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Background

Annual vaccination is the most effective prevention of influenza infection. Up to now, a series of studies have demonstrated the role of genetic variants in regulating the antibody response to influenza vaccine. However, among the Chinese population, the relationship between genetic factors and the responsiveness to influenza vaccination has not been clarified through genome-wide association study (GWAS).



Method

A total of 1,968 healthy volunteers of Chinese descent were recruited and 1,582 of them were available for the subsequent two-stage analysis. In the discovery stage, according to our inclusion criteria, 123 of 1,582 subjects were selected as group 1 and received whole-genome sequencing to identify potential variants and genes. In the verification stage, 29 candidate variants identified by GWAS were selected for further validation in 481 subjects in group 2. Besides, we also analyzed nine variants from previously published reports in our study.



Results

Multivariate logistic regression analysis showed that compared with the TT genotype of ZBTB46 rs2281929, the TC + CC genotype was associated with a lower risk of low responsiveness to influenza vaccination adjusted for gender and age (Group 2: P = 7.75E-05, OR = 0.466, 95%CI = 0.319–0.680; Combined group: P = 1.18E-06, OR = 0.423, 95%CI = 0.299–0.599). In the combined group, IQGAP2 rs2455230 GC + CC genotype was correlated with a lower risk of low responsiveness to influenza vaccination compared with the GG genotype (P = 8.90E-04, OR = 0.535, 95%CI = 0.370–0.774), but the difference was not statistically significant in group 2 (P = 0.008). The antibody fold rises of subjects with ZBTB46 rs2281929 TT genotype against H1N1, H3N2,and B were all significantly lower than that of subjects with TC + CC genotype (P < 0.001). Compared with IQGAP2 rs2455230 GC + CC carriers, GG carriers had lower antibody fold rises to H1N1 (P = 0.001) and B (P = 0.032). The GG genotype of rs2455230 tended to be correlated with lower antibody fold rises (P = 0.096) against H3N2, but the difference was not statistically significant. No correlation was found between nine SNPs from previously published reports and the serological response to influenza vaccine in our study.



Conclusion

Our study identified two novel candidate missense variants, ZBTB46 rs2281929 and IQGAP2 rs2455230, were associated with the immune response to influenza vaccination among the Chinese population. Identifying these variants will provide more evidence for future research and improve the individualized influenza vaccination program.
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Introduction

Influenza is an acute infectious respiratory disease with an annual occurrence of one billion cases worldwide, including three to five million serious cases and 290,000–650,000 deaths (1). For some vulnerable populations such as infants, pregnant women, and elderly people, influenza poses a serious threat to their lives and health. Annual vaccination is the most effective prevention of influenza infection. However, according to the data from the World Health Organization (WHO) (2), the average effectiveness of seasonal influenza vaccine over the last 16 years was only 39.9%, suggesting that current vaccines cannot provide sufficient protection. There are at least two factors that may influence vaccine effectiveness (VE). One is the matching degree of circulating strains and vaccine strains, and the other is the immunogenicity of vaccine. Currently, although a well-developed global influenza surveillance network has been established, the prediction of annual vaccine strains remains a huge challenge. Therefore, it is of great significance to improve the immunogenicity of vaccines in case the vaccine strains do not match circulating strains. Many factors may affect the immune response to influenza vaccination, including gender, age, adjuvant use, delivery mode, and so on. For individuals who share the same features mentioned above, their immune responses to the same vaccine may also vary significantly. This indicates that genetic factors may play a role in the immunologic processes.

Single nucleotide polymorphism (SNP) is one of the most common types of heritable variation in humans. Currently, some studies have observed some SNPs that may affect the responsiveness to influenza vaccination. HLA is a polygenic and polymorphic complex involved in antigen presentation. The relationship between SNPs in HLA and the immune responses to influenza vaccination has been demonstrated (3–7). Besides, some studies also reported that genetic variants in some immune-related genes may also influence the immunological responses (6, 8).

