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Abstract

Background Since the beginning of the anti-COVID-19 vaccination campaign, it has
become evident that vaccinated subjects exhibit considerable inter-individual variability in
the response to the vaccine that could be partly explained by host genetic factors. A recent
study reported that the immune response elicited by the Oxford-AstraZeneca vaccine in
individuals from the United Kingdom was influenced by a specific allele of the human
leukocyte antigen gene HLA-DQB1.
Methods We carried out a genome-wide association study to investigate the genetic
determinants of the antibody response to the Pfizer-BioNTech vaccine in an Italian cohort of
1351 subjects recruited in three centers. Linear regressions between normalized antibody
levels and genotypes ofmore than 7million variantswas performed, using sex, age, centers,
days between vaccination boost and serological test, and five principal components as
covariates. We also analyzed the association between normalized antibody levels and 204
HLA alleles, with the same covariates as above.
Results Our study confirms the involvement of the HLA locus and shows significant
associations with variants in HLA-A, HLA-DQA1, and HLA-DQB1 genes. In particular, the
HLA-A*03:01allele is themost significantly associatedwith serum levelsof anti-SARS-CoV-
2 antibodies. Other alleles, from both major histocompatibility complex class I and II are
significantly associated with antibody levels.
Conclusions These results support the hypothesis that HLA genes modulate the response
to Pfizer-BioNTech vaccine and highlight the need for genetic studies in diverse populations
and for functional studies aimed to elucidate the relationship between HLA-A*03:01 and
CD8+ cell response upon Pfizer-BioNTech vaccination.

The response to the vaccine against COVID-19 is highly variable
among vaccinated individuals, as reflected by the levels of antibodies
detected in their serum after vaccination1. This phenotypic variability may
be partly influenced by host genetic factors, as shown for other types of
vaccines2.

A recent genome-wide association study (GWAS) byMentzer AJ et al.
reported that the immune response triggered by the ChAdOx1 nCoV-19
(AZD1222, Oxford-AstraZeneca) vaccine in UK individuals was associated
with a specific allele of the HLA-DQB1 gene3, which encodes a human
leukocyte antigen (HLA) molecule.

A full list of affiliations appears at the end of the paper. e-mail: francesca.colombo@cnr.it

Plain language summary

It is known that people respond differently to
vaccines. It has been proposed that
differences in their genes might play a role.
We studied the individual genetic makeup of
1351people from Italy tosee if therewasa link
between their genes and how well they
responded to the BNT162b2 mRNA COVID-
19 vaccine. We discovered certain genetic
differences linked to higher levels of protec-
tion in thosewhogot thevaccine.Ourfindings
suggest that individual’s genetic character-
istics play a role in vaccine response. A larger
population involving diverse ethnic back-
groundswill need to be studied to confirm the
generalizability of these findings. Better
understanding of this could facilitate
improved vaccine designs against new
SARS-CoV-2 variants.

