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Abstract

The clinical presentations of COVID-19 may range from an asymptomatic or mild infection
to a critical or fatal disease. Several host factors such as elderly age, male gender, and pre-
vious comorbidities seem to be involved in the most severe outcomes, but also an impaired
immune response that causes a hyperinflammatory state but is unable to clear the infection.
In order to get further understanding about this impaired immune response, we aimed to
determine the association of specific HLA alleles with different clinical presentations of
COVID-19. Therefore, we analyzed HLA Class | and I, as well as KIR gene sequences, in
72 individuals with Spanish Mediterranean Caucasian ethnicity who presented mild, severe,
or critical COVID-19, according to their clinical characteristics and management. This cohort
was recruited in Madrid (Spain) during the first and second pandemic waves between April
and October 2020. There were no significant differences in HLA-A or HLA-B alleles among
groups. However, despite the small sample size, we found that HLA-C alleles from group C1
HLA-C*08:02, -C*12:03, or -C*16:01 were more frequently associated in individuals with
mild COVID-19 (43.8%) than in individuals with severe (8.3%; p = 0.0030; pc = 0.033) and
critical (16.1%; p = 0.0014; pc = 0.0154) disease. C1 alleles are supposed to be highly effi-
cient to present peptides to T cells, and HLA-C*12:03 may present a high number of verified
epitopes from abundant SARS-CoV-2 proteins M, N, and S, thereby being allegedly able to
trigger an efficient antiviral response. On the contrary, C2 alleles are usually poorly
expressed on the cell surface due to low association with B2-microglobulin (32M) and pep-
tides, which may impede the adequate formation of stable HLA-C/B2M/peptide
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heterotrimers. Consequently, this pilot study described significant differences in the pres-
ence of specific HLA-C1 alleles in individuals with different clinical presentations of COVID-
19, thereby suggesting that HLA haplotyping could be valuable to get further understanding
in the underlying mechanisms of the impaired immune response during critical COVID-19.

Introduction

In 2019, the severe acute respiratory syndrome (SARS) coronavirus type 2 (SARS-CoV-2)
emerged, becoming the etiological agent of the major pandemic in this century. More than 296
million people have passed the coronavirus disease 2019 (COVID-19) worldwide so far, with
approximately 5.4 million deaths [1]. These numbers are rapidly increasing due to new emer-
gent variants such as Omicron [2]. Not all the individuals respond similarly to SARS-CoV-2
infection and, therefore COVID-19 may have different presentations, ranging from an asymp-
tomatic infection to a critical or fatal disease [3]. Although it is still uncertain why some indi-
viduals develop the most severe forms of the disease, an anomalous innate immune response
that ends in a cytokine storm seems to be a major cause for a poor prognosis [4,5]. Accord-
ingly, high levels of interleukin (IL)-7, IL-6, ferritin, or C reactive protein (CRP) have been
detected in the plasma of individuals with severe COVID-19 [6,7]. On the contrary, these
patients usually show low levels of cytokines related to T-cell antiviral activity, such as IL-2, IL-
12 or interferon (IFN)-vy [8], as well as reduced antiviral responses mediated by IFN type-I and
-IIT [9,10]. Consequently, this defective immune response would not only be unable to clear
the infection by SARS-CoV-2, but patients may even experience the reactivation of latent her-
pesvirus infections [11]. For a long time, the only treatment available for the hyper inflamma-
tion state derived from SARS-CoV-2 infection has been corticosteroids such as
dexamethasone [12], but recently, the Food and Drug Administration (FDA) has approved the
oral administration of nirmatrelvir and ritonavir for the emergency treatment of mild-to-mod-
erate COVID-19 in children and adults who present high risk for progression to severe
COVID-19, as well as oral molnupiravir for adults [13,14].

Within the host factors that may influence the susceptibility to develop the most severe
forms of COVID-19, the human leukocyte antigen (HLA) complex has been appointed as a
potential candidate [15]. The HLA complex is formed by highly polymorphic genes located on
chromosome 6 that encode glycoproteins that regulate the immune response by presenting
exogenous and endogenous peptides to T lymphocytes and Natural Killer (NK) cells [16].
HLA genes are inherited as a group known as haplotype [17]. Classical HLA class I glycopro-
teins A, B, and C are expressed on the surface of all nucleated cells in association with the
invariant B2 microglobulin (B2M), a protein encoded in chromosome 15 that stabilizes the ter-
tiary structure of these molecules [18,19]. On the other hand, HLA class II glycoproteins DR,
DQ, DM, DO, and DP are located only on the surface of professional antigen presenting cells
(APCs) such as macrophages, B cells and dendritic cells [20]. HLA class I glycoproteins mostly
present intracellular small peptides to CD8+ T cells, such as those derived from a viral infec-
tion [18,21], whereas HLA class II glycoproteins mostly present exogenous peptides to CD4
+ T cells, which would induce a humoral response through the activation of specific B cells
[22,23]. HLA-C molecules are also recognized by NK cells, thereby acting mostly as ligands for
the Killer Inmunoglobulin-like Receptors (KIRs) that are expressed on the cell surface [24]
and participate in the activation or inhibition of these cells [25].

An efficient presentation of peptides by HLA molecules to the cells of the immune system is
essential to initiate a potent and effective response against pathogens such as SARS-CoV-2 in
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order to swiftly clear the infection. However, due to the high polymorphism of HLA, not all
molecules are equally effective to generate an efficient response. More than 24,000 HLA alleles
have been reported so far, mostly within HLA class I [26]. In the Spanish population, HLA-B
shows the greatest allele number, whereas HLA-A and -C show the major polymorphism [27].
HLA-B and -C alleles are hierarchically classified according to the amino acid residues located
at positions 77 and 80-83 of the peptide-binding pocket. Therefore, HLA-B is traditionally
subdivided into -Bw6 (Ser’” and Asn®°) and -Bw4 epitopes [28] that are characterized by at
least seven different patterns of amino acid exchanges in these positions, whereas HLA-C
alleles are subdivided into groups C1 and C2, which are mutually exclusive. Alleles from group
C1 contain Ser”” and Asn® and are ligands for the inhibitory KIR2DL2 and -2DL3, as well as
for the activating KIR2DS2, whereas alleles from group C2 contain Asn’” and Lys® [29] and
are ligands for the inhibitory KIR2DL1 and activating KIR2DS1 [30]. As a major characteristic,
HLA-C molecules show a distinctly lower expression on the cell surface in comparison with
HLA-A and -B molecules, most likely due to low mRNA expression, poor assembly with f2M,
or restricted peptide binding that leads to the accumulation of misfolded intermediates in the
endoplasmic reticulum [31].

