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In the biological immune process, the major histocompatibility complex (MHC) plays an indispensable role in the
expression of HLA molecules in the human body when viral infection activates the T-cell response to remove the
virus. Since the first case of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection in 2019,
how to address and prevent SARS-CoV-2 has become a common problem facing all mankind. The T-cell immune
response activated by MHC peptides is a way to construct a defense line and reduce the transmission and harm of

the virus. Presentation of SARS-CoV-2 antigen is associated with different types of HLA phenotypes, and different
HLA phenotypes induce different immune responses. The prediction of SARS-CoV-2 mutation information and
the design of vaccines based on HLAs can effectively activate autoimmunity and cope with virus mutations,
which can provide some references for the prevention and treatment of SARS-CoV-2.

1. Introduction

In the process of human immunity, MHC (major histocompatibility
complex) plays a crucial role in the rejection reaction; for instance, it
participates in the processing of antigens in multiple links, inhibits the
interaction between immune cells, and induces the differentiation of T
cells [1-3]. MHC is classified as MHC class I (MHC-I) and MHC class II in
organisms (MHC-II). MHC-I is responsible for presenting endogenous
antigens to CD8" T cells, while MHC-II is responsible for presenting
exogenous antigens to CD4" T cells. The human MHC gene, located on
the short arm of human chromosome 6, is the most complex genetic
system in humans, with molecules known as human leukocyte antigens
(HLAS). During the process of virus infection, HLA polymorphism will
affect the susceptibility of the virus and severity of the disease, which is
caused by the difference in the ability of different individuals to respond
to specific antigens, affecting the body to regulate the immune response.

Coronaviruses are a group of viruses that are round or oval in shape,
have spike-like protrusions on their surface, and are restricted to
infecting vertebrates. Human coronavirus (HCoV) infection primarily
causes respiratory diseases [4]. Humans have faced three zoonotic
coronaviruses since the beginning of the 21st century. They are severe
acute respiratory syndrome coronavirus (SARS-CoV), Middle East
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respiratory syndrome coronavirus (MERS-CoV), and severe acute SARS-
CoV-2; they have emerged in recent years and are rapidly spreading
across the globe. Hundreds of millions of cases have been confirmed
since the first COVID-19 infection, which is caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), emerged in 2019.
SARS-CoV-2 has become a major global public health threat. Many of
the characteristics of SARS-CoV-2 are derived from its structure's spike
proteins, which are the primary target of human antigen production and
the virus's primary mutation site [5]. HLA class molecules play a crucial
role in SARS-CoV-2 infection. In addition to presenting antigens to T
cells, distinct HLA class molecules influence virus susceptibility [6].
Different countries and ethnic groups on different continents have
different frequencies of HLA alleles, resulting in varying morbidity,
mortality, and severity of SARS-CoV-2 in different populations. Conse-
quently, the study of HLA alleles is crucial for the global prevention and
treatment of SARS-CoV-2.

T cells play a crucial role in the SARS-CoV-2 immune response. The
presence of short viral peptides of SARS-CoV-2 on the surface of antigen-
presenting cells (APCs) by HLA molecules induces the immune response
of T cells. CD8" T cells primarily drive the T-cell response to HLA-I
binding peptides. CD4" T cells recognize HLA-II class-binding peptides
[7]. Functionally, CD8" T cells clear intracellular viral regions, whereas
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CD4™" T cells have a broader spectrum of functions, including homolo-
gous assistance to B and T cells, promotion of memory formation, and
cytotoxic activity indirectly (for example, through IFNy) or directly
against target cells expressing MHC-II (10) [8]. Studying the T-cell
response to SARS-CoV-2 is essential for developing protective immunity,
immune pathogenesis, and COVID-19 vaccines. However, current
studies on SARS-CoV-2 vaccines are basically based on neutralizing
antibodies combined with the spike protein, which is susceptible to
mutations and deletions [9], making it difficult to design long-term
effective SARS-CoV-2 vaccines at this time. With a large amount of ev-
idence indicating the crucial role of T cells in combating SARS-CoV-2,
research on COVID-19 vaccines that induce a strong T-cell response is
also a new direction for vaccine design, and the coordinated response of
neutralizing antibodies and T cells has a greater protective effect against
COVID-19. One key to designing a SARS-CoV-2 vaccine that elicits a T-
cell response is to identify the viral epitopes responsible for activating T
cells. SARS-CoV-2 proteins and presents them on the surface of host
cells. Consequently, investigation of the epitopes of the HLA-I peptide
derived from SARS-CoV-2 can identify the viral epitopes responsible for
the activation of cytotoxic T cells and serve as a guide for developing a
more effective SARS-CoV-2 vaccine.

