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Abstract: The vaccines designed against the SARS-CoV-2 coronavirus are based on the spike (S)
protein. Processing of the S protein by antigen-presenting cells (APC) and its subsequent presentation
to T cells is an essential part of the development of a humoral response. HLA-class II alleles are
considered immune response genes because their codified molecules, expressed on the surface of
APCs (macrophages, dendritic, and B cells) present antigenic peptides to T cell via their T cell receptor
(TCR). The HLA-class II genes are highly polymorphic, regulating what specific peptides induce
follicular helper T cells (TFH) and promote B lymphocyte differentiation into plasma or memory B
cells. This work hypothesizes that the presence of certain HLA-class II alleles could be associated
with the intensity of the humoral response (amount, length) to the SARS-CoV2 mRNA 1273 vaccine.
We have studied the relationship between the HLA-class II typing of 87 health workers and the
level of antibodies produced 30 days after vaccination. We show a possible association between the
HLA-DRB1* 07:01 allele and the HLA-DRB1*07:01~DQA1*02:01~DQB1*02:02 haplotype to a higher
production of antibodies 30 days after the administration of the second dose of mRNA-1273.

Keywords: anti-S antibodies; HLA associations; mRNA-1273 vaccine

1. Introduction

Since December 2019, the rapid expansion of the SARS-CoV-2 coronavirus has resulted
in a severe pandemic affecting the entire planet [1]. The countermeasures carried out, such
as confinement, face masks, use of disinfectant gels, etc. have been of great help to combat
the spread of the virus [2]. However, the development of vaccines against the virus is
vitally important to avoid serious illness and death [3,4]. The mRNA-1273 vaccine employs
messenger RNA (mRNA) technology and encodes a stabilized version of the SARS-CoV-2
full-length spike glycoprotein trimer [3]. The administration guideline requires two doses
of 100 µg separated by 28 days [3].

Studies that monitor the cellular and humoral response of vaccinated people show dif-
ferent degrees of response depending on the vaccine [5,6]. Regarding antibody production,
a good general response is observed at the beginning [7]. Subsequently, a decrease in the
circulating level of anti-Spike (anti-S) antibodies is observed [8].

Differences in the antibody levels have been observed between individuals who re-
ceived the same SARS-CoV-2 vaccine. Factors such as age, health, and immune system
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status intervene in the humoral response. In addition, immunogenetics can play an impor-
tant role. The human leukocyte antigen class II (HLA-class II) molecules are part of the
immunogenetic and perform antigen presentation during the generation of an immune
response [9]. In the case of people vaccinated against SARS-CoV-2 (similar to other vac-
cines and infections), the spike (S) protein of SARS-CoV-2 generated artificially by the
vaccine mRNA translation is taken up by dendritic cells and processed into peptides by the
endosomal route. Those peptides are presented by HLA-class II molecules on dendritic
cells to the T cell receptor (TCR) of T naive cells (Th0) to induce their differentiation to
T follicular helper cells (Tfh) [10]. In the lymphoid follicle, B lymphocytes capture the
S protein through their B-cell receptor (BCR), process it into peptides, and, as antigen-
presenting cells (APC), present them in the context of HLA-class II molecules to the TCR
of CD4 Tfh lymphocytes, forming the immunological synapse [10]. This results in the
formation the germinal centers and the differentiation of B lymphocytes into SARS-CoV-2
Spike-specific plasma and memory B cells with isotype switch and affinity maturation via
somatic hypermutations [11].

The HLA class II alleles that code for the HLA-DR, HLA-DQ, and HLA-DP molecules
have a high degree of polymorphism. This polymorphism resides in the exons that code
the cleft where the antigenic peptide is bound (β1 domain of HLA-DR and the α1 and β1
domains for HLA-DQ and HLA-DP molecules) [12]. Due to these polymorphisms, each
allele can only present peptides that have binding motifs compatible to its specific cleft.
For that reason, each allele presents different peptides derived from the same antigenic
molecule. The presence of certain alleles will make the antigenic presentation more efficient,
leading to a better stimulation of B cells that will mature into plasma cells. Likewise, the
presence of HLA-class II alleles capable of presenting more peptides efficiently will form
more specific clones of different epitopes of protein S, thus favoring a higher circulating
antibody titer and probably a higher neutralizing and protective capacity. Therefore, the
different HLA-class II alleles may explain the differences in antibody production observed
between individuals.

In our work, we have studied the relationship between HLA class II polymorphism
and humoral immunity generated by the SARS-CoV-2 mRNA-1273 vaccine in a cohort of
87 health workers from University Hospital Virgen de las Nieves. The comparison was
made depending on the level of circulating IgG antibodies against protein S at 30 days after
the second dose.

