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Given the highly polymorphic nature of Human Leukocyte Antigen (HLA) molecules, it is not surprising
that they function as key regulators of the host immune response to almost all invading pathogens,
including SARS-CoV-2, the etiological agent responsible for the recent COVID-19 pandemic. Several cor-
relations have already been established between the expression of a specific HLA allele/haplotype and
susceptibility/progression of SARS-CoV-2 infection and new ones are continuously emerging. Protective
and harmful HLA variants have been described in both mild and severe forms of the disease, but consid-
ering the huge amount of existing variants, the data gathered in such a brief span of time are to some
extent confusing and contradictory. The aim of this mini-review is to provide a snap-shot of the main
findings so far collected on the HLA-SARS-CoV-2 interaction, so as to partially untangle this intricate yarn.
As key factors in the generation of antigenic peptides to be presented by HLA molecules, ERAP1 and
ERAP2 role in SARS-CoV-2 infection will be revised as well.
� 2021 The Authors. Published by Elsevier Inc. on behalf of American Society for Histocompatibility and
Immunogenetics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).
1. Introduction

Infectious diseases are still a significant challenge for public
health worldwide, as they are responsible for millions of deaths,
mainly, but not only, among older adults and immunosuppressed
or chronically ill people. The virulence of the pathogen and the effi-
cacy of the host immune response are the key factors conditioning
the onset and progression of infectious diseases. In the context of
adaptive immunity, a pivotal role in protection and recovery from
infections is played by CD8+ T lymphocytes [1]. These cells detect
antigenic peptides bound by major histocompatibility complex
(MHC) class I molecules, known as the human leukocyte antigen
(HLA) class I in humans, and work through different pathways in
order to eradicate the pathogen and the infected cells.

Given themajor role playedbyCD8+T cells in host immunity, it is
conceivable that plenty of studies have tried to decipher the conse-
quences of a jam in CD8+ T cell activation in their response to patho-
gens. In this setting, since the very first report establishing a
correlation between HLA-B27 and Ankylosing Spondylitis [2,3], the
MHChas been recognized as the region of the genome that is associ-
ated with the highest number of human diseases [4]. For this same
reason, allelic variants and alteredMHC expression have been asso-
ciated with disease severity following infection with several
microbes. In parallel, aminopeptidases – in particular endoplasmic
reticulum aminopeptidase 1 (ERAP1), ERAP2 and partly insulin-
regulated aminopeptidase (IRAP) – have drawn the scientific atten-
tion as well. Indeed, they are responsible for antigenic peptide trim-
ming within the ER, thus conditioning the antigen processing
pathway [5] in both physiological and pathological contexts includ-
ing those mediated by infectious agents, among which severe acute
respiratory disease coronavirus 2 (SARS-CoV-2) [6].
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Since SARS-CoV-2 outbreak, the pathogen responsible for COro-
naVIrus Disease 19 (COVID-19), the scientific community has tried
to identify those factors controlling the susceptibility/outcome of
the disease and playing a major role in determining the appearance
of acute respiratory distress syndrome (ARDS), the life-threatening
form of infection [7]. This virus belongs to the family of Coron-
aviruses, responsible for other two epidemics over the last twenty
years: SARS-CoV (Severe Acute Respiratory Syndrome) in Asia in
2003 and MERS-CoV (Middle East Respiratory Syndrome Coron-
avirus) in Arabian Peninsula in 2012. As an obligate intracellular
parasite, SARS-CoV-2 replicates inside the host cells exploiting
nucleic acid and protein synthesis mechanisms to facilitate its
spreading from one individual to another. The biology of the virus,
its infectious and replicative cycle, as well as the human host fac-
tors directly or indirectly contributing to its maintenance/annihila-
tion within cells have been exhaustively described elsewhere [8,9].
Throughout these phases, viral proteins can be unfolded, degraded
and further processed by cytosolic and nuclear proteasomes inside
host cells; the resulting peptides, 8–16 amino acid long, are then
transported into the endoplasmic reticulum (ER) by transporter
associated with antigen processing (TAP). Herein, they are further
trimmed by ERAP1 and ERAP2 proteins in order to achieve the
optimal length to be loaded onto the clefts of MHC class I mole-
cules. In turn, MHC class I molecules, by loading intracellular
compartment-derived antigens, provide a recapitulation of the
events occurring inside the cell, thus allowing CD8+ T cells to mon-
itor possible ongoing infections (Fig. 1).

Given the direct participation of ERAP proteins in the antigen
presentation pathway of MHC class I, this manuscript primarily
aims to review the data correlating antigen presentation by MHC
class I molecules and COVID-19 susceptibility/severity so far
reported in the scientific literature by in silico and genetic-
association studies. Noteworthy, data concerning the role dis-
played by MHCII and non-classical HLA in SARS-CoV-2 infection
will be reported as well. Although this topic has already been
reviewed by other authors [10,11], due to the rising global atten-
tion on the current pandemic, researchers are rapidly accumulat-
ing an incredible amount of data and an updated revision of the
literature is constantly necessary.
2. Antigen presentation by HLA class I in SARS-CoV-2 infection

