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Introduction: The COVID-19 pandemic had significant global public health
consequences, affecting over 200 countries and regions by 2020. The
development and efficacy of specific vaccines, such as the mRNA-1273 (Spikevax®)
vaccine developed by Moderna Inc., have substantially reduced the impact of the
pandemic and mitigated its consequences. This study aims to identify novel genetic
loci associated with the effectiveness of the mRNA-1273 vaccine, as measured by
elevated anti-Spike (anti-S) 1gG levels at multiple time points post-vaccination.
Materials and methods: We conducted three genome-wide association studies
(GWAS) in a cohort of Spanish healthcare workers, analyzing anti-S IgG levels at one-
month post-vaccination (n=567), at three months post-vaccination (n=447), and the
difference in circulating anti-S 1gG levels between these two time points (n=447).
Results: We identified fourteen novel loci associated with increasing
concentrations of anti-S IgG post-vaccination (p=5.01x10"** and p=2.81x10"5).
Functional results showed that some of the novel risk alleles influence the
absolute counts of specific B cell subsets (p=2.57x107>-8.82x1073), which are
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involved in immune signaling pathways and metabolic processes. Furthermore,
these variants co-localize with multiple QTLs and epigenetic marks, suggesting
that the GWAS hits may affect regulatory activity in promoters, enhancers, and
transcriptional regions, thereby modulating gene expression relevant to the
humoral immune response.

Discussion: In conclusion, this study highlights the complex interplay of genetic
factors influencing the immune response to vaccination, particularly through
modulation of B cell activity, immune signaling pathways, and metabolic
processes. The identification of genetic variants could inform future strategies
to enhance vaccine efficacy and provide a deeper understanding of individual
variability in vaccine responses, especially for COVID-19 and other viral infections.

SARS-CoV-2, GWAS, circulating IgG levels, genetic variants, IgG decay

Introduction

The SARS-CoV-2 pandemic had a profound impact on the
global population. As of June 2020, the virus spread to over 200
countries and territories, affecting diverse populations and
communities (1). Since the emergence of the virus in 2019, more
than 775 million infections and about 7 million deaths have been
reported because of this infection (2), although these numbers are
likely to be underestimated.

Advanced age and the presence of comorbidities such as
hypertension, diabetes, and cardiovascular disease have been
identified as significant risk factors for severe complications from
SARS-CoV-2 infection (3). These underlying conditions can increase
the vulnerability of individuals to the virus, as it enters host cells
through the angiotensin-converting enzyme 2 (ACE2) receptor, which
is present in a wide range of tissues and organs (4). Additionally,
chronic lung diseases, including chronic obstructive pulmonary disease
and interstitial lung diseases such as idiopathic pulmonary fibrosis,
have been associated with a higher risk of hospitalization and mortality
among SARS-CoV-2 patients (5). The evasion from the effects of the
type I interferon response by SARS-CoV-2 is another critical factor
contributing to its ability to cause severe disease (6). This immune
evasion mechanism allows the virus to replicate and spread more
efficiently, leading to the development of acute respiratory distress
syndrome and other life-threatening complications (6).

Given the significant morbidity and mortality, the development
and distribution of effective and safe vaccines have become a top
priority (7). Vaccination efforts against SARS-CoV-2 have been
rapid and widespread, with a significant proportion of the global
population having received at least one vaccine dose. These
vaccines, including those based on messenger RNA (mRNA),
viral vectors, recombinant proteins, and inactivated virus
platforms, primarily aim to generate a humoral immune response
against the SARS-CoV-2 spike (S) protein, which plays a crucial role
in the ability of the virus to infect host cells (8).
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Numerous studies have investigated the response of different
populations to SARS-CoV-2 vaccines (8-12). The immune response
to the vaccines has been found to be generally robust in the general
population, with the vaccines demonstrating high efficacy in reducing
the risk of severe disease and hospitalization (8, 12). One of the most
widely used SARS-CoV-2 vaccines is the mRNA-1273 vaccine
(Spikevax®), developed by Moderna Inc. in collaboration with the
National Institute of Allergy and Infectious Diseases (11). The
mRNA-1273 vaccine, similar to the BNT162b2 vaccine developed
by BioNtech and Pfizer, utilizes mRNA technology to enable the
production of the full-length SARS-CoV-2 S protein, which triggers
an immune response (10) While these mRNA vaccines have been
shown to be highly effective in preventing SARS-CoV-2 infections
and severe disease, there is growing interest in understanding the
factors that may influence individual responses to these vaccines (9).
Some studies have linked humoral and cellular responses to mRNA
vaccination to human leukocyte antigen (HLA) molecules (13-15).
However, relatively few studies have explored the association between
genetic polymorphisms and vaccine response. Genome-wide
association studies (GWAS) have emerged as a powerful tool for
identifying genetic variants linked to various traits and diseases,
including immune responses to vaccines (16, 17). With respect to
SARS-CoV-2 infection, numerous studies have identified
polymorphisms related to severity, infection, and disease
susceptibility (18-20), but only a few have shown alterations in IgG
responses and altered cytokine profiles post-vaccination (21-23).

Understanding the genetic factors that influence vaccine
response is crucial for optimizing vaccination strategies and
identifying individuals at risk of suboptimal immune responses.
By elucidating the genetic architecture underlying the response to
the mRNA-1273 vaccine, this study aims to provide insights that
can facilitate and accelerate the development of improved
vaccination approaches, contribute to ongoing efforts to combat
SARS-CoV-2, and enhance our understanding of the response to
mRNA vaccines. To this end, we conducted, for the first time, a
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GWAS involving 601 Spanish healthcare workers, correlating their
genetic data with their humoral immune response to the mRNA-
1273 vaccine.

Materials and methods
Study population

The study included 601 healthy healthcare workers (399 women
and 202 men) recruited from the Virgen de las Nieves University
Hospital in Granada, Spain. All participants received the mRNA-
1273 vaccine (Moderna). Eligibility criteria required the absence of
prior SARS-CoV-2 infection, verified through review of clinical
history, RT-PCR testing, and institutional serological screenings.
Individuals with any previous positive PCR or serological result
were excluded. A follow-up antibody determination was performed
at 30 and 90 days after vaccination.

All biological samples were collected in accordance with local
medical ethics regulations, following the provision of informed
consent by the participants, their legal representatives, or both, in
line with guidelines reported in the Declaration of Helsinki. The
study protocol was reviewed and approved by the regional ethics
committee (Portal de Etica de la Investigacion Biomedica, Junta de
Andalucia, code: 0297-N-21).

