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Background

Natural infection or vaccination have provided robust immune defense against SARS-CoV-2 invasion, nevertheless, Omicron variants still successfully cause breakthrough infection, and the underlying mechanisms are poorly understood.





Methods

Sequential blood samples were continuously collected at different time points from 252 volunteers who were received the CanSino Ad5-nCoV (n= 183) vaccine or the Sinovac CoronaVac inactivated vaccine (n= 69). The anti-SARS-CoV-2 prototype and Omicron BA.5.2 as well as XBB.1.16 variant neutralizing antibodies (Nab) in sera were detected by ELISA. Sera were also used to measure pseudo and live virus neutralization assay. The associations between the anti-prototype Nab levels and different HLA-ABC alleles were analyzed using artificial intelligence (AI)-deep learning techniques. The frequency of B cells in PBMCs was investigated by flow cytometry assay (FACs).





Results

Individuals carrying the HLA-B*15 allele manifested the highest concentrations of anti-SARS-CoV-2 prototype Nab after vax administration. Unfortunately, these volunteers are more susceptible to Omicron BA.5.2 breakthrough infection due to their sera have poorer anti-BA.5.2 Nab and lower levels of viral neutralization efficacy. FACs confirmed that a significant decrease in CD19+CD27+RBD+ memory B cells in these HLA-B*15 population compared to other cohorts. Importantly, generating lower concentrations of cross-reactive anti-XBB.1.16 Nab post-BA.5.2 infection caused HLA-B*15 individuals to be further infected by XBB.1.16 variant.





Conclusions

Individuals carrying the HLA-B*15 allele respond better to COVID-19 vax including the CanSino Ad5-nCoV and the Sinovac CoronaVac inactivated vaccines, but are more susceptible to Omicron variant infection, thus, a novel vaccine against this population is necessary for COVID-19 pandemic control in the future.
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Since its initial emergence in Wuhan at the end of 2019, Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) has caused more than 778 million confirmed cases of coronavirus disease 2019 (COVID-19), and more than 6.3 million fatalities worldwide as of February 2024 (1). SARS-CoV-2 has undergone continuous genetic evolution, and multiple mutation variants including Omicron have been reported (2, 3). Over 248 COVID-19 vaccines have been developed globally, and 9 have emergency been used authorization (4, 5). These vaccines have been reported to successfully induce protective humoral and T-cell-mediated immunity against SARS-CoV-2. For instance, individuals vaccinated with the Ad26.COV2.S or the Pfizer BNT162b2 presented robust neutralizing antibodies (Nab) and strong T-cell responses against the prototype strain, Delta, and Omicron variants (6). Additionally, SARS-CoV-2 spike-specific CD4+ and CD8+ T cells induced by BNT162b2 provide extensive immune coverage against Omicron B.1.1.529 variant (7). However, Omicron variants can still penetrate vaccine induced defenses and cause breakthrough infection, but the mechanisms underlying immune evasion remain unclear.

Human leukocyte antigen (HLA) has been reported to be related to COVID-19 vaccination efficacy, and certain HLA alleles were showed to increase susceptibility to SARS-CoV-2 infection (8, 9). For examples, people carrying the HLA-DQA1*03:03, DRB1*12:01, DRB1*03:01, or the HLA-DRB1*07:01, exhibited high levels of serum Nab after received BNT162b2 vaccine (10, 11). Populations with the HLA-DQB1*06 allele had markedly increased in Nab levels post ChAdOx1, BNT162b2, or mRNA-1273 vaccinations. Conversely, some studies reported that certain HLA supertypes are negatively correlated with vaccine efficacy (12). Unfortunately, no data are available about the associations between certain HLA allele and the levels of anti-SARS-CoV-2 prototype Nab induced by the Ad5-nCoV or CoronaVac inactivated vaccines till now.

Here, 252 volunteers received the Ad5-nCoV (CanSino, n = 183) or the CoronaVac inactivated vaccine (Sinovac, n = 69) were recruited, and sequential blood samples were collected at different time points. We showed that individuals carrying the HLA-B*15 allele have a good Nab response to COVID-19 vaccines, unfortunately, these populations are more susceptible to suffer from Omicron BA.5.2 and XBB.1.16 variant breakthrough infection later.



1 Results



1.1 Volunteers and sample collection

A total of 252 volunteers were recruited for this study, 183 participants (149 males and 34 females) were inoculated with the Ad5-nCoV vaccine (CanSino, China), and 69 volunteers (38 males and 31 females) were administered by the CoronaVac inactivated vaccine (Sinovac, China). In addition, we acquired 10 normal plasma samples from the First Affiliated Hospital of Guangzhou Medical University before the COVID-19 pandemic. Detail information of individuals vaccinated with both vaccines were showed in Figure 1.