The potential role of HLA molecules in the different susceptibility to infectious diseases has
been described for several alleles [32,33]. In fact, the expression of specific HLA-B and -C
alleles have been associated with higher resistance to infection by the human immunodefi-
ciency virus type 1 (HIV-1) [34-36] and with the spontaneous clearance of hepatitis C virus
(HCV). Moreover, the presence or absence of specific HLA class I and II molecules appear to
be essential for the immune response against respiratory infections such as tuberculosis
[37,38], influenza [39], or the first SARS-CoV. In the latter case, the expression of specific
HLA alleles such as HLA-B*07:03 and -B*46:01 may confer a higher predisposition to develop
severe SARS [40,41], whereas the presence of HLA-C*15:02 may have a protective effect [42].
Regarding the specific association of HLA alleles with COVID-19, healthy individuals carrying
HLA-B*44 and/or -C*01 (group C1) may be more susceptible to be infected with SARS-CoV-2
and to spread the infection within the population [43]. Other HLA-C alleles from group
HLA-CI have been described to show a higher degree of recognition of SARS-CoV-2 peptides
[44], and HLA-C*01 has also been correlated with a higher mortality during COVID-19 [45]
in the Spanish population.

During the first COVID-19 pandemic peak (April to May 2020), Spain was one of the Euro-
pean countries more severely affected, with approximately 100 excess deaths per 100,000 peo-
ple [46] and a case fatality rate 2.3% higher than the average rate in the neighboring countries
[47]. The causes for this nearly 38% of relative increased death have not been completely eluci-
dated yet. Therefore, in this pilot study, we analyzed the potential association between the dif-
ferent clinical presentations of COVID-19 and the presence of specific HLA and KIR alleles in
a cohort of Spanish Mediterranean Caucasian individuals who were recruited during the first
wave of SARS-CoV-2. This information could be useful to identify predictive biomarkers for
COVID-19 severity and to further understand the underlying pathogenesis of this emergent
disease.

Materials and methods
Patients

Blood samples were obtained from 72 individuals with Spanish ethnicity (Mediterranean Cau-
casian origin) who developed different presentations of COVID-19. All patients were recruited
in Madrid (Spain) after the first pandemic peak and at the beginning of the second wave,
between April and October 2020. The inclusion criteria were to have a positive SARS-CoV-2

PLOS ONE | https://doi.org/10.1371/journal.pone.0272867  August 12, 2022 3/20


https://doi.org/10.1371/journal.pone.0272867

PLOS ONE

HLA-C alleles and COVID-19 severity

qRT-PCR assay in nasopharyngeal smear and to be older than 18 years old at the moment of
sampling. Twenty-four participants were asymptomatic or showed mild symptoms of
COVID-19 and hospitalization was not required, whereas 48 patients were hospitalized due to
the severity of the symptoms. Hospitalized patients were classified as severe (n = 17) or critical
(n = 31), based on COVID-19 evolution during hospitalization. Patients with critical COVID-
19 were those who needed intensive care, invasive mechanical ventilation, and/or died due to
complications of the disease. Main demographic and clinical characteristics of all individuals
recruited for this study are summarized in Table 1.

Ethical statement

The individuals with the most severe forms of COVID-19 were recruited from Hospital Uni-
versitario Ramodn y Cajal, Hospital Universitario Puerta de Hierro, and Hospital de El Escorial
(Comunidad de Madrid, Spain). Participants with mild COVID-19 were recruited at the Pri-
mary Healthcare Center Doctor Pedro Lain Entralgo (Alcorcén, Madrid, Spain). All patients
gave informed written consent to participate in the study or witnessed oral consent with writ-
ten consent by a representative to avoid handling contaminated documents. The confidential-
ity and anonymity of all participants were secured by Current Spanish and European Data
Protection Acts. Protocol for this study (CEI PI 32_2020-v2) was prepared in accordance with
the Helsinki Declaration and previously reviewed and approved by the Ethics Committees of
Instituto de Salud Carlos III (IRB IORG0006384) and all participating hospitals.

DNA isolation and HLA genotyping

Whole genomic DNA was isolated from blood using QIAamp DNA Blood Mini Kit (Qiagen
Iberia, Madrid, Spain). Intermediate HLA genotyping resolution (four digits, the correspond-
ing “P” for every 2™ field allele typing was discarded to clarify the text) was performed with
2ug of genomic DNA using LinkSéq™ HLA ABCDRDQB1 384 kit (One Lambda, Thermo
Fisher Scientific Espaia, Madrid, Spain), which allows testing human class I classical HLA-A,
-B, -C alleles and class II-DR, -DQ and-DP alleles, including Bw4 and Bw6 genotypes. gPCR
was performed using QuantStudio 5 Real-Time PCR System (Thermo Fisher Scientific),

Table 1. Demographic and clinical data of participants with different presentations of COVID-19 who were
recruited for the study.

Mild Severe Critical
Male/Female (n) 10/14 11/6 20/11
Median age (years) 47.5 (IQR 32.8-58.8) | 72.0 (IQR 68.0-86.5) | 65.0 (IQR 58.0-72.0)
Days from clinical onset to sample 88.5 (IQR 79.8-95.0) | 23.0 (IQR 9.3-39.3) | 35.0 (IQR 20.0-53.0)
Median length of hospitalization (days) N/A 17.0 (IQR 8.5-28.5) | 48.0 (IQR 32.0-81.0)
Median length at the ICU (days) N/A N/A 43.5 (IQR 21.3-59.0)
Pneumonia (Yes/No/UD) 2/21/1 14/3/0 26/3/2
Invasive mechanical ventilation (Yes/No/UD) 0/24/0 1/16/0 25/5/1
DIC (Yes/No/UD) 0/24/0 5/12/0 1/29/1
Dyslipidemia (Yes/No/UD) 6/18/0 5/12/0 14/15/2
Diabetes (Yes/No/UD) 1/23/0 4/13/0 1/27/3
Hypertension (Yes/No/UD) 4/20/0 10/7/0 14/15/2
Exitus (Yes/No) 0/24 0/17 14/17

DIC, Disseminated intravascular coagulation; ICU, Intensive Care Unit; IQR: Interquartile range; N/A. Not

applicable; UD, Undetermined.

https://doi.org/10.1371/journal.pone.0272867.t001
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according to manufacturer’s instructions and using the following conditions: 95°C, 2 min; 36
cycles: 95°, 15 seconds; 64°C, 1 min. A dissociation profile was added using the following con-
ditions: 95°C, 15 seconds; 65°C, 30 seconds. The dissociation data corresponding to the melt
curve were collected per well between 65°C and 95°C using QuantStudio™ Design & Analysis
Software (Thermo Fisher Scientific). These data were exported to SureTyper software (One
Lambda) for the interpretation and identification of HLA alleles.

HLA haplotyping

Statistical analysis was performed with Arlequin v3.5 software [48]. In brief, this program cal-
culates HLA allele frequencies, Hardy-Weinberg equilibrium (HWE), which assumes random
mating within the population, and the linkage disequilibrium between n alleles at n different
loci and their level of significance (p) for 2x2 comparisons to establish the 2, 3 and 4 loci asso-
ciations. In addition, the most frequent complete extended haplotypes were deduced from: 1)
2-loci HLA haplotype frequencies, 2) from the previously described haplotypes in other popu-
lations; and 3) from the haplotypes if they appeared in two or more individuals and the alter-
native haplotype was well defined [49].

