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ABSTRACT It remains unclear how previous infections and vaccinations influenced 
and shaped heterogeneous immune responses against Omicron and its variants in 
diverse populations in China. After the national wave of Omicron in early 2023, we 
evaluated serum levels of neutralizing antibodies (nAbs) against Omicron (B.1.1.529) 
and its variants (BA.5, BF.7, and CH1.1) in 33 COVID-19 convalescents and 40 uninfec­
ted vaccinees, using vesicular stomatitis virus-based pseudovirus neutralizing assay. 
In addition, we followed 34 Delta convalescent patients to compare their immune 
responses against Omicron before (late 2021) and after the Omicron wave (early 2023). 
NAbs at the acute phase of the disease were investigated in 50 Omicron inpatients, 
including 24 vaccinated and 26 unvaccinated patients. Among them, nasal mucosal IgA 
levels were measured in 42 subjects. Compared to vaccination, breakthrough infections 
significantly increased the breadth and magnitude of serum nAbs and mucosal IgA levels 
against Omicron variants. Exposure to Omicron but not Delta elicited stronger pan-Omi­
cron responses. In Omicron inpatients, nAbs continued to rise as vaccination doses 
increased. However, in both vaccinees and convalescents, a fourth dose vaccination did 
not elicit higher nAbs against Omicron. Furthermore, nAbs against Omicron variants 
lasted longer than nAbs against WT SARS-CoV-2. Breakthrough infections of Omicron 
variants elicited specific immune responses against Omicron compared to vaccination 
and Delta infection. Although repeated vaccination revealed limited impacts on serum 
nAbs, populations at high risk of hospitalization may still benefit from continued 
vaccination.

IMPORTANCE The study described the specific humoral immunity against Omicron 
and its variants (BA.5, BF.7, and CH1.1) in diverse populations, including Delta-positive 
convalescent patients, Omicron-infected patients with a previous or current confirmed 
Delta infection, Omicron-positive patients, and healthy controls. In addition, we followed 
Delta convalescents for 1 year to evaluate the effect of a booster vaccine, breakthrough 
infection, and reinfection. Nasal mucosal IgA levels against SARS-CoV-2 were also 
examined. The findings of this study demonstrated the varied responses of individuals in 
different states following the outbreak of Omicron, highlighting the potential advan­
tages of ongoing immunization for groups that are more vulnerable and have a greater 
likelihood of being hospitalized.

KEYWORDS COVID-19, humoral immunity, Omicron, inactivated vaccine, repeated 
vaccination

W hile the World Health Organization (WHO) has announced that the COVID-19 
epidemic no longer comprises a “Public Health Emergency of International 

Concern” (1), SARS-COV-2 will continue to spread at different levels in the communities 
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with outbreaks here and there. The pathogenicity of the Omicron variant was lower 
compared to that of other variants of concern (VOCs) (2). However, Omicron’s 
increased transmissibility is attributed to its evasion of vaccine-elicited neutralizing 
antibodies, superior invasion of nasal epithelia, and resistance to cell-intrinsic barriers 
(3). Therefore, for susceptible populations such as the elderly, individuals with chronic 
conditions, and those with weakened immune systems, the ongoing transmission of 
the virus still presents a significant health risk. New variants of concern will continue to 
emerge, which could be more transmissible and pathogenic resulting in more severe 
manifestations. Global priorities continue to focus on limiting the spread of SARS-CoV-2 
and preventing severe cases of COVID-19.

China’s complete vaccination rate has reached 90.26%, with over 800 million 
individuals receiving initial booster shots as of 11 November 2022 (4). In addition, 
Omicron subvariants BA.1, BA.2, BA.4/5, and BF.7 have been actively replacing other 
VOCs and local variants to become the most dominant variant in many parts of 
the world (5). Besides, Omicron variants have caused national waves since China’s 
dynamic zero-COVID-19 policy was canceled on 7 December 2022. The impact of 
prior infections and immunization on humoral immune responses remains unclear. 
Furthermore, intranasal mucosal vaccines including dNS1-RBD have demonstrated their 
distinct advantages in stimulating hormonal, cellular, and mucosal responses while 
also preventing severe infection (6). The heterogeneity of immune responses against 
SARS-CoV-2 has become considerably more complex over time in China and has posed a 
significant public health obstacle in vaccine strategies.

