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strategy for young individuals after SARS-CoV-2
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Abstract

Background The SARS-CoV-2 Omicron variant, since its initial detection, has rapidly spread across the globe, becom-
ing the dominant strain. It is important to study the immune response of SARS-CoV-2 Omicron variant due to its
remarkable ability to escape the majority of existing SARS-CoV-2 neutralizing antibodies. The surge in SARS-CoV-2
Omicron infections among most Chinese residents by the end of 2022 provides a unique opportunity to understand
immune system’s response to Omicron in populations with limited exposure to prior SARS-CoV-2 variants.

Methods We tested the levels of IgG, IgA, and IgM specific to the prototype SARS-CoV-2 RBD (receptor-binding
domain) in blood samples from 636 individuals by chemical luminescence assay, ELISA and pseudovirus-based neu-
tralization assay.

Results Inoculation with inactivated prototype SARS-CoV-2 vaccines or recombinant protein vaccines showed
higher IgG levels after infection than the unvaccinated individuals. Moreover, the age resulted in different IgG levels
after the Omicron infection as IgG level of the patients aged > 60 years was lower than that of patients aged < 60 years.
This indicates that the IgG induced by SARS-CoV-2 Omicron breakthrough infection was different between old

and young individuals. We found that a booster dose of the prototype SARS-CoV-2 vaccine led to a significant
increase in the neutralizing immune response against the prototype SARS-CoV-2 and helped induce neutralizing anti-
bodies against BA.5 and BF.7 variants after an Omicron breakthrough infection in young individuals, which is different
from a previous report on older people.

Conclusions These data suggest that the prototype SARS-CoV-2 booster vaccination helps induce high levels of neu-
tralizing antibodies against Omicron BA.5 and BF.7 variants after Omicron breakthrough infection in young individuals.

Trial registration: This study is a purely observational study.
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Background

Coronavirus disease 2019 (COVID-19), caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
continues to spread rapidly worldwide, threatening
global public health. Since its emergence, SARS-CoV-2
has developed into many variants, such as Alpha, Beta,
Delta, and Omicron. Currently, the Omicron variant,
including the Omicron offshoots BA.5, BE.7, and XBB, is
the major circulating viral strain. Since its initial detec-
tion in November 2021, the Omicron variant has rapidly
spread across the globe, becoming the dominant strain.
Its significantly enhanced infectivity and transmission
speed surpass those of previous variants like Alpha, Beta,
Gamma, and Delta. According to the classification by the
World Health Organization (WHO), Omicron has been
designated as a Variant of Concern (VOC), suggested
that it became a significant threat to global public health.
The SARS-CoV-2 spike (S) protein interacts with the
human angiotensin-converting enzyme 2 (ACE2) recep-
tor (respiratory system, enterocytes, brain, eye and so
on), enabling its entry into target cells [1-5]. The Omi-
cron variant has more than 30 mutations in the spike
protein and 15 mutations in the RBD of the S protein
(G339D, S371L, S373P, S375F, K417N, N440K, G446S,
S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y
and Y505H). These mutations leading to the escape of
neutralization activity by most of the identified anti-
SARS-CoV-2 neutralization antibodies [6, 7]. For exam-
ple, K417N and N501Y contribute to immune escape and
higher infectivity [8, 9]. G446S, E484A and Q493R could
also lead to the escape of neutralization [6].

Based on the pathogenic mechanism of SARS-CoV-2,
some drugs, including Paxlovid, have been developed for
the treatment of COVID-19 [10-12]. Furthermore, many
vaccines have been developed to control the infection
and spread of SARS-CoV-2, including those based on
messenger RNA (mRNA) [13, 14], viral vectors [15, 16],
recombinant proteins [17, 18], inactivated SARS-CoV-2
[19, 20], and bivalent vaccine or boost strategy [21-23].
Immunization with these vaccines has reduced infection
rates and post-infection mortality rates. A booster dose
of inactivated SARS-CoV-2 vaccine led to a significant
increase in the neutralizing immune response against
the prototype SARS-CoV-2 and the Omicron variant,
despite incomplete escape [24]. In contrast, repeated
vaccination with an inactivated SARS-CoV-2 vaccine
has been reported to dampen the neutralizing antibody
(nAb) response against new Omicron variants in break-
through infections due to a stronger immune imprint on
the ancestral strain [25]. Extensive research has reported
immune imprinting, a phenomenon involving the crea-
tion of epitope-specific B cell memory following ini-
tial exposure to an antigen. This memory subsequently
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influences future B cell and antibody responses to vari-
ant epitopes, particularly in the context of SARS-CoV-2
infection and vaccination [26—29]. This suggests that the
current herd immunity may not efficiently prevent infec-
tions with highly mutagenic Omicron variants. However,
84.4% of the patients were > 50 years of age in the inves-
tigation [25], and it remains unclear how breakthrough
infection affects the immune responses of young people
who received a 3-dose or 4-dose compared to those who
received a 2-dose vaccination or were unvaccinated. The
objective of this study is to explore whether booster vac-
cination can enhance the induction of higher neutralizing
antibodies (nAbs) following breakthrough infection, par-
ticularly among young individuals.