2. Materials and Methods

Population Studied. The study was carried out with a population of 87 workers made
up of 42 women and 45 men, belonging to the Hospital Universitario Virgen de las Nieves
complex, who were vaccinated with Moderna’s mRNA-1273 vaccine. The mean general
age was 48 years (23–65).

Control groups.
-HLA control group: 637 healthy blood donors, representative of the Granada area,

recollected between 2015 and 2021. The average age of the group is 45 years and 325 (51%)
of the members are women. This group was used for compared the HLA-class II allelic
frequencies in our region.

-Vaccinated control group: 601 workers made up of 398 women and 203 men, belong-
ing to the University Hospital Virgen de las Nieves complex, who were vaccinated with
Moderna’s mRNA-1273 vaccine. The mean general age was 48 years.

All patient samples were collected according to the local medical ethics regulation,
after informed consent was obtained by the subjects, their legal representatives, or both,
according to the Declaration of Helsinki. The studies involving human participants were re-
viewed and approved by Portal de Ética de la Investigación Biomédica. Junta de Andalucía
(Cod. 0297-N-21). The patients/participants provided their written informed consent to
participate in this study.
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Measurement of antibodies against SARS-CoV-2. Participants underwent blood
extraction, 30 days after inoculation of the second dose. A quantitative determination of
immunoglobulin G (IgG) was performed against the S protein. The quantification of IgG
was carried out by the chemiluminescent COVID-19 IgG Assay (Alinity, Abbott, IL, USA)
following the manufacturer’s instructions. The results were expressed in BAU/mL (binding
antibody units per milliliter). The cutoff for positivity was set at >7.5 BAU/mL.

Statistical Analysis. Frequencies of individual HLA alleles and haplotypes were
compared using the χ2-test. Variants with expected counts less than five were compared
using Fisher’s exact test. Variants with an expected count of less than two were com-
bined into a common class (binned) before computing the χ2-test. The software used
was SPSS statistical software (Windows version 26, IBM, Armonk, NY, USA). Significance
levels were corrected by Bonferroni correction for a multiplicity of testing by the number
of comparisons.

The Mann–Whitney U test was used to compare groups when the distribution was
not normal (as checked by the Kolmogorov–Smirnov test).

A corrected p-value of <0.05 was considered statistically significant.
HLA typing by Next Generation Sequencing (NGS). To amplify DNA target regions,

we used the AllType FASTplex NGS 11 Loci Kit (One Lambda). For the HLA-DRB1/3/4/5
and HLA-DQB1 loci, the region between exon 2 and the 3’UTR region was amplified.
The entire gene for the HLA-DQA1 locus was amplified. The technique was performed
following the manufacturer’s recommendations. To load the chip, we used the Ion Chef
(Thermo Fisher Scientific, Waltham, MA USA) and for sequencing the Ion GeneStudio S5
Plus System (Thermo Fisher Scientific). For data analysis, we used the TypeStream Visual
NGS Analysis Software One Lamda (Thermo Fisher Scientific).

3. Results

Quantification of anti-S protein antibody titers after SARS-CoV2 mRNA-1273 vacci-
nation. All the individuals studied presented specific anti-S IgG antibodies, 30 days af-
ter administration of the second dose of mRNA-1273 vaccine with a wide range: 65 to
10505 BAU/mL (Supplementary Table S1). The 87 cases were distributed in three groups. We
based our classification on the distribution of anti-S antibodies levels in a cohort of 601 vacci-
nated individuals (Vaccinated control group). We use the mean value (2700 BAU/mL) +/− one
standard deviation (SD) (1700 BAU/mL) to determine the groups (Supplementary Figure S1).
The 87 cases for the HLA class II typification were selected to achieve a similar number, sex
frequency, and age in each group. The resulting humoral response groups were:

- G1 (Low responders) (<1000 BAU/mL): 28 individuals (13 women and 15 men), with
an average age of 46.8 years (26–65).

- G2 (Middle responders) (1000–4400 BAU/mL): 29 individuals (14 women and 12 men),
with an average age of 49.3 years (28–65).

- G3 (High responders) (>4400 BAU/mL): 30 individuals (14 women and 16 men), with
an average age of 48 years (23–65).

HLA-class II allelic frequencies. The HLA-class II alleles frequencies in the 87 cases
were compared with an HLA control group of 637 blood donors, representative of the
Granada area, without significant differences (Supplementary Table S2). HLA-DRB1 and
HLA-DQB1 alleles frequencies in humoral response groups G1, G2, and G3 are represented
in Table 1.
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Table 1. Allele frequencies in the responder’s group.