In addition, concerns regarding the safety and effectiveness of repeated vaccinations 
have emerged. Gao et al. found that after BA.5/BF.7 breakthrough infection, neutralizing 
antibodies (nAbs) against the Omicron BA.2, BA.4, and BA.5 variants were significantly 
lower in people who received a three-dose regimen inactivated vaccine, compared to 
those who received a two-dose regimen vaccine (7). A comparable phenomenon was not 
observed in other reports (8), a third dose of inactivated vaccine could still significantly 
recall and enhance antibody responses against Omicron variants. The controversial 
results prompted us to clarify the effects of booster doses of inactivated vaccines on 
humoral immunity.

In this study, we examined the specific humoral and nasal mucosal immune responses 
against Omicron and its variations (BA.5, BF.7, and CH1.1) in varied groups of subjects. We 
discovered that natural infections elicited higher neutralizing activities against Omicron 
and its variants, compared to vaccinations. COVID-19-hospitalized patients who received 
a fourth booster vaccine showed higher nAbs against Omicron variants in both strength 
and breadth, compared to those who received 2–3 doses. Furthermore, all subjects 
exhibited measurable levels of nasal mucosal IgA against Omicron and its variations, 
although these levels did not correlate with humoral immune activity.

MATERIALS AND METHODS

Human subjects and sample collection

Serum samples from 33 COVID-19 convalescents, including Delta infected (n = 7), Delta 
and subsequent BA.5/BF.7 reinfected (n = 7), and BA.5/BF.7 infected (n = 19), as well 
as healthy controls (n = 40), were examined to comprehend the variety of immune 
responses within the community. In all, 50 Omicron inpatients were also enrolled to 
elucidate the immune status at the acute phase. In addition, a 1-year follow-up study 
including 34 individuals was conducted to further assess the impact of a booster vaccine, 
breakthrough infection, and reinfection. A total of 42 nasal swab samples were obtained, 
including 9 healthy vaccinees, 16 BA.5/BF.7 convalescents, and 17 BA.5/BF.7 inpatients. 
The infection status was confirmed via polymerase chain reaction tests. The vaccination 
records and other demographic data were required. Serum samples were isolated and 
stored at −80°C until analysis. For COVID-19 convalescents, serum samples were collected 
within 2 months after infection. For inpatients, serum samples were obtained within 72 
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h of admission (Table 1). Samples were heat-inactivated at 56°C for 30 minutes before 
further analysis in a BSL2 laboratory.

Cultured cell lines

We used HEK293T cells (Procell) to establish an ACE2 & TMPRSS2 stable expressing 
cell line (293T-ACE2-TMPRSS2). The cells were cultivated in Dulbecco’s modified Eagle 
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and incubated 
at 37°C in a 5% CO2 setting. As we previously reported (9), plasmids encoding 
angiotensin-converting enzyme 2 (pLV-ACE2-3xFLAG-IRES-puro, HedgehogBio Science 
and Technology Ltd.) and transmembrane serine protease 2 (pLV-TMPRSS2-GFP, Sino 
Biological) were co-transfected into 293T cells and the expression of ACE2 and TMPRSS2 
were confirmed via western blot.

SARS-CoV-2 pseudovirus neutralization assay

The pseudoviruses encoding the S protein of various SARS-CoV-2 variants, including the 
wild type (WT), Omicron (B.1.1.529), and its subvariants (BA.5, BF.7, and CH1.1), were 
acquired from Vazyme Biotech. The luciferase gene was integrated into the VSV vector 
and can be expressed after infection with the pseudotyped virus. The TCID50 (50% tissue 
culture infectious dose) value (10) was used to quantify virus concentration according 
to the manufacturer’s instructions. Neutralization assays were performed on 293T-ACE2-
TMPRSS2 cells. Serum samples were 1:16 diluted, followed by a threefold serial dilution. 
The diluted sera (50 µL) were mixed with pseudotyped SARS-CoV-2 viruses (650 TCID50 
per well) in 96-well plates and incubated at 37°C and 5% CO2 for 1 h. Afterward, the 
mixture was co-cultured with the 293T-ACE2-TMPRSS2 cells (20,000 per well) for the next 
24 h (11).