This article describes the primary functions of MHC molecules and
their roles after SARS-CoV-2 invasion and presents SARS-CoV-2 viral
proteins that induce CD4" T-cell and CD8" T-cell responses. Because of
the importance of T-cell responses to the COVID-19 immune response,
this review summarizes the design of vaccines that can induce T-cell
responses in the hopes of providing references for SARS-CoV-2
outbreaks.

2. Basic function and structure of MHC

MHC plays a crucial role in the presentation of biological immune
antigens, such as dendritic cells that use MHC molecules to present
antigens to CD4+ T and CD8" T cells. In living organisms, there are two
classes of MHC: MHC class I (MHC-I) and MHC class II (MHC-II). Often,
MHC-I is responsible for presenting endogenous antigens to CD8" T
cells, and MHC-II is responsible for presenting exogenous antigens to
CD4™" T cells, but this mode of operation is not fixed. Both MHC-I and
MHC-II have exhibited cross-presentation. Human MHC products are
commonly known as HLAs (or HLA complexes). MHC-I and MHC-II are
both polymorphic molecules that exist in numerous forms; as a result,
their ability to bind to viral fragments and present them to T cells varies
significantly.

2.1. MHC-I

MHC class I molecules are present on the surface of nucleated cells
and present as antigens. During presentation, transporters associated
with antigen presentation (TAP) transport peptides to the endoplasmic
reticulum (ER), where they approach MHC-I molecules [10]. In general,
MHC-I is stabilized intracellularly by endoplasmic reticulum proteins,
including ERp57 (also known as PDIA3), protein disulfide isomerase,
and tap-binding chaperone (Tapasin). Tapasin interacts with TAP to
translocate, couple, and transport peptides to MHC-I. The molecular
chaperone is released when the peptide binds to MHC-I molecules, and
the fully assembled peptide-MHC-I complex is presented on the cell
surface [11]. Peptides delivered to MHC-I are recognized by CD8" T
cells, which ultimately initiate an immune response. Peptides and MHC-I
molecules that are unable to bind in the ER are degraded in the cytosol
[12,13].

After the human immune response, APCs bind endogenous antigens
to MHC-I and express them on the cell surface. Meanwhile, T-cell anti-
gen receptor scanning of MHC class I molecules on APCs activates naive
CD8* T cells, which then function as effector cytotoxic T lymphocytes.
When APCs are not directly infected, they must acquire exogenous an-
tigens from infectious sources and present them via cross-presentation to
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MHC class I molecules [14]. These MHC ligands that directly stimulate
the immune response of T cells are referred to as epitopes. T cells that
recognize epitopes can perform immune functions such as producing
inflammatory or regulatory cytokines and cytotoxicity and assisting B
cells in regulating the maturation and development of antibody re-
sponses. Once an epitope is recognized, T cells proliferate to form an
effector cell population, which can detect the same epitope on other cells
and form a long-lived memory cell population, allowing the host to
respond quickly upon subsequent encounters with the same epitope
[15]. Therefore, T-cell recognition of the MHC ligand is a crucial step in
the formation of adaptive immune [16] responses and memories. In
addition to activating CD8™ T cells, MHC-I serves other crucial purposes.
For instance, in the 2019 novel coronavirus outbreak (SARS-CoV-2),
polymorphisms in the MHC-I protein sequence of human populations
significantly affect the binding ability of viral peptides, thereby altering
T-cell immunity to the virus [17].

2.2. MHC-II

MHC class II molecules are predominantly found on APCs, such as
macrophages and dendritic cells, as opposed to MHC class I molecules
(DCs). In the ER of APCs, the a- and p-chains of MHC class II molecules
form the Li-MHC-II complex with an invariant chain (li). The complex is
transported to the MIIC compartment via the Golgi apparatus or the
plasma membrane (MHC class II compartment). Exogenous proteins and
li are degraded into small peptides by proteases in MIIC, and li is
continuously degraded into the Class II-associated II peptide (CLIP),
which is retained in the peptide-binding tank of the MHC-II dimer.
Subsequently, it is exchanged with antigenic peptides from the endo-
somal pathway via the action of HLA-DM [18]. MHC class II molecules
are transported to the membrane of APCs following the exchange,
thereby providing antigenic peptides to CD41 T cells and activating
CD4™ T cells.