Antibodies against SARS-CoV-2
quantification

Participants underwent blood extraction at 1 month (30 days) and
3 months (90 days) after receiving the second vaccine dose of the
mRNA-1273 vaccine. Quantitative determination of IgG antibodies
against the SARS-CoV-2 Spike (S) protein was performed. Circulating
anti-Spike IgG levels were quantified using chemiluminescent SARS-
CoV-2 IgG assay (Alinity, Abbott, USA), following the manufacturer’s
instructions. Results are expressed in binding antibody units per
milliliter (BAU/mL), with a positivity cutoff set at >7.5 BAU/mL.

It is important to note that anti-Spike IgG levels are used in this
study as a surrogate marker of the humoral immune response.
Although such measurements provide a standardized and widely
accepted indication of prior immunologic exposure or response to
vaccination, they do not directly measure neutralizing antibody
activity or functional immune protection. Therefore, the results
should be interpreted within the context of known limitations of
binding antibody assays, and not as definitive correlates of vaccine-
induced clinical protection against SARS-CoV-2 infection.

DNA extraction and quantification

All blood samples were stored at —80°C until analysis. DNA
extraction was carried out at GENYO (Centre for Genomics and
Oncological Research: Pfizer/University of Granada/Andalusian
Regional Government, Granada, Spain) using QIAamp DNA Blood
kits (Valencia, CA, USA) according to the manufacturer’s instructions.
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DNA concentration and quality were measured using Qubit 4
Fluorometer (Thermo Fisher, Applied Biosystems, Waltham MA, USA).

Genome-wide associations analyses

All individuals included in the GWAS were genotyped using the
Infinium'* Global Screening Array-24 v3.0 BeadChip (Illumina,
San Diego, CA, USA). Extensive quality control metrics were
applied to the data using R v3.3.1 and PLINK v1.90p software.
Samples were excluded if there was sex discordance, a call rate of
<90%, minimal or excessive heterozygosity (>3 SDs from the mean),
estimated relatedness (Pihat>0.2) or if they were identified as non-
European based on principal components analysis (PCA). The PCA
was performed with PLINK v1.90b, including the genotypes from
phase 3 of the 1000 Genomes Project as the reference panel (24).

Genetic variants were excluded if they showed a significant
deviation from Hardy-Weinberg equilibrium (HWE<1x10), had
minor allele frequency (MAF) of <0.05, or a genotype call rate of
<90%. Genome-wide imputation was then performed using the
Michigan Imputation Server (https://imputationserver.sph.umich.edu/
indexhtml) and the Haplotype Reference Consortium reference
haplotype panel (HRC V.rl.1; http://www.haplotype-reference-
consortium.org/) (25). All variants with an imputation R%*<0.3
were excluded from subsequent analysis. PLINK v1.90p was used
to perform all GWAS analysis. To identify independent SNPs, we
utilized data from LDLink for European cohorts (https://
ldlink.nih.gov/?tab=home). SNPs were considered independent if
they met the criteria of r’<0.1 and D’<0.2.

To ensure the accuracy and comparability of the genetic
association analysis, the IgG phenotypes were normalized using
Z-score transformation prior to conducting the GWAS. We
conducted linear regression analysis to examine the association
between SNPs and circulating IgG levels, adjusting for sex, age and
the top ten principal components. Genomic control (GC)
adjustment to ensure the robustness and validity of our analysis.

We conducted three GWAS to investigate genetic factors associated
with IgG levels at different time points. Specifically, the first GWAS
focused on IgG quantification measured during the first month, while
the second analysis assessed IgG levels at the third month. A third
GWAS was performed to analyze the absolute differences in IgG levels
between these two time points. This design allowed us to capture both
static and dynamic changes in IgG levels over time, enabling the
identification of genetic variants potentially influencing baseline IgG
production, temporal changes, and overall immune dynamics.

Functional effect of GWAS hits and
cytokine quantitative trait loci, circulating
levels of inflammatory proteins, blood-
derived cell populations, and steroid
hormones

To provide insight into the functional role of the novel SNPs

identified through the GWAS, we performed in vitro stimulation
experiments and measured cytokine production (IFNy, IL1Ra, IL1f,

frontiersin.org


https://imputationserver.sph.umich.edu/index.html
https://imputationserver.sph.umich.edu/index.html
http://www.haplotype-reference-consortium.org/
http://www.haplotype-reference-consortium.org/
https://ldlink.nih.gov/?tab=home
https://ldlink.nih.gov/?tab=home
https://doi.org/10.3389/fimmu.2025.1639825
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Cabrera-Serrano et al.

IL6, IL8, IL10, TNFa, IL17, and IL22) after stimulation of peripheral
blood mononuclear cells (PBMCs), whole blood (WB) or monocyte-
derived macrophages (MDMs) with LPS (1 or 100 ng/ml), PHA
(10pg/ml), Pam3Cys (10ug/ml), CpG (ODN M362; 10ug/ml),
Escherichia coli, and Staphylococcus aureus. Stimulation
experiments were conducted on 408 healthy subjects of the 500FG
of the Human Functional Genomics Project (HFGP) according to
previously reported protocols (26, 27).

A proteomic analysis was also performed on serum and plasma
samples from the 500FG cohort. Circulating protein concentrations
were measured using the commercial Olink® Inflammation panel
(Olink, Sweden), resulting in the quantification of 103 different
biomarkers (Supplementary Table 1). Protein concentrations were
expressed on a log, scale as normalized protein expression values
and were further normalized using bridging samples to correct for
batch variation (27).

Additionally, we tested the association of GWAS hits with
absolute numbers of 91 blood-derived cell populations
(Supplementary Table 2). Blood-derived cell populations were
measured by 10-color flow cytometry (Navios flow cytometer,
Beckman Coulter, Miami, FL, USA) after blood sampling (2-3 h),
and cell count analysis was performed using Kaluza software
(Beckman Coulter, v.1.3). To reduce inter-experimental noise and
increase statistical power, cell count analysis was performed by
calculating parental and grandparental percentages, which were
defined as the percentage of a certain cell type within the
subpopulation of the cells from which it was isolated. Detailed
laboratory protocols for cell isolation, reagents, gating strategies,
and flow cytometry analysis, as well as methodological details of the
functional experiments, have been reported elsewhere (28, 29).

Given the impact of sex on the response to mRNA vaccines for
SARS-CoV-2A, as well as the influence of steroid hormones on immune
responses, we also evaluated the association of GWAS markers with
circulating concentrations of seven steroid hormones (androstenedione,
cortisol, 11-deoxy-cortisol, 17-hydroxy-progesterone, progesterone,
testosterone and 25-hydroxy vitamin D3) in a subset of the 500FG
cohort, excluding individuals undergoing hormonal replacement
therapy or taking oral contraceptives (n=279) (27).