To our knowledge, a genome-wide association study (GWAS) has not yet been performed to examine the genetic factors that were related to the responsiveness to influenza vaccination in the population of Chinese descent. Therefore, we conducted a GWAS in healthy volunteers of Han Chinese. A replication study was also conducted to validate the results of the GWAS. In addition, in our cohort, we also validated some SNPs previously reported to be associated with the immune responses to influenza vaccine. Identification of these genetic variants may provide more evidence for future research and improve the individualized influenza vaccination program.



Materials and Methods


Subjects and Study Design

A total of 1,968 healthy volunteers from September 2009 to September 2019 were enrolled from Yunnan Center for Disease Control and Prevention and Urumqi Center for Disease Control and Prevention. All participants were administered intramuscular injections of trivalent inactivated vaccine (TIV) which contains 15 μg hemagglutination (HA) before the flu season. The vaccine strains of TIVs used in our study were consistent with the northern hemisphere vaccine component recommended by WHO. Blood samples were collected before and 28 days after the vaccination. The exclusion criteria were as follows: not Han Chinese, lost to follow-up, inadequate blood samples, and repeated vaccination. In the end, 386 subjects were excluded, and 1,582 subjects in total were suitable for further research.

According to the age of subjects, we divided them into four groups: infants (≤5 years), children (6–17 years), adults (18–64 years) and elderly people (≥65 years). Seroprotection rate was defined as a percentage of subjects with post-vaccination titer ≥1:40. Seroconversion rate was defined as a percentage of subjects with either a pre-vaccination hemagglutination inhibition (HAI) titer <1:10 and post-vaccination HAI titer ≥1:40 or a pre-vaccination HAI titer ≥1:10, and a minimum four-fold increase in post-vaccination HAI titer. Considering the results of the HAI test, we selected some of the subjects according to our inclusion criteria and divided them into two groups. In group 1, low responders (LRs) were subjects from phenotypic extremes whose HAI titer reached neither the seroprotection rate nor the seroconversion rate to all three vaccine strains. Under this strict standard, only 41 of 1,582 subjects were eligible to be classified as LRs in group 1. According to the age and gender of these 41 LRs, 82 matched subjects were selected as responders from the cohort, the matching ratio was 1:2. Responders were defined as those whose HAI titers reached both the seroprotection rate and the seroconversion rate to all three vaccine strains. In this way, a total of 123 healthy volunteers with 41 LRs and 82 responders were included in group 1. In group 2, subjects included in group 1 were all removed. To validate the potential variants in larger sample size, we broadened the inclusion criteria appropriately. LRs were defined as HAI titer failed to reach the seroconversion rate to all three vaccine strains. And responders were defined as HAI titer reached the seroconversion rate to all three vaccine strains. Therefore, 481 subjects with 193 LRs and 288 responders were included in group 2. The combined group is a combination of group 1 and group 2. All the individuals in group 1 met the inclusion requirements of group 2.

In this study, we conducted two-stage sequencing. In the discovery stage, 123 subjects in group 1 received whole-genome sequencing (WGS) to identify potential variants and genes through GWAS and gene-based association study. In the verification stage, 29 potential variants from GWAS were selected for genotyping to validate the results in group 2. The flow chart of this study is shown in Figure 1.




Figure 1 | Study flow chart.





Whole-Genome Sequencing and Quality Control

Genomic DNA was extracted from peripheral blood leukocytes using a TIANamp Blood DNA kit (TIANGEN BIOTECH (Beijing) Co., LTD, China) according to the manufacturer’s instructions. We performed WGS on the BGISEQ-500 sequencing platform with paired-end 100 base run. The average sequencing depth was 39.09×, and the coverage rate was 96.49% (Supplementary Table 1). Raw reads were filtered by removing adapters and low-quality sequences; the remaining clean reads of each sample were aligned to hg38 using the Burrows–Wheeler Aligner (BWA) software (version 0.75) (9). Duplicated reads were marked using Picard (https://broadinstitute.github.io/picard). Base quality score recalibration was then performed using the Genome Analysis Toolkit (GATK v3.7) (10). SNPs and small insertions/deletions (indels) were detected by GATK HaplotypeCaller and GenotypeGVCFS tools according to the best practices recommended. To obtain high-quality variants, we applied a series of exclusion criteria to remove variants that had an average depth <8, a minor allele mean depth <4, <90% samples covered at least eight reads, a low mapping quality score, strand bias or allelic imbalance, and deviations from Hardy–Weinberg equilibrium (HWE) (Supplementary Table 2). Retained variants were annotated using ANNOVAR (11).