From mid-December 2022 to early January 2023, the
majority of Chinese residents experienced a surge in
SARS-CoV-2 Omicron breakthrough infection wave.
According to data released by the Chinese Center for
Disease Control and Prevention, the SARS-CoV-2 that
caused the spread of this current epidemic was mainly
Omicron BA.5 and BE7 variants. The surge in SARS-
CoV-2 Omicron infection among most Chinese residents
by the end of 2022 provides a unique opportunity to
understand how the immune system responds to Omi-
cron infection in populations with limited contact with
prior SARS-CoV-2 variants. Therefore, we surveyed 750
individuals with SARS-CoV-2 infection and collected fin-
gertip blood samples from 636 individuals (the remaining
volunteers voluntarily withdrew from the blood tests for
personal reasons) without immunodeficiency disorders
in Hefei, Anhui Province, China in January 2023. Among
the 636 people, 441 were infected with SARS-CoV-2 for
the first time. We tested the nAb titer in the plasma of
venous blood against the prototype, Omicrons BA.5,
BE7, and XBB. 1.5 variants by the pseudovirus-based
neutralization assay. The result suggested that the proto-
type SARS-CoV-2 booster vaccination helps induce high
levels of neutralizing antibodies against Omicron BA.5
and BE7 variants after Omicron breakthrough infection
in young individuals.

Methods

Survey and human blood samples

This study was reviewed and approved by the Medical
Ethical Committee of the First Affiliated Hospital of the
USTC (the medical ethical approval numbers: 2023-ky-
001). The first surveys were collected from 750 people
during the Omicron Variants pandemic from December
2022 to January 2023 in Hefei, Anhui Province, China.
Blood samples were collected from 636 individuals at
USTC Hospital. None of the patients diagnosed with
severe or critically ill COVID-19 at the hospital were
included in the survey. A history of vaccination was
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recorded, and the patients were categorized as unvac-
cinated, 2-dose vaccine, 3-dose vaccine, and 4-dose vac-
cine. The second survey was conducted on 222 people
approximately 4 months after the breakthrough infec-
tion wave. All participants were fully informed about the
study and provided written informed consent. As specific
comorbidities (diabetes, hypertension and so on) can
either intensify these pathological mechanisms or dimin-
ish the patient’s resilience to organ damage [30-32],
among the volunteers who participated in the venous
blood collection, none of them had any specific comor-
bidities, including metabolic diseases like diabetes or res-
piratory diseases.

We used fingertip blood collection and negative pres-
sure venous blood collection in the study. All blood
collection procedures were completed by professional
medical staff at the USTC Hospital. When collecting fin-
gertip blood, we used sterile 28G blood collection nee-
dles and sterile pipettes to collect about 20 L of blood
from the ring finger fingertip and transfer it to the chemi-
cal luminescence kits reagent for subsequent testing.
When collecting negative pressure venous blood, we
used negative pressure EDTA-2K blood collection tubes
to collect about 2 mL of venous blood. Centrifugation at
3000 rpm for 10 min, the upper plasma was collected in
the biosafety cabinet. The collected plasma was stored in
a — 80 C refrigerator. The following pseudovirus-based
neutralization assay involving the plasma were conducted
within the biosafety cabinet to prevent contamination.

Pseudovirus-based neutralization assay

The SARS-CoV-2-Fluc pseudovirus (Vazyme, prototype:
DD1702, BA.5: DD1176, BE7: DD1789 and XBB. 1.5:
DD1797) was used in the pseudovirus-based neutrali-
zation assay. The viral system employed utilizes HIV-1,
which carries a luciferase reporter gene as its structural
backbone, and expresses the SARS-CoV-2 Spike pro-
tein on its viral coat. These pseudotyped virus particles
are capable of infecting exogenous cell lines that exhibit
high levels of ACE2 expression, mimicking the invasion
process of the SARS-CoV-2 virus into target cells via the
Spike—ACE2 interaction. The level of infection in target
cells by these pseudotyped virus particles is directly pro-
portional to the luciferase-based luminescence intensity
and inversely proportional to the neutralizing activity of
the antibodies present.

The undiluted plasma samples were inactivated in a
water bath at 56 °C for 30 min. Serially diluted plasma
(three times diluted with the first dilution of 1:20 by
DMEM (Gibco, 11965-092) with 10% FBS (Gibco, 16000-
044)) was added to the plates with 200 TCID;, pseudovi-
rus (total: 100 pL), which were then incubated at 37 °C
for 1 h. 2x10* cells/well HEK293—ACE2 cells (100 pL)
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was added to the plates and incubated at 37 °C (5% CO,)
in DMEM medium with 10% FBS for 48 h. After remove
the medium and wash with 200 uL PBS, 100 pL Enhanced
Firefly Luciferase Reporter Gene Assay Cell Lysis Buffer
(Beyotime, RG127) was added to the plates and then
incubated at room temperature for 10 min. The plates
were then centrifuged at 300 rpm for 5 min. The super-
natant was transferred to a 96-well plate. Add 100 pL of
the Bio-Lumi Firefly Luciferase Reporter Gene Assay Kit
(Beyotime, RG042). Incubated at room temperature for
2 min. The full spectrum of luminescence is measured
using a microplate reader.