Communications Medicine |            (2024) 4:63 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s43856-024-00490-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43856-024-00490-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43856-024-00490-2&domain=pdf
http://orcid.org/0009-0007-4118-3893
http://orcid.org/0009-0007-4118-3893
http://orcid.org/0009-0007-4118-3893
http://orcid.org/0009-0007-4118-3893
http://orcid.org/0009-0007-4118-3893
http://orcid.org/0000-0002-7960-5947
http://orcid.org/0000-0002-7960-5947
http://orcid.org/0000-0002-7960-5947
http://orcid.org/0000-0002-7960-5947
http://orcid.org/0000-0002-7960-5947
http://orcid.org/0000-0002-3186-0199
http://orcid.org/0000-0002-3186-0199
http://orcid.org/0000-0002-3186-0199
http://orcid.org/0000-0002-3186-0199
http://orcid.org/0000-0002-3186-0199
http://orcid.org/0000-0003-1365-4508
http://orcid.org/0000-0003-1365-4508
http://orcid.org/0000-0003-1365-4508
http://orcid.org/0000-0003-1365-4508
http://orcid.org/0000-0003-1365-4508
http://orcid.org/0000-0002-4618-0102
http://orcid.org/0000-0002-4618-0102
http://orcid.org/0000-0002-4618-0102
http://orcid.org/0000-0002-4618-0102
http://orcid.org/0000-0002-4618-0102
http://orcid.org/0000-0001-8080-6976
http://orcid.org/0000-0001-8080-6976
http://orcid.org/0000-0001-8080-6976
http://orcid.org/0000-0001-8080-6976
http://orcid.org/0000-0001-8080-6976
http://orcid.org/0000-0001-8239-8830
http://orcid.org/0000-0001-8239-8830
http://orcid.org/0000-0001-8239-8830
http://orcid.org/0000-0001-8239-8830
http://orcid.org/0000-0001-8239-8830
http://orcid.org/0000-0002-1769-3427
http://orcid.org/0000-0002-1769-3427
http://orcid.org/0000-0002-1769-3427
http://orcid.org/0000-0002-1769-3427
http://orcid.org/0000-0002-1769-3427
http://orcid.org/0000-0002-0846-9220
http://orcid.org/0000-0002-0846-9220
http://orcid.org/0000-0002-0846-9220
http://orcid.org/0000-0002-0846-9220
http://orcid.org/0000-0002-0846-9220
http://orcid.org/0000-0003-2015-4317
http://orcid.org/0000-0003-2015-4317
http://orcid.org/0000-0003-2015-4317
http://orcid.org/0000-0003-2015-4317
http://orcid.org/0000-0003-2015-4317
mailto:francesca.colombo@cnr.it


The HLA locus is highly polymorphic and the HLA allele frequencies
differ substantially across populations, suggesting that the genetics of the
response to anti-COVID-19 vaccinemay vary depending on the population
background.Moreover, the investigation of individuals receiving a different
type of vaccine may reveal novel genetic factors involved in the production
of anti-SARS-CoV-2 antibodies in response to vaccination.

In this study,weperformaGWASof anti-SARS-CoV-2antibody levels
in 1351 Italian subjects who received two doses of the BNT162b2 (Pfizer-
BioNTech) vaccine.Our analysis identifies variants in theHLA locus, aswell
as specific HLA alleles, associated with antibody levels.

Methods
Study cohort and ethical statement
For this study, individuals who received the two doses of BNT162b2
COVID-19 vaccine (as per guidelines, the boost dose was administered
21 days after the first dose) were recruited in three Italian hospitals: Fon-
dazione IRCCS Istituto Neurologico Carlo Besta in Milan (n = 344),
Azienda Ospedaliero-Universitaria Senese in Siena (n = 802), and Fonda-
zione IRCCS Casa Sollievo della Sofferenza, San Giovanni Rotondo (FG)
(n = 384). The recruitment period spanned from December 27th 2020 and
May 15th 2021. The study was performed in accordance with the
Declaration of Helsinki. The research was approved by the ethics com-
mittees of recruiting hospitals, namely, the University Hospital (Azienda
ospedaliero-universitaria Senese) ethical reviewboard, Siena, Italy (Protocol
n. 16917, amendment n. 11, datedMarch 4th, 2021), the Ethics Committee
of IRCCS Istituto Tumori “Giovanni Paolo II”, Bari at Fondazione Casa
Sollievo della Sofferenza, San Giovanni Rotondo (FG), Italy (Protocol n. 65,
amendmentn. 11, datedMay13th, 2021), and theEthicsCommitteeRegione
Lombardia, Sezione Fondazione IRCCS Istituto Neurologico “Carlo Besta”,
Milan, Italy (Protocol n. 85, dated June 9th 2021). All participants provided
written informedconsent to takepart in the study andgrantedpermission to
use their biological samples and clinical data for genetic research purposes.