Additionally, three polymorphic genes code for MHC class II mole-
cules. Human MHC class Il molecules encoded by HLA-DR, HLA-DQ, and
HLA-DP bind to various peptides. The o and f chains are two non-
covalently linked polypeptide chains found in class II MHC molecules.
Both o and f chains extend into the cytoplasm from the cell membrane.
Outside of the two chains are two Ig-like functional regions, called a1,
a2, p1, and p2. al and B1 bind to antigenic peptides, while a2 and (2
bind to CD4 molecules. The peptide-binding II groove of MHC-II is more
inclusive than that of MHC-I, allowing peptides to extend beyond the
MHC-II structure. Therefore, MHC-II can bind not only long peptides but
also to unfolded proteins and native proteins with different conforma-
tions [19,20].

In most APCs and a small number of cells that can express MHC class
II molecules, such as mesenchymal stromal cells, fibroblasts, and
endothelial cells [19,20], MHC class II transactivators regulate the
expression of MHC class II molecules (CIITA). Exogenous or bacterial
recombinant CIITA can bind to numerous histone acetyltransferases
(HATS), including cyclic adenosine monophosphate response element-
binding protein and P300, P300/CAF-related factor (pCAF), and ste-
roid receptor coactivator (SRC) [21]. This mode of action enhances
MHC-II gene activation. In addition, it has been discovered that CIITA is
involved in host-virus defense through the upregulation of the P41
isoform of CD74. This isoform prevents the division of viral glycopro-
teins mediated by cathepsin, thereby preventing viral fusion and
inducing viral resistance. This antiviral activity protects macrophages
and dendritic cells from a wide variety of cathepsin-dependent viruses,
including filoviruses and coronaviruses such as Ebola virus and SARS-
like coronaviruses [22].

Human HLAs are an essential immunomodulatory component of
MHC gene encoding and one of the causes of infection susceptibility. The
diversity of the HLA genes is one of their defining characteristics. There
are thousands of published accounts of HLA gene polymorphisms.
Individually distinct immune responses to pathogens are a result of HLA
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gene-based differences. Numerous infectious diseases caused by RNA
viruses, such as the current epidemic coronavirus SARS-CoV-2, influ-
enza, HIV, hepatitis C, and rabies [23], are associated with HLA gene
polymorphism. Class HLA-I molecules are essential for initiating the
specific immune response to SARS-CoV-2. Numerous correlations be-
tween HLA genotypes and susceptibility to SARS-CoV-2 have been re-
ported. In COVID-19 cases, the HLA-B*07:03 [24], HLA-B*46:01 [25],
and HLA-C*08:01 [26] alleles are associated with severe symptoms,
whereas the HLA-C*15:02 allele is associated with mild symptoms [27].
In addition, numerous studies have examined the impact of HLA gene
polymorphisms on SARS susceptibility, pathogenesis, and outcome.
Several HLA class I polymorphisms (including HLA-B*46:01, HLA-
B*07:03.76, and HLA-CW*08:01.77) are significantly associated with
the susceptibility to or severity of SARS in various populations [24-26].
Similarly, HLA class II gene polymorphisms (such as HLA-DRB4*01 and
HLA-DRB1*12:02) have been demonstrated to be significantly linked to
susceptibility to SARS infection. In addition to these HLA genotypes,
specific HLA gene polymorphisms are described in greater detail in the
following sections. Determining a patient's HLA gene profile is essential
for understanding the fundamental mechanisms that protect innate and
adaptive immunity and may lead to the development of genetic markers
as protective factors (Fig. 1).

3. SARS-CoV-2 is associated with HLA
3.1. Structure and properties of SARS-CoV-2

Coronaviruses are RNA viruses with widespread single plus-stranded
genomes and possess the largest genome size of all known RNA viruses.

SARS-CoV-2 is the seventh known human-infecting coronavirus. It pri-
marily targets the human respiratory system and causes pneumonia and
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lymphocytopenia in patients. SARS-CoV-2 is comparable to previous
epidemics of SARS and MERS [23]. One of its significant features is the
ability to cross the species barrier, and this particular ability is closely
related to its particular structure. MERS-CoV had been transmitted in
camels for approximately 30 years before the first known human coro-
navirus case appeared [28], while SARS-CoV-2 probably originated in
bat hosts [29]. SARS-CoV-2 infects alveolar epithelial cells through
receptor-mediated endocytosis [30]. This ability is primarily derived
from its structurally unique spike protein (S), a 1200-1400 amino acid
spike protein encoded by the S gene downstream of ORF 1ab, consisting
of two subunits, S1 and S2.