KIR genotyping

KIR genotyping was performed with 360 ng of genomic DNA using LinkSeq KIR Typing kit
(One Lambda, Thermo Fisher Scientific). This kit allows testing all 15 human KIR genes and 2
pseudogenes, including both full length and deleted forms of 3DP1 and 2DS4 and allele-spe-
cific variants in 3DL1, 2DL1. qPCR was performed using StepOne Real-Time PCR System
(Thermo Fisher Scientific) according to manufacturer’s instructions and using the following
conditions: 95°C, 2 min; 36 cycles: 95°, 15 seconds; 64°C, 1 min. A dissociation profile was
added (95°C, 15 seconds; 65°C, 30 seconds) and dissociation data corresponding to the melt
curve of the amplification were collected per well between 65°C and 95°C using StepOne Plus
software v2.3. These data were exported to SureTyper software (One Lambda) for interpreta-
tion and identification of KIR genotypes.

HLA class I epitope prediction and analysis

HLA class I epitopes between 8-12 residues for the whole reference SARS-CoV-2 proteome
(Wuhan-1; RefSeq: NC_045512.2) were predicted for all HLA class I alleles observed in the
patient cohort using the NetMHCpan-4.1 server that may predict the binding of the viral pep-
tides to any known MHC molecule using artificial neural networks [50]. Binding epitopes
were considered those with rank < 0.5 and score > 0.5. Redundant epitopes for the same allele
and sharing the same peptide core but distinct total lengths and lower scores, were ignored.
Experimentally validated epitopes were downloaded from the Immune Epitope Database and
Analysis Resource (Last accession: 19/03/2021) [51], using the following search terms: Epi-
topes: "Any epitopes”; Assay: "T Cell", "MHC Ligand" and outcome: "Positive"; MHC Restric-
tion: "MHC Class I'; Host: "Human"; Disease "COVID-19 [52]". Predicted epitopes were
considered as validated when there was a validated epitope that shared perfect matching pro-
tein coordinates. Distribution of HLA alleles in mild, severe and critical COVID-19 was repre-
sented with GraphPad Prism software (GraphPad Software Inc.).

HLA-C alleles 3D modelling

The three-dimensional (3D) structure of HLA-C*07:02 was obtained from the Protein Data
Bank (PDB) (PDB code: 6PA1) [53] to be used as a template, and it was visualized using the
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PyMOL Molecular Graphics System, 2.0 (Schrodinger, LLC). Mutagenesis in silico was per-
formed in this template to obtain model 3D structures for consensus sequences, including key
pocket residues of HLA-C*08:02 (group C1) and HLA-C*07:02 (group C2) alleles in order to
determine the modifications produced in the binding pocket due to amino acid exchanges.
Amino acids at positions 9, 11, 24, 77, 80, 90, 94, and 95 were selected as key residues in the
structure of HLA-C pockets and the amino acid sequences of HLA-C alleles, as well as the cor-
responding multiple alignments, were obtained from the Immuno Polymorphism database
(IPD)- Immunogenetics (IMGT)/HLA Database (EMBL-EBI, Wellcome Genome Campus,
Hinxton, UK) [26].

Statistical analysis

Statistical significance between groups was determined by comparing the data obtained in the
groups of individuals with severe and critical presentations of COVID-19 with the data
obtained from the individuals who had mild or asymptomatic COVID-19. Categorical data
were expressed as percentages, and the median was used to describe tendency. Statistical sig-
nificance for two-row by two-column (2x2) contingency table was determined by Fisher’s
exact test or chi-square test using Graph Pad Prism 8.0 (Graph Pad Software Inc., San Diego,
CA). Alleles with counts less than five in every group were combined into a common group
before computing the test. Significance levels were corrected by Bonferroni correction. For
each HLA haplotype the corrected P value (Pc) was calculated by multiplying the P value
obtained with the two-tailed chi-square or Fisher’s exact test by the number of tested allelic
combinations. pc<0.05 were considered statistically significant in all comparisons.

Results
Patients’ characteristics

Seventy-two patients of Spanish Mediterranean Caucasian origin who were diagnosed with
COVID-19 by positive qRT-PCR were recruited for this study between April and October
2020. The most relevant demographic and clinical characteristics of all participants are sum-
marized in Table 1 and all detailed characteristics for non-hospitalized and hospitalized indi-
viduals are shown in S1 and S2 Tables, respectively. The individuals were classified into three
groups depending on the medical assistance they received and according to the progression of
the disease. Twenty-four patients received primary health assistance from Primary Healthcare
Centers, and they were homebound until the resolution of the symptoms or a negative
qRT-PCR test for SARS-CoV-2 (henceforth, Mild COVID-19). 58.3% of these individuals
were females with a median age at diagnosis of 47.5 years (IQR 32.8-58.8). Median days from
clinical onset to sample acquisition was 88.5 days (IQR 79.8-95.0). Forty-eight patients were
hospitalized due to COVID-19 severity. Of these individuals, 31 were categorized as critical
and admitted to the Intensive Care Unit (ICU) (henceforth, Critical COVID-19), whereas the
rest of hospitalized individuals (n = 17) presented severe forms of COVID-19 but without
requiring admission to the ICU (henceforth, Severe COVID-19). Most severe and critical
patients were males (64.7% and 64.5%, respectively), with median age at diagnosis of 72.0
(IQR 68.0-86.5) and 65.0 (IQR 58.0-72.0) years, respectively. Median number of days from
clinical onset to sample acquisition was 23.0 (IQR 9.3-39.3) and 35.0 (IQR 20.0-53.0) days in
severe and critical, respectively. Median length of hospitalization was 17.0 (IQR 8.5-28.5) and
48.0 (IQR 32.0-81.0) days in severe and critical patients, respectively. Median length of hospi-
talization at the ICU was 43.5 days (IQR 21.3-59.0) in critical patients. Fourteen individuals
with critical COVID-19 (45.2%) expired due to complications of the disease. The most com-
mon symptoms showed by individuals with mild COVID-19 were asthenia (75%), fever
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(58.3%), and cough (58.3%). Most individuals with mild COVID-19 did not develop pneumo-
nia (87.5%), whereas pneumonia (82.4%) and cough (52.9%) were the most frequent symp-
toms in severe patients and pneumonia (83.9%), fever (74.2%), and cough (67.7%) were the
most frequent symptoms in critical individuals. Among the potential risk factors for develop-
ing severe forms of COVID-19, dyslipidemia was present in 25.0%, 29.4%, and 45.2% of indi-
viduals with mild, severe, and critical COVID-19, respectively, whereas arterial hypertension
was present in 16.7%, 64.7%, and 45.2%, respectively.