The 50% pseudovirus neutralizing titers (pVNT5,) of
each sample in the prototype and the Omicron variant
pseudovirus assays were determined. We plotted the nAb
titers of the samples and calculated the geometric mean
titers (GMTs) for each vaccine dose group. Results below
the detection threshold (pVNT5,=40) were set to 0.5
times of the detection threshold (pVNT;,=20).

Protein expression and purification

The methods for purifying the SARS-CoV-2 RBD [amino
acid (AA) 321-591], SARS-CoV-2 RBD variants, and
human ACE2 extracellular domain (AA 19-615) were
based on previous research [33]. Briefly, target genes
were inserted into the pT'T5 vector, which contained an
IENA1 signal peptide at the N-terminus and a tobacco
etch virus (TEV) protease site connected to the human
IgG1 Fc at the C-terminus. The expression vectors were
transiently transfected into HEK-293F cells using poly-
ethyleneimine (PolyScience). After 3 days, the superna-
tant was collected by centrifugation at 5000xg for 15 min
at 4 °C. Approximately % volume of 1xDPBS (138 mM
Sodium chloride, 2.67 mM Potassium chloride, 8.1 mM
Disodium hydrogen phosphate, 1.47 mM Potassium
dihydrogen phosphate) was added to adjust the pH of
the supernatant. The supernatant was then loaded onto
the protein A column and the target protein was eluted
with 0.1 M acetic acid on AKTA pure (GE Healthcare).
150 mM Tris 7.5 was added to the collection protein to
adjust the pH. To get the target protein without Fc tag,
1 mM edetate disodium (EDTA), 5 mM dithiothreitol
(DTT), and a tenfold molar ratio of 6 x His-tagged TEV
protease were added to the protein, and the Fc tag were
cleaved at 4 °C overnight. Furthermore, the digested pro-
tein was dialyzed with 1xXDPBS at 4 °C. Then, a 5 mL
Protein A column was used to remove Fc and undigested
protein, and a 5 mL Ni-NTA column was used to remove
6x His-TEV. The target protein was collected from the
flow-through. Amicon Ultra-15 centrifugal filter with
10 kDa (Millipore, UFC9010) was used to concentrate the
target proteins and SDS—PAGE was used to check purity.
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ELISA

The ELISA assay was based on previous research [15].
Nunc MaxiSorp plates were coated with 100 pL of 3 pg/
mL of recombinant RBD, BA.5 RBD, BE.7 RBD, or XBB.
1.5 RBD at room temperature for 2 h. After washing four
times with PBS (3 min each), the plates were blocked
with 5% non-fat milk in PBS at room temperature for 2 h.
Serially diluted plasma (the serial dilution is performed
with threefold dilutions, starting with a 1:100 dilution in
5% non-fat milk in PBST (PBS with 0.1% Tween-20) was
added to the plates, which were then incubated at room
temperature for 1 h. After washing thrice with PBST
(3 min each), horseradish peroxidase (HRP)-conjugated
goat anti-human IgG (Sangon Biotech, D110050, 1:10,000
diluted with 5% non-fat milk in PBST) was added, fol-
lowed by incubation at room temperature for 1 h. After
washing three times with PBST (3 min each time), 100 uL
of TMB substrate was added and incubated in the dark
for 8 min and the reaction was stopped with 50 uL of
1 M H,SO,. Absorbance was measured at 450 nm using
a microplate reader. The antibody titer was calculated as
the dilution of plasma that induced an A450 value twice
that of the A450 value of the negative control.

Chemical luminescence assay

Previous studies demonstrated that the serum level of
IgG that specifically binds to the RBD highly correlates
with that of neutralizing antibody activity in blocking
infection of SARS-CoV-2 or ACE2 targeting pseudo-
viruses [34, 35]. Coated the purified RBD viral antigens
onto magnetic particles for catching SARS-CoV-2-spe-
cific IgA, IgM and IgG in sera. The second antibody
recognizes IgA, IgM or IgG conjugated with acridinium
was used for detecting the IgA, IgM or IgG caught by
antigen, respectively. 20 uL fingertip blood was used to
measure levels of IgG, IgA, and IgM specific to the pro-
totype SARS-CoV-2 spike RBD using the chemical lumi-
nescence kits and an automatic chemical luminescent
immune-analyzer, Kaeser 1000 (Kangrun Biotech, Suang-
zhou, China). Virus-inactivated serum samples were then
diluted 40 times with dilution buffer and subjected to
testing at room temperature [36, 37].