The chemiluminescence signals were quantified in relative luminescence units (RLU) 
using a Bright GloTM luciferase assay system with a GloMax Navigator Microplate 
Luminometer. The neutralizing titers (NAT50) were defined as the 50% inhibitory dilution 
(ID50), which was calculated with the highest dilution of plasma that resulted in a 
50% reduction of relative light units compared with virus control. NAT50 below 16 was 
considered negative. The NAT50 values within groups were summarized as geometric 
mean neutralizing titers (GMT) with a 95% confidence interval (95% CI).

SARS-Cov-2-specific IgA enzyme-linked immunosorbent assay

Each nasal swab was immersed in 1 mL of phosphate-buffered saline (PBS, Thermo 
Fisher). Enzyme-linked immunosorbent assay (ELISA) plates were coated overnight at 
4°C with SARS-CoV-2 receptor binding domain (RBD) protein (1 g/mL in PBS, Vazyme 
Biotech). After standard cleansing and sealing for 2 h at 37°C, diluted nasal swab samples 
(1:2-1:128, 2-fold serial diluted) were added to wells and incubated for 1 h at the 
same temperature. Each well was treated with 100 μL of HRP-labeled anti-human IgA 
monoclonal antibody (Thermo Fisher) and incubated at 37°C for 1 h. A tetramethylbenzi­
dine (TMB) chromogenic agent solution (Thermo Fisher) was used as the substrate and 
the optical density (OD) values were measured at 450 nm absorbance. Subject operating 
characteristic (ROC) analysis on the OD values of various individuals was performed and 
the area under the curve (AUC) to represent the nasal mucosal IgA antibody concentra­
tion for each individual was calculated.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 9.5.1 and SPSS 29.0. The 
Pearson χ2 test or Fisher’s exact test was used for comparisons between the two groups. 
One-way ANOVA with Tukey’s multiple comparison test was used to compare differences 
among multiple groups. Statistical significance was defined as P < 0.05. The error bars in 
all figures represent either a 95% confidence interval or one standard deviation where 
indicated.
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RESULTS

Study design and participants’ characteristics

A total of 103 participants were enrolled. Nine Omicron convalescents, 50 Omicron 
inpatients, and 10 healthy controls were included from January 2023 to March 2023. In 
all, 34 cases were enrolled during 2021 when a local Delta outbreak happened in China. 
The participants were followed up for 1 year and 14 out of them contracted Omicron 
subvariants in early 2023. The majority of Omicron inpatients were aged over 65 (42/50, 
84%). Detailed information can be found in Fig. 1 and Table 1.

Among the participants, 27 (26.2%) remained unvaccinated, while 50 (48.5%) 
received 2–3 doses of inactivated virus vaccines (BBIBP-CorV, Sinopharm, Beijing CNBG, 
or CoronaVac, SinoVac). In addition, 26 participants (25.2%) received nasal vaccina­
tion (dNS1-RBD, Beijing Wantai BioPharm) after a booster dose. In all, 42 individu­
als, consisting of 7 unvaccinated, 15 vaccinated, and 11 nasal vaccinated COVID-19 
participants and 9 vaccinated healthy donors, underwent nasal swab testing to measure 
mucosal IgA levels against WT, Omicron, and its variants.