Figure 1 | Sampling and experimental setup. A total of 252 volunteers who were administered Ad5-nCoV (CanSino, n = 183) or the CoronaVac inactivated vaccine (Sinovac, n = 69) were recruited, and blood samples were systematically collected on the indicated days. The sera were used to analyze Nab, while PBMCs were selected for HLA-ABC typing, and the associations between Nab levels and HLA-ABC alleles were analyzed via AI-based analysis. Moreover, sera from some Ad5-nCoV-treated volunteers were also used to detect the efficacy of liver and pseudovirus neutralization. Fluorescence-activated cell sorting (FACs) was used to identify SARS-CoV-2-specific memory B cells.



We continuously monitored volunteers who were inoculated with the CanSino Ad5-nCoV vaccine after COVID-19 restrictions were fully lifted in China (December 5, 2022). Some of these volunteers subsequently suffered from Omicron BA.5.2 and XBB.1.16 infection, as confirmed to be positive for SARS-CoV-2 by RT-PCR, and they presented either asymptomatic or mild symptoms (Supplementary Tables 1, 2). Sera and peripheral blood mononuclear cells (PBMCs) were separated by centrifugation. Serum samples were used to detect SARS-CoV-2-specific antibody, and PBMCs were used for HLA-ABC genotyping. The associations between anti-SARS-CoV-2 prototype Nab levels and different HLA-ABC alleles were further analyzed utilizing artificial intelligence (AI)-deep learning techniques. The efficacy of virus neutralization and the frequency of memory B-cell were also investigated (Figure 1).




1.2 Volunteers carrying HLA-B*15 alleles have a favorable response to COVID-19 vaccines

All volunteers were recruited to measure HLA-ABC genotype polymorphisms using the MiSeqDx™ Next Generation Sequencing (NGS) platform. The predominant alleles of HLA-A supertype in these populations were HLA-A*11 (25.63%), HLA-A*02 (27.74%), and HLA-A*24 (18.7%). For the HLA-B supertype, the leading genotypes were HLA-B*40 (16.39%), HLA-B*15 (13.24%) and HLA-B*46 (9.45%). Among the HLA-C supertype, HLA-C*03 (20.8%), HLA-C*01 (16.81%), HLA-C*07 (11.97%) and HLA-C*14 (11.76%) are the principal alleles (Supplementary Figure 1).

The concentrations of anti-SARS-CoV-2-specific prototype Nab and anti-Spike (S1+S2) antibodies in sera were measured by ELISA. For the CanSino Ad5-nCoV vaccine, both types of antibodies were nearly undetectable before vax booster (over 12 months after the initial 1st dose), this result resembled to previous reports (13, 14). However, the concentrations of both antibodies were significantly triggered by the 2nd dose (vax booster) at 1 month (M1), they were sustained for up to 3 months (M3) and gradually vanished after 6 months (M6) (Figure 2A). Similar results were also observed in volunteers who were received the Sinovac CoronaVac inactivated vaccine (Figure 2B). Therefore, the volunteers were classified into two groups, the high-vax response group (HVG) and low-vax response group (LVG) based on serum concentrations of the anti-prototype Nab (Supplementary Figure 2).




Figure 2 | Individuals carrying HLA-B*15 alleles exhibit a favorable response to COVID-19 vaccination. (A) Serum concentrations of anti-prototype Nab and anti-(S1+S2) antibodies in volunteers who received the CanSino Ad5-nCoV vaccine (A) or the Sinovac CoronaVac inactivated vaccine (B) at the indicated time points. The relationships between serum anti-prototype Nab concentrations and HLA-ABC alleles in CanSino Ad5-nCoV-vaccinated volunteers were investigated by XGBoost (C) and Boruta (D). The associations between serum anti-prototype Nab concentrations and HLA-ABC alleles in volunteers administered the Sinovac CoronaVac inactivated vaccine were investigated by XGBoost (E, F). ***p <0.0001.



The heterogeneity of HLA molecules has been reported to affect the efficacy of COVID-19 vaccines (15). We therefore analyzed the associations between certain HLA-ABC allele and anti-SARS-CoV-2 prototype Nab levels utilizing an AI-driven deep learning technique. Interestingly, XGBoost showed individuals carrying the HLA-B*15 allele exhibited the most pronounced increase in anti-prototype Nab levels after vax booster, especially at M3 and M6 compared to Nab in sera of pre-booster (Figure 2C). Boruta analysis also confirmed that HLA-B*15 persons presented an augmenting anti-prototype Nab (Figure 2D). In the context of the Sinovac CoronaVac inactivated vaccine, XGBoost analysis showed that individuals carrying HLA-B*15 alleles manifested the highest levels of anti-SARS-CoV-2 Nab after the 3rd dose of vaccine administration, as compared to that in serum from pre-booster (T0) (Figures 2E, F), confirming individuals carrying HLA-B*15 allele have favorable responses to both the Ad5-nCoV and CoronaVac vaccines.