Sample and clinical data collection
Study data from Azienda Ospedaliero-Universitaria Senese in Siena, and
Fondazione IRCCS Casa Sollievo della Sofferenza, San Giovanni Rotondo
were collected and managed using REDCap electronic data capture tools4

hosted at Azienda Ospedaliero-Universitaria Senese. Data from subjects
from Fondazione IRCCS Istituto Neurologico Carlo Besta were indepen-
dently collected and stored in a dedicated database. Collected personal and
clinical information included data about age, sex, previous symptomatic or
molecularly detected SARS-CoV-2 infection (thatwas an exclusion criteria),
date of vaccination (first and second dose), date of blood withdrawal. Per-
ipheral blood samples were collected for automated genomic DNA
extraction, while serum samples were obtained for measurement of anti-
body levels, independently in each of the three recruiting centers. The
quantification of anti-SARS-CoV-2-spike antibodies (IgG) was performed,
as single measurement, by Abbott (at Azienda Ospedaliero-Universitaria
Senese and Fondazione IRCCS Istituto Neurologico Carlo Besta) and Sie-
mens (at Fondazione IRCCS Casa Sollievo della Sofferenza, San Giovanni
Rotondo) tests, and the measurement units were converted in binding
antibody units (BAU)/ml, following manufacturer instructions. IgG mea-
surement was done at a median time of 40 days after the administration of
the second vaccine dose.

Genome-wide genotyping, data quality control and HLA alleles
imputation
Genomic DNA from 1509 samples was genotyped using the Axiom Human
Genotyping SARS-CoV-2 Research Array (Thermo Fisher Scientific, CA,
USA) at the Functional Genomics facility of the Instituto de Investigaciones
Biomédicas August Pi i Sunyer (IDIBAPS, Barcelona, Spain). Genotype
calling was performed using Axiom Analysis Suite software (Thermo Fisher
Scientific) following the best practice workflow (with the modified average
call rate threshold ≥97) and data of passed samples (n= 1474) were exported
for subsequent steps. Quality control of genotype was carried out using

PLINK2 software5, as well as principal component analysis (PCA). In detail,
autosomal variants with a genotyping call rate < 95%, minor allele frequency
(MAF) < 1%, and a Hardy-Weinberg equilibrium test P-value < 1.0 × 10−10,
were filtered out. We removed samples with call rate < 98% (n= 20), with sex
inconsistencies both for PLINK2 and AxiomAnalysis Suite software (n= 42),
with excess of heterozygosity (n= 2), and duplicates or related individuals up
to the third degree of relatedness (n= 28). In addition, four samples of non-
European origin were excluded after PCA (Supplementary Fig. 1), as well as
individuals with no full phenotypic data available (i.e., IgG levels or any of the
covariates; n= 22), individuals treated with immunosuppressive drugs and
outliers with very low IgG values (n= 5). A flow diagram with selected
subjects for genetic analyses is shown in Supplementary Fig. 2.

Genotype imputation to the whole genome sequence was performed
using the Minimac4 on the Michigan Imputation Server, setting GRCh38/
hg38 as array build, HRC r1.1 2016 (GRCh37/hg19) as reference panel
(consisting of approximately 65,000 haplotypes from individuals pre-
dominantly of European ancestry), and phasing the data with Eagle v2.46–9.
The imputed genotypes were then filtered to exclude rare variants
(MAF < 1%) and SNPswith a low-quality imputation (R2 info score≤ 0.7)10.

HLA alleles were imputed using Minimac4 on the Michigan imputa-
tion server (https://imputationserver.sph.umich.edu/index.html#!pages/
home), using the Four-digit Multi-ethnic HLA v2 reference panel (since
noEuropean-specificHLApanelwas available) andphasing datawith Eagle
v2.411. The imputed genotypes were then filtered to exclude variants with a
low-quality imputation (R2 info score ≤ 0.7).

Statistical analyses
Comparisons of available demographic and clinical variables (age, sex, and
time between second dose and serological measurement of IgG) among the
three groups of vaccinated individuals from the three recruiting centerswere
done using Kruskal-Wallis and chi-squared tests, for quantitative and
binary variables, respectively. Differences in IgG levels, measured
30 ± 5 days after the second dose of vaccine, among the three groups of
individuals, recruited in the three centers, were evaluated with Kruskal-
Wallis test, too. A threshold for significance for these tests was set at
P-value < 0.05.

Normality of the distributions of quantitative variables was checked
with Shapiro-Wilk test. A P-value < 0.05 meant a non-normal distribution.
IgG values were normalized by doing an inverse-normal transformation in
R environment, using the formula reported by12: (qnorm((rank(x,
na.last = "keep") − 0.5) / sum(!is.na(x)))).