Finally, in order to test if genetic markers were associated with
baseline serum levels of immunoglobulin IgG and its subclasses
were measured by immunonephelometry using Beckman Coulter
reagents and a Beckman Coulter Imager according to previously
reported protocols.

In order to account for multiple comparisons, we used a
significance threshold of 4.62x107* (0.05/12 SNPs/9 cytokines),
p=4.04x10"° (0.05/12 SNPs/103 inflammatory proteins,
p=4.58x10" (0.05/12 SNPs/91 blood cell types), 5.95x10™* (0.05/
12 SNPs/7 hormones) 4.16x10 (0.05/12 SNPs IgG levels) for the
cytokine quantitative trait loci, proteomic, blood cell counts, steroid
hormone analyses and IgG levels, respectively. All functional
analyses were performed using R v4.2.2 software (https://www.r-
project.org/) adjusted by age and sex as covariates, using custom
scripts in the R programming language based on existing functions.
Functional plots were displayed using Graphpad Prism v8.0.1
(Graphpad Software, San Diego, CA, USA). All data used in this
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project have been meticulously cataloged and archived in the
BBMRI-NL data infrastructure (https://hfgp.bbmri.nl/) using the
MOLGENIS open-source platform for scientific data (30). This
allows flexible data querying and download, including sufficiently
rich metadata and interfaces for machine processing (R statistics,
REST API) and using FAIR principles to optimize Findability,
Accessibility, Interoperability, and Reusability (31).

Bioinformatic and in silico analyses

Annotation and biological interpretation of genome-wide
significant association results were performed using publicly
available bioinformatic tools, including the FUMA-GWAS
platform (https://fuma.ctglab.nl/) (32) and the Open Targets
Platform (https://platform.opentargets.org/) (33). We also tested
whether the associated SNPs could represent expression
quantitative trait loci (eQTL) acrossdifferent cell types and tissues
using data from the GTEx portal (https://gtexportal.org/home/)
(34) and QTLbase (http://www.mulinlab.org/qtlbase) (35), which
aggregates functional QTL data from sources such as TCGA, GTEx,
Pancan-MNVQTLdb, and DICE. To complete these functional
analyses, meta-scores were developed, integrating diverse
annotations or individual scores into a single quantitative score
using Combined Annotation Dependent Depletion (CADD) (36)
and Regulome DB (https://regulomedb.org/) (37).

These in silico analyses were conducted in an exploratory
framework, and we emphasize that they do not constitute direct
experimental validation.Annotations were considered of potential
interest if they met a nominal significance threshold (p<1x107)
and/or were supported by at least two independent tools among
FUMA-GWAS, Open Targets Platform, GTEx, QTLbase, CADD,
and RegulomeDB, in order to increase the reliability of the
functional prioritization. The GC value was calculated using the
“QCEWAS” (38) package from R v4.2.2 software to estimate the
inflation rate for each GWAS. Quantile-quantile (Q-Q) plots and
Manhattan plots were generated using “qqplot” (39) and “qqman”
(40) procedures in R v3.3.1.

Results

A total of 601 healthy healthcare workers were recruited at the
Virgen de las Nieves University Hospital (Granada, Spain), including
399 women and 202 men. After applying quality control filters,
antibody determination during the first 30 days was conducted in a
cohort of 567 individuals (366 women and 201 men). The overall mean
age was 48.1 years (range: 21-68 years), with a mean of 48.8 years for
women (range: 21-66 years) and 46.6 years for men (range: 23-68
years). At the time of the second antibody determination, conducted
90 days after vaccination, 447 participants were included (294 women
and 153 men). The mean age was 49.5 years (range: 22-68 years), with
50.0 years for men (range: 22-66) and 47.8 years for women (range:
23-68 years) (Table 1). While most participants showed a decline in
IgG levels between the first and second determinations, only 2
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individuals (0.45%) exhibited increased IgG titers at 90 days, indicating
minimal upward variation at the individual level.

We also evaluated the potential effect of age and sex on IgG
concentrations at both time points (Supplementary Table 3). Sex had a
statistically significant impact on antibody levels: men showed higher
median IgG titers than women at both 1 month (3570.5 vs. 2697.3 AU/
mL; p = 0.00079) and 3 months (1305.8 vs. 991.6 AU/mL; p = 0.00048)
post-vaccination. A slight difference in age between sexes was observed
at 1 month (p = 0.035), but not at 3 months (p = 0.309), and we found
no strong overall correlation between age and IgG levels. Based on
these findings, all GWAS analyses were adjusted for age and sex to
account for their potential confounding effects.

Genome-wide genetic analyses

After quality control, three GWAS were conducted. The first
included a total of 567 individuals and corresponded to data
collected one month after vaccination. The second GWAS
included 447 individuals, a subset of the original cohort, and was
based on data collected three months after vaccination. The third
GWAS, also with 447 individuals, compared antibody responses
between 1- and 3-months post-vaccination. The GC factor
(lambda) was adjusted to 1.001 for all GWAS, indicating minimal
inflation of test statistics due to population structure. The Q-Q plot
did not show evidence of systematic inflation (Supplementary
Figures 1A-C), confirming the absence of hidden population
substructure or cryptic relatedness.

GWAS at 1-month post-vaccination

In the GWAS at 1-month post-vaccination, nine novel
independent genetic signals were identified associated with
circulating IgG concentrations (Table 2, Figure 1).

GWAS analyses were conducted using linear regression with PLINK
software. Estimates calculated according to a log-additive model of
inheritance and adjusted for age, sex and 10 first principal components.

The two most statistically significant associations were
ENSG00000295231|{ALDHIA2,41350209850 and CYP26BI,s72845602
(Table 2), which map to a LncRNA gene upstream ALDHIA2
(Aldehyde Dehydrogenase 1 Family Member A2 gene, 15q21.3) and
downstream of the CYP26B1 (Cytochrome P450 Family 26 Subfamily

TABLE 1 Description of study cohorts.