1.3 HLA-B*15 volunteers manifested worse anti-SARS-CoV-2 prototype Nab after BA.5.2 infection

Volunteers received the Ad5-nCoV vaccine presented better the SARS-CoV-2-specific anti-prototype Nab and the anti-(S1+S2) antibodies than that from persons administered with the CoronaVac vaccine (Supplementary Figure 3), therefore, individuals received the Ad5-nCoV vaccine were continued to monitor their susceptibility to SARS-CoV-2 infection thereafter. COVID-19 restrictions were fully lifted by Chinese government on December 5th, 2022. The timeframe exceeded 9 months after they were received the 2nd dose of Ad5-nCoV vaccine. Unfortunately, all these volunteers were infected by Omicron BA.5.2, as confirmed via SARS-CoV-2-specific RT-PCR. Plasma samples were collected from these individuals after 1 month (M1, n = 96), 3 months (M3, n = 96), and 6 months (M6, n = 22) post infection. ELISA analysis revealed that the anti-prototype Nab and the anti-(S1+S2) antibody levels were increased significantly after BA.5.2 infection, and their concentrations were significantly higher than that triggered by the Ad5-nCoV vaccine (Figure 3A).




Figure 3 | HLA-B*15 volunteers exhibited a significant reduction in Nab and viral neutralization efficacy against the SARS-CoV-2 prototype strain after BA.5.2 infection. (A) Serum concentrations of anti-prototype Nab and anti-(S1+S2) antibodies at the indicated time points in volunteers who received the CanSino Ad5-nCoV vaccine following BA.5.2 infection. (B) Heatmap showing the serum concentrations of anti-prototype Nab and anti-(S1+S2) antibodies at different time points in 96 individuals. (C) Serum concentrations of the anti-prototype Nab at M1 post-Omicron BA.5.2 infection were compared between the LVG and HVG groups. (D) The volunteers (n=96) were divided into two groups (HLA-B*15 and others), and the serum concentrations of the anti-prototype Nab at M1 after Omicron BA.5.2 infection were compared. (E) The scores of clinical symptoms were calculated (left) and compared (right) between HLA-B*15 volunteers and others post-BA.5.2 infection. (F) Sera from M1 after the vax booster or post-BA.5.2 infection of the LVG (left) and HVG (right) were used to detect the efficacy of viral neutralization. (G) The volunteers were divided into two groups, HLA-B*15 volunteers and others, and the efficacy of viral neutralization of sera was detected and compared. *p <0.05, ** p <0.01, and ***p <0.001.



A heatmap revealed that individuals who exhibited stronger antibody levels caused by Ad5-nCoV vaccine conversely presented with lower antibody concentrations following BA.5.2 infection (Figure 3B). Indeed, serum from HVG patients had notably lower levels of both types of antibodies at M1 post-BA.5.2 infection than serum from LVG patients (Figure 3C). Individuals with HLA-B*15 allele also manifested significantly lower concentrations of the anti-SARS-CoV-2 prototype Nab at M1 post BA.5.2 infection than that from non-HLA-B*15 patients (Figure 3D). Additionally, the HLA-B*15 patients experienced notably more severe clinical manifestations than that in the non-HLA-B*15 persons (Figure 3E).

The sera from volunteers in the LVG (n = 10) and HVG (n = 10) groups were randomly selected, and the efficacy of viral neutralization was analyzed by a pseudovirus neutralization assay. Results showed that sera from LVG at 1 month of Vax booster (booster-M1) had not any capacity to neutralize SARS-CoV-2 prototype or the close variants, including Alpha, Beta, and Gamma strains, however, serum samples at 1 month of Omicron BA.5.2 infection (BA.5.2-M1) can efficiently neutralize these viruses. Sera from HVG group of booster-M1 have the capacity to neutralize SARS-CoV-2, and samples at BA.5.2-M1 further enhanced the efficacy. Interestingly, sera from the LVG cohort at BA.5.2-M1 exhibited dramatically greater viral neutralization efficacy than those from the HVG cohort (Figure 3F). Individuals in the HVG cohort were further divided into HLA-B*15 and non-HLA-B*15 (others) groups. In the Vax booster-M1 stage, it seems that serum from HLA-B*15 individuals displayed better viral neutralization efficacy than that from LVG individuals or non-HLA-B*15 (others), however, this effect was oppositely observed after BA.5.2 infection (BA.5.2-M1), and the neutralization efficiency of HLA-B*15 sera was reduced dramatically against the SARS-CoV-2 prototype strain and Gamma and Delta variants (Figure 3G), suggesting that sera from HLA-B*15 volunteers diminished viral neutralization efficacy after BA.5.2 infection.