Linear regression between normalized IgG values and sex, age at vac-
cination, center (coded as dummy variable), and time between vaccination
and serological test was carried out withglm() function in R. This was the
model formula:

Normalized IgG∼ ageþ sex þ time between second dose and serological test þ center

Beta coefficients, with standard errors (SE) and 95% confidential
intervals (CI) were reported. A threshold for significance was set at
P-value < 0.05.

To investigate the association between imputed genetic variants
and anti-spike IgG levels (normalized BAU/ml values), genome-wide
linear regression was carried out with PLINK2. The analysis included
7,339,393 variants (each one coded as 0, 1, 2 according with the
increasing number of minor alleles in the genotype, following the
additive model). Sex, age at vaccination, center (coded as dummy
variable), the first 5 principal components (PCs), and the time
interval between the second vaccine dose and the serological test
served as covariates. This was the model formula:

Normalized IgG∼ genotypeþ ageþ sex þ time between second dose and

serological test þ center þ PC1þ PC2þ PC3þ PC4þ PC5
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Beta coefficients, with standard errors (SE) and 95% confidential
intervals (CI) were reported. Genome-wide standard significance threshold
was set at P-value < 5.0 × 10−8. The library qqman in R was used to draw
Manhattan and QQ plots. Zoom plot of the selected region of chromosome
6 was done with locus.zoom () function in R.

Other three models, corrected for the top-significant variants on the
chromosome 6 were run:

Normalized IgG∼ genotypeþ ageþ sex þ time between second dose and

serological test þ center þ PC1þ PC2þ PC3þ PC4þ PC5þ rs1632893genotype

Normalized IgG∼ genotypeþ ageþ sex þ time between second dose and

serological test þ center þ PC1þ PC2þ PC3þ PC4þ PC5þ rs28366135genotype

and

Normalized IgG∼ genotypeþ ageþ sex þ time between second dose and

serological test þ center þ PC1þ PC2þ PC3þ PC4þ PC5þ rs1632893genotype

þ rs28366135genotype

Linear regressions between imputed four-digit HLA alleles (n = 204)
and the normalized IgG values were carried out with glm()function in
PLINK2 (following the pipeline described in13, using sex, age at vaccination,
centre (coded as dummyvariable), and the time interval between the second
vaccine dose and serological test, as covariates. Multiple test correction,
using the Benjamini-Hochberg method14, was applied to calculate the false
discovery rate (FDR). A threshold for significance was set at FDR < 0.01.
Minor allele frequencies and linkage disequilibrium (LD) between variants
or HLA alleles were calculated with PLINK.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results
In this study, we included 1351 individuals with no previous SARS-CoV-2
infection, who received the two doses of BNT162b2COVID-19 vaccine and
were recruited in three Italian hospitals: Fondazione IRCCS Istituto Neu-
rologico Carlo Besta inMilan (n = 306), AziendaOspedaliero-Universitaria
Senese in Siena (n = 689), and Fondazione IRCCS Casa Sollievo della Sof-
ferenza, San Giovanni Rotondo (FG) (n = 356; Table 1). The recruitment
period spanned fromDecember 27th 2020 andMay 15th 2021. Participants
with European origin, as determined by principal component analysis
(PCA, Supplementary Fig. 1) were included in the genetic analyses. The
cohort consisted of Italian vaccinees who were primarily hospital workers,
with a predominant female representation (66.5%), and a median age of 48
years (range: 19-84). The measurement of IgG levels was performed at a
median time of 40 days after the administration of the second vaccine dose

(interquartile range, IQR = 68). IgG levels ranged from 12.64 to 6056 BAU/
ml, with a median of 801.5 BAU/ml.

The three series were quite different in terms of sex distribution (chi
squared test P-value = 0.0004): indeed, although the female sex was pre-
dominant in all the three series, Fondazione IRCCS Casa Sollievo della
Sofferenza, San Giovanni Rotondo (hereafter SGR) recruited more male
subjects (˜42%) than the other recruiting centers (approximately 30%). The
three series also differed for age distribution (Kruskal-Wallis test P-value <
0.0001) with SGR individuals being older than the others and Siena series
having the lowest median age value. The most relevant difference between
the series regarded the interval time (in days) between second vaccination
dose and serological IgG measurement (Kruskal-Wallis test P-value <
0.0001). Indeed, IgG levels in Siena series were not measured 30 ± 5 days
after the vaccine boost as, instead, it was done in the other two series.