Locus Allele
Frequency

G1 G2 G3

HLA-DRB1 01:01 0.125 0.052 0.017
HLA-DRB1 01:02 0.107 0.034 0
HLA-DRB1 01:03 0.018 0 0.033
HLA-DRB1 03:01 0.071 0.172 0.067
HLA-DRB1 04:01 0 0.034 0.050
HLA-DRB1 04:02 0 0.034 0
HLA-DRB1 04:03 0.036 0 0.017
HLA-DRB1 04:04 0.054 0.052 0.017
HLA-DRB1 04:05 0.054 0 0.050
HLA-DRB1 04:06 0 0 0.017
HLA-DRB1 04:07 0.036 0 0
HLA-DRB1 07:01 0.018 0.172 0.250
HLA-DRB1 07:02 0 0 0.017
HLA-DRB1 08:01 0.018 0 0
HLA-DRB1 09:01 0.018 0.017 0
HLA-DRB1 10:01 0 0.017 0.017
HLA-DRB1 11:01 0.054 0.052 0.033
HLA-DRB1 11:02 0.018 0.034 0
HLA-DRB1 11:03 0.036 0 0
HLA-DRB1 11:04 0 0.052 0.050
HLA-DRB1 12:01 0.054 0 0
HLA-DRB1 13:01 0.071 0.069 0.100
HLA-DRB1 13:02 0.036 0.034 0.050
HLA-DRB1 13:03 0.018 0.017 0.017
HLA-DRB1 14:01 0.018 0 0
HLA-DRB1 14:54 0.018 0.034 0.017
HLA-DRB1 15:01 0.071 0.103 0.167
HLA-DRB1 16:01 0.054 0.017 0.017

HLA-DQB1 02:01 0.071 0.155 0.083
HLA-DQB1 02:02 0.036 0.121 0.200
HLA-DQB1 02:05 0 0.017 0
HLA-DQB1 02:10 0 0.017 0
HLA-DQB1 03:01 0.196 0.155 0.117
HLA-DQB1 03:02 0.179 0.103 0.117
HLA-DQB1 03:03 0 0.052 0.050
HLA-DQB1 03:19 0.018 0.034 0
HLA-DQB1 04:02 0.018 0 0.017
HLA-DQB1 05:01 0.232 0.086 0.067
HLA-DQB1 05:02 0.054 0.017 0.017
HLA-DQB1 05:03 0.036 0.034 0.017
HLA-DQB1 06:01 0 0.034 0
HLA-DQB1 06:02 0.071 0.069 0.150
HLA-DQB1 06:03 0.054 0.086 0.117
HLA-DQB1 06:04 0.018 0.017 0.017
HLA-DQB1 06:09 0.018 0 0.033

HLA-DRB1*01:01 and HLA-DQB1* 05:01 were more frequent in G1; HLA-DRB1*03:01, HLA-DRB1*07:01, HLA-
DQB1* 02:01 and HLA-DQB1*03:01 in G2 and HLA-DRB1*07:01 and HLA-DQB1*02:02 in G3.

HLA-DRB1*07:01 and HLA-DQB1*02:02 alleles were more frequent in G3 vs G1 (high
responders vs low responders). The p-value of HLA-DRB1*07:01 was potent and passed the
Bonferroni correction (Pc = 0.0031), whereas HLA-DQB1*02:02 did not pass the Bonferroni
correction (Table 2). HLA-DRB1*01:01 and HLA-DQB1*05:01 had a higher frequency in G1
but the p-value did not pass the Bonferroni correction. All the comparations with G2 for
HLA-class II allelic frequencies were not significant.
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Table 2. Comparison of allele frequencies.

Allele
Frequency

P Pc
Low Responders High Responders

HLA-DRB1*01:01 0.125 0.017 0.028 n.s
HLA-DQB1*05:01 0.232 0.067 0.016 n.s
HLA-DRB1*07:01 0.018 0.250 2.3 × 10−4 3.1 × 10−3

HLA-DQB1*02:02 0.036 0.200 0.008 n.s

The highest frequency for each allele is marked in bold. OR: odds ratio. Pc: P corrected by Bonferroni.
n.s: not significant.

Due to the previous result, we added the study of class II haplotypes. We detected
13 haplotypes with more than 2% of frequency (Supplementary Table S3). The HLA-
DRB1*07:01~DQA1*02:01~DQB1*02:02 and HLA-DRB1*15:01~DQA1*01:02~DQB1*06:02
haplotypes were more frequent in G3, whereas HLA-DRB1*01:01~DQA1*01:01~DQB1*05:01
was more frequent in G1.