For sample quality control, samples with a mean sequencing depth <30, <90% genome covered by at least 10×, inbreeding coefficient >0.1 or <−0.1, a 2nd-degree or closer relationship with other samples or a population outlier (smartpca) (12) were excluded. Therefore, a total of 12 samples including seven LRs and five responders were removed according to these exclusion criteria.



SNP Selection and Genotyping

According to the results of GWAS, six highly significant variants (P <1 × 10−5) were selected for further validation. To identify more potential variants, we also focus on SNPs (P <1 × 10−2) in coding region. Considering the function of genes, 23 exonic SNPs of immune-related genes were selected. Therefore, a total of 29 variants were included in the subsequent verification analysis. In addition, we also validate nine previously reported SNPs associated with the responsiveness to influenza vaccination. And the minor allele frequencies (MAFs) of these nine SNPs were no less than 0.05 in the Chinese Han population according to the 1000 Genomes Project data. Genotyping of each SNP was conducted using the MassARRAY technology platform (Sequenom, San Diego, California, USA) and determined by BioMiao Biological Technology (Beijing, China). Genotyping was performed by technicians who were blinded to the study design. According to the number of mutations carried by the subjects, their genotypes were classified into wild-type homozygote, mutant heterozygote, and mutant homozygote. SNPs with HWE-P <0.001 or call rate <95% were excluded.



HAI Test

Serological specimens from all subjects were separated and stored at −30°C. Red blood cells (RBCs) of turkey were used for influenza A/H1N1 and B HAI assays, while RBCs of guinea pig were used for influenza A/H3N2 HAI assays. Before the detection, receptor destroying enzyme (RDE) was mixed with the serum in the ratio of 3:1 and placed in a 37°C water bath for 16–18 h to remove the non-specific inhibitor. Then, the mixture was bathed in water at 56°C for 30 min to inactivate the RDE. The HAI titer was designated to be the highest serum dilution to inhibit hemagglutination. HAI assays were performed against the northern hemisphere influenza vaccine strains according to the standardized protocol by Technical Guidelines for National Influenza Surveillance (13). The recommended vaccine strains from 2009 to 2019 were summarized in Supplementary Table 3.



Prediction of SNP Function

The prediction of SNP function was performed using SNPinfo (https://snpinfo.niehs.nih.gov/) provided by the National Institute of Environmental Health Sciences (NIEHS).



Genetic Models

In this study, a total of four genetic models (additive genetic model, dominant genetic model, recessive genetic model, and overdominant genetic model) were applied in the analysis. The additive genetic model was used to compare the distribution frequencies of the three genotypes. The other three genetic models divided the subjects into two groups by different combinations of the three genotypes. The dominant genetic model compared the distribution frequencies of wild-type homozygotes with other subjects. The recessive genetic model compared the distribution frequencies of mutant homozygotes with other subjects. The overdominant genetic model divided the subjects into homozygotes and heterozygotes to analyze whether the mutation had heterozygous superiority. According to the results of data analysis, only the optimum genetic model with the highest impact was selected and presented.