Statistical analyses

All data are presented as the median (quartile, minimum
to maximum) or geometric mean+ geometric standard
deviation for antibody titers. Since the antibody sam-
ples we tested did not follow a Normal Distribution, we
chose the Mann—-Whitney test for difference analysis
between the two groups of samples (Fig. 1, Figures S1A,
B, D, G, H, S3A), ANOVA was used for related multiple
sample analysis, and the Kruskal-Wallis multiple com-
parison test for multiple sample adjustments was used
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Fig. 1 1gG level of the patients aged > 60 years was lower than that of
patients aged < 60 years. A IgG levels against the prototype
SARS-CoV-2 in infected and uninfected individuals were measured
using chemical luminescence kits. (n= 108 in the uninfected

group; =441 in the infected group; COI, cutoff index). B IgG levels

in infected young and old patients (n =396 in the 0-60 group; =45
in the > 60 year group). Values are expressed as medians (range).
Mann-Whitney test analyzed using GraphPad Prism v8, *P < 0.05;
***P<0.001

for multiple comparisons (Figs. 2, 3, Figures S1C, E, F, I,
J, S2, S3B-F). Pearson Correlation Analysis was used for
correlation analysis between the two factors (Fig. 4). The
hypothesis was tested to be that there was no significant
difference between the two samples. When P <0.05, we
rejected the hypothesis. Quantification graphs were ana-
lyzed using GraphPad Prism v8 (GraphPad Software).
*P<0.05; *P<0.01; ***P<0.001.

Results

Characterization of the study participants

Among the 750 people participating in the survey, only
636 individuals completed blood collection. Table 1 sum-
marizes the demographic and epidemiological character-
istics of these 636 individuals in January 2023. Regarding
the people surveyed, the median age was 32 years (inter-
quartile range: 27 and 49 years; range: 2—-69 years).
Twenty-two people were younger than 15 years, and
57 were older than 60 years. Of them, 308 are women.
Among the 636 people, 441 were infected, as confirmed
by antigen or nucleic acid testing, 142 were negative for
both tests, and the remaining 53 were not tested at the
time of blood collection (excluded from the antibody
analysis as we could not know they were infected or not).
The ratio of positive test results was similar between
men and women. The percentage of infected patients
increased with age (Spearman Correlation Analysis,
r=1, P=0.0167). A total of 611 people (96.07%) were
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Fig. 2 Vaccination of prototype vaccines could help patients produce higher nAbs against the Omicron variants. A Quantitative analysis

of the pVNTy, titer against the prototype SARS-CoV-2 was calculated using a pseudovirus-based neutralization assay. A-D The detection

threshold (pVNTs,=40) is shown as a dotted line; n=30 in the fully vaccinated infected group which received 2-dose or more IV vaccines; n=11

in the unvaccinated infected group; =8 in the 3-dose uninfected group that received three doses of the IV vaccine). B Quantitative analysis

of the pVNTj, titer against the Omicron BA.5 variant calculated using a pseudovirus-based neutralization assay. C Quantitative analysis of the pVNTs,
titer against the Omicron BF.7 variant calculated using a pseudovirus-based neutralization assay. D Quantitative analysis of pVNTj titers

against Omicron XBB. 1.5 variant were calculated using a pseudovirus-based neutralization assay. Values represent the geometric mean + geometric
standard deviation of the pVNTj, titer. Kruskal-Wallis multiple comparison test analyzed using GraphPad Prism v8; **P<0.01; ***P<0.001

fully vaccinated, including 2-dose inactivated SARS-
CoV-2 vaccine (10.53%); 3-dose recombinant protein vac-
cines (4.09%); 2-dose inactivated SARS-CoV-2 vaccine
with 1-dose inactivated SARS-CoV-2 vaccine booster
(57.55%); 2-dose inactivated SARS-CoV-2 vaccine with
1-dose recombinant protein vaccine booster (12.42%);
2-dose inactivated SARS-CoV-2 vaccine with 1-dose Adv
vaccine booster (1.26%); 2-dose mRNA vaccines (0.63%);
3-dose mRNA vaccines (0.16%) and 4-dose vaccines
(8.49%). Nineteen people (2.99%) were unvaccinated,
four (0.63%) were vaccinated with 1-dose inactivated
SARS-CoV-2 vaccine, and two (0.32%) were vaccinated
with 1-dose recombinant protein SARS-CoV-2 vac-
cine. Of the 611 fully vaccinated individuals, 5 (0.86%)
received the latest vaccine for less than 7 days, 11 (1.80%)
received the latest vaccine between 7 and 13 days, 49
(8.02%) received the latest vaccine between 14 and
30 days, 6 (0.98%) received the latest vaccine between 1
and 6 months, and the others (540, 88.38%) received the
latest vaccine for more than 6 months. The infection rate
was 76% in the group that received the last dose of the
vaccine after > 6 months.

A total of 222 individuals (from the 636 volunteers who
participated in the initial round of testing) participated in
the second study visit, and blood samples were collected
in April 2023 for the second time. All 222 participants
who participated in the second test did not experience
reinfection with SARS-CoV-2 during 4 months, as con-
firmed by their self-administered antigen tests. The
median individual age was 34 years (interquartile range:

27-46 years; range: 20—68 years). A total of 156 people
were infected, as confirmed by antigen or nucleic acid
testing; 50 people were negative for both tests, and the
other 16 people were not tested during the breakthrough
infection wave (from mid-December 2022 to early Janu-
ary 2023). No SARS-CoV-2 reinfection was reported
in the 222 individuals after breakthrough infection. The
vaccination strategies for the 222 individuals are summa-
rized in Table S1.