Since IgG values were not normally distributed (Shapiro-Wilk test
P-value < 0.0001), we applied the inverse normal transformation to these
values (Supplementary Fig. 3). Then we performed a multivariable linear
regression model between normalized IgG values, age, sex, recruiting cen-
ters, and timebetween vaccination andmeasurement of IgG levels (Table 2).
Normalized IgGvalues inversely correlatedwith age at vaccination and time
(in days) passed between vaccination and serum collection for antibody
measurement. Antibody quantity, instead, was not significantly different
between females andmales. As expected, we observed lower levels of IgG in
individuals from Siena than those recruited in the other two cohorts; the
median IgG levels of Siena subjects differed of 902.5 and 1,078.5 BAU/ml
from themedian ofMilan and SGR individuals, respectively. Nonetheless, it
is important to note that, when we considered only those subjects whose
antibodies were measured 30 ± 5 days after the second vaccine dose, we
observed no significant differences in IgG levels among the three groups of
individuals from the three centers (median values: 1160, 1395, and 1489 in
Siena,Milan andSGR, respectively;Kruskal-Wallis testP-value > 0.05).This
suggests that the differences between the three centers were more likely due
to the discrepancies in the time intercourse between vaccination and IgG
measurement, rather than to differences among operators and tests.

We carried out a genome-wide association analysis between nor-
malized IgG levels and the imputed genotypes of 7,339,393 variants,
including in the linear regression model sex, age at vaccination, recruiting
center, the first 5 principal components (PCs), and the time interval
between the second vaccine dose and the serological test as potential
confounders. The results are reported in the Manhattan plot, shown in
Fig. 1. A statistically significant signal was identified on chromosome 6, in
the HLA locus, with 144 variants associated with a nominal
P-value < 5.0 × 10−8 (Supplementary Data 1). These variants spanned a
region from 29.7 Mbp to 32.6 Mbp (according to human genomic build
GRCh37/hg19) and the lead variant, rs1632893, mapped less than 4 kb
ahead the HLA-A gene (beta = 0.28, SE = 0.044, 95% CI 0.20 – 0.37,
P-value = 1.6 × 10−10). A suggestive signal below the genome wide sig-
nificance threshold was also observed on chromosome 2. The lead variant,
rs11692649 at position 183,266,641, is an intronic variant of PDE1A gene
(beta =−0.17, SE = 0.033, 95% CI−0.24 to−0.11, P-value = 1.87 × 10−7).

Table 1 | Personal and clinical characteristics of vaccinated subjects included in the genetic analyses and comparison between
the three series of vaccinated subjects

Characteristic Total ( = 1351) Milan ( = 306) Siena ( = 689) SGR ( = 356) P-value

Age (years), median (range) 48 (19–84) 47 (25–84) 43 (19–78) 54 (21–67) <0.0001a

Sex, n (%)

male 452 (33.5) 86 (28.1) 218 (31.6) 148 (41.6) 0.0004b

female 899 (66.5) 220 (71.9) 471 (68.4) 208 (58.4)

Days between vaccination and serological test, median (IQR) 40 (68) 30 (5) 97 (37) 30 (0) <0.0001a

Serum Ab anti-SARS-CoV2 (BAU/ml), median (IQR) 801.5 (1271.54) 1343 (1635.93) 440.5 (1330.01) 1519 (569.5) <0.0001a