When the frequencies of HLA-class II haplotypes were compared between G1 and G3,
HLA-DRB1*07:01~DQA1*02:01~DQB1*02:02 was statistically significant after correction
with a higher frequency in G3 (Table 3). The frequencies of HLA-DRB1*01:01~DQA1*01:01 ~
DQB1*05:01 and HLA-DRB1*15:01~DQA1*01:02~DQB1*06:02 did not show significance
after Bonferroni correction (Table 3).

Table 3. Comparison of haplotype frequencies.

Haplotype Frequency in Low Responders Frequency in High Responders P Pc

HLA-DRB1*01:01~DQA1*01:01~DQB1*05:01 0.107 0.017 n.s n.s
HLA-DRB1*07:01~DQA1*02:01~DQB1*02:02 0.018 0.200 2.1× 10−3 0.028
HLA-DRB1*15:01~DQA1*01:02~DQB1*06:02 0.054 0.133 n.s n.s

The highest frequency for each allele is marked in bold. OR: odds ratio. Pc: P corrected by Bonferroni.
n.s: not significant.

This result was in line with the allelic comparison and gives more value
to HLA-DRB1*07:01.

Finally, we compared the mean anti-S antibody titers with to the presence or absence
of HLA-DRB1*07:01, HLA-DRB1*01:01, and HLA-DRB1*07:01~DQA1*02:01~DQB1*02:02
in the volunteers studied (Figure 1). The presence of HLA-DRB1*07:01 was related to
higher average levels of anti-S antibodies (p = 0.002), whereas the presence of HLA-
DRB1*01:01 did not show significant differences. The comparison between cases with
HLA-DRB1*07:01 versus cases with HLA-DRB1*01:01 showed a significant increase in
anti-S anti-bodies in HLA-DRB1*07:01 carriers (p= 0.004). In addition, in cases with HLA-
DRB1*07:01~DQA1*02:01~DQB1*02:02 we observed a higher anti-S antibody production
versus subjects lacking this haplotype (p = 0.004) (Figure 1).

We performed the comparison between HLA-DRB1*07:01 and HLA-DRB1*01:01 be-
cause of the results of the previous comparisons and because they are the alleles with the
greatest frequency difference between groups.

4. Discussion

The different production of antibodies against the S protein SARS-CoV-2 protein S
in vaccinated people may be due to immunogenetic factors. Our results show that the
HLA-DRB1*07:01 allele is significantly increased in the high responder’s group, whereas
the HLA-DRB1*01:01 allele is close to significantly increased in the low responder’s group
(Table 2). The HLA-DQB1*02:02 allele is close to being significant, being increased in
high responders. This may be due to the haplotype that it forms together with the HLA-
DRB1*07:01 allele. The haplotype study showed a significant increase for the HLA-DRB1
*07:01~DQA1*02:01~DQB1*02:02 haplotype in high responders. In addition, there is a sig-
nificant difference in the mean production of anti-S antibodies in volunteers that are carriers
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of HLA-DRB1*07:01 and the haplotype HLA-DRB1*07:01~DQA1*02:01~DQB1*02:02, with
a higher level of anti-S antibodies (Figure 1). HLA-DRB1*01:01 does not influence the anti-S
antibody production, but the subjects with HLA-DRB1*01:01 have lower anti-S antibody
titers than volunteers with HLA-DRB1*07:01 (Figure 1).

Vaccines 2022, 10, x 6 of 10 
 

 

 
Figure 1. Anti-S antibodies mean comparations. Comparison of the mean production of anti-S 
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cases without HLA-DRB1*01:01. (C) Cases with HLA-DRB1*07:01 versus cases with HLA-
DRB1*01:01. (D) Cases with HLA-DRB1*07:01~DQA1*02:01~DQB1*02:02 haplotype (H07:01) ver-
sus cases without HLA-DRB1*07:01~DQA1*02:01~DQB1*02:02 haplotype (NO H07:01). ** = p < 
0.01. ns= no significant.  