Statistical Analysis


Discovery Stage

For all the variants identified in WGS, we used Fisher’s exact test to assess the distribution frequencies of alleles and genotypes respectively. For variants with MAF >5%, we applied logistic regression adjusted for the top four principal components and age. Association analysis was performed by the PLINK (14) (v1.07). A gene-based association analysis was conducted for low-frequency variants with MAF <0.05. We defined two variant groups, including: 1. a “Deleterious (Broad)” set defined as non-sense, splice-site, indel frameshift, and missense, which is annotated as deleterious by at least one of the five protein prediction algorithms of likelihood ratio test (LRT) score, Mutation Taster, PolyPhen-2 HumDiv, PolyPhen-2 HumVar, and SIFT. 2. “Deleterious (Strict)” set comprising non-sense, splice-site, indel frameshift, and missense, which is annotated as deleterious by all five protein prediction algorithms. For variants that have different annotations from multiple transcripts of the gene, each variant with the highest impact was presented. We performed Fisher’s exact test and SKAT (15) (EPACTS v3.2.6, https://genome.sph.umich.edu/wiki/EPACTS) to calculate the gene-based collapsing on these two defined variants sets.



Verification Stage

The HWE test for assessing the SNP genotype frequency among subjects was conducted. Assessment of pairwise linkage disequilibrium (LD) was performed by the Haploview V.4.2 software. Categorical data were expressed in frequencies (percentages) and compared by χ2 test or Fisher’s exact test when appropriate. Associations between variants and responsiveness to influenza vaccination were calculated by multivariate logistic regression models adjusted for age and gender. When the fold rises of the antibodies are calculated, the HAI titers before and after vaccination were transformed to their logarithms. The antibody fold rises with unnormal distribution through Kolmogorov–Smirnov Test were described as the median [interquartile range (IQR)] and compared by Mann–Whitney U Test. The level of statistical significance was P <0.05. In the analysis of the relationship between variants and influenza vaccine response, the significance level should be turned to P <1.32E-03 (0.05/38 = 1.32E-03) according to Bonferroni correction. Analyses were performed by the IBM SPSS Statistics (version 25.0). Graphs were processed by GraphPad Prism v 6 (GraphPad Software, CA). The statistical power of the association analysis was estimated using the Quanto software (version 1.2.4).





Results


Characteristics of Subjects

In group 1, a total of 123 subjects including 41 LRs as cases and 82 matched subjects as controls received WGS. After the quality control, 12 samples were removed. Therefore, 34 cases and 77controls were finally included in the GWAS. In the verification study conducted in group 2, there were 193 cases (LRs) and 288 controls (responders). As shown in Table 1, between LRs and responders, no significant differences were observed in gender and age distribution in all three groups (P > 0.05).


Table 1 | Characteristics of subjects in three groups.





GWAS and Gene-Based Association Analysis

Association P values from GWAS were presented in the Manhattan plot (Figure 2). No variant displayed genome-wide significant association (P < 1 × 10−8). The most significant SNP was LDLRAD4 rs2847111 (P = 8.82E-07) (Table 2). A total of 45 highly significant variants (P < 1 × 10−5) identified by GWAS were summarized in Supplementary Table 4, and none of them was in the coding region. Among these variants, only six of them were selected for subsequent analysis according to the function of genes and variants, the location of variants, and the LD between variants (Table 2). For variants in LD (r2 > 0.8), only one of them was selected. In order to identify more potential variants, we also considered SNPs (P < 1 × 10−2) in the coding region. Based on previous reports on the function of genes, 23 exonic SNPs of immune-related genes were selected. Table 2 summarizes the information of 29 SNPs of interest. The 29 associated SNPs indicated a total of 27 potential genes. No studies have reported that these 29 variants are associated with the immune response to influenza vaccine.




Figure 2 | Manhattan plot of negative log of corresponding p‐values from genome‐wide association study.




Table 2 | Loci of interest from genome-wide association study.



For rare variants with low frequency, a gene-based association analysis was conducted. The top 27 genes (P < 0.01) identified through Deleterious (Broad) are shown in Supplementary Table 5. Two genes including AGBL1 and FAM47E were significant (P < 0.01) in the set of Deleterious (Strict). No studies have reported that these genes are associated with the immune response to influenza vaccine.