Diminished neutralization against Omicron and its subvariants

We analyzed a total of 137 serum samples collected from the above 103 participants. We 
first determined the general immune responses against WT, and Omicron (B.1.1.529) and 
its variants (BA.5, BF.7, and CH1.1). The findings demonstrated a substantial decline in 
both the breadth and potency of nAbs (Fig. 2A; Table S1). Neutralization was detected 
in 97.1% (133/137) of cases against the WT strain. For the B.1.1.529, BA.5, BF.7, and 
CH1.1 strains, neutralizations were discovered in 72.3% (99/137), 85.4% (117/137), 83.9% 
(115/137), and 63.5% (87/137) of cases, respectively. The neutralization titers (GMT) 
against the B.1.1.529 variant reduced by a factor of 4.6 (relative to the WT) in the 
pseudovirus experiment (P < 0.01), with a GMT of 819.5 (95% CI 549.3–1222.4) for the 
WT. Similarly, decreases of 6.2-fold (P < 0.001), 6.7-fold (P < 0.001), and 12.5-fold (P < 
0.01) were seen in GMT against BA.5, BF.7, and CH1.1, respectively. The results indicate 
a general reduction in neutralizing activities of sera against Omicron variants. The fall 

FIG 1 The various cohorts of populations. The number of unvaccinated, one-, two-dose, three-dose, and four-dose or hybrid vaccinated (three-dose inactivated 

vaccine with nasal spray vaccine) participants in different groups. Collect serum to evaluate the level of neutralizing abilities (nAbs) via pseudovirus neutraliza­

tion assay, and collect nasal swabs to evaluate the immune level of nasal mucosa via Elisa assay.
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in effectiveness followed the order: CH1.1 >BF.7 >BA.5 >B.1.1.529. Notably, there was a 
significant decline in neutralizing antibodies (nAbs) against the WT at around 180 days 
during the period between the last vaccination and blood sample collection in healthy 
donors. NAbs against Omicron B.1.1.529 showed a decrease at approximately 210 days, 
whereas the nAbs against Omicron variants BA.5, BF.7, and CH1.1 remained present for 
an extended period and did not drop until roughly 300 days (Fig. 2B). Thus, the duration 
of nAbs against Omicron variant seems to be longer compared to nAbs against WT.

FIG 2 Reduced neutralization against Omicron and its Subvariants. (A) The 50% neutralization titers (NAT50) were determined via VSV pseudovirus neutraliza­

tion assay against WT (pink dots), B.1.1.529 (blue dots), BA.5 (green dots), BF.7 (dark green dots), and CH1.1 (purple dots) variants in all samples. (B) NAbs 

showed a sharp decline between 180 and 300 days across all Omicron subvariants and WT in healthy donors. Time interval indicated the period between the 

last vaccination and blood sample collection in healthy donors. Different colored dots and lines represent the nAbs and correlation curves of WT (pink), B.1.1.529 

(blue), BA.5 (green), BF.7 (dark green), and CH1.1 (purple). Data are presented as scatter dot plots with error bars indicating the geometric mean titers (GMT) with 

a 95% CI. The GMT values are shown on the axis X. Fold changes and P values of GMTs compared to WT by Omicron variants are shown at the top of each group. 

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Pie charts show the proportion of individuals within each group that had detectable neutralization against the 

indicated SARS-CoV-2 variants. All neutralization assays were conducted in biological duplicates.
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Breakthrough infection significantly enhanced neutralizing activities against 
Omicron variants

We divided COVID-19 convalescents into three groups, BA.5/BF.7 infected only, Delta 
infected only, and Delta infected and subsequent BA.5/BF.7 reinfected. Then we 
compared the nAbs among the groups (Fig. 3A; Table S2). Breakthrough infections 
significantly increased neutralizing activities against WT and Omicron variants. Although 
detection rates of WT were 100% in all four groups, the GMTs against WT were 18.7–
37.7 times higher in COVID-19 convalescents than in vaccinees (P < 0.01). The nAbs 
against Omicron variants were present in 28.6%–100% of the COVID-19 convalescents 
and 35%–100% of vaccinees. However, the GMTs against Omicron variants of COVID-19 
convalescents were 1.3–9.6 times higher than that of vaccinees.