1.4 HLA-B*15 populations have worse anti-BA.5.2-specific Nab post BA.5.2 infection

The concentrations of anti-BA.5.2 specific neutralization antibodies (anti-BA.5.2 Nab) in these continuous samples were measured, results showed that Ad5-nCoV vaccine has not the capacity to trigger anti-BA.5.2 Nab (inhibition rate of BA.5.2) production (Figure 4A), indicating Ad5-nCoV vaccine failed to induce a cross-protective humoral response against BA.5.2 variant. However, high levels of anti-BA.5.2 specific Nab were observed at both M1 and M3 following BA.5.2 infection, and their concentrations were sustained for 6 months at least (Figure 4A). Surprisingly, the serum levels of anti-BA.5.2 Nab from HLA-B*15 individuals were significantly lower than that from non-HLA-B*15 (others) cohorts (Figure 4B), confirming that HLA-B*15 individuals had worse humoral responses post BA.5.2 infection.




Figure 4 | HLA-B*15-treated volunteers exhibited a significant reduction in Nab and viral neutralization efficacy against Omicron BA.5.2 post infection. (A) Serum concentrations of anti-BA.5.2 Nab at the indicated time points in volunteers who received the CanSino Ad5-nCoV vaccine following BA.5.2 infection. (B) The volunteers were divided into two groups, HLA-B*15 volunteers and others, and the serum concentrations of anti-BA.5.2 Nab at M1 and M3 after Omicron BA.5.2 infection were compared between HLA-B*15 volunteers and others. (C) Sera from M1 after the vax booster or post-BA.5.2 infection of LVG (left) and HVG (right) were used to detect the efficacy of viral neutralization against Omicron variants. (D) The efficacy of viral neutralization against Omicron variants in sera collected at M1 after Omicron BA.5.2 infection was compared between the LVG and HVG groups. (E) Individuals from the HVG group were further divided into HLA-B*15 volunteers and others, and the efficacy of viral neutralization against Omicron variants from sera collected at M1 after Omicron BA.5.2 infection was compared. (F) The efficacy of live viral neutralization from sera collected at M1 after vax booster and post-Omicron BA.5.2 infection. (G) The efficacy of live viral neutralization from sera collected at M1 after vax booster (left) and post-Omicron BA.5.2 infection (right) was compared among the LVG and HLA-B*15 alleles and others. NS: not significantly different, *p <0.05, ** p <0.01, and ***p <0.001.



We then analyzed the efficacy of virus neutralization of these serum samples. Sera from both LVG and HVG groups at BA.5.2-M1, rather than that from booster-M1, efficiently neutralized Omicron BA.5.2, and they also manifested a slight neutralization efficacy against BQ.1.1 and CH.1.1, however, no neutralization efficacy was observed against XBB, XBB.1.16 or XBB.1.1 variants (Figure 4C). Anticipated, sera from LVG and HVG at BA.5.2-M1 stage also manifested high efficacy of virus neutralization (Figure 4D), notably, serum from HLA-B*15 individuals showed a markedly reduced in viral neutralization capacity against Omicron BA.5.2, BQ.1.1 and CH.1.1 variants, compared to that of individuals in both the LVG and HVG groups (Figure 4E).

We also analyzed the efficacy of live virus neutralization of these sera. Expectedly, sera at both the booster-M1 and the BA.5.2-M1 stage have the capacity to neutralize SARS-CoV-2 prototype strain, however, these sera manifested not any neutralization capacity to Omicron XBB.1 or BQ.1.1 variants, and the sera from BA.5.2-M1 manifested greater viral neutralization efficacy than the booster-M1 does (Figure 4F). Interestingly, sera from HLA-B*15 individuals at the booster-M1 exhibited greater neutralizing activity against SARS-CoV-2 prototype than that from the LVG group or other individuals in the HVG group, conversely, sera from HLA-B*15 individuals at the BA.5.2-M1 exhibited a diminished efficacy of virus neutralization (Figure 4G), suggesting HLA-B*15 individuals exhibited a significant decrease in virus neutralization capacity.




1.5 CD19+CD27+RBD+ memory B cells in HLA-B*15 individuals were declined

Given the critical role of B cells in antibody production, we then examined the status of B cells by FACs. Data from sequential samples (n=10) showed there was no significant difference in the frequency of CD19+CD20+ B cells or CD19+CD27+ memory B cells throughout the whole investigated period (Figure 5A). Individuals were further divided into HLA-B*15 and non-HLA-B*15 cohorts (Figure 5B). Statistical analysis revealed that HLA-B*15 populations had significantly lower percentages of memory B cells than non-HLA-B*15 cohorts (others) from the vax booster stage to the Omicron BA.5.2 infection stage (Figure 5C).