Cohort for Cohort for Cohort for
Variable 1 month 3 months 1-3 months
(N=567) (N=447) (N=447)
Age (years) ‘ 48.19 + 11.49 49.50 + 11.10 49.50 + 11.10
Sex ratio

1.82 (366/201) 1.92 (294/153) 1.92 (294/153)

(female/male)

Anti-S IgG
(BAU/mL)*

2424.31
(1543.41-3891.87)

892.09
(520.63-1469.24)

1526.62
(998.3-2401.49)

*Values are presented as Median (IQR). IQR, Interquartile Range.
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B Member 1 gene, 2p13.2, Supplementary Figure 2A). The other seven
novel associations were for the SLC6A1I|LINC00606,s4088054>
TMOD1r5117643807) CDK14rS7792239) SMASR|SMAD3_DTr528485994)
CCDCI172|PNLIPRP3, 57907585 GRIN2A|LOCI05371076,534340658 and
SNX24|LOCI124901213,455770715 SNPs (Table 2, Supplementary
Figures 2B-H). At functional level, we found, for the first time, a
significant association of the CDKI4,7922304 allele with increased
absolute numbers of IgD'CD5" immature memory B lymphocytes
(p=2.57x10"°, Figure 2A) and potential associations with increased
absolute numbers of other immature memory B lymphocytes,
including IgDIgM", CD24"CD38" and IgDIgM"* (p=2.38x10"%;
P=2.99x10" and p=8.82x107, respectively, Figures 2B, 4D).

In addition, carriers of the SNX24|LOCI124901213,55770715A
allele had lower expression levels of SNX24 mRNAs in different
tissues (p=9.63x107°-2.60x107*, Supplementary Table 4,
Supplementary Figures 2C, 5A, B). Interestingly, we also
identified 19 novel potentially interesting associations with
increased circulating concentrations of IgG at 1-month post-
vaccination, which remained borderline significant. These
association signals were located near the ENSG00000307057,
TNFESF4|LOC100506023, THOCI1|COLEC12, METTLS, UOX,
ZNF516, PLCBI1, SOCS3, ENSG00000232855|ENSG00000307297,
CACNAIA, PLXNCI1, ENSG00000234703|RUNX1, LYZLI,
ENSG00000300202, LOC105369715, ENSG00000226566|
ENSG00000307505, ENSG00000229618, PLAT and RNU6-1326P|
USP25 loci (p=7.76x10" - 5.41x107, Supplementary Table 5).

GWAS at 3 months post-vaccination

In the GWAS at 3 months post-vaccination, two novel
independent genetic signals were identified associated with
increased circulating IgG levels (Figure 3). These two significant
associations were the SMASR|SMAD3-DT 5485994 and
ATP2B2,4s5725260 (OR=2.15, p=3.66x10""'* and OR=2.25,
p:7.62><10’9, respectively, Table 2).

The first signal maps between two LncRNA genes on
chromosome 15q21.3 while the second is located downstream of
the ATPase Plasma Membrane Ca®" Transporting 2 gene on
chromosome 3p25.3 (Supplementary Figure 3). Interestingly,
these signals were previously identified in the GWAS after 1
month vaccine, with the first being identified directly and the
second associated with SLC6A11|LINC00606,4935054> Which shows
modest LD (D’=1.00 and r* = 0.584). Additionally, we identified
nine novel potential associated signals with borderline significance
in the NUAKI|CKAP4, ST6GGALNAC3, LOC105379385, GPRC5A,
GTDCI, FILNCI, CEP128, LOCI105376235 and COL25A1 loci
associated with de increased levels of IgG after third month
vaccine (p=1.58x107-9.58x10"7, Supplementary Table 5).

GWAS for differential antibody responses at
1 vs 3 months post-vaccination

In the third GWAS, conducted to evaluate the differences in
circulating IgG levels between 1 and 3 months we identified nine
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Position

Alt/Ref

Nearest gene(s)

Consequence

LncRNA | Upstream

MAF
(1,000 Genomes)

Beta

Standard
error

Pvalue

SNP, single nucleotide polymorphism; Chr, Chromosome; Alt, alternative allele; Ref, reference allele; MAF, minor allele frequency; OR, odds ratio; CI, confidence interval; P, P-value; Phet, P-value of heterogeneity.
51572845602 and rs75197984 are in modest linkage disequilibrium (D’ = 0.601; r* = 0.001).

rs4088054 and rs55725269 are in complete linkage disequilibrium with the rs3745990 (D’ = 1.00; r* = 0.584).
GWAS 1: The GWAS analysis of IgG levels measured at the first month after mRNA-1273 vaccination.
GWAS 2: The GWAS analysis of IgG levels measured at the third month after mRNA-1273 vaccination.
GWAS 3: The GWAS analysis of the difference in IgG levels between the first and third months after mRNA-1273 vaccination.

151350209880 | 15 58183817 | A/T ENSG00000295231 | ALDHIA2 , 0060 | 0.00004 0.785 | 0.113 L12x10"
gene variant
1572845602 8 | 2 72347224 | T/C CYP26BI Downstream gene variant 0053 | 0.040 0845 | 0.126 5.72%107!
Intergenic | Upst
rs40880547 | 3 10808633 | T/A SLC6A11 | LINC00606 ntergenic | Upstream 0093 | 0.088 0654 | 0.106 1.71x10°%
gene variant
rs117643807 9 100352774 | T/C TMODI Intron variant 0068 | 0.067 0724 | 0.121 437%10™°
GWAS 1
157792239 7 90808856  A/G CDK14 Intron variant 0067 | 0.105 0773 | 0.130 5.93%10°%
1528485994 | 15 67257395 | C/T SMASR | SMAD3-DT Intergenic variant 0097 | 0.094 0588 | 0.100 8.13x10°%
157907582 10 118144424 | C/G €CDC172 | PNLIPRP3 Intergenic variant 0069 | 0.087 0674 | 0.117 1.41x10°8
1s34340658 | 16 10129731 | T/C GRIN2A | LOCI105371076 Intron variant 0.124 | 0095 0539 | 0.094 2.04x10°
rs55770715 5 122347325 | A/G SNX24 | LOC124901213 Intergenic variant 0061 | 0.041 0738 | 0.130 2.78x10°%%
1528485994 | 15 67257395 | C/T SMASR | SMAD3-DT Intergenic variant 0097 | 0.094 0.768 | 0.110 3.66x1012
GWAS 2
rs55725269y | 3 10799545 A/G ATP2B2 Downstream gene variant 0.057 0.054 0.812 0.140 7.62x10%
LncRNA | Upst
151350209880 | 15 58183817 | A/T ENSG00000295231 | ALDHIA2 neRNA | Upstream 0.060 | 0.00004 0915 | 0122 5.01x10°1
gene variant
rs117643807 9 100352774 | T/C TMODI1 Intron variant 0068 | 0.067 0932 | 0.139 1.04x10°°
1575197984 8 | 2 54765683 T/C SPTBN1 Intron variant 0.059 | 0.063 0.863 | 0.131 1.97x10™"°
157907582 10 118144424 C/G CCDC172 | PNLIPRP3 Intergenic variant 0069 | 0.087 0779 | 0.126 2.15x10°%
GWAS 3
157792239 7 90808856  A/G CDK14 Intron variant 0067 | 0.105 0873 | 0.145 5.65x10°
rs1125991 2 172263448 | A/T METTLS Intron variant 0083 | 0072 0706 | 0.118 7.71x10°%°
rs34340658 | 16 10129731 | T/C GRIN2A | LOC105371076 Intron variant 0124 | 0.095 0669 | 0.112 8.64x10°%
154630616 17 76330484  A/G LOC105371912 Intron variant 0153 | 0176 0626 | 0.107 1.78x10°
1s55919500 | 20 8072501 AIG PLCBI Intron variant 0065 | 0.101 0.805 | 0.140 2.81x10°
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Chromosome