HLA are highly polymorphic molecules that play a key role in
individual genetic susceptibility to human diseases including those
provoked by infectious agents [6,12]. For example, in HIV-1 infec-
tion different HLA – mainly HLA-A*29, HLA-B*27, HLA-B*35 and
HLA-B*57 – were shown to be correlated with both susceptibil-
ity/progression of the disease [13]. Notably, as reviewed in early
June 2020 in a work by Ovsyannikova and colleagues, a collection
of data provides evaluations of the role of host genetics - including
variation in HLA genes - in the immune response to Coronaviruses,
among others SARS-CoV-2 [14]. In contrast to what had emerged in
studies concerning SARS-CoV [15,16] andMERS-CoV [17,18], corre-
lations between SARS-CoV-2 and HLA are still not entirely defined
and results so far obtained are sometimes contradictory. Herein we
report the so far collected data on this issue (Table 1).
2.1. Genetic associations on case-control and cohort studies

Because of the relatively recent occurrence of SARS-CoV-2, quite
limited published studies have explored the relative frequencies of
HLA alleles in case-control, cohort, and observational studies. The
results so far obtained are not univocal and limited by relatively
small sample size and by heterogeneity in study design. Moreover,
in most cases the reported results are merely associative and the
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mechanism of action possibly displayed by different HLA alleles
in SARS-CoV-2 antigen presentation remains elusive. Nonetheless,
comparison with previous coronavirus infections and correlation
with clinical symptoms may provide essential information prior
to a specific mandatory multicenter study to be performed, in
the attempt to identify biomarkers of susceptibility/progression
of SARS-CoV-2 infection.

One of the first studies in the field documented HLA-A*24:02 to
be correlated with SARS-CoV-2 susceptibility. This allele was found
to be expressed in four out of five patients fromWuhan, during the
first stages of the pandemic [19]. HLA-A*24:02 frequency in Chi-
nese population is typically 17.2%, a value that is significantly
lower than the observed frequency (80%) reported in the infected
patients enrolled in the study. As it is conceivable, considering
the extremely small sample size, the study lacks statistical power
and requires validation in larger sample cohorts. However, soon
after the publication of these results, Tomita et al. reported an asso-
ciation between HLA-A*02:01 and an increased risk for COVID-19.
HLA-A*02:01, indeed, showed a relatively lower capacity to pre-
sent SARS-CoV-2 antigens compared with other frequent HLA class
I molecules, mainly HLA-A*11:01 or HLA-A*24:02. Therefore, the
authors suggest that subjects carrying HLA-A*11:01 or HLA-
A*24:02 genotypes may trigger a more efficient T cell-mediated
antiviral responses to SARS-CoV-2 compared to HLA-A*02:01
[20]. A subsequent study conducted by Yung et al. determined a
positive association between HLA-B*22 serotype with SARS-CoV-
2 susceptibility in 190 Hong Kong Chinese patients [21].

In order to define the HLA haplotypes associated with suscepti-
bility to COVID-19 disease, a group of Italian researchers – through
a geographical epidemiological analysis – focused on describing
the pattern of distribution of the two most common HLA haplo-
types (HLA-A*01:01g-B*08:01g-C*07:01g-DRB1*03:01g and HLA-
A*02:01g-B*18:01g-C*07:01g-DRB1*11:04g) in the Italian popula-
tion [22]. They discovered that the huge incidence of infection
and mortality rate in the northern regions of Italy correlates with
high frequency of HLA-A*01:01g-B*08:01g-C*07:01g-DRB1*03:01
g haplotype, suggesting that such haplotype is a potential ‘suscep-
tibility’ marker of the disease. Contrariwise, a lower incidence and
mortality for COVID-19 were observed in the central-southern
regions of the country, where higher frequency values of the
HLA-A*02:01g-B*18:01g-C*07:01g-DRB1*11:04g were reported,
allowing to speculate on a defensive mechanism towards SARS-
CoV-2 infection elicited in subjects carrying this haplotype. Other
possible explanations to such a differing mortality rate from north
to south of Italy – e.g. climatic differences, migration and pollution
– were considered by the authors. Nevertheless, none of these fac-
tors seemed to be that significant. Indeed, no substantial climatic
differences distinguish the northern and southern regions, and
atmospheric emissions of PM10, PM2.5 and NO2 are actually higher
in the southern areas. Finally, the uncontrolled north–south exo-
duses, which took place just before the beginning of the lockdown,
did not result into the spreading of the infection in the southern
Italian regions as expected.

Another study conducted by Novelli and colleagues [23], on a
small sample of 99 Italian patients affected by a severe or extre-
mely severe form of COVID-19, investigated the HLA allele fre-
quency distribution, in order to identify variants possibly
associated to a worst COVID-19 outcome. Despite the restricted
sample size, the researchers found a strong correlation for HLA
B*27:07, DRB1*15:01, DQB1*06:02 alleles after comparing the
results to a reference group of 1017 Italian individuals. Notably,
these data are in line with those published by Kachuri et al.
recently identifying DRB1 and DQB1 as key genetic factors control-
ling host susceptibility to viral infections [24]. Even more recently,
HLA class I typing was performed within a pilot study on 45 Span-
ish patients with different COVID-19 symptoms severity [25]. The



