and KP.2 variant after vaccination compared with men (p=0.012, p=0.023, respectively), and there was
no difference in antibody titres against the XBB.1 and JN.1 variants (p=0.845, p=0.943, respectively)
(Figure 3c). Moreover, there was no difference in antibody titres against the XBB.1, JN.1 and KP.2
variants among different blood type booster vaccinators (p=0.674, p=0.565, P=0.556, respectively)
(Figure 3d, Tables S3 and 57).
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among participants in the 690 days after vaccination with the first booster Chinese COVID-19 vaccine. (b) with

and without breakthrough infection, (c) in men and women, and (d) with different blood types.
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Figure 4. Comparison of neutralisation titres against prototype, total, XBB.1, JN.1, and KP.2 variants among
booster participants (a) before and after dynamic zero control measures, (c)<35 years and >35 years of age, (b)
BMI 18.5-23.9 and BMI <18.5 or >23.9, and (d) with homologous-type and heterologous-type booster.

The serum collected after the liberation of the dynamic zero measures (after 13 December 2022)
produced higher antibody titres against the prototype than those collected before 13 December 2022
(p=0.009) (Figure 4a). This trend was consistent, as shown in Figure 3c, where participants with
breakthrough infection had a higher titre than those without infection. After the liberation of the
dynamic zero measures (after 13 December 2022), more participants (37/46, 80.4%) had breakthrough
SARS-CoV-2 Omicron variant XBB.1 infections compared with the period before 13 December 2022
(0/30, 0%) (Table 1). In addition, booster vaccine recipients' BMI was between 18.5 and 23.9 and they
had a higher antibody titre against JN.1 than those with BMI >23.9 or <18.5 (p=0.014, Figure 4c).
Booster vaccine recipients with age >35 years produced similar total antibody concentrations or titres
to those with age <35 years (Figure 4c). Notably, participants who received heterologous booster
vaccines produced an increased amount of total neutralising antibodies than those who received the
homologous booster type vaccine (p=0.041, Table S4). However, no differences were observed in
neutralising antibody titres against XBB.1, JN.1, and KP.2 between the heterologous- and
homologous-type booster groups (p=0.199, p=0.855, and p=0.224, respectively) (Figure 4d, Tables S5-
7).

4. Discussion

This study evaluated the neutralisation of the Omicron variants XBB.1, JN.1, and KP.2 by
analysing serum from individuals who had received the Chinese booster vaccine to determine if these
variants would evade vaccine-elicited immunity previously established by the initial dose of the
booster vaccine. To the best of our knowledge, this is the first report on the neutralisation serum
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capacity following the first booster vaccination against the newly circulating SARS-CoV-2 variants
JN.1 and KP.2 in the Chinese population.

Our findings elucidated the mechanism of breakthrough infections among the Chinese
population vaccinated with the first booster COVID-19 vaccine. Notably, most of the Chinese
population received the first booster COVID-19 vaccine (inactivated vaccine, attenuated live vaccine,
or protein subunit vaccine) before 13 December 2022 and before the complete liberation of epidemic
control measures; however, the vaccine only contained the SARS-CoV-2 prototype strain and not the
XBB.1 variant. Consequently, following the implementation of routine control measures in China,
after 13 December 2022, the circulating SARS-CoV-2 strain mutated into Omicron variants, including
the XBB series [12]. This implies that the neutralising antibodies generated by the COVID-19 vaccines,
including the messenger RNA vaccine or inactivated vaccine, attenuated live vaccine, or protein
subunit vaccine, were designed to contain only the prototype strain of SARS-CoV-2; they would have
no cross-protection ability against other variant strains, including XBB.1, JN.1, KP.2, and XDV.1 [4].

Furthermore, our results showed that women who received the booster dose produced higher
total antibodies and neutralizing antibodies against KP.2 variants than men. As documented in prior
research [6, 7], this finding partially explained the pneumonia contributing to the susceptibility of
men to SARS-CoV-2 variants. Notably, this finding has not yet been reported.

Several recent publications from the USA and other regions have reported that the latest
Omicron variants, JN.1 and KP.2, exhibit a markedly reduced neutralisation capacity compared with
the previous Omicron variant, XBB.1, which diminishes the binding affinity of most antibody drugs
[8]. Conversely, our results showed that the neutralisation capacity against JN.1 and KP.2 variants in
serum from Chinese booster vaccinees did not significantly decrease compared with the XBB.1
variant. The observed difference may primarily be ascribed to the different types of booster
vaccinations administered to the study participants. In other regions, antibodies produced by
boosters on the BA.4/5 spike protein or XBB vaccine have shown a diminished capacity to neutralise
against the new JN.1 and KP.2 strains [13-17].