Manhattan plot for the GWAS analysis for IgG levels measured one month after mRNA-1273 vaccine.
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Four scatter plots labeled (A—D) show data for CDK14 rs7792239. [A] Plot for IgD~ CD5* LMI3, comparing GG and GA + AA, with p = 2.57x10°. [B]
Plot for IgD™ IgM LMI3, comparing GG and GA + AA, with p = 2.38x107>. [C] Plot for IgD™ IgM* LMI3, comparing GG and GA + AA, with p =

8.82x107°. [D] Plot for CD24" CD38* LMI3, comparing GG and GA + AA, withp = 2 99x10~°

Frontiers in Immunology

07

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1639825
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Cabrera-Serrano et al.

10.3389/fimmu.2025.1639825

~logyo( P value)

FIGURE 3

Chromosome

Manhattan plot for the GWAS analysis for IgG levels measured three months after mRNA-1273 vaccine.

novel genetic variants associated with the different IgG levels
(Figure 4). Similar to the first GWAS, the most statistically
significant association was the ENSG00000295231]|
ALDHIA2,¢ 350200850 SNP (OR=2.50, p=5.01x10""3, Table 2)
which maps on LncRNA gene and upstream ALDHIA2 gene on
chromosome 15q21.3. The next five significant associations were
TMODI 5117643807 SPTBNI 1575197984, CCDC172|PNLIPRP3 ;79075525
CDK14,7792230 and GRIN2A|LOCI05371076,434340655 SNPs
(OR=2.54, p=1.04x10"% OR=2.37, p=1.97x10"'"° OR=2.18,
P=2.15x10""%; OR=2.39, p=5.65x10""" and OR=1.95, p=8.64x10""",
respectively, Table 2, Supplementary Table 5) were also directly
identified in the first GWAS, with the exception of SPTBN1I 475197984

~logyo( P value)

FIGURE 4

which shows slight linkage disequilibrium (LD) with
CYP26B1,s75845602 (D’=0.601 and r* = 0.001). In addition, the
other three significant associations were METTLS8,s1125991>
LOCI105371912,44630616 and PLCBI 55010500 (OR=2.03, p=7.71x10"
9 OR=1.87, p=1.78x10"" and OR=2.24, p=2.81x10", respectively,
Table 2, Supplementary Table 5) which were identified for the first
time, in this GWAS. Besides the functional impact of the CDKI4
SNP on absolute numbers of different immature memory B
lymphocytes mentioned previously, we found that carriers of the
PLCBl 559195004 allele had increased absolute numbers of
IgD'IgM*CD27" memory B cells and natural effector
CD24"CD38"IgD*IgM"* B cells (p=1.07x107 and p=2.15x107,

Chromosome

Manhattan plot for the GWAS analysis for difference IgG levels between one and three months after mRNA-1273 vaccine.
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respectively, Figures 5A, B). Intriguingly, carriers of the
PLCBI 455919500 allele also had decreased absolute numbers of
naive IgD*IgM*CD27" B cells (p=2.38x107>, Figure 5C).

Finally, we identified 28 novel potential associated signals with
borderline significance (5x10%<p<1x10) in the THOCI|COLECI2,
ENSG00000301718| ENSG00000295563, SMASR|SMAD3-DT, ETFI,
TNFSF4 | LOC100506023, Inc-LUZP2-3|HSALNG0143151,
RN7SKP216|ENSG00000258254, LOC105378072|LOC101928923,
LOCI101928923, ENSG00000258272, ENSG00000299420,
ENSG00000307057, BAAT, ENSG00000294440|ENSG00000308043,
BTD, HAL, ENSG00000309019|MYL9, LINC01918|
ENSG00000293860, LOC105371757, ENSG00000300202, PTPRG,
TMIGD3, PCGF3-AS1, GPC5, LOC105376642|HNRNPKP3,
LINC00606|ENSG00000230599, HACLI and CNTNAPS5 loci
associated with difference circulating levels of IgG between first and
third month vaccine (p=5.10x10"-9.87x107, Supplementary Table 5).

Of note, none of the genetic signals identified in these GWASs
showed association with baseline IgG levels measured in the 500FG
cohort of the HFGP, which confirms that the reported associations
are specific to the immune response elicited by vaccination
(Supplementary Table 5).

Discussion

This comprehensive study identified, for the first time, 14
genetic variants significantly associated with increased circulating
IgG levels at 1 month and 3 months post-vaccination with the
mRNA-1273 vaccine or in the GWAS assessing differential
antibody responses between 1- and 3-months post-vaccination.

The strongest association was for the ENSG00000295231|
ALDHIA2, 350200880 SNP, located within a LncRNA gene and
upstream of ALDHIA2 gene on chromosome 15q21.3. This variant
showed the most significant association in the first GWAS, at 1-month
post-vaccination, and in third GWAS to differences in circulating IgG
levels between months 1 and 3 post-vaccination, suggesting a role in
sustaining IgG production and possibly influencing the magnitude or
persistence of the humoral immune response. While rs1350209880 is
annotated as a rare variant in external databases, it exhibited a minor
allele frequency above 0.05 in our cohort, likely reflecting population-
specific enrichment. This justified its retention following standard
GWAS quality control thresholds. Genotyping quality metrics were
robust and supported the validity of this signal; however, we
acknowledge that associations involving population-enriched or
low-frequency variants should be interpreted with caution and
warrant replication in independent cohorts.