SGR San Giovanni Rotondo, IQR Interquartile range; BAU, binding antibody units.
aKruskal-Wallis test.
bchi-squared test.
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Zooming in the locus on chromosome 6, we observed that there was
not a single association signal (Fig. 2). Indeed, there were other regions, in
addition to the one led by rs1632893 at position 29,905,193, although this
locus has the highest number of significantly associated variants (n = 140),
spanning from 29.7Mbp to 30.2Mbp. For all these variants, that are in high
(r2 > 0.7) linkage disequilibrium among each other (except for eight of
them), increasing number ofminor alleles in genotypes was associated with
highest levels of IgG. An additional peak of association (beta = 0.27, SE =
0.048, 95% CI: 0.17 – 0.36, P-value = 4.5 × 10−8) was led by rs28366135 (at
position 31,364,105), that maps less than 40 kbp upstream theHLA-B gene,
together with rs2428479 at position 31,361,110 (beta=0.27, SE = 0.048, 95%
CI: 0.17 – 0.36, P-value = 4.6 x 10−8). Also for these variants, we observed
that individuals homozygous for the minor alleles or heterozygous had
higher levels of IgG than those homozygous for the major alleles. Then, we

observed other two variants (rs454875, beta =−0.23, SE = 0.042, 95% CI
−0.32 to −0.15, P-value = 3.4 × 10−8; rs9272454, beta =−0.17, SE = 0.031,
95% CI: −0.23 to −0.11, P-value = 4.2x10−8) in positions 32,213,008 and
32,605,525, respectively. The latter was an intronic variant of HLA-DQA1.
Another variant near to these two and just below the genome-wide sig-
nificance threshold was rs28688207 (beta =−0.28, SE = 0.052, 95% CI:
−0.38 to −0.18, P-value = 5.5 × 10−8), a splice acceptor variant of HLA-
DQB1 gene.Differently from the previous variants, theminor alleles of these
latter three was significantly associated with the lowest IgG levels.

We calculated the linkage disequilibrium (LD) between rs1632893 and
the variants in the other two regions, and we observed that they were not in
LD (D’ = 0.14 and r2 = 0.00033 with both rs28366135 and rs2428479;
D’ = 0.34 and r2 = 0.0026with rs454875,D’ = 0.0020 and r2 = 1.1 × 10−6with
rs9272454, and D’ = 0.086 and r2 = 9.4x10−5 with rs28688207; Supplemen-
tary Data 1), suggesting that the three signals are independent. Indeed, in a
linear regression analysis testing the same model as above, but with the
genotype of rs1632893 as an additional covariate, we observed that the other
signals (rs28366135, rs2428479, as well as other variants in HLA-B locus,
and rs9272454 in HLA-DQA1) remained statistically significant (Fig. 3A).
The same analysis was done using rs28366135 as covariate, instead: in this
case only the association signals in the HLA-A locus, led by rs1632893
remained significant (Fig. 3B). Finally, in a linear regression model
where both rs1632893 and rs28366135 genotypes were added to the
other covariates, the signal on chromosome 2 (rs11692649) became statis-
tically significant (beta =−0.18, SE = 0.032, 95% CI −0.24 to −0.11,
P-value = 4.9 × 10−8), whereas the SNPs in HLA-DQA1 and HLA-DQB1
genes had P-values below the GWAS significance threshold
(Supplementary Fig. 4).

Then, we imputed four-digits HLA alleles (n = 204) using the geno-
typing data of our 1351 individuals andwe reported their frequencies in our
series in Supplementary Data 2. We analyzed, in a linear regression mod-
el with the same covariates included in the GWAS, the association
between the normalized IgG levels and the HLA alleles. We observed that

Table 2 |Multivariable linear regressionamongnormalized IgG
values and personal and clinical information

95% CI

beta SE lower upper P-value

age −0.12 0.13 −0.016 −0.0087 5.0 × 10−11

center Milan 1

SGR 0.078 0.061 −0.042 0.20 0.20

Siena −0.18 0.078 −0.34 −0.032 0.018

sex male 1

female 0.066 0.045 −0.023 0.15 0.15

time between 2nd

dose and
IgG test

−0.015 0.00099 −0.017 −0.014 < 2.0 × 10−16

SE standard error, CI confidential interval.