Figure 5 | Reduced CD19+CD27+RBD+ memory B cells in the HLA-B*15 population after BA.5.2 infection. (A) FACs analysis of the percentages of CD19+IgG+ B cells, CD19+27+ memory B cells, CD19+27+RBD(WT)+, CD19+27+RBD(BA.5.2)+, and CD19+27+RBD(WT)+(BA.5.2)+ memory B cells at various time points. (B) FACs analysis of CD19+CD20+ B cells and RBD (WT)+ memory B cells between the HLA-B*15 and the non-HLA-B*15 groups. (C) The percentages of CD19+27+ memory B cells in HLA-B*15 individuals and other individuals at different time points were compared. (D) The percentages of CD19+27+RBD(WT)+ and CD19+27+RBD(BA.5.2)+ memory B cells in HLA-B*15 individuals and other individuals at different time points were compared. NS: not significantly different, *p <0.05, ** p <0.01, and ***p <0.001.



We further detected the percentage of RBD(WT)+ and RBD(BA.5.2)+ memory B cells utilizing the recombinant SARS-CoV-2 BA.5.2 RBD Alexa Fluor® 488 protein and the recombinant SARS-CoV-2 spike RBD Alexa Fluor® 647 protein (Figure 5B, Supplementary Figure 4). As expected, the Vax booster enhanced the number of RBD(WT)+CD19+CD27+ memory B cells, while BA.5.2 infection did not further increase cell frequencies (Figure 5A). Compared to vax booster, BA.5.2 infection promoted the percentage of RBD(BA.5.2)+CD19+CD27+ memory B cells (Figure 5A). Importantly, the frequency of RBD(WT)+(BA.5.2)+CD19+CD27+ memory B cells was dramatically increased following BA.5.2 infection (Figure 5A). However, at the booster-M6 and the BA.5.2-M1 as well as the BA.5.2-M3, HLA-B*15 individuals manifested dramatically lower numbers of RBD(WT)+CD19+CD27+ memory B cells in PBMCs than that from non-HLA-B*15 individuals (Figure 5D). Similar results were also observed in the percentage of RBD(BA.5.2)+CD19+CD27+ memory B cells (Figure 5D), confirming the reduction of memory B cells in HLA-B*15 individuals after BA.5.2 infection.




1.6 HLA-B*15 individuals are more susceptibility to secondary Omicron XBB.1.16 infection

In July 2023, a resurgence of COVID-19 occurred in Chongqing city, and serum samples were collected from 43 volunteers who previously received the Ad5-nCoV vaccine. Based on SARS-CoV-2 antigen detection and symptom assessment, 21 individuals were confirmed to suffer from XBB.1.16 variant infection. ELISA showed that XBB.1.16 infection could not further enhance anti-SARS-CoV-2 Nab levels (Figure 6A), however, XBB.1.16 infection increased the concentration of cross-reactive anti-BA.5.2-Nab (Figure 6B), suggesting that XBB.1.16 infection enhanced the cross-reactive humoral response to BA.5.2 strain.




Figure 6 | Individuals carrying the HLA-B*15 allele are more susceptible to Omicron XBB.1.16 infections. Serum concentrations of anti-prototype Nab (A) and anti-BA.5.2 Nab (B) from 21 volunteers who received the CanSino Ad5-nCoV vaccine following infection with Omicron BA.5.2 or XBB.1.16 were detected by ELISA. (C) Serum concentrations of anti-XBB.1.16 in Nab volunteers who received the CanSino Ad5-nCoV vaccine following infection with Omicron BA.5.2 (left) and 22 volunteers who were further infected with XBB.1.16 (right) were detected by ELISA. (D) Serum concentrations of anti-XBB.1.16 Nab in individuals infected with or without XBB.1.16 were compared. (E) Serum concentrations of anti-XBB.1.16 Nab at the indicated time points were compared between HLA-B*15 and other antibodies. (F) Some volunteers, and (G) HLA-B*15 sera were collected at M1 after the vax booster and post-Omicron BA.5.2 and XBB.1.16 infection, and the efficacy of viral neutralization was detected. NS: not significantly different, *p <0.05, ** p <0.01, and ***p <0.001.



Data from continuous samples (n=21) showed that XBB.1.16 infection further enhanced anti-XBB.1.16-specific Nab (Figure 6C), suggesting that Omicron XBB.1.16 infection can enhance humoral immunity. However, as compared to XBB.1.16 uninfected individuals, XBB.1.16 infection did not further enhance the specific anti-XBB.1.16 Nab (Figure 6D). The 21 individuals who suffered from XBB.1.16 infection were classified into HLA-B*15 and non-HLA-B*15 groups, ELISA revealed that at M1 and M3 post-BA.5.2 infection, serum from HLA-B*15 individuals manifested dramatically lower concentrations of cross-reactive anti-XBB.1.16 Nab than did serum from non-HLA-B*15 participants (others) (Figure 6E), indicating that HLA-B*15 individuals are more susceptible to XBB.1.16 infection.