Fig. 1. Schematic overview of the MHC-I antigen processing and presentation pathway in SARS-CoV-2 infection. Following SARS-CoV-2 infection rs2248374-A ERAP2
expressing cells produce wild type ERAP2 (ERAP2-wt) which can homodimerize or heterodimerize with ERAP1-wt (ERAP2-wt + ERAP2-wt; ERAP1-wt + ERAP2-wt), in order to
process viral antigens to be presented on cell surface for recognition by specific CD8+ cytotoxic T lymphocyte (CTL) clones. Rs2248374-G ERAP2 expressing cells may also
produce an alternative spliced isoform: ERAP2-ISO3. This variant, unlike ERAP2-wt, lack the catalytic domain but can still heterodimerize with both ERAP2-wt and ERAP1-wt.
As a result, these unconventional heterodimers (ISO3 + ERAP2-wt; ISO3 + ERAP1-wt) may process viral antigens differently from the canonical ones, generating an alternative
antigenic repertoire. This in turn may activate other CTL clones possibly triggering a more or less protective immune system response. ER: Endoplasmic reticulum; TAP:
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results obtained suggest that patients exhibiting a mild form of the
disease presented HLA class I molecules characterized by a higher
binding affinity to SARS-CoV-2 peptides and showed a higher per-
centage of heterozygous HLA molecules compared to patients
exhibiting moderate and severe symptoms. In addition, the authors
stressed the fact that theoretically protective alleles of HLA, such as
HLA-B*15:03, were found in patients who died because of a severe
evolution of the disease; while, on the other hand, alleles showing
low affinity for the viral peptides, such as HLA-A*25:01, were pre-
sent in patients with a moderate evolution of the disease. Their
observation suggests that studying the affinity of the entire HLA
genotype for SARS-CoV-2 may be more fruitful than focusing on
the specific positive or negative roles of different HLA alleles.

Lorente et al. analysed a total of 3886 healthy controls and 72
COVID-19 patients (10 non-survivor and 62 survivor patients at
30 days) and showed that there was a higher frequency of HLA-
A*32 alleles in healthy controls than in COVID-19 patients. con-
versely, HLA-B*39 and HLA-C*16 were more represented in
COVID-19 patients compared to healthy controls. However, the
correlation did not reach statistical significance after correction
for multiple parameters [26].

Sakuraba et al., by analyzing the frequency of HLA allele in 74
countries from the Allele Frequency Net Database and worldome-
ter.info, in order to investigate the association between class I
MHC, HLA-A, -B and -C, and the risk of death due to SARS-CoV-2
infection, found HLA-C*05 allele to be potentially correlated with
mortality at a global level [27]. HLA-C molecules work as killer cell
immunoglobulin-like receptor (KIR) ligands [28]. The latter are
highly polymorphic receptors expressed on natural killer (NK)
and T-cells membranes and are distinguished into activating or
inhibitory ones, depending on the length of their cytoplasmatic tail
[29]. KIRs indeed control the inhibition and activation of cell
responses by recognizing polymorphic motifs on HLA I molecules
(i.e. HLA-A*03, HLA-A*11, HLA-Bw4, HLA-C1, HLA-C2) expressed
on target cells, thus playing a crucial role in regulating the innate
immune defense against cancerous cells, adaptive immune
responses as well as viral infections [30]. An example is repre-
sented by the interaction between KIR3DL1/S1 and HLA-Bw4 and
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different outcome of HIV-infection as reviewed in [31]. In Sakuraba
work, the authors hypothesized that this HLA-KIR combination
could lead to immune over-activation, subsequently causing nega-
tive selection. Indeed, populations with the highest mortalities
(France, Italy and Spain) were demonstrated to present the great-
est number of carriers for HLA-C*05 and its receptor KIR2DS4fl.
Therefore, patients with a HLA-C*05 and KIR2DS4fl pair may be
predisposed to develop an excessive cytokine response and suffer
from hyper-cytokinemia, strongly associated to severe forms of
the disease and COVID-19 mortality [27]. Incidentally, the central
role of HLA-C in virus immune-escape has already been docu-
mented, as reported for example by Fredj and colleagues in a study
showing an increase in human herpesviruses (HHV) risk of infec-
tion in KIR2DL2 and HLA-C1 positive multiple sclerosis (MS)
patients [32]. HLA-C1 molecules may induce inhibitory signals in
KIR2DL2 positive NK cells from these patients, thus creating an
anergic environment with very low levels of IFNc and consequent
lack of NK cell activation and of innate protection to virus infection
[33]. Such correlation was more recently associated with an
increased susceptibility to HHV-6A infection in patients with a sev-
ere Alzheimer’s Disease (AD) status [34].

As was to be expected, a more complete picture of the features
of the immune response to SARS-CoV-2 was gained through large-
scale genome-wide association studies (GWAS) and biological val-
idation studies based on larger cohorts of patients. Ellinghaus et al.
performed a GWAS on 1980 COVID-19 patients enrolled in Spain
and Italy. The authors found an association between two regions
in the human genome and the virus-induced respiratory failure
[35]. One of them is located on chromosome 3 in an area which
includes six genes, namely SLC6A20, LZTFL1, FYCO1, CXCR6,
XCR1, CCR9. Some of them encode chemokine receptors, while
SLC6A20 is translated into a protein with transportation functions,
which has been demonstrated to interact with ACE2. The other
identified locus is situated within the ABO blood groups locus on
chromosome 9, assigning to blood type O a protective role against
the disease and, on the other hand, linking group A to a more sev-
ere form of the disease. This finding is consistent with other studies
reporting similar results [36–38]. However, any link between HLA



Table 1
HLA variants involved in susceptibility to SARS-CoV-2 infection and/or in disease
severity.