Clinical features of the study participants

The patients of SARS-CoV-2 showed symptoms of viral
pneumonia and other system [38—41]. The clinical char-
acteristics of the 441 individuals who tested positive for
antigens or nucleic acids are summarized in Table 2. Only
four patients (0.91%) reported no special symptoms, and
the most common symptoms were fever (86.62%), cough
(84.6%), weakness (67.35%), sputum production (65.99%),
headache (50.79%), myalgia (50.79%), sore throat
(49.43%), runny nose (35.37%), loss of taste and smell
(30.39%) and conjunctivitis (3.17%). The mean symp-
tom duration was 5 days (range, 1-20 days). Among the
patients, 24.26% exhibited mild symptoms, 63% displayed
moderate symptoms, and 12.70% self-reported severe
symptoms, although none of the cases were officially
classified as severe infections by the hospital. A total of
355 patients (80.50%) used medication to alleviate their
symptoms in accordance with the guidelines provided by
the Chinese Center for Disease Control and Prevention.
The drugs used were ibuprofen (93.80%), paracetamol
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Fig. 3 Booster vaccination of prototype vaccines could help patients produce higher nAbs against the Omicron variants. A Quantitative analysis

of the pVNTs, titer against the prototype SARS-CoV-2 was calculated using a pseudovirus-based neutralization assay. A-D The detection threshold
(PYNT5,=40) is shown as a dotted line, n=11 in the unvaccinated infected group; n=7 in the 2-dose infected group (2-dose inactivated vaccine);
n=13in the 3-dose infected group (3-dose inactivated vaccine); n=10 in the 4-dose infected group (3-dose IV and 1-dose RP vaccine); n=10

in the 4-dose uninfected group (3-dose IV and 1-dose RP vaccine); n=8 in the 3-dose uninfected group (3-dose IV vaccine)). B Quantitative analysis
of the pVNTj, titer against the Omicron BA.5 variant calculated using a pseudovirus-based neutralization assay. C Quantitative analysis of the pVNTs,
titer against the Omicron BF.7 variant calculated using a pseudovirus-based neutralization assay. D Quantitative analysis of pVNTj, titers

against Omicron XBB. 1.5 variant were calculated using a pseudovirus-based neutralization assay. Values represent the geometric mean + geometric
standard deviation of the pVNTj, titer. Kruskal-Wallis multiple comparison test analyzed using GraphPad Prism v8, *P < 0.05; **P < 0.01; ***P < 0.001

(44.79%), Chinese medicine (44.79%), antibiotics (2.82%),  Serological results of the study participants
and paxlovid (0.56%). IgG level of the patients aged > 60 years was lower
than that of patients aged < 60 years
Using a chemical luminescence assay, we found that the
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and BF.7 variants in infected individuals (n=41). D Pearson correlation coefficient analysis of pVNTsj, titer and antibody titers against prototype
SARS-CoV-2 and Omicron XBB. 1.5 variants in infected individuals (n=41). Pearson correlation analysis analyzed using GraphPad Prism v8

IgG levels in infected patients were higher than those
in uninfected individuals (Fig. 1A). IgA and IgM lev-
els were low in both infected and uninfected individu-
als and were lower than the cutoff value of the positive
control (Figure S1A, B) [36]. Therefore, we focused on
the IgG levels. There was no significant change in the
IgG levels of the patients in terms of sex or body mass
index (BMI, Figure S1C-E), whereas the IgG level of the
patients aged > 60 years was lower than to that of patients
aged <60 years. This indicates that the IgG induced by
SARS-CoV-2 Omicron breakthrough infection was dif-
ferent between old and young individuals (Fig. 1B). The
IgG levels in patients with severe symptoms were higher
than those in patients with mild symptoms (Figure S1F).

Similarly, the IgG levels of patients taking medicines
were higher than those of patients receiving non-drug
treatment (Figure S1G), which may be due to the worse
symptoms of patients taking medicines (Figure S1H). No
significant changes in IgG levels were found in the groups
treated with the different types of medicines (Figure S1I).

Vaccination is one of the most effective methods for
controlling the spread of SARS-CoV-2. To investigate
the impact of immunization strategies on IgG pro-
duction, we tested whether the vaccination strategy
resulted in different IgG levels after Omicron infec-
tion, with the last vaccination more than 6 months.
Omicron infection failed to induce measurable lev-
els of prototype SARS-CoV-2 IgG in unvaccinated
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Table 1 Demographics and baseline characteristics of the
uninfected people and patients infected with SARS-CoV-2

Omicron variants

Characteristics

No. (%) of people?