We finally monitored the efficacy of serum neutralizing to various SARS-CoV-2 strains, and sera from some volunteers (Figure 6F) and HLA-B*15 individuals (Figure 6G) at vax booster-M1, BA.5.2-M1, and XBB.1.16-M1 were selected. Results showed that these sera predominantly neutralized the SARS-CoV-2 prototype strain and Omicron BA.5.2, however, they displayed very low neutralizing activity against other Omicron variant strains. Importantly, XBB.1.16 infection did not further enhance the efficacy of viral neutralization.





2 Discussion

The COVID-19 pandemic represents one of the most serious public health problems worldwide, and SARS-CoV-2 is still continuous mutation during transmission (16, 17). Omicron variants exhibit more than 60 amino acid mutations in the spike protein, making it significantly distinct from the original prototype strain (18), therefore, high mutability increases the susceptibility of hosts to recurrent Omicron variant infections. Currently, the Ad26.COV2.S, mRNA-1273, the Pfizer BioNTech-Comirnaty vaccine, and the Sinovac-CoronaVac vaccine have been listed as qualified vaccines for emergency use by WHO (5). However, individuals who were received these vaccines do not effectively prevent SARS-CoV-2 variant infections, although COVID-19-related hospitalization, severity, and mortality are reduced markedly (19). In China, the most commonly used vaccines include BBIBP-CorV, CoronaVac, and Ad5-nCoV, and preliminary investigations indicate that Ad5-nCoV vaccine can trigger robust humoral and cellular immunity against SARS-CoV-2 within 28 days, and the Nab levels were declined significantly after 6 months (20). Recipients administered the CoronaVac vaccine also exhibited a notable increase in anti-SARS-CoV-2 prototype Nab levels (21). Similar to these observations, we here illustrated that individuals vaccinated with booster dose of the Ad5-nCoV and the CoronaVac manifested high levels of anti-SARS-CoV-2 prototype Nab (Figures 2A, B), however, the Ad5-nCoV vaccine seems to fail to elicit specific cross-reactive anti-BA.5.2 Nab (Figure 4A) and XBB.1.16-Nab (Figure 6B), indicating that the Ad5-nCoV vaccine may offer limited effectiveness in preventing Omicron variant breakthrough infection.

Early studies have highlighted the associations between certain HLA expression and the rapid dissemination of HIV, HBV, HCV, and SARS-CoV (22). Recently, HLA molecules have also been described as crucial factor in determining the outcome of SARS-CoV-2 infection and vaccination efficacy. For example, the HLA-DRB1*04 may predict disease severity in Iranian COVID-19 patients (23). The specific HLA supertypes, including the HLA-DRB1*15:01, DQB1*06:02, B*27:07, HLA-A*03:01, A*11:01, A*24:02, B*52:01, and C*12:02, are significantly correlated with severe/critical illness following SARS-CoV-2 infection (8, 9). Some Omicron sublineages can downregulate HLA antigens in virus-infected cells through enhancing autophagy and antagonizing CTL-induced cell death (24). Furthermore, certain HLA supertypes, such as the DQA1*03:03, DQB1*06, DRB1*03:01, and DRB1*07:01, augment vaccine-induced anti-SARS-CoV-2 Nab levels (10, 25). Furthermore, it seems that HLA-II molecules, such as the DRB1*03:01, DRB1*07:01, and DRB1*12:01, successfully induce Nab to counteract SARS-CoV-2 in recipients after they were administration of the COVID-19 mRNA vaccine (26). Conversely, some studies revealed a negative association between specific HLA supertypes and vaccine efficacy (27). We here confirmed a significantly positive correlation between HLA-B*15 alleles and seral titers of anti-prototype Nab elicited by the Ad5-nCoV vaccine and the CoronaVac-inactivated vaccine (Figure 2). Previous investigations have demonstrated that individuals carrying HLA-B*15:01 tend to experience asymptomatic SARS-CoV-2 infections (25, 28–30). Remarkably, we here showed that the HLA-B*15 patients experienced notably more severe clinical manifestations than that in the non-HLA-B*15 persons (Figure 3E). Most importantly, HLA-B*15 individuals exhibited markedly lower levels of cross-reactive specific anti-prototype Nab, including anti-BA.5.2 and anti-XBB.1.16 Nab, thus leading to diminished virus neutralization capacity against the Omicron variants. We therefore concluded that HLA-B*15 populations have a better response to SARS-CoV-2 vaccines but are more susceptible to Omicron breakthrough infection.