HLA variants Associated to Mechanism of action

Genetic association on case-control and cohort studies
HLA-A*24:02 SARS-CoV-2

susceptibility
Unknown [19]

HLA-A*02:01 Increased risk for severe
COVID-19 outcome

Lower capacity to
present SARS-CoV-2
antigens [20]

HLA-A*11:01, HLA-
A*24:02

Protection against
COVID-19

More efficient T cell-
mediated antiviral
responses to SARS-
CoV-2 [20]

HLA-B*22 Susceptibility marker
for SARS-CoV-2

Unknown [21]

HLA-A*01:01 g-
B*08:01 g-C*07:01 g-
DRB1*03:01 g

Susceptibility marker of
SARS-CoV-2 infection
and severe COVID-19
outcome

Unknown [22]

HLA-A*02:01 g-
B*18:01 g-C*07:01 g-
DRB1*11:04 g

Protection against
SARS-CoV-2 infection

Unknown [22]

HLA-B*27:07, HLA-
DRB1*15:01, HLA-
DQB1*06:02

Worst COVID-19
outcome

Unknown [23]

HLA-DRB1, HLA-DQB1 Higher susceptibility to
COVID-19

Unknown [24]

HLA-B*15:03 Severe evolution of
COVID-19

Unknown [25]

HLA-A*25:01 Moderate evolution of
COVID-19

Unknown [25]

HLA-A*32 Higher frequency in
healthy controls

Unknown [26]

HLA-B*39, HLA-C*16 More represented in
COVID-19 patients

Unknown [26]

HLA-C*05 Higher mortality Unknown [27]
HLA-DRB1*08 Higher risk of and death Unknown [36]
HLA-E*0101 High severity of COVID-

19
Lower NKG2C + NK
cell response [66]

Bioinformatic in silico epitope prediction studies
HLA-B*15:03 Protection against

SARS-CoV-2
High presentation of
SARS-CoV-2
immunogenic
epitopes [47]

HLA-B*46:01 Severe symptoms Reduced presentation
of SARS-CoV-2
peptides [47]

HLA-A*02:02, HLA-
A*11:01, HLA-B*40:01,
HLA-B*35:01

Lower risk for severe
COVID-19

High capacity to
present SARS-CoV-2
antigens [49]

HLA-DRB1*01 Fatality rate in
hospitalized patients

Unknown [51]

HLA-A*01:01, HLA-
A*02:01, HLA-A*03:01,
HLA-A*23:01, HLA-
A*24:02, HLA-A*26:01,
HLA-A*30:02, HLA-
A*31:01, HLA-A*68:01,
HLA-B*07:02, HLA-
B*18:01, HLA-B*35:03,
HLA-B*38:01, HLA-
B*44:02, HLA-B*44:03,
HLA-B*51:01, HLA-
C*05:01, HLA-C*07:01,
HLA-C*07:02, HLA-
C*08:02, HLA-C*15:02,
HLA-C*17:01

Protection against
COVID-19

Strong binding to
SARS-CoV-2 peptides
[52]
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alleles and disease susceptibility or severity was found in Elling-
haus’ study. As genetic hyper-polymorphism across MHC locus dif-
ferentiates thousands of HLA alleles and the clinical manifestations
may significantly differ between affected patients, it is possible
that the sample size analyzed in this study was not large enough
to identify any statistically significant association.
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The role of MHC class II molecules, which intervene in antigen
presentation to helper CD4+ T cells to facilitate the humoral
immune response, has been investigated as well, in relation to
SARS-CoV-2 infection. Some of the results obtained have already
been reported in the above paragraphs [22,23], however the most
encouraging findings seem to be related to HLA-DR expression
levels, as its dowregulation – mainly in monocytes – is often asso-
ciated with a dysregulated immune response, [39,40] even in
SARS-CoV-2 infection as recently reviewed in [41].

In this perspective, Giamarellos-Bourboulis et al. [42] per-
formed a well-designed study on 54 COVID-19 patients, who
showed hyper-inflammatory reactions in the form of either macro-
phage activation syndrome (MAS) or immune dysregulation. The
latter was characterized by lower expression of HLA-DR on CD14
+ monocytes, secondary to monocyte hyperactivation, excessive
release of interleukin-6 (IL-6), and severe lymphopenia. The lead-
ing hypothesis was that IL-6 was responsible for the reduced level
of HLA-DR on CD14+ monocytes. The increase of circulating HLA-
DR+ cells during the healing period of one patient with a moder-
ately severe infection from SARS-CoV-2 further endorsed this
hypothesis [43]. In conclusion, they identified a new feature of
immune dysregulation in SARS-CoV-2 patients, which supports
the rationale of clinical trials – which were ongoing at the time this
work was published – based on the use of Anakinra, Sarilumab, Sil-
tuximab, and Tocilizumab to hamper the production of inflamma-
tory cytokines in these patients. In another study conducted by
Amoroso and colleagues [36], they analyzed HLA-A, B, and DRB1
frequencies on a sample of 40904 individuals (32294 transplant
recipients and 8610 waitlisted patients) and found a higher fre-
quency of HLA-DRB1*08 in COVID-19 patients and a significant
correlation with an increased risk of death. Consistently, the pep-
tide binding prediction analyses demonstrated that the DRB1*08
allele is unable to bind any viral peptide with high affinity.
Although the obtained data needs further confirmation, the pre-
sent study provides promising results, especially if the consistency
with previous works is taken into account.