Fig. 1 | A locus on chromosome 6 is strongly associatedwith anti-spike IgG levels.
Manhattan plot of the results of the GWAS between anti-spike inverse-normalized
IgG values and 7,339,393 imputed variants, tested in a linear regressionmodel, using
sex, age at vaccination, center, the first 5 principal components (PCs), and the time
interval between the second vaccine dose and the serological test as covariates. SNPs

are plotted on the x-axis according to their genomic position (GChr37, hg19 release),
and P-values (−log10P) for their association with IgG levels on the y-axis.
The horizontal red line represents the threshold of genome-wide significance
(P-value < 5.0 × 10−8). In the up-right corner is shown the Q-Q plot of observed and
expected P values. Genomic inflation factor (λ) is reported.
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12 HLA alleles were significantly associated with IgG levels at FDR < 0.01
(Supplementary Data 2). The two top-significant alleles (i.e., HLA-A*03:01
and HLA-C*12:02) belonged to class I major histocompatibility complex
(MHC), together with other two alleles (HLA-B*52:01 andHLA-A*29:02).
Instead, the other eight alleles significantly associated with IgG levels
were MHC class II molecules (HLA-DQB1*06:01, HLA-DRB1*15:02,

HLA-DQB1*02:01, HLA-DRB1*14:01, HLA-DQA1*01:01, HLA-
DQA1*02:01, HLA-DQB1*05:03, and HLA-DRB1*07:01). The fre-
quencies of these alleles are quite different, as expected (e.g., HLA-
DQB1*02:01, HLA-DQA1*01:01, HLA-DQA1*02:01, HLA-A*03:01, and
HLA-DRB1*07:01 were more frequent than HLA-C*12:02, HLA-
DQB1*06:01, HLA-DRB1*15:02, HLA-DQB1*05:03, HLA-DRB1*14:01,

Fig. 2 | Multiple signals of association in the HLA
locus suggest a multi-gene control of IgG pro-
duction after vaccination. Zoom plot of the locus
on chromosome 6 identified in the GWAS. Plots
span the region from 29Mbp to 33Mbp, containing
HLA genes and all the analyzed imputed variants.
SNPs are plotted on the x‐axis according to their
position on chromosome 6, and P-values (−log10P)
for their association with IgG levels are plotted on
the y‐axis. Horizontal red dashed line represents the
threshold of significance (P-value < 5.0 × 10−8)
whereas the blue one represents a suggestive
threshold (P-value < 1.0 × 10−6). Dot color repre-
sents the level of linkage disequilibrium, expressed
as r2 between each SNP and the lead variant
(rs1632893, purple diamond).

Fig. 3 | Zoom plots of the locus on chromosome 6 after adjustment for rs1632893
or for rs28366135. The two panels show the results of the analyses adjusted for
rs1632893 (a) or for rs28366135 (b). Plots span the region from 29 Mbp to 33 Mbp,
containingHLAgenes and all the analyzed imputed variants. SNPs are plotted on the
x‐axis according to their position on chromosome6, andP-values (−log10P) for their

association with IgG levels are plotted on the y‐axis. Horizontal red dashed line
represents the threshold of significance (P-value < 5.0 × 10−8) whereas the blue one
represents a suggestive threshold (P-value < 1.0 × 10−6). Dot color represents the
level of linkage disequilibrium, expressed as r2 between each SNP and the lead variant
(purple diamonds).
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HLA-B*52:01 and HLA-A*29:02). Since some of these alleles were in
LD, we reported the R2 and D’ values, together with their frequencies, in
Supplementary Table 1.