Figure 1. Anti-S antibodies mean comparations. Comparison of the mean production of anti-S
antibodies depending on the presence or absence of certain alleles and haplotypes. (A) Cases with
HLA-DRB1*07:01 versus cases without HLA-DRB1*07:01. (B) Cases with HLA-DRB1*01:01 versus
cases without HLA-DRB1*01:01. (C) Cases with HLA-DRB1*07:01 versus cases with HLA-DRB1*01:01.
(D) Cases with HLA-DRB1*07:01~DQA1*02:01~DQB1*02:02 haplotype (H07:01) versus cases without
HLA-DRB1*07:01~DQA1*02:01~DQB1*02:02 haplotype (NO H07:01). ** = p < 0.01. ns= no significant.
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The different ability of distinct HLA-class II alleles to present peptides derived from
the S protein is a possible explanation for the wide range of anti-S antibody produc-
tion observed in our study. The HLA-DRB1*01:01 allele has a lower ability to strongly
bind S protein-derived peptides compared to the HLA-DRB1*07:01 allele [13]. HLA-
DRB1*01:01 presents only five peptides with high affinity, whereas HLA-DRB1*07:01
presents 16 [13]. In addition, the HLA-DRB1*01:01 allele lacks an associated HLA-DRB3,
DRB4, or DRB5 molecule, having one less HLA-class II presenting molecule [14]. HLA-
DRB1*07:01 presents an HLA-DRB4 molecule associated with the haplotype [14]. Hence,
the HLA-DRB1*07:01~DQA1*02:01~DQB1*02:02, which is associated with a better re-
sponse, may be able to activate a greater number of clones of distinct T cell clones result-
ing in a stronger humoral response, including higher production of antibodies against
SARS-CoV-2 [9,15]. In contrast, the HLA-DRB1*01:01 allele and the HLA-DRB1*01:01~
DQA1*01:01~ DQB1*05:01 haplotype, have alleles with lower presentation capacity together
with the absence of an HLA-DRB3, DRB4, or DRB5 molecule. This would induce a low
stimulation of T cells, and therefore a lesser activation of B cells, leading to lower antibody
production. In addition, HLA-DRB1*07:01~DQA1*02:01~DQB1*02:02 binds 30–34 peptides
with high affinity, whereas HLA-DRB1*01:01~DQA1*01:01~DQB1*05:01 only binds to
16 peptides with high affinity. [13]. Moreover, HLA-DRB1*15:01 is the allele that presents
more peptides with high affinity (26) [13] and it can be observed that its maximum fre-
quency is found in high responders (Table 1). Moreover, HLA-DRB1*15:01~DQA1*01:02~
DQB1*06:02, more frequent in high responders, binds to between 47 and 62 peptides with
high affinity [13].

On the other hand, it is possible that the HLA-DRB1*01:01 allele is capable of gener-
ating a regulatory T cell response (Treg) that negatively regulates the immune response
and stops further expansion and high antibody production [16]. However, this would be
contrary to what is observed in patients with rheumatoid arthritis, where the presence
of this allele poses a risk to the development of the disease with a dysregulation of the
immune system [17]. From this, it can be thought that the HLA allele is as important as
the peptide that is presented, observing differences in the induction and regulation of an
immune response depending on it.

A factor that may explain why the HLA-DRB1*07:01 allele induces greater production
of antibodies is that it presents an immunodominant peptide of protein S, which induces
a greater differentiation of Tfh and high cooperation of B and T cells [18]. Related to this,
it has been suggested that the HLA-DRB1*07:01 allele presents exogenous peptides that
may favor the development of monoclonal TCR-Vβ13.1 + /CD4 + /NKa + /CD8−/+ dim
T-LGL lymphocytosis by chronic stimulation [19].

The HLA-DRB1*07:01 allele has been linked as a risk factor for systemic lupus erythe-
matosus (SLE) in the Malaysian population [20], whereas in the Chilean population, HLA-
DRB1*07:01 had a protective role in anti-citrullinated protein antibodies-positive rheuma-
toid arthritis [21]. Moreover, HLA-DRB1*07:01 and the HLA-DRB1*07:01~DQA1*02:01~
DQB1*02:02 haplotype are related to a higher risk of asparaginase hypersensitivity [22,23].

Finally, the presence of other possible polymorphisms in cytokines, receptors, etc.,
associated with the haplotype in the MHC region, may play an important role in the
induction of the immune response and should be studied.

The results published by Ragone et al. showed that there is no relationship between
the level of antibodies in the short or medium term with the number of peptides bound
with high affinity in each individual vaccinated with BNT162b2 (BioNTech/Pfizer) [13].
They concluded that the level of antibodies is unrelated to HLA-class II molecules. In
contrast, our results show a possible association of the HLA-DRB1*07:01 allele, and HLA-
DRB1*07:01~DQA1*02:01~DQB1*02:02 haplotype, with a higher production of antibodies.
The differences between both works are because they carry out a quantitative and theoretical
study of the number of peptides that each allele presents with high affinity, whereas our
study is based on traditional analysis of allele frequencies. However, it is possible that this
different result is due to the vaccine studied but there are other reasonable explanations.
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For example, the excipients are different in the vaccines and the mRNA-1273 dose has a
higher concentration of mRNA [24]. In addition, the mRNA-1273 vaccine induces a higher
antibodies response than the BNT162b2 vaccine [24]. Finally, perhaps the mRNA-1273
vaccine induces a better stimulation of the immune system and higher antibody production
that makes it possible to observe differences in the HLA-class II frequency.