2.2. Bioinformatic in-silico epitope prediction studies

Because of the highly polymorphic nature of HLA molecules and
the limited quantity of biological data gathered in roughly a year of
pandemics, some authors focused on the use of predictive algo-
rithms to find which HLA alleles are associated with viral peptide
epitope recognition [44–46]. In particular, Nguyen et al. analyzed
peptides from SARS-CoV-2 proteome across more than a hundred
HLA I alleles with the aim of mapping susceptibility loci for
COVID-19 [47]. Results of these analyses showed that HLA-
B*15:03 is highly capable of presenting peptides from SARS-CoV-
2, suggesting a possible protective role for this allele against
SARS-CoV-2 infection. On the other hand, HLA-B*46:01 was pre-
dicted to bind to the fewest number of peptides from the virus,
suggesting that immune response in carriers of this allele may be
weaker, resulting in more severe symptoms. Consistently with
that, HLA-B*46:01 has already been reported to be significantly
associated with the severity of SARS-CoV infection in Asian popu-
lations [48].

A recent study by La Porta and colleagues compared the differ-
ent binding affinities between coronavirus-derived peptides and a
series of HLA class I molecules for SARS-CoV-2, SARS-CoV, and
HCoV-OC43. The first two share 80% of the genome and are both
responsible of the potential onset of severe symptoms following
infection, while HCoV-OC43 is a coronavirus associated with mild
respiratory symptoms [49]. Specifically, using two epitope predic-
tion algorithms – both based on artificial neural networks – the
authors evaluated binding affinities between SARS-CoV-2 peptides
and 79 HLA class I molecules; results were compared with the ones
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from analogous predictions made for SARS-CoV and HCoV-OC43.
What emerged was a strong similarity in the binding patterns for
SARS-CoV-2 and SARS-CoV. Importantly, HCoV-OC43 was charac-
terized by peptides with a stronger HLA binding ability compared
to peptides belonging to the other two viruses. The authors indi-
viduated two sets of haplotypes respectively correlated to weak
and strong binding capacity towards SARS-CoV-2 peptides, the lat-
ter including HLA-A*02:02, HLA-A*11:01, HLA-B*40:01 and HLA-
B*35:01. They then investigated the heterogeneous responses to
SARS-CoV-2 infection in human populations by measuring the
prevalence of the haplotypes in different human populations, find-
ing that strongly binding haplotypes are more represented in Asian
populations. Despite no clinical or immunological consequences
related to this haplotypes were investigated in this work, these
data could be relevant to study the diffusion of the disease across
the world and could represent the basis to develop individualized
tests in order to identify the immune susceptibility to COVID-19
among different populations. This study may be considered as
another significant step towards the possibility to perform popula-
tion screening and to predict individual severity scores of infection,
in order to develop personalized therapeutic strategies against
COVID-19.

A recent report described peptide-binding affinities between
438 HLA class I and class II proteins and the proteomes of seven
pandemic viruses, including coronaviruses, influenza viruses and
the immunodeficiency virus [50]. In this work HLA alleles were
examined in relation to peptide-binding affinities and then
grouped into four categories, namely strong, regular, weak or non-
binding, based on the different kind of affinity they show towards
various peptides. Notably the authors observed that the frequen-
cies of the strongest and weakest HLA molecules are influenced
by geographical location. Indeed, among native Americans the fre-
quencies are higher for the strongest and lower for the weakest
HLA binders, possibly as a consequence of previous selective pres-
sure applied by historical infectious agents. However, results
demonstrated that the majority of HLA proteins are not specific
binders of SARS-CoV-2 peptides, as they bind viral peptides in an
aspecific way.

Romero-Lòpez et al. performed a bioinformatic prediction of
which epitopes of the SARS-CoV-2 spike protein are significantly
immunogenic and could be presented by HLA Class I and II in dif-
ferent populations [51]. They also established an ecological corre-
lation of HLA allele frequency with the predicted fatality rate in
hospitalized patients of 28 states in Mexico. The only negative sig-
nificant correlation observed was between the frequency of HLA-
DRB1*01 and the fatality rate in hospitalized patients in Mexico.
Remarkably, this correlation was weak, suggesting that other key
factors, apart from HLA, could be involved in COVID-19 outcome
and further experimental studies are needed to reinforce these
results.