Age groups, years
0-15
16-30
31-45
46-60
>60
Sex
Male
Female
Confirmed with SARS-CoV-2 infection®
Uninfected
Infected
Not sure
Infection of male
Uninfected
Infected
Not sure
Infection of female
Uninfected
Infected
Not sure
Incidence rate of SARS-CoV-2 with different ages
0-15
16-30
31-45
46-60
>60
SARS-CoV-2 vaccination strategy©
Unvaccinated
1-Dose IV
2-Dose IV
3-Dose RP
2-Dose IV and 1-dose IV (homologous)
2-Dose IV and 1-dose RP (heterologous)
2-Dose mRNA
3-Dose mRNA
2-Dose IV and 1-dose Adv (heterologous)

4-Dose vaccine?

22 (3.46%)
206 (32.39%)
203 (31.92%)

(23.27%)

7 (8.96%)

328 (51.57%)
308 (48.43%)

142 (22.33%)
441 (69.34%)
53 (8.33%)

74 (22.56%)
224 (68.29%)
30 (9.15%)

68 (22.08%)
217 (70.45%)
23 (7.47%)

8 (36.36%)
37 (66.50%)
39 (68.47%)
2 (75.68%)
45 (78.95%)
19 (2.99%)
0.94%)
0.53%)
4.09%)

(
(
67 (1
(
(57.55%)
@
(
©.
8(1

9
6
7
26
366
79 (12.42%)
4(0.63%)
1(0.16%)
.26%)

54 (8.49%)

Infected rate (interval days of latest SARS-CoV-2 vaccination and diag-

nosis day)
0-6 days
7-13 days
14-30 days
1-6 months
>6 months

0/5 (0%)

0/11 (0%)
27 (55%)

6 (100%)

408 (76%)

2 Data are shown as number (%) or number/total number (%) in the 0-6 days
and 7-13 days of the interval between the latest SARS-CoV-2 vaccination and

diagnosis day
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Table 1 (continued)

b Infected: antigen or nucleic acid testing positive; uninfected: antigen or nucleic
acid testing negative; Not sure: no antigen or nucleic acid test

€ IV:inactivated SARS-CoV-2 vaccine (BBIBP-CorV (BBIBP-CorV, Sinopharm,
Beijing, China) or CoronaVac (Sinovac Life Sciences, Beijing, China)); RP:
Recombinant Protein vaccine (Recombinant Novel Coronavirus Vaccine (CHO
Cell, Zhifei Longcom Biopharmaceutical, Anhui, China)); mRNA: mRNA vaccine;
Adv: Adv-based vaccine

4 All the individuals received 4-dose vaccines were under the heterologous
prime-boost strategy

Table 2 Clinical features of the 441 patients infected with SARS-
CoV-2 Omicron variants

Characteristics No. (%) of patients®

Initial presenting symptoms
Fever 382 (86.62%)

(
Cough 373 (84.6%)
Weakness 297 (67.35%)
Sputum production 291 (65.99%)
Headache 224 (50.79%)
Myalgia 224 (50.79%)
Sore throat 218 (49 43%)
Runny nose 6 (35.37%)
Loss of taste and smell 4(30.39%)
Conjunctivitis ( 17%)
Symptom score®
0-3 107 (24.26%)
4-7 278 (63.04%)
8-10 56 (12.7%)
Medicine-use
Medicine 355 (80.50%)

Non-medicine 86 (19.50%)

Medicine type©
lbuprofen 333 (93.80%)
Paracetamol 9 (44.79%)
Chinese medicine 9 (44.79%)
Antibiotic (2 82%)
Paxlovid 2 (0.56%)

2 Data are shown as number (%)

5The symptom Score was provided by the patients: 0, no special symptoms. 10:
Feels the most severe symptoms. No patients diagnosed with severe or critically
ill COVID-19 at the hospital were included in the survey

“The patients who took this type of medicine are summarized in the table
below, and they may have taken other types of medicine at the same time

individuals. All vaccination strategies using vaccines
targeting the prototype SARS-CoV-2 could induce
antibodies against the prototype SARS-CoV-2 after
infection with Omicron; however, there was no sig-
nificant difference in the prototype SARS-CoV-2 IgG
levels produced by the different vaccination strategies
(Figure S1J).
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Booster immunization could induce higher nAbs