Given that CH1.1 was only detected in imported cases in China mainland (12), we 
chose CH1.1 as a representative example of a newly emerging variant. Among individu­
als who have recovered from COVID-19, the nAb against CH1.1 increased by 1.3–3.7 
times compared to those who received the vaccines. Moreover, infection with BA.5/
BF.7 elicited stronger immune responses against Omicron variants compared to Delta 
infection. The GMT against Omicron variants of BA.5/BF.7 convalescents enhanced by 

FIG 3 NAbs levels in different vaccination and infection backgrounds. (A) NAbs against WT and Omicron variants in healthy donors, Delta convalescents, 

Omicron convalescents, and Delta and subsequent Omicron variant reinfected convalescents. (B) NAbs against WT and Omicron variants in serum from different 

vaccination backgrounds of Omicron convalescents and healthy donors. Data are presented as scatter dot plots with error bars indicating the GMT with a 95% CI. 

The GMT values are shown on the axis X. Fold changes and P values of GMTs compared to WT by Omicron variants are shown at the top of each group. *P < 0.05, 

**P < 0.01, ***P < 0.001, ****P < 0.0001. Pie charts show the proportion of individuals within each group that had detectable neutralization against the indicated 

SARS-CoV-2 variants. All neutralization assays were conducted in biological duplicates.
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a factor of 1.5–2.8 compared to Delta convalescents. The detection rate of CH1.1 even 
reached 95% in Omicron convalescents while it was only 28.6% in Delta convalescents. 
Although the GMTs of prior-naïve Omicron convalescent sera against WT and BA.5 was 
1.5-fold to two-fold higher than that of prior-Delta-infected Omicron convalescent, the 
GMTs against B.1.1.529, BF.7and CH1.1 were similar between the two subgroups, as 
shown in Fig. 3A.

A fourth dose of an inactivated vaccine or an extra nasal vaccine showed 
limited effects on elevating serum nAbs

Gao et al. reported that three doses of inactivated vaccine dampen nAbs against 
Omicron variants in BA.5/BF.7 breakthrough infection compared to two doses (7). Thus, 
we compared the nAbs in cases with various vaccination backgrounds. As shown in Fig. 
3B and Table S3, in healthy vaccinees, although the 3–4 doses resulted in a 16.2-fold 
increase in GMTs in neutralizing activity in sera against WT, compared to the fully 
vaccinated healthy donors (P < 0.0001), little increase in the breadth and levels of nAbs 
against Omciron and its variants were observed. For CH1.1, the GMTs and detection 
rates of vaccinees receiving two doses, three doses, and four doses/additional nasal 
vaccine were 20 (23.1%), 37.4 (58.3%), and 23.7 (33.3%), respectively. In convalescents, 
the detection rates of WT and Omicron variants were equivalent in the three-dose 
subgroup (100%) and hybrid vaccination subgroup (90.9%–100%), and the GMTs against 
Omicron variants in the two subgroups ranged from 126.7 to 966.1 and 65.1 to 550.6. 
Neither subgroup observed an obvious increase or downward trend in nAbs against 
Omicron variants as the number of vaccines increased.

In addition, we evaluated the nAb levels against Omicron B.1.1.529 in healthy 
vaccinees who received a booster dose compared to fully vaccinated subjects using 
our previous data (8). As shown in Fig. S1B and Table S4, a booster dose resulted in a 
1.4-fold and 8.2-fold increase in the neutralizing abilities against B.1.1.529 and WT (P < 
0.05), respectively. Above all, there was no significant decrease in the levels of nAbs as 
the number of vaccinations rose.

Longitudinal evaluation of the cross-neutralizing efficacy

In addition, we contrasted 34 individuals’ nAbs before and after a year of follow-up, 
including 20 healthy vaccinees and 14 delta convalescents in 2021. In all, 20 healthy 
donors received an additional vaccine during the follow-up. Among them, 10 remained 
uninfected in 2023 and their nAbs levels against WT increased from 193.2 to 649.1, and 
the levels against Omicron variants increased from 28.2 to 67 to 27–112. The other 10 
suffered BA.5/BF.7 infection in early 2023, the GMT against WT peaked at 10915.3 (95% 
CI 4728–25198), which was 40.2-fold higher than that of the uninfected period (GMT 
271.8, 95% CI 76.9–961.2). Likewise, GMTs against Omicron and its subvariants were also 
increased by 2.8-fold to 10.1-fold compared to uninfected intervals. The detection rates 
of WT, B.1.1.529, BA.5, and BF.7 all increased to 100% after infection, notably, while the 
detection rate of CH1.1 increased from 50% to 90%.