Using a different approach based on panHLA analysis, Campbell
et al. were able to recognize 368,145 unique combinations of
peptide-HLA complexes (pMHCs) with a strong binding affinity
and an overlap between class I and II predicted pMHCs [44].
Though highly informative this kind of approach surely presents
some limitations: 1) the analysis focused on pMHC complexes
wizth predicted binding affinities of less than 500 nM, which could
lead to underestimate the number of alleles correlated to the pre-
dicted antigenic peptides; 2) the research was restricted to 9-mers
and 15-mers, which represent the length of most but not all
reported HLA class I and class II binding peptides; 3) the data does
not provide any measure of the quantity and timing of viral protein
expression in host cells; and 4) the research of global population
frequencies was conducted only on a restricted number of HLA
alleles and countries. Overall, however, this valuable pan-HLA
approach allowed identification of new possible interactions
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between HLA molecules and peptides, while leading to the recog-
nition of other peptides from less prevalent HLA types. Besides,
the overlap between class I and II predicted pMHCs makes conceiv-
able that some epitopes may be presented to both CD4+ and CD8+
T lymphocytes.

De Moura et al. described 24 epitopes derived from the SARS-
CoV-2 S protein that could interact with 17 different MHC-I alleles
in the Brazilian population [52]. These epitopes can elicit an effec-
tive CD8+ T cells immune response and may be useful to develop
strategic methods for vaccines against COVID-19. The immunoin-
formatic approach reveals that the protective MHC class I alleles
include HLA-A*01:01, HLA-A*02:01, HLA-A*03:01, HLA-A*11:01,
HLA-A*23:01, HLA-A*24:02, HLAA*26:01, HLA-A*30:02, HLA-
A*31:01, HLA-A*68:01, HLA-B*07:02, HLA-B*18:01, HLA-B*35:01,
HLA-B*35:03, HLA-B*38:01, HLA-B*44:02, HLAB*44:03, HLA-
B*51:01, HLA-C*05:01, HLA-C*07:01, HLA-C*07:02, HLA-C*08:02,
HLA-C*15:02 and HLA-C*17:01.

Since the very first identification of allele specific motifs for T-
cell antigens by HLA class I molecules, in 1991, epitope identifica-
tion and characterization has been significantly simplified by in sil-
ico prediction strategies [53]. Indeed, many ongoing vaccines
designs, targeting infectious pathogens, have been exploiting pre-
diction algorithms, whose accuracy is progressively improving.
Nevertheless, these tools present some limitations, mainly consist-
ing in: differences between the real and the Protein Data Bank
structure, accuracy of the methods for simulate proteasome cleav-
age, imperfections in the reproduction of molecular modelling,
docking and dynamics and others, which have been recently
revised in [54]. Such considerations should be taken into account
to properly use the innovative programs for T-cell immunogen
design for epitope-based therapies and future epidemiological
investigations.
3. Antigen presentation by non-classical HLA in SARS-CoV-2
infection

HLA-G and HLA-E are both non classical molecules with tolero-
genic and immunosuppressive properties which influence the
onset of autoimmune and infectious diseases [55–57]. In particu-
lar, HLA-G was shown to be upregulated following HIV, HCMV
and HCV infections leading to the suggestion that this could repre-
sent an immune evasion strategy ([58,59]. Actually, HLA-G can
bind immune inhibitory receptors such as ILT2 and ILT4, thus pre-
venting the generation of optimal immune responses and facilitat-
ing virus immune escape [60]. Based on these premises, HLA-G and
HLA-E were considered by different authors as possible biomarkers
to monitor SARS-CoV-2 infection, as exhaustively revised by Zidi
[61].

In particular, Zhang and colleagues published a case report
aimed to analyze the expressions of HLA-G and its receptors
(ILT2, ILT4 and KIR2DL4) in peripheral immune cells of a patient
critically infected with SARS-CoV-2, during the 23-day hospitaliza-
tion [62]. In this study, HLA-G expression in peripheral immune
cells was shown to follow a high–low–high pattern, which may
reflect the three stages of infection, indicating that the status of
SARS-CoV-2 infection may influence the regulation of HLA-G
expression. However, questioning the real relevance of this obser-
vation, results showing that the expression of the HLA-G receptors,
ILT4 and KIR2DL4, remained relatively stable during the disease
were reported. As being a single case-report, the relevance of this
findings should be confirmed by further independent studies.

Another correlation between SARS-CoV-2 and a non-classical
HLA was investigated in a study by Bortolotti and colleagues with
the aim of evaluating the effect of SARS-CoV-2 spike (SP1) protein
expression in the control of NK cell activation [63]. Results showed
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that SP1 expression provoked: 1) HLA-E induction, whose expres-
sion was stabilized by the interaction with a SP1-derived HLA-E-
binding peptide; 2) increased levels of the inhibitory receptor
NKG2A/CD94); and 3) NK cell-reduced degranulation. In view of
deepen new aspects and therapeutic strategies against COVID-19,
this study highlights the potential of targeting the S1 protein or
using the anti-NKG2A monoclonal antibody – already in use
against rheumatoid arthritis and some neoplastic diseases [64] –
in an attempt to enhance the innate immune response at the early
stage of SARS-CoV-2 infection [65].