Recent studies have suggested that “Original antigenic sin” (OAS) or “immune imprinting” are involved in mediating SARS-CoV-2 new variant breakthrough infection, and evidences are also available regarding their impact on the safety and effectiveness of COVID-19 vaccines (31). For instance, individuals previously infected with SARS-CoV-2 (Wuhan strain) did not exhibit a substantial increase in Nab and T-cell responses against Omicron B.1.1.529 upon reinfection (18). Xie X et al. demonstrated that antibodies isolated from COVID-19 patients who experienced breakthrough infections with BA.2 and BA.5 showed significantly diminished neutralizing activity and antibody diversities against other variants, such as BQ.1.1.10 (BQ.1.1 + Y144del), BA.4.6.3, XBB, and CH.1.1, due to the presence of OAS (32). Zhang Z et al. confirmed that BA.2 variant breakthrough infection successfully elicits immune memory B cells derived from the prototype strain or its close variants (including Alpha, Beta, Gamma, and Delta), while the specific antibody response against BA.2 is complicated (33). Here, we showed that the Ad5-nCoV cannot induce cross-reactive anti-BA.5.2 and anti-XBB.1.16 Nab, interestingly, both Nabs were triggered by post-BA.5.2 infection. Additionally, secondary XBB.1.16 infection further enhanced anti-XBB.1.16 Nab, suggesting that immune imprinting is not obviously presented in these volunteers. However, there was a greater reduction in the number of CD19+CD27+ memory B cells in HLA-B*15 individuals than that in other individuals after BA.5.2 infection, this phenomenon might be responsible for the lower level of anti-prototype, anti-BA.5.2 and anti-XBB.1.16 Nab release after BA.5.2 infection.

CD4+ follicular helper T (Tfh) cells play pivotal roles in regulating antibody responses and maintaining long-term memory B cells (34). It seems that the induction of antigen-specific germinal center formation and the production of Nab by SARS-CoV-2 mRNA vaccines are closely associated with the presence of Tfh cells in vivo (35). Specifically, the HLA-DPB1*04-restricted S167-180 epitope has been shown to stimulate Tfh differentiation, leading to a sustained and robust response to COVID-19 mRNA vaccines (36). Here, we revealed a significant decrease in the frequency of memory CD19+ CD27+RBD+ B cells postvaccination and after BA.5.2 infection (Figure 5), potentially resulting in decreased serum antibodies. However, whether Tfh cells also regulate memory B cells in the HLA-B*15 population need further investigation.

An effective vaccine is expected to induce both protective cellular and humoral immunity to all kinds of SARS-CoV-2 variants, and individuals vaccinated with these vaccines also can maintain long-lasting memory B and T-cells in vivo (37, 38). It seems that the HLA restricted CD4+ as well as CD8+ T-cell epitopes are comprehensively distributed in the whole SARS-CoV-2 proteome (39), therefore, the induction of broadly protective cellular responses is a feasible strategy to enhance the effectiveness of COVID-19 vaccines. Recently, Tai W et al., developed a lipid nanoparticle (LNP)-formulated mRNA-based T-cell-inducing antigen, which targeted three SARS-CoV-2 proteome regions that enriched human HLA-I epitopes (HLA-EPs), the sequences of HLA-EPs are highly conserved among SARS-CoV-2 variants, therefore, HLA-EPs induces broad cellular immunity and prevent SARS-CoV-2 infection (40), HLA-EPs would be one of new generations of COVID-19 vaccine, possibly can provide protection for individuals with HLA-B*15.

Some limitations of our study need to be noted. First, we focused only on humoral immune responses and did not explore the potential of T-cell immunity in controlling viral infection. Second, the molecular mechanisms underlying the reduction in memory B cells in HLA-B*15 volunteers remain unclear. Third, the potential alterations in the diversity of B-cell receptors (BCRs) within the same volunteer across different time periods and their correlation with antibody diversity remain unexplored.

Overall, we showed that individuals carrying the HLA-B*15 allele exhibit a more favorable response to vaccines but are more susceptible to breakthrough infections caused by Omicron variants such as BA.5.2 and XBB.1.16. Therefore, novel vaccines and immunological control strategies for this population are necessary for future COVID-19 interventions.




3 Materials and methods



3.1 Volunteer recruitment

A total of 252 volunteers were recruited for this study. Among them, 183 volunteers received the Ad5-nCoV adenovirus vector vaccine, while 69 volunteers were administered the Sinovac CoronaVac inactivated vaccine. The ages of the volunteers were 18~59 years, and they were not pregnant and had no communicable diseases such as malignancies, diabetes, coronary heart disease, chronic obstructive pulmonary disease, stroke, chronic kidney disease, or chronic infectious diseases such as HIV, HBV, or tuberculosis. Blood samples were collected at various time points, including before the vax booster (Pre) and at 1 month (M1), 3 months (M3) and 6 months (M6) after the vax booster. Additionally, samples from Ad5-nCoV-vaccinated volunteers were collected at 1 month (M1), 3 months (M3) and 6 months (M6) after recovery from BA.5.2 breakthrough infection. Furthermore, blood samples from 21 individuals who recovered from secondary XBB.1.16 breakthrough infection at 1 month (M1) were also collected. Relevant experiments regarding vaccinated individuals were approved by the Ethics Committee of the First Affiliated Hospital of Guangzhou Medical University (2021-78).