In conclusion, our results show the first possible association between the circulating
levels of anti-S antibodies induced by mRNA-1273 and HLA-class II alleles. However,
complementary studies, a larger population will be necessary to confirm our results. In
addition, it will be interesting to relate the neutralizing potential of the antibodies to the
different HLA-class II alleles. Furthermore, will be interesting to compare the HLA-class
II frequency between high and low responders in individuals vaccinated with mRNA-
1273 versus individuals vaccinated with other vaccines. Finally, the study of the different
peptides derived from protein S will be of great interest to clarify their immunological
potential and the possible selection of immunodominant peptides.

Limitations of our work include the small population studied, not performing the
neutralization study, and not comparing between vaccines.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/vaccines10030402/s1, Supplementary Figure S1, Supplementary
Table S1, Supplementary Table S2, and Supplementary Table S3.

Author Contributions: M.Á.L.-N. and A.S. contributed to the design of the study. J.F.G.-B. performed
the HLA typing. J.F.G.-B. performed the analysis of the data obtained by NGS. E.G.-V. and A.S. build
the clinical database. J.F.G.-B. performed the statistical analysis of the data. M.Á.L.-N., A.S., J.F.G.-B.,
F.C. and E.G.-V. coordinated the collection of samples and the signing of the informed consent.
A.S., J.A.R., and E.G.-V. participated in checking the clinical history of the participants. J.R.-G. and
E.G.-V. performed the determination of antibodies. J.F.G.-B., M.Á.L.-N., F.R.-C. and A.S. wrote the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by “Investigación y Desarrollo (I + D) del Sistema Andaluz de
Salud (SAS)” and Instituto de Salud Carlos III (Proyecto FIS PI21/01708), co-funded by ERDF-FEDER.

Institutional Review Board Statement: All patient samples were collected according to the local
medical ethics regulation, after informed consent was obtained by the subjects, their legal representa-
tives, or both, according to the Declaration of Helsinki. The study was approved by the local ethics
committee (CEIM/CEI Provincial de Granada).

Informed Consent Statement: The studies involving human participants were reviewed and ap-
proved by Portal de Ética de la Investigación Biomédica. Junta de Andalu-cía (Cod. 0297-N-21). The
patients/participants provided their written informed consent to participate in this study.

Data Availability Statement: Not applicable.

Acknowledgments: J.F.G-B wants to thank the European Federation of Immunological Societies—
Immunology Letters (EFIS-IL) (https://www.efis.org/home.html) (05 March 2022) for the Short-Term
Fellowship to research to improve HLA typing and its applications. This Fellowship has helped
this work to develop. This study is part of the doctoral thesis of Juan Francisco Gutiérrez-Bautista.
Programa de doctorado en Biomedicina, University of Granada, Granada, Spain. The authors thank
Per rrrAnderson for revising the English.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Joyce, K.E.; Weaver, S.R.; Lucas, S.J.E. Geographic components of SARS-CoV-2 expansion: A hypothesis. J. Appl. Physiol. 2020,

129, 257–262. [CrossRef] [PubMed]
2. Lotfi, M.; Hamblin, M.R.; Rezaei, N. COVID-19: Transmission, prevention, and potential therapeutic opportunities. Clin. Chim.

Acta 2020, 508, 254–266. [CrossRef] [PubMed]
3. Anderson, E.J.; Rouphael, N.G.; Widge, A.T.; Jackson, L.A.; Roberts, P.C.; Makhene, M.; Chappell, J.D.; Denison, M.R.;

Stevens, L.J.; Pruijssers, A.J.; et al. Safety and Immunogenicity of SARS-CoV-2 mRNA-1273 Vaccine in Older Adults. N.
Engl. J. Med. 2020, 383, 2427–2438. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/vaccines10030402/s1
https://www.mdpi.com/article/10.3390/vaccines10030402/s1
https://www.efis.org/home.html
http://doi.org/10.1152/japplphysiol.00362.2020
http://www.ncbi.nlm.nih.gov/pubmed/32702272
http://doi.org/10.1016/j.cca.2020.05.044
http://www.ncbi.nlm.nih.gov/pubmed/32474009
http://doi.org/10.1056/NEJMoa2028436
http://www.ncbi.nlm.nih.gov/pubmed/32991794