Vietzen et al. performed an analysis on a total of 361 Austrian
COVID-19 patients to assess the influence of host genetic variants
on the severity of COVID-19. Considering the significant reduction
of NK cells observed in patients with a severe clinical outcome [66],
they focused on NKG2C – an activating NK cell receptor encoded by
the KLRC2 gene – which binds to HLA-E on infected cells allowing
NK cell activation. The study confirmed that NKG2C+ NK are potent
antiviral effector cells, even in SARS-CoV-2 infection. Consistently,
the deletion of KLRC2 which naturally occurs, together with a
higher degree of the heterozygous HLA-E*0101/0103 variant and
the HLA-E*0101 allele were registered in hospitalized patients,
especially those who required intensive care in comparison to
patients with mild symptoms. Other in vitro studies had
already highlighted a lower cell surface expression levels for
HLA-E*0101/0101 than for HLA-E*0103/0103 [66], which likely
results in decreased NKG2C+ NK cell response, thus influencing
the severity of COVID-19. These antiviral mechanisms driven by
NK cell could play a critical role in gaining new insight about the
protective immune responses against SARS-CoV-2 and further
studies are needed to support and clarify these findings.
4. ERAP1 and ERAP2 role in SARS-CoV-2 infection

ERAP1 and ERAP2 are two aminopeptidases which share 50%
homology. They belong to the M1 family of zinc-dependent
aminopeptidases and play key roles in the activation of the human
adaptive immune response [67]. All of them are characterized by
the presence of four functional domains: domain I comprises 3
beta sheets and contains the antigenic peptide binding site;
domain II constitutes the catalytic site; domain III acts as a hinge
between domain II and IV, thus allowing conformational changes
of the protein; domain IV forms an arc with domain II and determi-
nes the closed state of the protein [47,68].

Within the Endoplasmic Reticulum (ER), ERAP1 and ERAP2
cleave the N-terminus of precursor peptides, previously processed
in the cytoplasm by the proteasome, so as to generate antigenic
peptides of 8–9 amino acid residues, which perfectly accommodate
within the binding groove of MHC I molecules.

These two proteins act in concert but their activity is not redun-
dant as they maintain marked differences in their enzymatic speci-
ficity. ERAP1 preferentially cleaves peptides with lysine, leucine,
asparagine and tyrosine residues [69] and shows a strong tendency
to cut 9–16 amino acids peptides into pieces of 8–9 amino acids,
the optimal length for loading onto MHC I molecules [70–73]. Con-
trariwise, ERAP2 presents a striking predilection for the positively
charged arginine and lysine residues situated at the N-terminal
and shows a greater efficiency toward shorter peptides, that ERAP1
processes poorly [74].

These aminopeptidases are, therefore, essential for creating the
appropriate immunopeptidome, capable of activating a suitable
immune response by CD8+ T cells. For this same reason, ERAPs
polymorphisms altering their functionality and/or expression level
have been demonstrated to influence the onset and progression of
several diseases. Indeed, ERAP1 has been associated with Ankylos-
ing spondylitis (AS), psoriasis and Behçet’s disease (BD) in epistasis
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with the risk HLA-B*27[75] and -B*40:01 [76], -C*06:02, [77] and
HLA-B*51 alleles [78], respectively. ERAP2 has been associated
with AS, psoriasis and natural resistance to HIV-1 infection
[79,80] as well, but only in this latter it seems to be in epistasis
with HLA-B*57.

As expected, an altered functioning of these aminopeptidases,
due to specific mutations, has evident consequences even on sus-
ceptibility/progression of infectious diseases included COVID-19
[6].

A work by Stamatakis et al. was pivotal in understanding how
these enzymes within the ER process SARS-CoV-2 antigens and
suggested the possibility of modulating ERAPs efficacy to improve
and boost the effectiveness of antiviral responses [81]. In particu-
lar, they utilized a novel approach to investigate the trimming
activity of ERAP1, ERAP2 and IRAP, focusing on S1 spike glycopro-
tein, known to be the largest antigen of the virus. The authors incu-
bated a mixture of synthetic peptides derived from the sequence of
the SARS-CoV-2 S1 spike glycoprotein with either ERAP1, ERAP2, or
IRAP alone, or with a mixture of ERAP1 and ERAP2. All three
aminopeptidases generated shorter peptides with sequences
appropriate for binding onto HLA alleles, even if with different
trimming specificities. ERAP1 was the most efficient in generating
peptides 8-11aa long – the correct length for HLA binding – ERAP2
and the ERAP1/ERAP2 mixture followed, while IRAP was the less
efficient. The conclusions of these elegant analyses confirmed the
hypothesis that, as long as peptide trimming is mediated by ERAP1,
HLA-B*15:03 is likely to present more SARS-CoV-2 epitopes than
HLA-B*46:01; notably, ERAP1 is considered to have the leading
trimming activity in the ER. The authors also discovered that only
7% of the SARS-CoV-2 antigenic peptides potentially presented by
the above-mentioned HLA alleles were produced by either ERAP1,
ERAP2 or IRAP. This finding reveals that, through their trimming
activity, aminopeptidases can markedly filter and determine which
antigens can be presented by MHC I molecules. Thus, ERAPs genes
and their allelic variants, which encode for proteins that establish a
bottleneck for the fitting of processed antigens into the binding
pocket of MHC I molecules, represent a further variable which
should be taken into account in the context of peptide prediction
algorithms. In line with this, one of the main functions recently
ascribed to ERAP1 is to limit the peptides available for MHC I
[82]. Therefore, this innovative approach could be useful in opti-
mizing bioinformatic predictions of potential MHC I epitopes.