HLA allele frequencies

HLA class I and II allele frequencies were analyzed in individuals with mild, severe and critical
COVID-19 and the statistical significance of the comparison between the groups with severe
and critical COVID-19 and the group with mild COVID-19 was calculated by Fisher’s exact
test or chi-square test 2x2 and corrected by Bonferroni correction (Table 2). The most com-
mon HLA-C alleles in our cohort were HLA-C*04:01 and -C*05:01, but no significant differ-
ences were found for the frequency of these alleles in the comparison between groups.
However, the presence of HLA-C*08:02 was significantly higher in individuals with mild
COVID-19 (18.8%) in comparison with individuals with critical COVID-19 (1.6%; p = 0.0024;
pc = 0.0240). The most common HLA-B alleles in our cohort were HLA-B*44:03 and
-B*18:01, but no significant differences were found for the frequency of these alleles between
groups. The frequency of HLA-B rare alleles was higher in individuals with severe COVID-19
(82.4%) regarding those with mild COVID-19 (54.2%; p = 0.0080; pc = 0.0400), but no signifi-
cance in the comparison between mild and critical COVID-19 was achieved. The most fre-
quent HLA-A allele in our cohort was HLA-A*02:01, whereas the most frequent HLA class II
alleles were DRB1*07:01 and *03:01, but no significant differences were observed in the com-
parison between groups for these alleles.

The frequency of associations between specific HLA-A, -B and -C alleles that may interact
with KIRs was also analyzed and the statistical significance of the comparison between the
groups with severe and critical COVID-19 and the group with mild COVID-19 was calculated
by Fisher’s exact test or chi-square 2x2 (Table 3). The frequency of associations between
HLA-C*08 or -C*12 alleles was significantly higher in individuals with mild COVID-19
(33.3%) than in individuals with critical COVID-19 (8.1%) (p = 0.0008; pc = 0.0088). More-
over, specific HLA-C*08:02 or -C*12:03 alleles were more frequent in 31.3% of individuals
with mild COVID-19, in comparison with 3.2% (p = 0.0001; pc = 0.0010) of individuals with
critical disease. These differences were still significant in the comparison between groups
when the frequency of the association between alleles HLA-C*08:02, HLA-C*12:03 or
HLA-C*16:01 was analyzed, being more frequent in individuals with mild COVID-19 (43.8%)
than in individuals with severe (8.3%; p = 0.0030; pc = 0.0330) or critical COVID-19 (16.1%;

p = 0.0014; pc = 0.0154).

HLA haplotype frequencies

HLA complex is highly stable and allows little recombination between genes. Therefore, the
most frequent HLA haplotypes were deduced from the two HLA loci haplotype frequencies
[49]. The extended HLA haplotypes that were more frequent in our cohort are summarized in
Table 4. No significant differences were observed in the comparison between groups. Although
we also observed a different haplotype pattern in the frequency of HLA-B genotypes -Bw4 and
-Bw6 amongst the different groups of patients, these results did not reach statistical signifi-
cance between the groups (S1 Fig).
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Table 2. HLA class I and II allele frequencies in individuals with mild, severe and critical COVID-19 who were recruited for this pilot study. The statistical signifi-
cance of the comparisons between the allele frequencies of groups of individuals with severe and critical COVID-19 and the group of individuals with mild COVID-19 was
calculated using Fisher’s exact test or chi-square test 2x2. Significance levels were corrected by Bonferroni correction. Significant pc <0.05 are highlighted in bold font.

Mild COVID-19 Severe COVID-19 Critical COVID-19 Mild vs Severe Mild vs Critical Mild vs Severe Mild vs Critical

p-value p value pc-value pc value
n=48 n=34 n=62
Class 1 n (%) n (%) n (%) 0.0857 0.4099 ns ns
A*02:01 15 (31.3) 5(14.7) 15 (24.2) 0.6883 0.5087 ns ns
A*03:01 3(6.3) 3(8.8) 7 (11.3) 1 0.1346 ns ns
A*11:01 1(2.1) 1(2.9) 7 (11.3) 0.1463 1 ns ns
A*23:01 4(8.3) 0 (0) 5(8.1) 0.7669 1 ns ns
A*24:02 7 (14.6) 6 (17.6) 8 (12.9) 1 1 ns ns
A*29:02 4(8.3) 2(5.9) 5(8.1) 0.0553 0.5571 ns ns
Rare alleles 14 (29.2) 17 (50.0) 15 (24.2) 1 0.4619 ns ns
B*07:02 2(4.2) 1(2.9) 6 (9.7) 0.0378 0.0203 0.1890 0.1015
B*14:01 7 (14.6) 0 (0) 1(1.6) 1 0.8980 ns ns
B*18:01 5 (10.4) 4(11.8) 6 (9.7) 0.0734 0.2754 ns ns
B*44:03 8 (16.7) 1(2.9) 6(9.7) 0.0080 0.1023 0.0400 ns
Rare alleles 26 (54.2) 28 (82.4) 43 (69.4) 0.6382 1 ns ns
C*02:02 3(6.3) 1(2.9) 5(8.1) 0.1866 0.5461 ns ns
C*04:01 4(8.3) 7 (20.6) 8 (12.9) 0.6937 0.5223 ns ns
C*05:01 5(10.4) 2(5.9) 9 (14.5) 0.0770 1 ns ns
C*06:02 1(2.1) 5(14.7) 2(3.2) 0.0296 0.4655 0.2960 ns
C*07:01 2(4.2) 7 (20.6) 5(8.1) 0.4411 0.7288 ns ns
C*07:02 3(6.3) 4(11.8) 6 (9.7) 0.0405 0.0024 0.4050 0.0240
C*08:02 9 (18.8) 1(2.9) 1(1.6) 0.4593 0.0417 ns 0.4170
C*12:03 6 (12.5) 2(5.9) 1(1.6) 0.2301 1 ns ns
C*16:01 6 (12.5) 1(2.9) 8 (12.9) 0.5427 0.3672 ns ns
Rare alleles 9 (18.8) 4(11.8) 17 (27.4) 1 0.4998 ns ns
Class I1 n=48 n=32 n=62 0.2292 0.3664 ns ns
DRBI1%03:01 n (%) n (%) n (%) 0.5607 0.2290 ns ns
DRBI*07:01 5 (10.4) 4(12.5) 4(6.5) 0.4288 0.5087 ns ns
DRBI1*13:01 13 (27.1) 5(15.6) 12 (19.4) 0.9271 0.9440 ns ns
DRBI*15:01 1(2.1) 2(6.2) 5(8.1) 0.0286 0.0107 0.1430 0.0642
Rare alleles 3(6.3) 4(12.5) 7 (11.3) 0.2890 0.5223 ns ns
DQB102:02 26 (54.2) 17 (53.1) 34 (54.8) 0.7070 0.1744 ns ns
DQBI*03:01 15 (31.8) 3(13.9) 11 (14.5) 0.6788 0.7288 ns ns
DQB1%03:02 5(11.4) 6(19.4) 9 (14.5) 1 0.4619 ns ns
DQBI*06:02 4(9.1) 4(13.9) 11 (18.2) 0.7107 0.3282 ns ns
DQBI*06:03 3(6.8) 3(8.3) 6(10.9)
Rare alleles 2 (0) 2 (0) 6(9.1)
19 (39.6) 14 (43.8) 19 (30.6)

n: Number of alleles.