Although ENSG00000295231 LncRNA remains uncharacterized,
several studies have shown that LncRNAs are important regulators in
immune diseases (41-43), cancer (44-46) and various biological
pathways (47, 48). ALDHIA2 encodes Aldehyde Dehydrogenase 1
Family Member A2, which catalyzes the NAD-dependent oxidation of
retinaldehyde to retinoic acid, a key signaling molecule involved in
immune genes regulation (49-51). Retinoic acid, a metabolite of
vitamin A, is essential for enhancing and sustaining IgG immune
responses in B cell (52) and in vivo (53). It is also used as an adjuvant to
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FIGURE 5

Three dot plots display B cell subsets associated with the PLCB1
rs55919500 genotype: GG, GA, and AA. Plot (A) shows memory B
cells with a p-value of 1.07x1073. Plot (B) presents naive B cells with
a similar p-value. Plot (C) illustrates natural effector B cells with a p-
value of 2.15x107>. Each plot includes individual data points and
median lines.

boost mucosal/systemic immune responses and cytokine production
(52, 54, 55). Specifically, retinoic acid may help reduce respiratory
complications and aid epithelial repair after SARS-CoV-2 infection, due
to its immune-modulating and anti-inflammatory properties (56, 57).
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Supporting this role, we found CYP26BI 72845602 SNP
significantly associated with higher concentrations of circulating
IgG levels 1-month post-vaccination. This SNP lies within CYP26BI
gene, which encodes a cytochrome P450 enzyme that metabolizes
all-trans retinoic acid and influences T cell differentiation and
inflammation (54, 58-60). Another SNP, SPTBNI, ¢ 5197084, il
moderate LD with CYP26BI.75345602, Was associated with
increased circulating concentrations of IgG at 3 months post-
vaccination. This genetic variant maps to Spectrin Beta, Non-
Erythrocytic 1 (SPTBN1), encoding PII-spectrin, a cytoskeletal
protein involved in cell shape, membrane organization, and
protein sorting (61-63). Though not directly linked to circulating
IgG levels or SARS-CoV-2, SPTBNI is involved in modulating
immune regulating and viral infections, including HIV-1 (64-66).
In silico analyses showed both SNPs are associated with several
QTLs in blood, CD4" naive T cells, and CD14" monocytes, and alter
regulatory motifs in Gfil, a transcription factor essential for B cell
differentiation and IgG class switching (67-69). Gfil-deficient B
cells produce more IgG2a and IgG2b, likely via increased TGF-B1
expression, which regulates IgG subclass production (69). These
findings suggest that CYP26B1,¢2845602 and SPTBNI 75197934 May
influence IgG production by modulating immune cell function and
response to vaccination.

Likewise, SLC6A11|LINC00606,4083054 maps to a validated
LncRNA and the Solute Carrier Family 6 Member 11 (SLC6A11)
genes, which encodes a sodium-dependent gamma-aminobutyric
acid (GABA) transporter. GABA, an inhibitory neurotransmitter, is
involved in modulation of immune cell activation via its
transporters in T cells and macrophages (70). At 3 months post-
vaccination, ATP2B2, 55725260 SNP, in complete LD with SLC6A11|
LINC00606,54083054> Was also associated with elevated circulating
levels of IgG. This SNP lies downstream of the ATPase Plasma
Membrane Ca2+ Transporting 2 (ATP2B2), encoding PMCA2, a
plasma membrane calcium ATPase critical for restoring calcium
balance in T cells (71, 72) thus regulating immune response
intensity and duration (73). These results suggest that both SNPs
may elevate IgG concentrations through immune modulation,
possibly via calcium-dependent effects of ATP2B2 on SLC6A11
function. Supporting this, a recent study associated genetic variants
within ATP2B2 with higher mortality in severe SARS-CoV-2 cases
(74), while GWAS have associated the SLC6AI1 locus with gut
microbiome composition (75, 76). Given the microbiome’s role in
SARS-CoV-2 infection (77-79), and vaccine efficacy (80, 81),
SLC6A11 may impact circulating IgG concentrations via
microbiome modulation.

Another noteworthy finding from the 1-month post-
vaccination GWAS was the association of SNX24|
LOCI124901213,455770715 with higher circulating concentrations of
IgG. This SNP maps SNX24 and a small nucleolar RNA gene at
5q23.2. SNX24, a member of the Sorting Nexin family, is involved in
regulating protein trafficking through the endocytic pathway (82).
Variants in SNX24 have been linked to platelet indices (83, 84), and
upregulation in megakaryocytes with ploidy (85). Our data and the
finding that SNX24 is downregulated in FLI1-deficient platelets
support a role in platelet formation. SNX24 is also required for o
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granule biogenesis and cargo trafficking in megakaryocytes (86).
This SNP overlaps histone marks in blood and lung cells, suggesting
it may act as a regulatory element. It is also associated with SNX24
expression in lung and spleen and constitutes an mQTL in blood,
indicating a potential regulatory role in immune response
gene expression.

In addition to ENSG00000295231|ALDHIA2,41350200850 five
other SNPs were associated with antibody responses from 1 to 3
months post-vaccination (CDKI4,47792239, CCDC172)|
PNLIPRP3, 7907552, TMODI,s117643807» GRIN2A]|
LOCI105371076,34340658, and LOCI05371912,q4630616)» indicating
their likely involvement in regulating antibody production
over time.

The CDK14,57792230 SNP maps to Cyclin Dependent Kinase 14
(CDK14) gene, which regulates the G2/M cell cycle and supports
endothelial and epithelial proliferation and migration (87, 88). A
recent mouse study linked CDK14 with interferon-gamma (IFN-Y)
pathways, suggesting a key role in lung immune repair (89). The
CDK14,47792239a allele was associated with increased absolute
numbers of IgD"CD5" immature memory B lymphocytes, and
trends (though not significant) towards increases in absolute
numbers of IgDIgM’, CD24"CD38" and IgDIgM® immature
memory B cells. Previous studies have reported shifts in B cell
memory populations, especially increased IgG* memory B cells,
after SARS-CoV-2 infection and vaccination (90-92). Given
CDK14’s link to IFN-y/STATI signaling and its potential to
promote IgG production, this variant may support humoral
responses. Notably, CDK14,s792030 affects the E2A_2 regulatory
motif, which is crucial for B cell development, germinal center
formation, and IgG production (93-95). CDK14 thus appears vital
for effective humoral immunity and protection against SARS-
CoV-2.

The CCDC172|PNLIPRP3,790758; SNP is located between the
CCDC172 and PNLIPRP3 genes on chromosome 10q25.3.
CCDC172 participates in protein-protein interactions and
structural integrity, while PNLIPRP3 encodes for a pancreatic
lipase-like protein. Though their roles in SARS-CoV-2 are
unclear, in silico analyses catalogued the SNP as probably
malignant, with effects on regulatory motifs like CEBPB_known4
and Maf_known3/4, which showed altered activity in monocytes
from hospitalized SARS-Cov-2 patients (96) and are activated in
respiratory epithelial cells during severe infection (97). This
suggests a potential role of CEBPB in modulating immune
responses in the context of severe viral infection. Additionally, its
paralog, CEBPD, has been implicated in driving immune cell
responses in monocytes through IL-6-associated survival
pathways (98). In support of this hypothesis, it has been found
that the Maf_known3/4 motif is a transcription factor MAFB family
member, which shows survival-associated upregulation in
monocytes (98).