In a subsequent study, Lu et al. correlated ERAP2 genotype to
COVID-19 severity. The authors examined 193 deaths from 1412
infections in a group of 5871 UK Biobank SARS-CoV-2 positive
patients and found rs150892504 variant in ERAP2 gene to be one
– out of the 5 novel risk variants in 4 genes discovered – of the
genetic risk factors associated with survival from infection in
SARS-CoV-2-infected individuals [83].

Even more recently, our group conducted a study based on the
consistent amount of data giving ERAP2 a pivotal role in viral infec-
tions [6]. The work was built on the 2018 results of Ye and col-
leagues showing the presence of two novel genetic variants –
ERAP2/Iso3 and ERAP2/Iso4 – transcribed following influenza viral
stimuli by monocyte-derived dendritic cells isolated from homozy-
gous HapB-carrying individuals [84]. These latter carry the G allele
for rs2248374, a single nucleotide polymorphism (SNP) previously
demonstrated to prime only the transcription of a spliced ERAP2
variant (ERAP2/Iso2), further degraded by nonsense-mediated-
decay (NMD) [85]. Conversely, the A allele for this SNP leads to
the transcription of ERAP2/Iso1, the wild type (WT) form of the
enzyme, which is thoroughly functioning. The two short isoforms
diverge from each other by alternative splicing at a secondary
splice site at exon 15, but while ERAP2/Iso4 harbors a premature
termination codon leading to its NMD, ERAP2/Iso3 may contribute
to shape the antigen repertoire. Indeed, although it loses the
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catalytic domain, its capacity to dimerize is preserved. The interac-
tion of ERAP2/Iso3 with theWT-forms of ERAPs could result into an
alternative trimming efficacy of viral peptides, thus suggesting its
indirect, yet crucial involvement in the anti-microbial response
(Fig. 1). The results reported in the paper answered three main
issues: first, they demonstrated that the newly characterized
ERAP2/Iso3 mRNA expression is not flu-specific, as being also
prompted by other pathogens including HIV, SARS-CoV-2, CMV
and Bacteria (LPS); second, they proved that ERAP2/Iso3mRNA
can be translated into a protein in response to microbial infections;
third, they showed that ERAP2/Iso3 mRNA is expressed in a dose-
dependent manner following viral infections [86]. Indeed, ERAP2/
Iso3 expression was found to be directly proportional to the mul-
tiplicity of infection (MOI) of SARS-CoV-2 or HIV-1 used to
in vitro infect cells, leading to the conclusion that ERAP2/Iso3
expression is strictly dependent on the viral dose of exposure.
Finally, these results also showed that SARS-CoV-2 exposure pro-
vokes the expression of ERAP1 and ERAP2/Iso1 in a dose-
dependent way, once again suggesting ERAPs participation in the
handling of the anti-viral response during SARS-CoV-2 infection.

Besides their direct participation in the antigen presentation
machinery ERAPs may be released in the extracellular milieu by
immunocompetent cells triggered by inflammatory stimuli
[87,88], possibly conditioning SARS-CoV-2 infection through at
least two alternative mechanisms. Firstly, once released ERAPs
can modulate innate immunity besides acquired one, by promoting
inflammasome activation, monocyte differentiation and phago-
cytic activity of THP-1–derived macrophages [89,90], thus altering
the immunological microenvironment in which the virus is grow-
ing. Secondly, ERAPs are two renin-angiotensin system (RAS) regu-
lators, a pathway which is often altered in patients showing a
severe form of COVID-19 [91]. In particular, ERAP1 cleaves angio-
tensin II into angiotensin (Ang) III and IV while ERAP2 cuts Ang
III into Ang IV [92,93]. Thus, loss-of-function variants of these
aminopeptidases impair Ang III and Ang IV production, contribut-
ing to the increase of circulating Ang II levels resulting in hyperten-
sion [94]. As following SARS-CoV-2 infection the ACE2 receptor is
depleted from cellular surface causing an accumulation of Ang II
[95], ERAP1 and ERAP2 dysfunctional status may accentuate the
clinical manifestations of the disease, thus further worsening the
effects of SARS-CoV-2 infection [96].
5. Conclusions

The aim of this brief review is to collect and present the results
actually available on the role of antigen presentation in SARS-CoV-
2 infection. At the time of writing this paper, the COVID-19 pan-
demic is continuing its course, with a total of 155 million cases
and more than 3 million deaths to date registered [97]. The scien-
tific community is relentlessly focusing on identifying the features
of the immune response against the virus and the role of genetics
in influencing susceptibility and degree of severity of the disease.
More and more studies are deepening the mechanisms of T cell
response to SARS-CoV-2, considering that – unlike vaccines based
on the formation of antibodies against the surface spike glycopro-
tein – T cell vaccines have the capacity to generate immune
responses against viral proteome in its entirety [98]. In addition,
a recent study states that robust cellular immunity against SARS-
CoV-2 is likely to be present within the great majority of adults
at six months following asymptomatic and mild to moderate infec-
tion. This also lowers the level of concern that immune responses
following natural infection may not be lasting, thus predisposing
to recurrent infection [99]. Even if different vaccines are currently
available and distributed worldwide, it is important to highlight
how the clarification of the complex interactions between this
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devastating coronavirus and our immune system is a matter of
strong need, to learn how to control the ill-fated progression of
COVID-19.
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