HLA-A rare alleles: *01:01; *02:02; *25:01; *26:01; *29:01; *30:01; *30:02; *32:01; *33:01; *66:01; *68:01; *68:02; *69:01.

HLA-B rare alleles: *07:01; *07:05; *08:01; *14:02; *15:01; *15:03; *15;16; *27:05; *35:01; *35:02; *35:03; *35:05; *38:01;*39:01; *39:03; *39:05; *40:01; *40:02; *40:06;
*41:02; *44:02; *45:01; *47:01; *48:01; *49:01; *50:01; *50:02; *52:01; *53:01; *55:01; *57:01; *58:01; *67:01.

HLA-C rare alleles: *01:02; *03:02; *03:03; *03:04; *08:01; *12:02; *14:02; *15:02; *15:05; *16:02; *17:01.

HLA-DRBI rare alleles: “01:01; *01:02; *01:03: *04:01; *04:02; *04:04; *04:05; *04:06; *04:11; *08:02; *08:04; *10:01; *11:01; *11:02; *11:04; *12:01; *13:02; *13:03; *14:01;
*14:02; *15:02; *16:01.

HLA-DQBI rare alleles: *02:10; *03:03; *04:02; *05:01; *05:02; *05:03; *06:01; *06:04; *06:09.

https://doi.org/10.1371/journal.pone.0272867.1002

Association between KIR genes and alleles and clinical presentations of
COVID-19

The association between specific KIR genes and alleles and the different presentations of
COVID-19 was analyzed. Due to the low quantity of DNA available in some samples, KIR gen-
otyping could only be performed in 55 patients of our cohort (mild, n = 18; severe, n = 17; crit-
ical, n = 20). No significant differences were observed between the frequencies of thirty alleles
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Table 3. Frequency of the associations between specific HLA class I alleles that may interact with KIR in individuals with mild, severe and critical COVID-19. The
statistical significance of the comparisons between the frequencies of these allele combinations in the groups of individuals with severe and critical COVID-19 and the
group of individuals with mild COVID-19 was calculated using Fisher’s exact test or chi-square 2x2. Significance levels were corrected by Bonferroni correction. Significant
pc <0.05 are highlighted in bold font.

HLA alleles Mild COVID- | Severe COVID- | Critical COVID- Mild vs Mild vs Mild vs Mild vs
19 19 19 Severe Critical Severe Critical
n=48 n=34 n=62 p-value p-value pc-value pc-value
n (%) n (%) n (%)
HLA-A*03 or HLA-A*11 4(8.3) 4(11.8) 14 (22.6) 0.7125 0.0675 ns ns
HLA-B*14 or HLA-B*18 14 (29.2) 5(14.7) 8(12.9) 0.1263 0.0344 ns ns
HLA-B*35 or HLA-B*49 3(6.3) 8 (23.5) 8(12.9) 0.0237 0.3424 0.2607 ns
HLA-C*08 or HLA-C*12 16 (33.3) 3(8.8) 5(8.1) 0.0154 0.0008 0.1694 0.0088
HLA-C*05 or HLA-C*16 11 (22.9) 3(8.8) 18 (29.0) 0.1375 0.4703 ns ns
HLA-C*06 or HLA-C*07 6 (12.5) 16 (47.1) 11 (17.7) 0.0008 0.4507 0.0088 ns
HLA-B*14:01 or HLA-B*18:01 12 (25.0) 4(11.8) 7 (11.3) 0.1658 0.0592 ns ns
HLA-C*08:02 or HLA-C*12:03 15 (31.3) 3(8.8) 2(3.2) 0.0168 0.0001 0.1848 0.0010
HLA-C*05:01 or HLA-C*16:01 11 (22.9) 3(8.8) 17 (27.4) 0.1375 0.5908 ns ns
HLA-C*06:02 or HLA-C*07:01 3(6.3) 12 (35.3) 7 (11.3) 0.0012 0.5087 0.0132 ns
HLA-C*08:02 or HLA-C*12:03 or 21 (43.8) 4(8.3) 10 (16.1) 0.0030 0.0014 0.0330 0.0154

HLA-C*16:01
n: Number of alleles.

https://doi.org/10.1371/journal.pone.0272867.1003

of fifteen KIR loci and two pseudogenes in the groups of individuals with severe and critical
COVID-19 in comparison with the group of individuals with mild COVID-19 (Table 5).

Association between HLA-C alleles and COVID-19 presentations

Some HLA-C alleles can be divided into two large groups according to the amino acids located
at positions 77 and 80 when they are considered as ligands for KIRs. Alleles from group C1
contain Ser’” and Asn®*® (HLA-C*01; *03; *08; *12; * 14, and *16), whereas alleles from group
C2 contain Asn’” and Lys® (HLA-C*02; *04; *05; *06; *07; *15; *17, and *18) [29]. When the
frequency of hetero- and homozygosis of HLA-C1 and/or -C2 alleles was analyzed in the

Table 4. Most common HLA haplotypes observed in individuals with mild, severe and critical COVID-19. The statistical significance of the comparisons between the
frequencies of these haplotypes in the groups of individuals with severe and critical COVID-19 and the group of individuals with mild COVID-19 was calculated using
Fisher’s exact test 2x2. Significance levels were corrected by Bonferroni correction. Significant pc <0.05 are highlighted in bold font.

HLA Haplotypes Mild COVID- | Severe COVID- | Critical COVID- Mild vs Mild vs Mild vs Mild vs
19 19 19 Severe Critical Severe Critical
n=48 n=34 n =60 p-value p-value pc-value pc-value
n (%) n (%) n (%)
A*x B*07:02 C*07:02 DRB1*15:01 1(2.1) 2(5.9) 4(6.7) 0.1545 0.3842 ns ns
DQB1*06:02
A*x B14:01 C*08:02 DRB1*07:01 6(12.6) 0(0) 1(1.7) 0.0389 0.0417 0.2723 0.2919
DQB1%02:02
A*x B44:03 C*16:01 DRB1*07:01 5(10.5) 1(2.9) 1(1.7) 0.3927 0.0840 ns ns
DQB1*02:02
A*x B*44:03 C*x DRB1*07:01 7 (14.7) 1(2.9) 1(1.7) 0.1311 0.0203 ns 0.1421
DQB1*02:02
A*x B18:01 C*05:01 DRB1*03:01 3(6.3) 1(2.9) 5(8.3) 0.6382 1 ns ns
DQB1%02:01
B*14:01 C*08:02 7 (14.7) 0 (0) 1(1.7) 0.1311 0.0203 ns 0.1421
B*44:03 C*16:01 6 (12.6) 2(5.9) 3(5.0) 0.4593 0.1747 ns ns

n: Number of alleles.

https://doi.org/10.1371/journal.pone.0272867.t1004
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Table 5. KIR genes and alleles identified in individuals with mild, severe and critical COVID-19. The statistical significance of the comparisons between the frequen-
cies of KIR genes and alleles in the groups of individuals with severe and critical COVID-19 and the group of individuals with mild COVID-19 was calculated using Fisher’s

exact test 2x2. Significance levels were corrected by Bonferroni correction.