On the other hand, the TMODI, 17643807 SNP maps to the
Tropomoduling 1 (TMODI) gene, which encodes an acting-
capping protein that regulates cytoskeleton dynamics and is
involved in cell shape, motility and signaling. TMODI is essential
in erythroid and cardiac cells, but recent studies suggest it also plays
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a role in immune regulation by maintaining cytoskeletal structure
during immune cell activation and trafficking (99). In dendritic
cells, it is also critical for proper maturation and function, reducing
the ability of these cells to stimulate T cells and shifts cytokine
secretion toward immune tolerance (100). While not directly linked
to IgG levels or SARS-CoV-2, this variant could influence B cell
activation and function via cytoskeletal remodeling and modulation
of phagocyte’s activities.

The GRIN2A|LOCI05371076,;3431065s SNP is located between
GRIN2A gene, which encodes a subunit of the N-methyl-D-
aspartate (NMDA) receptor involved in synaptic signaling, and a
LncRNA at 16p13.2. While GRIN2A has mainly been studied in
neurological disorders, growing evidence indicates cross-talk
between neurotransmission and host immunity (101-103). Some
studies have shown that non-neutralizing anti-SARS-CoV-2 IgG
antibodies, particularly those against the S protein, can alter central
nervous system (CNS) gene expression in mice, including
upregulation of GRIN2A in the hippocampus. This suggests that
such antibodies may influence neuronal activity and contribute to
neurological symptoms seen in SARS-CoV-2 patients and
vaccinated individuals. Given GRIN2A’s role in synaptic plasticity,
preventing the production of anti-S1-111 IgG or similar antibodies
could help reduce CNS manifestations of SARS-CoV-2 infection
and vaccination (104). Interestingly, these observations are
consistent with in silico findings linking this SNP—and similarly,
the marker identified in CKDI4—to altered E2A_2 and E2A_5
regulatory motifs. These motifs are bound by E2A and, as
mentioned above, are involved in modulating B cell development,
germinal center formation, and IgG production (93-95). Therefore,
GRIN2A|LOCI105371076,s34340658 likely contributes to effective
humoral responses and protection against SARS-CoV-2.

Lastly, the LOCI05371912,44630616 SNP maps an
uncharacterized ncRNA gene. Although its specific role in SARS-
Cov-2 remains unknown, growing evidence suggests that IncRNAs
are key regulatory elements in diverse biological processes,
including the modulation and effectiveness of the immune
responses during infection and following vaccination.
Nonetheless, further studies are warranted to explore the
potential involvement of this gene in SARS-CoV-2 pathogenesis.

At this point, it is also important to note that we found an
association of the SMASR|SMAD3-DT 8485994 SNP with increased
circulating IgG concentrations in the GWAS conducted at 1 and 3
months post-vaccination, suggesting a role of this marker in
sustaining antibody production over time. This SNP maps to
SMASR and SMAD3-DT, IncRNA genes associated with the
SMAD3 gene. SMAD3 encodes a key protein that cooperates with
FOSL2 in the TGF-J signaling pathway, which suppresses type I
IFN responses and promotes immune evasion (105-107). Recent
studies have revealed a role for SMAD3 in SARS-CoV-2
pathogenesis. The SARS-CoV-2 N protein binds to SMAD3,
enhancing TGF-B/SMAD3 signaling, which leads to G1 cell cycle
arrest and tubular epithelial cell death via necroptosis (108-110).
SMAD3 also downregulates Cystic Fibrosis Transmembrane
Conductance Regulator (CFTR), increasing intracellular chloride
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levels and triggering the release of pro-inflammatory cytokines. In
line with this, some studies have shown that SMAD3 suppresses
miR-145, exacerbating CFTR dysfunction and inflammation (111),
and that in severe SARS-CoV-2, there is an increase in
polymorphonuclear myeloid-derived suppressor cells (PMN-
MDSCs) that suppress T-cell activity through reactive oxygen
species (ROS) (112). These findings suggest that the role of TGF-
B/SMAD3 in immune regulation could potentially influence B-cell
responses, particularly by modulating IgG levels after vaccination.

Finally, another noteworthy finding of this study was the
identification of three SNPs—PLCBI 559195000 METTL8,511259915
and LOCI05371912,630616—associated with differential antibody
responses. These variants point toward potentially important
molecular mechanisms that link genetic regulation with immune
cell function, particularly in the context of viral infections such as
SARS-CoV-2. PLCBI encodes phospholipase C beta 1, an enzyme
involved in intracellular signaling pathways that regulate
inflammation and immune responses through modulation of
proinflammatory cytokines such as IL-1f, IL-6, and IL-8 (113,
114). Consistent with this function, in vitro analysis showed that
carriers of the PLCBI 559195004 allele had an increased absolute
number of memory B cells (IgD " IgM "CD27") and natural effector B
cells (CD247CD38"IgD"IgM"), as well as fewer naive B cells
(IgD*IgM*CD27°). These subsets have been implicated in the
response to SARS-CoV-2 infection and vaccination (115, 116),
with unswitched memory B cells (IgD"IgM"CD27") found to be
increased in individuals recovering from severe SARS-CoV-2
compared to those with milder disease (115). METTLS, on the
other hand, encodes a mitochondrial RNA methyltransferase
responsible for installing 3-methylcytidine (m3C) modifications
in specific mitochondrial tRNAs, a process essential for efficient
mitochondrial translation and respiratory chain activity (117, 118).
RNA methylation, including by METTL family enzymes, has been
recognized as a key regulator of immune cell function,
differentiation, and tumor immune evasion (119, 120). In
addition, METTLS8,1125091 Was associated with changes in the
regulatory motif of FOXO1, a transcription factor crucial for B
cell development, tolerance, and function. Supporting a functional
role, this SNP was strongly linked to increased expression of
CYBRDI1 mRNA in blood and was identified as an mQTL in both
blood and naive CD4" T cells. CYBRD1 encodes an iron-regulated
ferric reductase, and altered expression may modulate immune
responses by affecting iron metabolism, ferroptosis (iron-dependent
cell death), and the tumor microenvironment (121). Notably,
components of mitochondrial cytochrome systems have been
found to be elevated in the plasma of SARS-CoV-2 patients,
reflecting mitochondrial dysfunction and apoptosis during severe
infection (122). Moreover, METTLS itself has been implicated in
CD8" T cell infiltration in lung squamous cell carcinoma,
suggesting a broader role in regulating immune responses within
tissue microenvironments (123). Taken together, these findings
suggest that genetic variation in PLCBI and METTLS influences
immune cell profiles and functions through distinct molecular
mechanisms, namely, inflammatory signaling, mitochondrial

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1639825
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Cabrera-Serrano et al.