In 14 Delta convalescents, seven suffered BA.5/BF.7 infection and seven received an 
additional dose of vaccine. The GMTs against WT both increased after Omicron infection 
and vaccination, with 2.9-fold (P < 0.001) and 4.7-fold (P < 0.001) elevation, respectively. 
The GMTs against Omicron subvariants, however, appeared to have minimal changes in 
vaccinees but increased by 2.2–4.2 folds after Omicron infection (Fig. 4). The detection 
rates were all increased to 100% after infection or receiving more vaccines except for 
CH1.1. The results indicated that both infection and increasing vaccination can lead to 
enhanced levels of neutralization abilities.

Assessment of the neutralizing abilities in severely ill individuals

We also detected nAbs of Omicron inpatients and found that booster doses could 
increase the breadth and magnitude of neutralization against WT and Omicron 
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subvariants at the acute phase of Omicron infection, resulting in 49.4-fold and 3.7-fold 
enhancement of GMTs against WT and CH1.1 in hybrid-vaccinated inpatients compared 
to three-dose vaccinated inpatients (Fig. 5A; Table S5).

Although the neutralizing abilities in inpatients were comparable in survival cases 
compared to non-survival cases, the detection rates for WT (P = 0.22), B.1.1.529 (P = 
0.05), BA.5 (P = 0.001), BF.7 (P = 0.02), and CH1.1 (P = 0.32) were significantly lower in 
the non-survival group (36.4%, 54.5%, 50%, and 72.7%, respectively) than in the survival 
group (64.3%, 96.4%, 82.1%, and 82.1%, respectively) (Fig. 5B; Table S6).

Naturally infected individuals have a higher nasal mucosal IgA response

We further characterized the SARS-CoV-2-specific nasal mucosal IgA in 42 participants, 
including 9 healthy donors, 16 Omicron convalescents, and 17 Omicron inpatients. The 
nasal mucosal IgA was detectable in all participants. Levels of IgA against WT, B.1.1.529, 
BA.5, and BF.7 in healthy participants (AUC 19.9, 13.8, 16.1, and 20.1, respectively) were 
lower than those in Omicron convalescents (AUC 38.3, 27.8, 20.9, and 29, respectively) 
and inpatients (AUC 32.8, 28.5, 37.4, and 35.2, respectively) (Fig. 6A). In addition, nasal 
spray vaccination did not induce higher nasal mucosal IgA responses than non-vaccina­
tion or intramuscular vaccination (Fig. 6B; Table S7). The data indicated that natural 
infection induced stronger nasal mucosal IgA levels against Omicron and WT than 
vaccination.

FIG 4 NAbs increased in the same followed-up individuals after receiving more vaccines or being infected with Omicron. At the end of 2021, 34 individuals 

were followed up for 1 year. In 20 healthy donors (solid circles), 10 participants were infected with BA.5/BF.7 (solid diamond) and 10 participants received one 

more vaccine (solid square). In 14 Delta convalescents (hollow circle), seven participants were infected with BA.5/BF.7 (hollow diamond) and seven participants 

received one more vaccine (hollow square). The GMT values are shown at the bottom of the dots. Pie charts show the proportion of each group that had 

detectable IgA levels against the indicated SARS-CoV-2 variants. The P values of GMTs at different times are shown at the top of each group. *P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001. The trend of nAb changes in the same person before and after a 1-year follow-up are represented by lines of different colors: WT 

(pink), B.1.1.529 (blue), BA.5 (green), BF.7 (dark green), and CH1.1 (purple).
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Levels of serum nAbs and mucosal IgA were not related to cytokine levels or 
viral loads

We observed that nAbs against BF.7 (P < 0.05, r2 = 0.2328) and CH1.1 (P < 0.01, r2 = 
0.3015) were weakly correlated with the interleukin 8 (IL-8) (Fig. S2F). Meanwhile, nAbs 
against WT (P < 0.001, r2 = 0.3863), BF.7 (P < 0.05, r2 = 0.2913), and CH1.1 (P < 0.01, r2 

= 0.3325) were correlated with IL-12 (Fig. S2I). No correlations were observed between 
nAbs and other cytokines, including IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-17, IFNα, IFNγ, and 

FIG 5 NAbs against WT and Omicron variants in different disease severity subgroups. (A) NAbs against WT and Omicron variants in serum from different 

vaccination backgrounds of inpatients. (B) NAbs against WT and Omicron variants in Omicron convalescents, survival inpatients, and non-survival inpatients. 