KIR Mild Severe Critical | Mildvs | Mildvs | Mildvs | Mild vs KIR Mild Severe Critical | Mildvs | Mildvs | Mildvs | Mildvs
genes | COVID-19 | COVID-19 | COVID-19 | Severe | Critical | Severe | Critical | alleles | COVID-19 | COVID-19 | COVID-19 @ Severe | Critical | Critical | Critical
n=18 n=17 n=20 p-value | p-value | pc-value | pc-value n=18 n=17 n=20 p-value | p-value | pc-value | pc-value
n (%) n (%) n (%) n (%) n (%) n (%)
20 (100)

2DL1 | 17(94.4) | 16(94.1) | 20 (100) 1 0.4737 ns ns 2DL1- | 17(94.4) | 16 (94.1) 0(0) 1 0.6062 ns ns
2DL2 | 10(55.5) 10 (58.8) 13 (65.0) 1 0.7409 ns ns 001.1 0(0) 0(0) 17 (85.0) 1 1 ns ns
2DL3 | 15(83.3) 14 (82.4) 19 (95.0) 1 0.3282 ns ns 2DL1- 15 (83.3) 14 (82.4) 8(40.0) 1 1 ns ns
2DL4 | 18(100) | 17(100) 20 (100) 1 1 ns ns 028.1 | 5(27.8) 4(23.5) 13 (65.0) 1 0.5064 ns ns
2DL5 | 13(72.2) 10 (58.8) 12 (60.0) 0.4887 0.5064 ns ns 2DL1- 10 (55.6) 10 (58.8) 13 (65.0) 1 0.7409 ns ns
2DP1 | 16(88.9) | 16(94.1) | 20(100) 1 0.2176 ns ns 021.1 | 10(55.6) | 10(58.8) | 19(95.0) 1 0.7409 ns ns
2DS1 | 12(66.7) 9(52.9) 7 (35.0) 0.4998 0.1031 ns ns 2DL1- 15(83.3) 14 (82.4) 0(0) 1 0.3282 ns ns
2DS2 | 10(55.6) | 10(58.8) | 11(55.5) 1 1 ns ns 022.1 0(0) 3(17.6) 20(100) | 0.1039 1 ns ns
2DS3 5(27.8) 3(17.6) 8 (40.0) 0.6906 0.5064 ns ns 2DL2- 18 (100) 17 (100) 11 (55.0) 1 1 ns ns
2DS4 | 18 (100) 14 (82.4) 19 (95.0) 0.1039 1 ns ns 002.1 12 (66.7) 11 (64.7) 8(40.0) 1 0.5216 ns ns
2DS5 | 8 (44.4) 8 (47.1) 8 (40.0) 1 1 ns ns 2DL2- | 8(44.4) 9 (52.9) 7(35.0) | 0.7395 1 ns ns
3DL1 18 (100) 15 (88.2) 20 (100) 0.2286 1 ns ns 029.1 9 (50.0) 8(47.1) 0(0) 1 0.5118 ns ns
3DL2 | 18(100) | 17(100) 20 (100) 1 1 ns ns 2DL3- 0(0) 0(0) 2(10.0) 1 1 ns ns
3DL3 | 18(100) 17 (100) 20 (100) 1 1 ns ns 003.1 0(0) 0(0) 20 (100) 1 0.4879 ns ns
3DP1 | 18(100) | 17(100) 20 (100) 1 1 ns ns 2DL3- | 16(88.9) | 16 (94.1) 7 (35.0) 1 0.2176 ns ns
3DS1 | 9(50.0) 7 (41.2) 7(35.0) | 0.7380 | 0.5118 ns ns 027.1 | 12(66.7) | 10(58.8) | 11(555) | 07332 | 0.1031 ns ns

2DL4- 10 (55.6) 10 (58.8) 8 (40.0) 1 1 ns ns

0041 | 5(27.8) 4(23.5) 18 (90.0) 1 0.5064 ns ns

2DL5- 14 (77.8) 14 (82.4) 10 (50.0) 1 0.3945 ns ns

005.1 6(33.3) 8(47.1) 8(40.0) 0.4998 0.3423 ns ns

2DL5- 9 (50.0) 8(47.1) 20 (100) 1 0.7446 ns ns

006.1 18 (100) 15(88.2) 7 (35.0) 0.2286 1 ns ns

2DL5- | 6(33.3) 4(23.5) 10 (50.0) | 0.7112 1 ns ns

033.1 11 (61.1) 7 (41.1) 20 (100) 0.3175 0.5318 ns ns

2DL5- | 18(100) | 15(88.2) | 20(100) | 0.2286 1 ns ns

023.2 18 (100) 17 (100) 20 (100) 1 1 ns ns

2DL5- | 18(100) | 17(100) | 20 (100) 1 1 ns ns

024.1 16 (88.9) 16 (94.1) 5(25.0) 1 0.2176 ns ns

2DP1- 6(33.3) 8(47.1) 8(40.0) 0.4998 0.7240 ns ns

025.1 10 (55.6) 9 (52.9) 1 0.5160 ns ns

2DS1-

008.1

2DS2-

009.2

2DS3-

010.2

2DS4-

012.1

2DS4-

026.1

2DS5-

013.1

3DLI-

014.1

3DL1-

020.1

3DL1-

032.1

3DL1-

031.1

3DL2-

015.1

3DL3-

016.1

3DP1-

017.1

3DP1-

018.1

3DS1-

019.1
n: Number of patients.
https:/doi.org/10.1371/journal.pone.0272867.t005
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HLA-C*08:02 (group C1) HLA-C*07:01 (group C2)

Fig 1. Comparative structure of peptide-binding pockets of HLA-C1 and -C2 alleles. (A) 3D modelling of
HLA-C*07:02 (C1) as a template to perform mutagenesis in silico in positions 9, 11, 24, 77, 80, 90, 94, and 95 (grey
residues) of the binding pocket, according to the amino acids presented by HLA-C*08:02 allele (group C1) (Tyr9,
Ser11, Ala24, Ser77, Asn80, Ala90, Thr94, and Leu95) (left image) or by HLA-C*07:01 allele (group C2) (Asp9, Alall,
Ser24, Asn77, Lys80, Asp90, Ile94, and 11e95) (right image). (B) Hydrogen-type bonds between amino acids are
represented with red lines and both residue-residue and residue-antigenic amino acids interactions in the pocket are
represented in green.

https://doi.org/10.1371/journal.pone.0272867.g001

individuals from our cohort, we did not find statistical significance in the comparison between
groups (52 Fig).