of SARS-CoV-2 after Omicron breakthrough

A previous report suggested that repeated vaccination
with an inactivated SARS-CoV-2 vaccine dampens the
nAb response against the new Omicron variants in break-
through infections owing to a stronger immune imprint
on the ancestral strain [25]. To test the nAbs against dif-
ferent variants of SARS-CoV-2 in young individuals, we
collected the plasma of 41 infected patients (11 unvac-
cinated patients, 7 with 2-dose inactivated SARS-CoV-2
vaccine, 13 with 3-dose inactivated SARS-CoV-2, and
10 with 3-dose inactivated SARS-CoV-2 and 1-dose
recombinant protein vaccine (between 14 and 30 days)
as the 4-dose inactivated SARS-CoV-2 vaccination strat-
egy is discouraged in China) and 18 uninfected people,
including 10 people (3-dose inactivated SARS-CoV-2
and 1-dose recombinant protein vaccine uninfected
group) who received the latest boost (4th dose) between
14 and 30 days and 8 people (3-dose uninfected group)
who received the latest boost of more than 6 months.
All participants were aged <60 years (range, 7—52 years;
median age, 26 years). We then tested the nAb titer in the
plasma of venous blood against the prototype Omicrons
BA.5, BE7, and XBB. 1.5 variants in the pseudovirus-
based neutralization assay. GMTs of nAbs against the
prototype, Omicron BA.5, BE7, and XBB. 1.5 variants
were not detected in the 3-dose uninfected group (Fig. 2).
SARS-CoV-2 Omicron infection can induce nAbs against
Omicron BA.5, and BE.7; however, there are limited nAbs
against the prototype and Omicron XBB. 1.5 variant in
the unvaccinated group (Fig. 2). Compared with the
unvaccinated infection group, the basic fully vaccinated
group (2-dose) did not show significant higher induction
of nAbs against the prototype, Omicron BA.5, and BE7
variants (Fig. 3A—C). However, booster immunization by
receiving the booster shot (the 3rd and 4th doses) could
induce higher nAbs against the prototype, Omicron BA.5,
and BE7 variants than the unvaccinated infection group
after the Omicron Breakthrough (Fig. 3A—C). In addi-
tion, the 4-dose vaccinated infected group showed higher
nAb levels against the prototype, Omicron BA.5, and
BE.7 variants than the 2-dose vaccinated infected group
(Fig. 3A—C). However, the nAbs against XBB.1.5 (that
were not found in China on the plasma sampling date) in
each infected group were low and showed no significant
difference after Omicron infection (Fig. 3D). Conversely,
we found that the 3-dose uninfected group, who received
their last vaccine more than 6 months ago, showed
undetectable neutralizing antibodies against either the
prototype strain or any Omicron strains. In addition,
the 4-dose vaccine booster (administered between 14
and 30 days prior) only induced neutralizing antibodies
against the prototype strain in uninfected individuals, but
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not any Omicron strains (Fig. 3). This suggests that the
booster inactivated vaccine against the prototype SARS-
CoV-2 only elicits immune responses specific to the pro-
totype strain but not to Omicron strains in uninfected
individuals. Moreover, we found that the GMTs of nAbs
against Omicron BA.5, and BE.7 had a high positive cor-
relation with antibody levels against the prototype SARS-
CoV-2 (Fig. 4A).

GMTs of nAbs had a high positive correlation

with the antibody level

In addition, we tested the antibody titer (IgG) in the
plasma of the venous blood against the prototype, Omi-
cron BA.5, BE7, and XBB. 1.5 variants using by ELISA
[15]. Antibodies against Omicron BA.5, BE7, and XBB.
1.5 of the individuals had a high positive correlation
with antibody levels against the prototype SARS-CoV-2
(Fig. 4B). Interestingly, antibodies against the prototype,
Omicron BA.5, BE7, and XBB. 1.5 variants induced by
Omicron infection in the fully vaccinated group was
higher than that in the unvaccinated groups (Figure S2A—
D). We also found that the 4-dose vaccinated infected
group showed higher antibody levels against the proto-
type, Omicron BA.5, BE7 and XBB. 1.5 variants than the
2-dose vaccinated infected group after Omicron infec-
tion (Figure S2E-H). Furthermore, the pVNT, of nAbs
against the prototype, Omicron BA.5, and BE.7 variants
of the infected individuals had a high positive correlation
with antibody levels (Fig. 4C, D). It is noteworthy that we
observed that neither infection nor vaccination was able
to induce a high level of neutralizing antibodies against
Omicron XBB.1.5 variants (Figs. 2D, 3D).

Booster immunization could induce higher antibody level

of SARS-CoV-2 Tested 4 months after Omicron breakthrough
infection wave

To detect the dynamics of antibodies after breakthrough
infection, we also analyzed the serological results of the
study participants 4 months after the breakthrough infec-
tion wave using chemical luminescence kits and Elisa
Test (Figure S3, none of the 222 individuals received the
booster vaccine during the 4 months). The antibody level
against the prototype, Omicron BA.5, BE.7 and XBB. 1.5
variants of infected group decreased 4 months after the
Omicron breakthrough infection wave (Figures S2E-H,
S3C-F). However, booster immunization by receiving a
booster shot (3rd and 4th doses) induced higher antibody
levels against the prototype, Omicron BA.5, BE7, and
XBB. 1.5 variants than the unvaccinated infection group
at 4 months after the Omicron breakthrough infection
wave (Figure S3C-F). Antibody titers against prototypes
BA, 5, and BF. 7 and XBB. 1.5 variants in individuals who
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received the 4th vaccine were higher than those who
received only 2-dose vaccines.