Vaccines 2022, 10, 402 9 of 9

4. Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Pérez Marc, G.; Moreira, E.D.;
Zerbini, C.; et al. Safety and Efficacy of the BNT162b2 mRNA COVID-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [CrossRef]
[PubMed]

5. Barouch, D.H.; Stephenson, K.E.; Sadoff, J.; Yu, J.; Chang, A.; Gebre, M.; McMahan, K.; Liu, J.; Chandrashekar, A.; Patel, S.; et al.
Durable Humoral and Cellular Immune Responses 8 Months after Ad26.COV2.S Vaccination. N. Engl. J. Med. 2021, 385, 951–953.
[CrossRef]

6. Richards, N.E.; Keshavarz, B.; Workman, L.J.; Nelson, M.R.; Platts-Mills, T.A.E.; Wilson, J.M. Comparison of SARS-CoV-2
Antibody Response by Age Among Recipients of the BNT162b2 vs the mRNA-1273 Vaccine. JAMA Netw. Open 2021, 4, e2124331.
[CrossRef] [PubMed]

7. Oliveira-Silva, J.; Reis, T.; Lopes, C.; Batista-Silva, R.; Ribeiro, R.; Marques, G.; Pacheco, V.; Rodrigues, T.; Afonso, A.;
Pinheiro, V.; et al. Humoral response to the SARS-CoV-2 BNT162b2 mRNA vaccine: Real-world data from a large cohort
of healthcare workers. Vaccine 2022, 40, 650–655. [CrossRef] [PubMed]

8. Favresse, J.; Bayart, J.-L.; Mullier, F.; Elsen, M.; Eucher, C.; Van Eeckhoudt, S.; Roy, T.; Wieers, G.; Laurent, C.; Dogné, J.-M.; et al.
Antibody titres decline 3-month post-vaccination with BNT162b2. Emerg. Microbes Infect. 2021, 10, 1495–1498. [CrossRef]

9. Kotsias, F.; Cebrian, I.; Alloatti, A. Antigen processing and presentation. Int. Rev. Cell Mol. Biol. 2019, 348, 69–121. [CrossRef]
10. Crotty, S. T follicular helper cell differentiation, function, and roles in disease. Immunity 2014, 41, 529–542. [CrossRef]
11. Nutt, S.L.; Hodgkin, P.D.; Tarlinton, D.M.; Corcoran, L.M. The generation of antibody-secreting plasma cells. Nat. Rev. Immunol.

2015, 15, 160–171. [CrossRef] [PubMed]
12. Krensky, A.M.; Clayberger, C. Structure of HLA molecules and immunosuppressive effects of HLA derived peptides. Int. Rev.

Immunol. 1996, 13, 173–185. [CrossRef] [PubMed]
13. Ragone, C.; Meola, S.; Fiorillo, P.C.; Penta, R.; Auriemma, L.; Tornesello, M.L.; Miscio, L.; Cavalcanti, E.; Botti, G.;

Buonaguro, F.M.; et al. HLA Does Not Impact on Short-Medium-Term Antibody Response to Preventive Anti-SARS-CoV-2
Vaccine. Front. Immunol. 2021, 12, 734689. [CrossRef] [PubMed]

14. Ozaki, Y.; Suzuki, S.; Shigenari, A.; Okudaira, Y.; Kikkawa, E.; Oka, A.; Ota, M.; Mitsunaga, S.; Kulski, J.K.; Inoko, H. HLA-
DRB1,-DRB3,-DRB4 and-DRB5 genotyping at a super-high resolution level by long range PCR and high-throughput sequencing.
Tissue Antigens 2014, 83, 10–16. [CrossRef] [PubMed]

15. Suan, D.; Sundling, C.; Brink, R. Plasma cell and memory B cell differentiation from the germinal center. Curr. Opin. Immunol.
2017, 45, 97–102. [CrossRef]

16. Savage, P.A.; Klawon, D.E.J.; Miller, C.H. Regulatory T Cell Development. Annu. Rev. Immunol. 2020, 38, 421–453. [CrossRef]
[PubMed]

17. van der Helm-van Mil, A.H.M.; Huizinga, T.W.J.; Schreuder, G.M.T.; Breedveld, F.C.; de Vries, R.R.P.; Toes, R.E.M. An independent
role of protective HLA class II alleles in rheumatoid arthritis severity and susceptibility. Arthritis Rheum. 2005, 52, 2637–2644.
[CrossRef]

18. Sadegh-Nasseri, S.; Kim, A. Selection of immunodominant epitopes during antigen processing is hierarchical. Mol. Immunol.
2019, 113, 115–119. [CrossRef]