Verification Study for 29 Candidate Variants

To verify the findings in GWAS, a validation study was conducted in 193 LRs as cases and 288 responders as controls in group 2. All SNPs tested had a call rate ≥95% and conformed to HWE (P > 0.001). The MAF of SNPs in this study was consistent with the published data for the Han Chinese population in the 1000 Genomes Project data, indicating that our data set is reliable (Supplementary Table 6). In the univariate association analysis, four SNPs including SERPINA4 rs5510, IQGAP2 rs2455230, HCG22 rs2523855, and ZBTB46 rs2281929, had different genotype frequencies between the LR group and the responder group (P < 0.05). The frequency of HCG22 rs2523855 C allele (P = 0.003) and ZBTB46 rs2281929 C allele (P = 1.75E-04) in the responder group tended to be higher than that in the LR group. However, after the Bonferroni correction (P = 1.32E-03), only the distribution frequencies of ZBTB46 rs2281929 genotypes (P = 2.47E-04) and alleles (P = 1.75E-04) were still significantly different between the LR group and the responder group (Supplementary Table 6). For variants with P <0.10 in the univariate analysis, the multivariate logistic regression analyses adjusted for gender and age were conducted. All results were presented using the optimum genetic model (Table 3). Multivariate analysis results of all the 29 variants were shown in Supplementary Table 7. The results showed that compared with the TT genotype of ZBTB46 rs2281929, the TC + CC genotype was associated with a lower risk of low responsiveness to influenza vaccination adjusted for gender and age (Group 2: P = 7.75E-05, OR = 0.466, 95%CI=0.319–0.680; Combined group: P = 1.18E-06, OR = 0.423, 95%CI = 0.299–0.599). In the combined group, IQGAP2 rs2455230 GC + CC genotype was also correlated with a lower risk of low responsiveness to influenza vaccination compared with the GG genotype (P = 8.90E-04, OR = 0.535, 95%CI = 0.370–0.774), but the difference was not statistically significant in group 2 (P = 0.008).


Table 3 | Multivariate logistic regression analysis adjusted for age and gender.





rs2281929 TT Carriers and rs2455230 GG Carriers Had Lower Fold Rises of Antibodies

For ZBTB46 rs2281929 TT genotype carriers, the antibody fold rises against H1N1, H3N2, and B were all significantly lower than that of subjects with TC + CC genotype (P < 0.001). Compared with IQGAP2 rs2455230 GC + CC carriers, GG carriers had lower antibody fold rises to H1N1 (P = 0.001) and B (P = 0.032). The GG genotype of rs2455230 tended to be correlated with lower antibody fold rises (P = 0.096) against H3N2, but the difference was not statistically significant. (Figure 3 and Supplementary Table 8).




Figure 3 | Comparison of antibody fold rises against different vaccine strains. (A) The comparison of antibody fold rises between ZBTB46 rs2281929 TT genotype and TC+CC genotype to H1N1, H3N2 and B. (B) The comparison of antibody fold rises between IQGAP2 rs2455230 GG genotype and GC+CC genotype to H1N1, H3N2 and B.





Verification Study for Nine Previously Reported SNPs

Nine SNPs from published studies were verified in our combined group. All SNPs tested had a call rate ≥95% and conformed to HWE (P > 0.001). The allelic and genotypic frequencies of the nine SNPs are listed in Supplementary Table 9. Supplementary Table 10 presents other information of these variants. We observed that the allelic and genotypic distributions of IL-12B rs3212227 and IL-1R1 rs3732131 were significantly different between LR group and responder group (P < 0.05). In multivariate logistic regression analysis adjusted for gender and age, compared with the TT genotype of IL-12B rs3212227, the TG + GG genotype tended to be correlated with a higher risk of low responsiveness to influenza vaccination (P = 0.016, OR = 1.614, 95%CI = 1.093–2.385). The AG + GG genotype of IL-1R1 rs3732131 tended to be associated with a better immune response to influenza vaccine compared with the AA genotype (P = 0.014, OR = 0.644, 95%CI = 0.454–0.913). However, after the Bonferroni correction, no statistical difference was found in any SNP (P < 1.32E-03) (Table 4).


Table 4 | Multivariate logistic regression analysis of 9 SNPs from published studies.






Discussion

Immune response to vaccine is a complicated process, which requires regulations from a series of molecules. A variant in any of these molecules may alter the level of the antibody response. Identifying these variants will make great contributions to improve the individualized influenza vaccination programs.