Discussion

In this study, blood samples were collected from 636
people in Hefei, Anhui Province, China, in mid-January
2023, ~ 3 weeks after the quick pandemic infection. The
IgG levels in patients with severe symptoms were higher
than those in patients with mild symptoms. Moreover,
the age resulted in different IgG levels after the Omi-
cron infection as IgG level of the patients aged > 60 years
was lower than that of patients aged <60 years. Omicron
infection did not induce prototype SARS-CoV-2 IgG
levels in unvaccinated patients. All vaccination strate-
gies using vaccines targeting the prototype SARS-CoV-2
could induce antibodies against the prototype SARS-
CoV-2 after infection with Omicron; however, there was
no significant difference in the prototype SARS-CoV-2
IgG levels produced by the different vaccination strate-
gies (Figure S1J).

A previous report suggested that repeated vaccina-
tion with an inactivated prototype SARS-CoV-2 vaccine
dampens the nAb response against the new Omicron
variants in breakthrough infections due to a stronger
immune imprint on the ancestral strain in old individu-
als. Unfortunately, we did not find evidence that young
people do not exhibit immune imprinting following vac-
cination with prototype vaccines when exposed to an
Omicron infection. Our results suggest that, although
young individuals who received booster shots showed
high levels of nAbs against the prototype SARS-CoV-2
after Omicron infection, they also generated higher lev-
els of nAbs against Omicron BA.5 and BE.7 variants than
unvaccinated individuals. However, the nAbs against
XBB.1.5 of different vaccination strategy were low and
showed no significant difference after Omicron infection.
This result revealed an Omicron XBB. 1.5 variant escape
from the immune protection elicited by SARS-CoV-2
infection and vaccination with the prototype COVID-19
vaccine. We also conducted a pseudovirus assay to assess
antibody responses in both infected and uninfected indi-
viduals against both the prototype and Omicron strains.
The results indicated that SARS-CoV-2 Omicron break-
through infections were capable of inducing neutralizing
antibodies against the prototype strain and the Omicron
BA.5 and BE7 variants, but not against the XBB.1.5 vari-
ant (3-dose infected group vs. 3-dose uninfected group).
Moreover, infection was the primary factor in inducing
neutralizing antibodies against the Omicron BA.5 and
BE7 variants. The 4-dose booster vaccine against the
prototype SARS-CoV-2 could elicit neutralizing antibod-
ies against the prototype strain but not against Omicron
variants (4-dose infected group vs. 4-dose uninfected
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group). Though the 4th vaccine did not immediately
induce the production of nAbs against BA.5, BE.7 vari-
ants without infection, it helped young individuals pro-
duce higher nAbs against the Omicron BA.5 and BA.7
variants after Omicron breakthrough infection (Fig. 3).

There are still some limitations in this study. The inter-
val between the last immunization time and the blood
collection time in the 4-dose groups was between 14 and
30 days; therefore, we could not distinguish the apparent
effectiveness of a 4th dose of vaccine from the effective-
ness of a more recent vaccination. In addition, we were
unable to conduct a follow-up survey with all volunteers
and invite them for the second round of testing 4 months
later. Consequently, in the blood samples taken 4 months
later, we observed a reduction in data from some groups,
which is likely to have a certain impact on the accuracy
of the experimental results. Another limitation of this
study is that we did not measure the nAbs of the booster
vaccination against more novel SARS-CoV-2 variants. In
our study, we found that the vaccination of booster shots
could only produce limited immunity against Omicron
XBB. 1.5 neutralizing antibody which might due to the
multiple mutations. Therefore, further research is needed
on other new SARS-CoV-2 variants especially these with
variant has multiple or significant mutations.

The COVID-19 infection—{fatality ratio was different by
age, time, and geography [42, 43]. This might due to the
variation of different population. For example, the single
nucleotide variants or insertion/deletion polymorphism
of ACE2 [44-47]. The sample population collected in this
study was only the Han population in China, so further
research is needed to determine whether the result is
applicable to other populations.

Despite the fact that we gathered fingertip blood sam-
ples from 636 individuals without immunodeficiency
disorders and ensured that all volunteers participating
in the venous blood collection did not have any specific
comorbidities, including metabolic conditions like diabe-
tes or respiratory diseases, comorbidities continue to be a
significant consideration that may potentially impact our
conclusions.

Conclusion

Our data suggest that booster vaccination with pro-
totype vaccines could help young individuals produce
higher nAbs against the Omicron BA.5 and BA.7 vari-
ants, even though it recalls a strong immune response
to target the prototype strain and contributes to estab-
lishing a booster vaccination strategy against COVID-
19 in young individuals. On the other hand, the strong
immune escape ability of new SARS-CoV-2 variants
such as XBB.1.5 highlights the necessity of develop-
ing broad-spectrum coronavirus vaccines based on
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conserved regions. This result suggested that the
booster vaccination of young individuals with the inac-
tivated vaccine against the prototype SARS-CoV-2
could help to produce nAbs against the new variants
of the SARS-CoV-2. In clinical prevention work, vac-
cinating suitable people with booster shots could help
preventing the infection and spread of the SARS-CoV-2
due to these young individuals could produce nAbs
against the new SARS-CoV-2 variants by booster shot.
However, it is also worth noting that if the SARS-CoV-2
variant has multiple or significant mutations, it may
reduce the ability of the booster shot to produce nAbs
against the variant.
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