Compared with SARS-CoV-2 nucleocapsid, envelope (E) and mem-
brane (M) structural proteins, the S protein has more important bio-
logical and pathogenic functions. The S protein is the primary target of
neutralizing antibodies and a major component of existing vaccines. It
impedes virus entry into the target cell (50, 66, 67) [31-33]. By iden-
tifying T-cell responses to six different HLA alleles in samples from
COVID-19 cases, the S protein was found to be the potential target of
23.2 % of CD8" T-cell responses to SARS-CoV-2 [34], while the viral N
protein and other viral structures [35] were identified as the target of 2/
3 CD4" T cells. Other SARS-CoV-2 proteins, in addition to spike proteins,
are targets of CD8" T-cell responses. It has been reported that the S
protein induces 50 % of CD8" T-cell-mediated responses [36], while the
N protein is involved in over 35 % of CD8" T-cell-mediated responses.
To date, the number of CD8 T-cell epitopes identified in the N protein is
approximately one-third of that found in the S protein, but the S protein
is approximately three times longer than the N protein [37-39], so the N
protein also deserves careful study in areas such as vaccine design.
Additionally, the variability of the N protein is less than that of the S
protein. To date, only seven VoC/Vol mutations have occurred in the N
protein, compared to 34 mutations in the S protein, indicating that the N
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Fig. 1. After the virus infects host cells, the endogenous antigen is degraded by proteasome, and the resulting peptide approaches HLA-I molecules through tapasin
on the endoplasmic reticulum and binds to them to form a complex. Then the complex leaves the endoplasmic reticulum to reach the surface of the infected cells, and
transmits the antigen information to CD8" T cells through TCR. Exogenous antigen presentation pathway is more complex. Exogenous antigens form li-HLA-II
complexes with li and HLA-II in the endoplasmic reticulum and are transported via the Golgi apparatus to the MIIC compartment, where they are degraded into
small molecules, while li is continuously decomposed to generate CLIP, which is exchanged with antigenic peptides from the endosomal pathway. After exchange,
class HLA-II molecules are transported to the cell membrane of infection, providing antigenic peptides to CD4"T cells and activating CD4™T cells.
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protein is more conserved. Most of the key residual mutations of SARS-
CoV-2 also occur in the S protein, which can evade the immune system
and reduce the immunogenicity and efficacy of vaccines, thus posing a
significant barrier to the effectiveness of current prevention and control
strategies [40]. Therefore, it is particularly important to find a target to
address SARS-CoV-2 mutations in the autoimmune process of SARS-
CoV-2 patients, and HLA alleles may be helpful to find such a target
(Fig. 2).

3.2. HLA allele with COVID-19

To identify the target genes for susceptibility to and severity of SARS-
CoV-2, it is necessary to understand the interaction between viral
components and human proteins and the resulting immune mechanisms
against infection. The S and N proteins trigger an immune response from
the host to destroy the virus, which can be recognized by B cells as viral
antigens and presented to T lymphocytes via MHC complexes. MHC gene
polymorphisms promote the presentation of certain T-cell epitopes more
effectively than other genes, so the severity of coronavirus is related to
the expression level of MHC alleles. According to some functional
studies, HLA-A*0201 T-cell epitopes are derived from SARS-CoV N and S
proteins [41,42]. Recent studies have determined that the HLA-A*32
allele is more frequent in healthy people than in SARS-CoV-2 patients,
whereas the HLA-B*39 and HLA-C*16 alleles are more frequent in pa-
tients with SARS-CoV-2 than in healthy individuals [43]. This result
indicated that MHC gene polymorphism (HLA gene polymorphism)
affected the prevalence of SARS-CoV-2. Changes in the theoretical
ability to bind SARS-CoV-2 peptides were also proposed in one paper to
explain the connection between HLAs and clinical heterogeneity of the
disease [44]. Thus, considering the role of HLA molecules in regulating
the immune response to SARS-CoV-2, variability in this locus could
explain the risk susceptibility of various populations to identify risk and
develop personalized therapies [45].