RNA modification, and transcriptional regulation. These
mechanisms converge to shape the host’s antibody responses and
may modulate the outcome of SARS-CoV-2.

In summary, this study identified fourteen genetic variants
linked to increased circulating IgG levels following mRNA-1273
vaccination, with the most notable being ENSG00000295231|
ALDHIA2,41350209880, @ variant associated with immune
regulation and enhanced IgG production over time. Other key
variants mapped to genes like CYP26BI, SPTBNI, and SMASR|
SMAD3-DT, which influences cytokine production, T cell
differentiation, and IgG subclass production, were crucial for
optimizing immune responses. Variants in CDKI4 and GRIN2A
were directly linked to B cell activation and memory, further
shaping the humoral immune response. Despite other variants
map on LncRNAs that may regulate IgG production through
mechanisms like neurotransmission and calcium signaling and
need further investigation. Finally, variants including
TMODI,4117643807 and PLCBI 55919500, Suggest immune
modulation via cell signaling pathways, while variants like
ATP2B2, 55725069 and METTL8,4112509; highlight the role of
metabolism and the microbiome in vaccine responses.

Although this study provides valuable insights into the genetic
predisposition to increase IgG levels after vaccination, it also has
several limitations. First, our analysis was restricted to individuals of
the Spanish cohort, which limited our ability to replicate previous
findings from studies in other ethnic populations. This decision was
based on both scientific and logistical considerations. Focusing on a
genetically homogeneous population increases internal consistency
and reduces confounding due to population structure and
environmental heterogeneity, thereby enhancing the robustness of
GWAS findings. Additionally, we did not have access to large-scale,
individual-level data from other vaccinated cohorts, which limited
the feasibility of multi-cohort or trans-ethnic analyses. While we do
not assume fundamental differences in immune function between
European populations, replication in independent cohorts will be
essential to validate and generalize our results.

Second, we were unable to confirm the association of several
potentially relevant loci. This could be attributed to the relatively
limited statistical power of our study. Differences in the vaccine
platform used (e.g., mRNA-1273 in our study versus BNT162b2 or
mixed vaccine platforms in other studies), distinct timepoints for
sample collection, population-specific allele frequencies, and
varying analytical strategies may also explain these discrepancies.
For instance, recent large-scale GWAS such as the UK Biobank
study (124) analyzed combined data from different vaccine types
without distinguishing between platforms like BNT162b2 and
ChAdOx1, while our study focused specifically on the mRNA-
1273 vaccine, providing greater homogeneity in immune stimulus
and timing. Additionally, some of the previously identified variants
may have modest effect sizes that require larger sample sizes or
meta-analyses to achieve statistical significance. The absence of
overlapping associations therefore does not rule out the relevance of
these loci but underscores the complexity of genetic regulation of
vaccine responses and the importance of harmonized designs across
studies for robust cross-cohort validation. Finally, while our
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functional and in silico analyses offer an initial understanding of
the potential effects of GWAS hits, further experimental validation
is needed to definitively establish the biological roles of these
markers. Additionally, while our functional and in silico analyses
offer an initial understanding of the potential effects of GWAS hits,
further experimental validation is needed to definitively establish
the biological roles of these markers.

Third, although age and sex are known factors influencing
immune responses, we did not perform stratified analyses by sex or
age strata due to limited statistical power, which would reduce the
reliability of such subgroup analyses. Notably, previous studies have
consistently reported that vaccine-induced antibody titers tend to
be statistically higher in women than in men, highlighting sex as an
important biological variable in immune responses (125, 126). For
example, Demombreun et al. demonstrated higher SARS-CoV-2
antibody titers post-vaccination in women compared to men (125),
while Jensen et al. also reported sex differences favoring stronger
humoral responses in females (126). However, our findings did not
replicate this trend, as shown in Supplementary Table 3, where no
statistically significant difference or even a trend toward higher
titers in men was observed. These discrepancies may be explained
by several factors. Our cohort consisted exclusively of individuals of
European ancestry, whereas Demombreun et al. included a more
diverse racial and ethnic population including Hispanic/Latinx,
Non-Hispanic Asian, Non-Hispanic Black, among others.
Moreover, women in our study were slightly older and
represented a larger sample size than men, which could influence
antibody levels. In addition, differences in antibody measurements
may contribute to the contrasting results. Our study measured anti-
Spike IgG antibodies, reflecting a broader antibody response,
whereas the cited studies focused on anti-RBD IgG antibodies,
which target a specific region of the spike protein. Although related,
these assays are not directly comparable. On the other hand, the
referenced studies assessed immune responses at baseline, after the
first dose, and after the second dose, while our measurements were
performed at one and three months post full vaccination, capturing
a later phase of the immune response, which may display different
sex-related patterns. Furthermore, biological and immunological
factors likely contribute to these differences. It is well established
that innate and adaptive immune responses tend to be stronger and
faster in women, which can lead to higher antibody titers but also
increased susceptibility to autoimmune diseases and more frequent
vaccine adverse reactions (127). However, some studies have
demonstrated no evidence of stronger vaccine-induced immunity
in females compared to males (128), suggesting that sex differences
may vary by context and methodology. Hormonal differences, such
as higher estrogen levels in women and testosterone in men,
modulate immune responses and may partially explain sex
differences in vaccine efficacy and reactogenicity. Age also
interacts with sex in shaping vaccine responses; while some
vaccines are more effective in younger women (127), sex
differences in adverse reactions may persist regardless of age.

Considering all the above, age and sex were included as
covariates in all GWAS models, helping to control for their
potential confounding effects. Future studies with larger cohorts
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are needed to rigorously assess the impact of age and sex on
immune outcomes and genetic associations.

Finally, it is important to note that our study design included
antibody measurements at only two post-vaccination time points, 1
and 3 months, which limits the ability to fully characterize the
longitudinal dynamics of the IgG response. While our GWAS
comparing differences between these time points partially
captures interindividual variability in antibody kinetics, the use of
static snapshots may overlook important temporal patterns such as
early peaks, delayed responses, or rapid waning. Future studies
incorporating denser longitudinal sampling, particularly in the early
and late phases post-vaccination, will be essential to better
understand the genetic regulation of humoral values over time.

These findings underscore the complex interplay of genetic
factors influencing the immune response to vaccination,
particularly through modulation of B cell activity, immune
signaling pathways, and metabolic processes. These insights could
inform future strategies to enhance vaccine efficacy, especially for
SARS-CoV-2 and other viral infections. The identification of
genetic variants provides a novel and deeper understanding of
individual variability in vaccine responses and opens new avenues
for personalized vaccine strategies.
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