Data are presented as scatter dot plots with error bars indicating the GMT with a 95% CI. The GMT values are shown on the axis X. Fold changes and P values of 

GMTs compared to WT by Omicron variants are shown at the top of each group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Pie charts show the proportion 

of individuals within each group that had detectable neutralization against the indicated SARS-CoV-2 variants. All neutralization assays were conducted in 

biological duplicates.
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TNFα (all P > 0.05) (Fig. S2). Likewise, we did not find significant correlations between 
nasal mucosa IgA levels, cytokines, and cycle threshold (Ct) values (Fig. S3A, S3B, and S4).

DISCUSSION

In the current study, we characterized Omicron-specific humoral and nasal mucosal 
immunity in various Chinese populations after the national wave of BA.5/BF.7 in early 
2023. Natural infection elicited stronger humoral and mucosal activities against Omicron 
variants than a booster vaccination. A fourth dose revealed limited potential to improve 
nAbs against Omicron variants in both vaccinees and convalescents. However, they 
induced the most potent pan-Omicron neutralizing abilities in Omicron inpatients. No 
significant reduction of nAbs was observed during a 1-year follow-up, regardless of 
whether people experienced primary infection, re-infection, or further vaccination. The 
data indicated that further immunization may still be beneficial for those who are 
at higher risk of hospitalization, even though it may only slightly improve antibody 
responses in the general population.

Previous research has indicated that natural infection could elicit higher neutralizing 
activities than vaccination against both WT and Omicron variants (13, 14), in our study, 
we also identified that natural infections increased nAbs against WT and CH1.1 by 18.7–
37.7 times and 1.3–3.7 times, respectively. In addition, the comparison of nAbs before 
and after a 1-year follow-up of the same person also confirmed the conclusion. We 
further demonstrated that BA.5/BF.7 breakthrough infection enhanced the neutralizing 
activities specifically against CH1.1 than delta breakthrough infection. Also, Bekliz et 
al. showed that Delta breakthrough infection generated a weaker neutralizing ability 
against BA.1 than Omicron breakthrough infection (15). However, Venice et al. found 
that Omicron breakthrough infections generate a slower rise in and lower levels of 
neutralizing antibodies against WT than Delta, indicating that Omicron breakthrough 
infections are less immunogenic than Delta (16). Various spike mutations in Omicron may 
cause different immune profiles compared to the other VOCs (17). In addition, affinity 
maturation caused by Omicron antigen exposure can markedly expand the breadth and 
efficiency of nAbs against SARS-CoV-2 infection (18).

The persistence of nAbs has emerged as a critical area of interest. Current understand­
ing suggests that nAbs against VOCs typically decline after approximately 6 months 
(9, 19). Consequently, it has been proposed that the optimal interval for vaccine 

FIG 6 Nasal mucosal specific IgA levels against WT and Omicron subvariants in different subgroups. (A) The area under the curve (AUC) of the IgA levels was 

determined via ELISA assay against WT (pink dots), B.1.1.529 (blue dots), BA.5 (green dots), and BF.7 (dark green dots) in healthy donors, Omicron convalescents, 

and inpatients. (B) IgA levels against WT and Omicron variants in Omicron-infected individuals who have not been vaccinated (unvaccinated), have received 

three doses of inactivated vaccine (intramuscular), or have received three doses of inactivated vaccine and one dose of nasal spray vaccine (intramuscular + nasal 

spray). Data are presented as scatter dot plots with error bars indicating the geometric average IgA level with a 95% CI. The P values between different groups are 