In order to determine whether the amino acid exchanges at positions 9, 11, 24, 77, 80, 90, 94,
and 95, which are characteristic of groups C1 and C2, may differentially influence the binding-
pocket structure in HLA-C alleles, we used the 3D structure of HLA-C*07:02 [53] as a template to
perform mutagenesis in silico in these positions (marked as grey residues in Fig 1A and 1B).
These positions were changed to Tyr”, Ser'’, Ala**, Ser’”, Asn®, Ala®, Thr**, and Leu®, as are in
HLA-C*08:02 allele, which belongs to group Cl1 and its frequency was significantly higher in indi-
viduals with mild COVID-19 (Fig 1A, left image), as well as to Asp’, Ala'", Ser®*, Asn”’, Lys®,
Asp™, Tle™, and Ile”, as are in HLA-C*07:01 allele, which belongs to group C2 and its frequency
was significantly higher in individuals with severe COVID-19 (Fig 1A, right graph). We observed
that these amino acid exchanges induced a conformational modification in the binding pocket
structure due to changes in the number and/or position of hydrogen-type bonds (red lines),
which could affect both residue-residue and residue-antigenic amino acids interactions in the
pocket (green residues) (Fig 1B), as well as the molecule stability.

The combination between HLA-C alleles and their specific KIR alleles was also analyzed in
our cohort and no statistically significant differences were found in the comparison between
groups (S3 Fig).
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SARS-CoV-2 epitope analysis

Inter-allelic differences associated with COVID-19 severity may reflect differences in the
whole number of SARS-CoV-2-epitope repertoires. Therefore, epitopes for each significant
HLA class I allele were predicted and further verified if they were associated with experimen-
tally confirmed ligands, as described above (see Methods). Since presentation of HLA class I
epitopes is largely determined by protein amount [54], the analysis was focused in the three
SARS-CoV-2 proteins more abundant: M, N and S [55]. Predictive values reinforced the data
observed in this cohort. The HLA-C*12:03 allele, linked to mild COVID-19 presentation in
our study, contained the second highest number of verified epitopes, i.e., 65 (p <0.001, Fisher
exact test), among 20 HLA-C alleles (26 * 19 epitopes, mean * standard deviation) in abun-
dant SARS-CoV-2 proteins. In contrast, HLA-C*04:01 and -C*07:01, both linked to severe
and/or critical COVID-19 presentations in our cohort, ranked 16 and 17th on this scale with
only eight of these epitopes each (p = 0.0030). Conflicting results were obtained for
HLA-B*14:01, with only one validated abundant epitope, and for HLA-C*08:02, with two epi-
topes, despite these alleles were also linked to mild symptoms.

Discussion

Spain was one of the most severely affected European countries during the first pandemic peak
of COVID-19 that occurred between March and June 2020 [56]. At this time, the mortality
rate during hospitalization was approximately 30%, and even higher after the admission at the
ICU, which was approximately 50% [57]. The underlying mechanisms that influenced the
poor prognosis of COVID-19 in Spain during this first pandemic wave are still not fully under-
stood. It is already known that some host factors are essential to conditionate the development
of a severe or critical presentation of the disease, such as male gender, to be over 65 years of
age, and to have previous comorbidities [58]. However, other host factors could also be
responsible for the development of an exacerbated inflammatory response [59] that was inef-
fectual to clear the infection due to an impaired cytotoxic response [8].

The HLA complex has an essential role in the development of an effective immune response
against pathogens, thereby influencing the clinical outcomes of infectious diseases, such as the
ones caused by human coronaviruses [39-41,60]. The high polymorphism presented by HLA
molecules may help explain the great variability of immune responses that are developed by
the individuals within a community, including the higher susceptibility to progress to a critical
form of COVID-19. In fact, the lower incidence of SARS-CoV-2 in Africa has been related to
genetic factors such as the occurrence of different HLA alleles in comparison with other
regions [61]. Therefore, the variability in HLA may be also considered an essential host factor
that impacts the progression of COVID-19.

In this pilot study, we analyzed whether the presence of specific HLA molecules may influ-
ence the different outcomes of COVID-19 in a cohort of individuals with Spanish Mediterra-
nean Caucasian ethnicity who developed different forms of the disease at the beginning of the
pandemic in 2020. The Spanish population presents distinctive allelic distributions and haplo-
typic associations that are consistent with multiple migrations of different ethnicities that
occurred throughout history in Spain [62] and that show a relative homogenous distribution
fitting the HWE model [27]. According to previous reports [63], most individuals of our
cohort who were hospitalized with severe and critical COVID-19 were males (63.5%) with
more than 65-year-old, whereas most individuals who developed asymptomatic or mild
COVID-19 were females (61.5%) with 47.5-year-old on average.

As expected, HLA-B was the locus that showed the highest number of alleles in our cohort
[27]. The presence of specific HLA-B alleles has been associated with increased susceptibility
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to different viral infections and therefore, it may be considered a potential predictive bio-
marker of COVID-19 severity [32,64]. However, although we found HLA-B rare alleles which
presence was significantly different between the groups of individuals with mild and severe
presentations of COVID-19 (p = 0.0080; pc = 0.0400), this significance was not extended to
individuals with critical COVID-19, which reduced its biological importance. On the other
hand, HLA-A*02:01 was the most common allele in all groups of our cohort, which was
expected for a population of Spanish origin [49,65], but no significant differences were found
in the comparisons of HLA-A alleles frequencies between the groups with different presenta-
tions of COVID-19. Regarding HLA-C locus, it showed the highest significance in the different
frequency between groups, being HLA-C*04:01 and -C*05:01 the most common HLA-C
alleles in all groups. The frequency of HLA-C*08:02 was significantly higher in individuals of
our cohort with mild COVID-19 (18.8%) in comparison with individuals with critical
COVID-19 (1.6%; p = 0.0024; pc = 0.0240). The frequency of this allele HLA-C*08:02 in the
Spanish population is 5.3% [27], which meant that it was 3.5-fold more prevalent in the group
of individuals with mild COVID-19 of our cohort. Moreover, 43.8% of the individuals with
mild COVID-19 presented an association of HLA-C*08:02 or -C*12:03 or -C*16:01 alleles, all
of them classified as alleles from group C1, which was 2.4-fold more frequent than in the gen-
eral Spanish population. In comparison, individuals with severe and critical COVID-19
showed a reduced frequency of the associations between these alleles, being 8.3% (p = 0.0030;
pc =0.033) and 16.1% (p = 0.0014; pc = 0.0154), respectively. This may indicate a protective
effect of alleles from group C1 against the infection by SARS-CoV-2. Moreover, due to the
close distance between HLA-B and -C loci, their expression may be considered together [66]
and accordingly, B*14:01-C*08:02 haplotype was one of the most frequent extended haplotypes
in the group of mild COVID-19, as well as in the general Spanish population [27,67]. In fact,
B*14:01-C*08:02 haplotype was 8.6-fold less frequent in individuals with critical COVID-19,
in comparison with the group with mild disease, which also may indicate a potential protective
role for this extended haplotype. Although the presence of C2 alleles such as HLA-C*06 or
-C*07 [29] and, specifically HLA-C*07:01 or -C*06:02, was significantly increased in individu-
als with severe COVID-19 (35.3%) in comparison with participants with mild COVID-19
(6.3%; p = 0.0012; pc = 0.0132), this difference was not significant in the comparison between
individuals with critical and mild COVID-19.