In this study, we focused on identifying immune-related genetic factors associated with the responsiveness to influenza vaccination. In the discovery stage, in order to identify the variants that are most likely to influence the antibody response, we selected subjects with extreme phenotypes. In the GWAS, regardless of the type of vaccine strain, only individuals whose immune responses to all vaccine strains reached neither the seroconversion rate nor the seroprotection rate can be included in the case group. Subjects whose HAI titers reached both the seroconversion rate and the seroprotection rate to all vaccine strains can be included in the control group. In the verification stage, in order to obtain a larger sample size and enhance the statistic power, we appropriately broadened the inclusion criteria of subjects and removed the criteria of seroprotection rate. Compared with the seroprotection rate, the seroconversion rate is a better index to reflect the level of immunity because the baseline antibody level before immunization was taken into consideration. Finally, two SNPs including ZBTB46 rs2281929 and IQGAP2 rs2455230 were found to be significantly correlated with the serological response to influenza vaccine. According to the MAF and OR of these two significant SNPs, our sample size was sufficient with a statistical power of 0.80 (Supplementary Table 11).

ZBTB46 is a zinc finger and BTB domain-containing transcription factor, which is selectively expressed by classical antigen presenting dendritic cells (cDCs) and their committed progenitors (17, 18). The N-terminal BTB domain is responsible for mediating protein–protein interactions, while the C-terminal is for DNA binding. Transcription of target genes can be initiated or inhibited (often inhibited) in collaboration with chromatin remodeling complexes recruited by the BTB domain (19). cDCs are immune accessory cells critical for adaptive responses against pathogens and play an important role in the process of antigen presentation (20). Researchers identified that ZBTB46 may inhibit the activation of cDCs during steady-state conditions and maintain cDCs in this quiescent state (21). When exploring the target genes of ZBTB46, Meredith et al. found that ZBTB46 binds a variety of genes in cDCs, including MHC II antigens, and behaves as a negative regulator of cDC gene expression (22). In contrast to ZBTB46, Creb1 is an activator of MHC and may compete with ZBTB46 for MHC promoter binding (23, 24). In mouse model, Meredith et al. also observed that ZBTB46-deficient cDCs expressed higher Creb1 transcript levels than wild-type controls. Compared with wild-type littermates, cDCs also expressed up to twofold higher MHC II levels in ZBTB46-deficient mice by flow cytometry. Besides, the deletion of this gene may also altered the proportions of CD4+ and CD8+ cDCs in the spleen (22). Therefore, considering the important regulatory effect of ZBTB46 on cDCs, the relationship between ZBTB46 genetic variants and vaccine immunity deserves further investigation.

ZBTB46 rs2281929 is a missense and the most significant variant in our validation study. Some studies showed that rs2281929 may be associated with the telomere length (25, 26) and glioblastoma (27), but the correlation is not strong. No previous studies have reported the relationship between rs2281929 and vaccine immunity. Our study showed that compared with the TT genotype, the TC + CC genotype of ZBTB46 rs2281929 was significantly associated with better responsiveness to influenza vaccination in both qualitative and quantitative analyses. The change in allele T to C results in a change in Threonine to Alanine. Therefore, we hypothesized that the change from Threonine to Alanine in this site may downregulate the activation of ZBTB46, reactivated the expression of cDCs as well as the antigen presentation, and finally induce a better vaccine immune response. Besides, rs2281929 is also a splicing site according to the prediction from SNPinfo (Supplementary Table 12). Further study should be performed to analyze the relationship between this variant and the function of the gene.