Consistent with previous studies, we found that the serum of individuals who received the
Chinese booster vaccine exhibited higher immune escape capacity for the XBB.1 variant than those
who received the prototype strain [16]. Furthermore, our results showed that the neutralising
antibodies from the Chinese COVID-19 vaccine booster population against the prototype strain lasted
only 4-6 months. However, the sera could not neutralise the emerging JN.1 and KP.2 variants within
690 days after booster vaccination. Since KP.2 variant has only one additional V1104L S gene
mutation compared with XDV.1 variant (https://gisaid.org/lineage-comparison/), we speculated that
the immune escape capacity of XDV.1 should be similar to that of KP.2. Notably, the sera from the
population that received the booster could not neutralise the latest emerging XDV.1 variant in China.
This significant difference suggests that, in the future, a novel vaccine incorporating JN.1, KP.2, and
XDV.1 variants will be required to improve population immunity and prevent breakthrough
infections with emerging SARS-CoV-2 variants [17].

Another notable finding of this study was that participants who received the booster vaccine
and developed breakthrough infections exhibited higher total neutralising antibody than those
without breakthrough infections. However, no difference was found between booster participants
who produced antibody titre against XBB.1, JN.1, and KP.2 variants and those with and without
breakthrough infection. This further suggests that the JN.1 and KP.2 variants have similar immune
escape capacities with XBB.1. This is because the samples from individuals with breakthrough
infection were collected before October 2023 when only the XBB.1 variant was circulating in China
[12]. The JN.1, KP.2, and XDV.1 variants only began to emerge in China in January, May, and June
2024, respectively.

Furthermore, no difference was found in neutralising antibody titres against the prototype
strains, XBB.1, JN.1, and KP.2 variants, between populations vaccinated with the heterologous-type
booster and homologous-type booster. Conversely, individuals vaccinated with the heterologous-
type booster had a higher total antibody concentration than those vaccinated with the homologous-
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type booster (Figure 4d). As these results suggest, there was a difference between total antibody
concentration and pseudovirus neutralising antibody titres against different SARS-CoV-2 variants
among booster populations. This finding is consistent with the finding that no correlation exists
between ELISA and pseudovirus neutralisation test results. This may be due to differences in the
detection methods for the serum-neutralising antibodies. Total neutralising antibodies against the
RBD protein are detected using the reaction principle between antigen and antibody in ELISA [18].
Conversely, the pseudovirus neutralisation test employs the principle of cell transfection to identify
the 50% neutralisation dilution titres for different SARS-CoV-2 variants in the serum [17].
Additionally, the heterologous booster group showed higher total antibody levels than the
homologous group. This may be due to differences between booster and primary vaccine types, such
as inactive, attenuated live, protein, or mRNA vaccines, since their mechanisms for producing
antibodies in vaccinators differ [16, 19]. This finding is similar to those of studies in other countries
on heterologous booster vaccines such as mRNA vaccines, protein vaccines, or vaccines containing
JN.1 variants, which showed better neutralizing SARS-CoV-2 activity [13, 20-23].

This study has some limitations. First, the live virus neutralisation tests were inaccessible;
however, we adopted the classic pseudovirus neutralisation test, commonly used in most published
COVID-19 vaccination studies, to evaluate the immunogenicity of vaccination [14]. Additionally, the
sample size of our study was limited due to the costs of the pseudoviral neutralisation test. Moreover,
some participants may have had biased recollections of whether they had been ever infected with
SARS-CoV-2, although throat swabs were used to confirm SARS-CoV-2 infection. Therefore, larger-
scale studies are required to evaluate the immunogenicity and effectiveness of different vaccines
against Omicron variants, including KP.3, LB.1, and XDV.1 [1, 24].

5. Conclusions

Conclusively, our study demonstrates that vaccine-induced immune protection may be more
likely to be evaded by the Omicron variants, JN.1 and KP.2, compared with the prototypes and XBB.1
variants in Chinese individuals vaccinated with a first booster COVID-19 vaccine. Therefore,
following the first booster, whether homologous or heterologous, a subsequent JN.1, KP.2, or XDV.1
and a broad-spectrum COVID-19 vaccine booster are recommended to improve neutralisation
against these new SARS-CoV-2 variants. Future research should focus on increasing the sample size
to determine whether new vaccines neutralise emerging COVID-19 variants, including KP.3, LB.1,
and XDV.1, after booster vaccination.
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