Discussion
In this GWAS, carried out in 1351 Italian individuals vaccinated with two
doses of BNT162b2 anti-COVID-19 vaccine, we identified several variants
on chromosome 6, in theHLA locus, associatedwith anti-SARS-CoV-2 IgG
levels in serum, at a genome-wide statistically significant level. Our results
independently validated the finding by Mentzer et al3. of an important role
of HLA locus in themodulation of levels of anti-spike IgG after vaccination.
Differently from that study, our results were obtained from Italian patients
undergone to a different type of vaccine and, most interestingly, we found
different HLA alleles, significantly associated with anti-spike IgG levels,
from that identified in the UK population, suggesting the involvement of
multiple genes, in this sameHLA locus, in themodulation of immunogenic
response against the anti-COVID-vaccine. Several studies have reported
association of HLA variants and genotypes with different COVID-19 out-
comes, even thoughwith somediscrepancies, anddifferences in the immune
responses against SARS-CoV-2 infection (as reviewed in15,16). Several
molecular mechanisms underlying HLA-mediated modulation of vaccine-
induced immunity have been hypothesized and are currently under inves-
tigation. Here, we observed associations of eight MHC Class II molecules
with COVID-19 vaccine immunogenicity. Of note, one of theseHLA alleles
was HLA-DQB1*06:01, in agreement with what already reported in3.
Indeed, it has been shown that distinct Spike peptides binds preferably
HLA-DQB1*06 alleles driving increased spike-specific memory B cell
responses andhigher antibody titers3. Toour knowledge, herewefirst report
that MHC Class I molecules associate with anti-spike IgG after vaccine
immunization. It has been shown that anti-SARS-CoV-2 mRNA vaccine
induced both neutralizing antibodies and CD8+T cell responses17. Thus,
we envisage a helper role of CD8+ follicular T cells in promoting class-
switch antibody in B cells and amplifying antibody response, via both HLA
binding and non-HLA related effects such as increased production of
selected cytokines including IL-2118–20. Future studies are needed to inves-
tigatemore in depth the relationship betweenHLA-A*03:01 allele, aswell as
other MHC class I molecules, and CD8+ T cell response upon anti-
COVID-19 vaccination.

Interestingly, a previous GWAS reported a significant association
between the HLA-A*03:01 and adverse events after vaccination with
BNT162b2 Pfizer-BioNTech vaccine in a series of more than 3,500 Amer-
icans individuals21. They hypothesized that stronger adverse events, in
vaccinees with HLA-A*03:01 allele, were due to a stronger activation of
CD8+ T cells. Although the mechanisms involved in vaccine toxicity and
efficacy might be quite different, that finding, together with ours, point to a
pivotal role of HLA-A*03:01 in the response to Pfizer-BioNTech vaccine,
possibly through the activation of CD8+T cells.

Other HLA alleles, both of class I and class II MHC, for a total of 12
alleles, resulted significantly associatedwith IgG levels in our analysis. These
alleles have different frequencies in our series ranging from 2% to 19%, as
expected in Italians22. Also, some of them showed strong linkage dis-
equilibrium (e.g., HLA-C*12:02withHLA-B*52:01 andHLA-DRB1*15:02
with HLA-DQB1*06:01) and this complexity challenged the result
interpretation.

Nonetheless, our findings shed light on the roles of both MHC class I
and II molecules in the anti-COVID-19 vaccination response. They open
further investigations aimed at deeply clarifying the contribution of the
identified molecules to the individual protection toward COVID-19, and
particularly the involvement of CD8+T cells in B cell response and anti-
body production following mRNA vaccination. Protective effects of the
HLA alleles we identified against SARS-CoV-2 infection after vaccination
also deserve to be explored in further studies. Heterogeneity in the three
subject series represented a limitation of the study, but it was overcome by
considering all the possible confounder variables as covariates in the
regression models.

Overall, our results provide further evidence, together with that pro-
vided by Mentzer et al.3, for a genetic regulation of the response to anti-
COVID-19 vaccines, mediated by the HLA locus. These results, in an
independent European population, strengthen the importance to investi-
gate these associations in individuals of different origin. The identificationof
specific HLA alleles conferring different ability to produce anti-spike IgG
after vaccination with anti-COVID vaccine can be of clinical utility for
tailoring vaccination campaign, especially in most fragile subjects. In
addition toCOVID-19, these resultsmay stimulate geneticists to explore the
genetics of the response to other type of vaccines, against different diseases,
in view of a precision vaccinationmedicine supported by vaccinogenomics.

Data availability
Raw genotyping data are not openly available to preserve individuals’
privacy under the European General Data Protection Regulation. They are
available from the corresponding author upon reasonable request. Data are
located in controlled access data storage at Institute for Biomedical Tech-
nologies of the National Research Council. GWAS summary statistics are
available in the GWAS catalog (accession number: GCST90305767). These
data were used to draw Fig. 1. Source data for Figs. 2 and 3 are available as
Supplementary Data 3 and 4.

Code availability
All analyses were performed using the cited software, packages and pipe-
lines, whose codes were publicly available.
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