The protection exerted by specific HLA alleles may be related to a more efficient antigenic
presentation to T lymphocytes, but also to an effective NK cell activation. The activation of NK
cells is modulated by a subtle balance between stimulatory and inhibitory signals that are
received by several receptors expressed on the cell surface, including KIRs [68]. Consequently,
the interaction between HLA and KIR molecules may influence NK cell activation and, conse-
quently, the clearance of viral infections [69]. In this regard, previous reports predict that some
C2 alleles such as HLA-C*06:02 and-C*07:01 would bind weakly to SARS-CoV-2 antigens,
allowing a poorer disease progression [70], most likely due to a deficient antigen presentation
and NK cell activation. These results are in accordance with our prediction that C2 alleles such
as HLA-C*07:01 and -C*04:01 would be able to present a reduced number of epitopes from
the most abundant SARS-CoV-2 proteins M, N, and S. However, these models need to be con-
firmed with functional analyses due to they may not always provide confirmatory results. This
is the case of C1 alleles such as HLA-C*08 and-C*12, which have also been related to a better
cytotoxic response against SARS-CoV-2 [70] and, accordingly, the presence of HLA-C*08:02
and -C*12:03 was significantly higher in individuals with mild COVID-19 from our cohort.
Our predictive SARS-CoV-2 epitope analyses confirmed that HLA-C*12:03 allele was able to
present a high number of verified epitopes, whereas it could not be confirmed for
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HLA-C*08:02, at least for the epitopes from proteins M, N, and S. Therefore, we cannot rule
out that HLA-C*08:02 may present efficiently epitopes from other less abundant proteins.

The HLA-C molecules may participate in the activation or inhibition of NK cells by acting
as ligands for KIRs [25]. To our knowledge, the contribution of the association between spe-
cific HLA-C alleles and KIRs to the clinical presentations of COVID-19 has not been deter-
mined yet. Peptides presented by HLA-C alleles from group C1 that shows Asn®” in the heavy
chain (HLA-C**"%) would modulate the activation of NK cells through the interaction with
inhibitory KIR2DL2 and KIR2DL3, but also with the activating KIR2DS2 [71]. Due to C1
alleles HLA-C*08:02, -C*12:03, and -C*16:01 were significantly more frequent in the group
with mild COVID-19 and they have been associated to a protective effect during COVID-19,
this may suggest that NK cells from these patients could be more efficient to clear the infection
by SARS-CoV-2. In fact, a higher presence of C1 alleles has also been described in patients able
to clear spontaneously the infection with hepatitis C virus [72]. On the contrary, the presence
of C2 alleles (HLA-C¥*%) such as HLA-C*07:01 and -C*06:02, which are ligands for the inhib-
itory KIR2DL1 and activating KIR2DS1 [30], would theoretically lead to lower NK inhibition
and higher activation would be more beneficial for the clearance of viral infections [73]. There-
fore, we hypothesized that KIR2DL1/HLA-C group C2 interactions would confer strong inhib-
itory responses [74,75], at least in those individuals with critical COVID-19 from our cohort
that were homozygous for HLA-C group C2 alleles and of whom we previously described that
they show an impaired cytotoxic response against SARS-CoV-2 mostly based on high levels of
NK, NKT, and CD8+ T cells that display immune exhaustion markers and poor cytotoxic
functionality [8].

We also determined that changes of amino acid residues at essential positions in the bind-
ing pocket of HLA-C alleles of group C1 (HLA-C*08:02, which was significantly more
expressed in individuals with mild COVID-19) and C2 (HLA-C*07:01) modified the groove
structure, changing the positions of hydrogen-type bonds and amino acids interactions within
residues between both molecules. All these changes would undoubtedly affect the molecule sta-
bility, thereby influencing the quality of the immune response induced by these molecules.
Moreover, it has been described that alleles of group C1 such as HLA-C*08 display greater sta-
bility than alleles of group C2 such as HLA-C*07 [76], most likely due to the reduced ability of
HLA-C*07 to present a large range of peptides, which is essential to stabilize the trimeric com-
plexes of HLA-C/B2M/peptide on the cell surface [77]. In fact, HLA-C*07 is considered a low
expressed variant with low B2M/peptide binding stability [76] and individuals with this
HLA-C allotype usually present cells that express in the surface a large pool of HLA-C free
heavy chains, unable to present peptides to the T cells [78]. On the contrary, individuals with
more stable HLA-C allotypes such as HLA-C*08 present cells that express on the surface a
greater quantity of HLA-C/B2M/peptide heterotrimers able to induce an efficient antiviral
response. Therefore, the presence of more stable HLA-C alleles of group C1 in individuals
with mild COVID-19 could contribute to their more efficient immune response, which was
characterized by a higher cytotoxic activity against SARS-CoV-2 infected cells [8].

In conclusion, the great variability in the clinical presentations of COVID-19 appears to be
consequence of several host factors, such as age, gender, and the presence of comorbidities.
However, other factors such as an impaired ability to present viral peptides to the immune
cells due to unstable peptide-HLA molecule conformations may also be considered, mostly
because an impaired cellular immune response has also been related with a poor prognosis
during COVID-19. In this observational pilot study, we determined that a small cohort of
Spanish Mediterranean Caucasian individuals with a mild or asymptomatic presentations of
COVID-19 expressed HLA alleles with potentially protective effect such as highly stable
HLA-C alleles of group C1 such as HLA-C*08:02, -C*12:03, and -C*16:01. On the contrary,
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47% of individuals with critical COVID-19 were homozygous for HLA-C2 alleles, which are
more unstable and could be associated to a poorer disease prognosis due to their lower effi-
ciency to present SARS-CoV-2 peptides to CD8+ T cells and/or activate NK cells.

One main limitation of our study was the relatively small size of the cohort. Despite of this,
we observed statistical significance in the comparisons between groups about the frequency of
the associations between HLA-C alleles of group C1. In addition, the size of our cohort is simi-
lar to other studies previously published [44,45,79,80] that also validate a correlation between
HLA-C and an increased COVID-19 severity in the Spanish population [44,45]. Therefore,
these data may help us to get further understanding of the underlying mechanisms of COVID-
19 pathogenesis, although they must be taken with caution until they are confirmed in a larger
cohort. Importantly, to our knowledge, this is the first study that describes a relationship
between the presence of specific HLA-C alleles and the different presentations and prognosis
of COVID-19. Further analyses will be necessary to determine the actual role of HLA-C locus
as a predictive biomarker for COVID-19 progression.
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