3.2 Bulk HLA-ABC typing

Total RNA from PBMCs was extracted and converted into full-length cDNA using high-efficiency reverse transcriptase. The targeted genes were captured using a highly specific capture panel, and the resulting products were supplemented with sequencing primers to generate libraries suitable for sequencing. Following library construction, quantitative analysis was performed using Qubit 3.0, followed by insert size detection using Qsp100. Once the insert size met the expected criteria, paired-end 150 (PE150) sequencing was conducted using the Illumina X10 or NovaSeq 6000 platform. After obtaining the raw sequencing data, data filtering and quality control were performed using fastp (v0.21.0) software. The high-quality sequencing data obtained after filtering were then analyzed for HLA typing using arcasHLA software.




3.3 Detection of anti-SARS-CoV-2 spike (S1+S2) and Nab antibodies

An indirect enzyme-linked immunosorbent assay (ELISA) kit provided by Sino Biological, Inc. (Cat: KIT004) and (Cat: CSB-EL33243HU) was used to measure antibodies was used as described by the manufacturer, and the intensity of the color was measured at 450 nm.




3.4 Detection of anti-BA.5.2 and anti-XBB.1.16 neutralizing antibodies

An indirect enzyme-linked immunosorbent assay (ELISA) kit provided by ACROBiosystems (Cat: N107-CN.01, N173-CN.01) was used. This assay kit was used to measure the levels of anti-SARS-CoV-2 neutralizing antibody through a competitive ELISA. The microplate in the kit was precoated with human ACE2 protein. The experiment included 5 simple steps and the absorbance at 450 nm minus the absorbance at 630 nm to remove background prior to statistical analysis. The OD value reflects the amount of protein bound.




3.5 Pseudovirus neutralization assay

The prototype strain and SARS-CoV-2 variants were all self-prepared by Zhongke Guobang (Beijing) Inspection and Testing Co., Ltd. Pseudovirus dilution to 1.3x104/mL using complete DMEM. Vero cells were prepared from the incubator, counted after trypsin digestion, and diluted to a concentration of 2x105 cells/mL using complete DMEM. The plate was then agitated for 2 minutes, and the luminescence was measured using a multifunctional plate reader. Analysis software specific to neutralizing antibody data for COVID-19 was used throughout the calculation process.




3.6 The live virus neutralization 

Virus was titrated using a focus-forming assay (FFA). Vero E6 cells were seeded in 96-well plates one day before infection. The plasma samples were serially diluted and incubated with an equal volume of virus at 37°C for 1 h. Then, the mixtures were inoculated onto Vero E6 cells at 37°C for 1 h. The cells were then incubated with a rabbit anti-SARS-CoV-2 nucleocapsid protein polyclonal antibody (Cat. No. 40143-T62, Sino Biological, Inc., Beijing), followed by an HRP-labeled goat anti-rabbit secondary antibody (Cat. No. 109-035-088, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). The foci were visualized by TrueBlue Peroxidase Substrate (KPL, Gaithersburg, MD) and counted with an ELISPOT reader. Viral titers were calculated as the FFU per ml or per gram of tissue.




3.7 Flow cytometry

Peripheral blood mononuclear cells (PBMCs) (approximately 1 x 106 cells/100 µL) were collected at various time points postvaccination and postinfection. The cells were centrifuged at 1000 × g for 5 minutes at 4°C and washed twice with PBS (catalog no. 40143-T62, Gibco). Subsequently, the cells were stained with recombinant SARS-CoV-2 BA.4/BA.5 The RBD Alexa Fluor® 488 protein dye (Catalog No.: AFG11229-020, R&D), recombinant SARS-CoV-2 spike RBD Alexa Fluor® 647 protein (Catalog No.: AFR10500-020, R&D), CD38-Brilliant Violet 421 (Catalog No.: 397119, BioLegend), and CD20-PE/Cyanine7 (Catalog No.: 356617, BioLegend) were diluted (1:100) in FACs buffer (0.1% BSA) at 4°C for 30 minutes. After staining, the cells were washed twice with FACs staining buffer (0.1% BSA). After three washes, the cells were resuspended buffer and filtered through a 35 µm filter. Cell collection was performed using BD FACSaria III, and analysis was conducted using FlowJo 10.8.1.




3.8 Statistical analysis

The data were entered into Excel, and statistical analysis and graphical representations were performed by R-4.3.3. Statistical analysis between two samples was conducted using a t test, while analysis involving three samples or unpaired comparisons was conducted using the Wilcoxon test. Pairwise comparisons among three or more samples were conducted using Tukey’s multiple comparisons test. All the statistical tests were two-sided, and a p value less than 0.05 indicated statistical significance.
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