IQGAP2 (IQ Motif Containing GTPase Activating Protein 2) is a 180 kDa cytoplasmic multidomain scaffolding protein that belongs to the IQGAPs family. This family consists of three highly homologous members, IQGAP1, IQGAP2, and IQGAP3 (28). IQGAP proteins may play a role in regulating various cellular processes, including cytokinesis, cell migration and proliferation, intracellular signaling, vesicle trafficking, as well as cytoskeletal dynamics (29). Currently, many studies have been conducted to evaluate the relationship between IQGAP2 and cancers. And most of them reported that the mRNA expression of IQGAP2 was negatively associated with a variety of cancers, including hepatocellular carcinoma, gastric cancer, bladder cancer, breast cancer, kidney cancer, lung cancer, and so on, indicating the potential of IQGAP2 being a tumor suppressor (30–33). Results of these studies also suggested that the expression of this gene could be a biomarker for the prognosis of cancers. In addition to the role as a tumor suppressor, IQGAP2 is also found to be a novel interferon-alpha (IFN-α) antiviral effector gene and may play a role in regulating interferon stimulated genes (ISG) through the NF-κB pathway unconventionally. IFN is a regulatory of many biological processes, such as antiviral responses and immune responses. ISGs are the primary effectors of the IFN antiviral response. IQGAP2 may physically interact with RelA (a subunit of the NF-κB transcription factor, also known as p65) downstream of the IFN binding site and act cooperatively to mediate the antiviral response of IFN (34). IFITM3 is a kind of ISG. Lei et al. reported that the deletion of IFITM3 attenuated the antibody response to influenza vaccination (35). However, no association has been investigated between IQGAP2 and IFITM3. Ghaleb et al. found that knockout of IQGAP2 gene in mice has a protective effect on dextran sulfate sodium (DSS)-induced colitis in mice. In IQGAP2-deficient mice, the p65 subunit of NF-κB diminished, and the levels of macrophages and neutrophils decreased in comparison to those of wild-type mice (36). Collectively, all these results point to a potential role of IQGAP2 in the immune system. It is worthy to analyze the function of this gene in the antibody response.

As the second significant SNP identified from our study, IQGAP2 rs2455230 is a missense variant that may result in a change of Leucine to Phenylalanine from the change of G allele to C allele. In addition, the potential of rs2455230 acting as a splicing variant is also predicted from the SNPinfo (Supplementary Table 12). Our study observed that rs2455230 GC + CC genotype was associated with a lower risk of low responsiveness to influenza vaccine compared with the GG genotype. Thus, we presumed that the change from Leucine to Phenylalanine in this site may enhance the serological response to vaccine through the mediation of IQGAP2.

According to published studies on the relationship between genetic variants and the immune response to influenza vaccine, nine significant SNPs were validated in our study but no correlation was found (P < 1.32E-03). In Supplementary Table 10, we summarized the characteristics of three published studies mentioned in our verification analysis. We presumed that the reasons why our study results differ from previously published results are mainly caused by differences in ethnicity and study design. Whether these nine SNPs have any impact on the antibody response to influenza vaccine remains to be confirmed.

The limitations of our study were summarized as follows. Firstly, our GWA stage included only 111 subjects, which is a small sample size and may lead to false-negative results and the inability to identify infrequent variants. Secondly, only gender and age were included as confounding factors in the multivariate analysis. Further study should collect and contain more factors that may influence the immunogenicity of influenza vaccines. Finally, we observed that ZBTB46 rs2281929 and IQGAP2 rs2455230 are associated with the antibody response to influenza vaccine. However, the exact role of these two genes and SNPs in vaccine immunity remains unclear and requires further exploration by experimental animal models. To deal with the limitations, a series of processes were performed. In GWAS, we adopted strict inclusion criteria of subjects and a standardized procedure of quality control. In the stage of SNP selection, we carefully screened the variants considering the gene function. Then, a replication study with a larger sample size was performed to validate the results and filter out the false negative variants. We also corrected the P-value statistically to control the probability of making mistakes.

To the best of our knowledge, this is the first GWAS conducted to identify genetic variants associated with the immune response to influenza vaccination in the Chinese population. In conclusion, we have identified two novel candidate missense variants, rs2281929 and rs2455230, located in the exon region of ZBTB46 and IQGAP2 respectively. Further studies will be carried out to explore the mechanism of the regulatory function of these two genes in vaccine immunity.
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Fisher exact test. LR, low responder.