19. Garrido, P.; Ruiz-Cabello, F.; Bárcena, P.; Sandberg, Y.; Cantón, J.; Lima, M.; Balanzategui, A.; González, M.; López-Nevot, M.A.;
Langerak, A.W.; et al. Monoclonal TCR-Vβ13.1+/CD4+/NKa+/CD8−/+dim T-LGL lymphocytosis: Evidence for an antigen-driven
chronic T-cell stimulation origin. Blood 2007, 109, 4890–4898. [CrossRef]

20. Chai, H.C.; Phipps, M.E.; Chua, K.H. Genetic risk factors of systemic lupus erythematosus in the Malaysian population: A
minireview. Clin. Dev. Immunol. 2012, 2012, 963730. [CrossRef]

21. Castro-Santos, P.; Olloquequi, J.; Verdugo, R.A.; Gutiérrez, M.A.; Pinochet, C.; Quiñones, L.A.; Díaz-Peña, R. HLA-DRB1*07:01 and
*08:02 Alleles Confer a Protective Effect Against ACPA-Positive Rheumatoid Arthritis in a Latin American Admixed Population.
Biology 2020, 9, 467. [CrossRef] [PubMed]

22. Fernandez, C.A.; Smith, C.; Yang, W.; Daté, M.; Bashford, D.; Larsen, E.; Bowman, W.P.; Liu, C.; Ramsey, L.B.; Chang, T.; et al.
HLA-DRB1*07:01 is associated with a higher risk of asparaginase allergies. Blood 2014, 124, 1266–1276. [CrossRef] [PubMed]

23. Kutszegi, N.; Yang, X.; Gézsi, A.; Schermann, G.; Erdélyi, D.J.; Semsei, Á.F.; Gábor, K.M.; Sági, J.C.; Kovács, G.T.; Falus, A.; et al.
HLA-DRB1*07:01-HLA-DQA1*02:01-HLA-DQB1*02:02 haplotype is associated with a high risk of asparaginase hypersensitivity
in acute lymphoblastic leukemia. Haematologica 2017, 102, 1578–1586. [CrossRef] [PubMed]

24. Debes, A.K.; Xiao, S.; Colantuoni, E.; Egbert, E.R.; Caturegli, P.; Gadala, A.; Milstone, A.M. Association of Vaccine Type and
Prior SARS-CoV-2 Infection With Symptoms and Antibody Measurements Following Vaccination Among Health Care Workers.
JAMA Intern. Med. 2021, 181, 1660–1662. [CrossRef] [PubMed]

http://doi.org/10.1056/NEJMoa2034577
http://www.ncbi.nlm.nih.gov/pubmed/33301246
http://doi.org/10.1056/NEJMc2108829
http://doi.org/10.1001/jamanetworkopen.2021.24331
http://www.ncbi.nlm.nih.gov/pubmed/34473262
http://doi.org/10.1016/j.vaccine.2021.12.014
http://www.ncbi.nlm.nih.gov/pubmed/34952755
http://doi.org/10.1080/22221751.2021.1953403
http://doi.org/10.1016/bs.ircmb.2019.07.005
http://doi.org/10.1016/j.immuni.2014.10.004
http://doi.org/10.1038/nri3795
http://www.ncbi.nlm.nih.gov/pubmed/25698678
http://doi.org/10.3109/08830189609061746
http://www.ncbi.nlm.nih.gov/pubmed/8782740
http://doi.org/10.3389/fimmu.2021.734689
http://www.ncbi.nlm.nih.gov/pubmed/34386018
http://doi.org/10.1111/tan.12258
http://www.ncbi.nlm.nih.gov/pubmed/24355003
http://doi.org/10.1016/j.coi.2017.03.006
http://doi.org/10.1146/annurev-immunol-100219-020937
http://www.ncbi.nlm.nih.gov/pubmed/31990619
http://doi.org/10.1002/art.21272
http://doi.org/10.1016/j.molimm.2018.08.011
http://doi.org/10.1182/blood-2006-05-022277
http://doi.org/10.1155/2012/963730
http://doi.org/10.3390/biology9120467
http://www.ncbi.nlm.nih.gov/pubmed/33327594
http://doi.org/10.1182/blood-2014-03-563742
http://www.ncbi.nlm.nih.gov/pubmed/24970932
http://doi.org/10.3324/haematol.2017.168211
http://www.ncbi.nlm.nih.gov/pubmed/28596278
http://doi.org/10.1001/jamainternmed.2021.4580
http://www.ncbi.nlm.nih.gov/pubmed/34398173

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	References