shown at the top of the figure. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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administration should be set at 6 months to maintain robust immunity (20). However, 
a recent study by Liew et al. demonstrated that the plasma-neutralizing titers against 
the Delta and BA.1 variants in COVID-19 inpatients remained stable over 12 months (21). 
This intriguing observation resonates with our results, underscores the complexity of the 
immune response, and highlights the need for ongoing research to refine vaccination 
strategies. As in our study, we found that the decline times of nAbs against Omicron 
variants were prolonged to nearly 1 year. Besides, continued waves of Omicron were 
not observed in mid-2023, as indicated in predicted models (22, 23), which partially 
supports our results that nAbs against Omicron variants may last a longer time than 
VOCs. More large-scale research is needed to identify the exact duration time of nAbs 
against Omicron variants.

Wang et al. reported weakened neutralizing responses against Omicron and its 
variants in participants who received a third or fourth dose of inactivated vaccine after 
BA.5/BF.7 breakthrough infection, compared to full vaccination (24). They assumed that 
repeated vaccination with an inactivated virus vaccine back-boosts previous memory 
and dampens the immune response to a new antigenically related but distinct viral strain 
(7, 24). However, we did not observe a significant decrease in nAbs against Omicron 
subvariants with increasing vaccination for various populations in different states. The 
controversial results may be due to the different antigenic epitopes of Omicron variants, 
as different strains of Omicron exhibited different responses to repeated vaccination (25). 
For example, a fourth dose further elevated the peak level of nAbs against SARS-CoV-2 
and Omicron BA.2, but not BA.1, which had more NTD mutations (25). Larger-scale 
research is still needed to clarify the impact of additional vaccination on different 
subtypes of Omicron infection.

In our study, the nAbs were higher in severe inpatients as the increasing doses of 
vaccination at disease onset, and the detection rates of nAbs against Omicron variants 
were higher in the survival group compared to the non-survival group. Thus, we assume 
that further vaccination still has practical value for populations at high risk of hospitaliza­
tion. Higher nAbs were known as a predictor of survival (26, 27). Studies also demonstra­
ted that three doses of either mRNA or inactivated vaccine provide substantial additional 
protection against severe COVID-19 (28, 29). Besides, for individuals with poor response, 
continued vaccination may contribute to keeping peripheral nAb levels high, limiting 
infection, and potential transmission (30, 31).

Mucosal immunity has shown distinct protection activities against SARS-COV-2 (32, 
33). Previous studies have shown the nasal booster strongly induced mucosal immunity 
as evidenced by the 21-fold increase in IgG and 11-fold increase in IgA against Omicron 
RBD in bronchoalveolar lavage fluid (BALF) (32), as well as Beta and Delta (33). We did 
not observe a robust elevation of nasal IgA levels after vaccination, but breakthrough 
infection did increase mucosal IgA levels. Harold et al. also showed that breakthrough 
infection, rather than mRNA and/or inactivated vaccines, produced higher IgA responses 
against BA.1, BA.2, and BA.4/5. Besides, additional vaccine doses did not boost the 
salivary IgA response against Omicron variants (34). Correlations between nasal swab 
Ct values and IgA titers were not observed either, although higher nasal S-RBD-specific 
antibody levels were associated with lower viral load (35).

Although we illustrated various immune responses against Omicron variants in 
different populations, we still have some limitations. First, our study is a relatively small 
cohort and we did not conduct further follow-up on Omicron inpatients, which may 
help us better to understand the role of humoral and mucosal immunity. Second, the 
currently most concerned Omicron variants, such as JN.1, were not included. Finally, 
despite conducting nucleic acid tests and inquiring about respiratory symptoms prior 
to sample collection, it is impossible to rule out asymptomatic infections among the 
healthy controls completely.
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Conclusion

Our data revealed that being infected with the Omicron variants induces a stronger 
and wider range of immune responses compared to vaccination or prior infection with 
other variants of SARS-CoV-2. While the fourth dose of an inactive vaccine had limited 
impact on boosting immunity against Omicron, continuing vaccination may still offer 
protection for vulnerable populations at high risk of hospitalization. We need to focus on 
longitudinal studies to track immune response durability for future research to clarify the 
mechanism of the vaccines.
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