Studying the HLA-I peptide sequence from SARS-CoV-2 can identify
the epitopes [46] responsible for activating cytotoxic T cells, and the
HLA epitopes are also associated with the expression of immune cells
after SARS-CoV-2 infection. In a study of 28 COVID-19 patients with
severe respiratory failure, extremely low expression of HLA-DR was
observed, along with significant decreases in CD4 lymphocytes, CD19
lymphocytes, and natural killer cells [47]. The HLA-A, HLA-B, and HLA-
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C genes may contribute to the susceptibility to and severity of SARS-
CoV-2 infection according to another in silico study of genetic vari-
ability in HLA class I genes [6]. In fact, susceptibility to infectious dis-
eases such as tuberculosis, leprosy, AIDS, hepatitis B, and influenza has
been linked to specific HLA haplotypes, and MHC class II haplotypes
have also been associated with influenza susceptibility in certain mice
[48]. Researchers computed the binding affinity between MHC class I
molecules and viral peptides for all 145 HLA-A, -B, and -C genotypes of
SARS-CoV-2. It has been observed that the HLA-B *46:01 allele increases
susceptibility to COVID-19, as it has the least predictive binding peptide
for SARS-CoV-2. At the haplotype level, HLA-A*02:02, HLA-B*15:03,
and HLA-C*12:03 exhibited the greatest ability, whereas HLA-A*25:01,
HLA-B*46:01, and HLA-C*01:02 exhibited the least ability. Some SARS-
CoV-2 epitopes [49] are associated with five different HLA alleles,
including HLA-A*02:01, HLA-B*40:01, HLA-DRA*01:01, HLA-
DRB1*07:01, and HLA-DRB1*04:01 [50]. Another bioinformatics pre-
diction and molecular modeling study identified a highly immunogenic
SARS-CoV-2 epitope and its corresponding HLA allele. This model pre-
dicts that HLA-A*02:03 and A*31:01 are effective antigen carriers of
SARS-CoV-2, meaning that human expression of these antigens will
reduce the risk of SARS-CoV-2 infection, while HLA-A*03:02 is an A-
type risk allele. Subsequently, a second in silico study revealed that the
SARS-CoV polypeptide had a high propensity to bind to HLA-A*02:01
[51]. There are also a number of studies on the HLA association with
SARS-CoV-1, but the results of each study are contradictory. Some
studies reported that some HLA alleles increase the risk of SARS-CoV-1
infection, including HLA-B*46:01, HLA-B*07:03, HLA-C*08:01, and
HLA-DRB1*1202, while other HLA alleles offer protection, including
HLA-DRB1%03:01.22 HLA-C*15:02, and HLA-DRB1*03:01 (29, 31, 34)
[25,27,52].

As a key regulator of the immune response to viral infection, HLAs
play an important role in susceptibility to SARS-CoV-2 infection, but
there may also be associations between HLA genetic diversity and the
geographic distribution patterns, risk, severity, or outcome of SARS-
CoV-2 infection. The identification of HLA alleles in different pop-
ulations is one of the most important factors for protective immunity
against SARS-CoV-2, which can make some individuals and populations
resistant or susceptible to COVID-19. There are several molecular sub-
types of HLA-A2 that specifically target Caucasians, Africans, Middle
Easterners, and Asians [53]. In a recent study, certain HLA-A*02 alleles,

Spike protein
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Fig. 2. Schematic diagram of SARS-CoV-2 structure. The main components of the virus are spike, nucleocapsid, Envelope and membrane, as well as the single-
stranded RNA of the virus. Spike protein is the key to SARS-CoV-2 infection. SARS-CoV-2 is also the main antigen that triggers T cell response. Most of the mu-
tation sites of SARS-CoV-2 also occur on spike protein, while a small number of mutations occur on nucleocapsid protein.
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including A*02:01, *02:03, *02:05, *02:06, *02:07, and *02:11 [54],
were discovered to be prevalent in North and Central Indian populations
but not in Caucasian or Middle Eastern populations. The HLA-B*46:01
allele is also believed to increase susceptibility to COVID-19. Similar
to the distribution of HLA-A2, HLA-B*46:01 is present in Southeast Asia,
where it is widely distributed, but completely absent in Indian and Af-
rican populations and rarely present in European populations [55]. A
functional study revealed that HLA-B *46:01 was expressed at a low
level on the cell surface and that the diversity of the peptide group was
also low, which may be a result of its long-term association with HLA-
specific chaperones and intracellular retention [56,57]. Epidemiolog-
ical studies have shown that HLA-B*46:01 carriers are also more sus-
ceptible to tuberculosis, malaria, HIV, and SARS coronaviruses [58].
Similarly, the protective allele HLA-B*15:03 is completely absent from
the East Asian gene pool, while the susceptibility allele HLA-C*12:03 is
the most common allele in African populations and the most common
allele in individuals of European descent. This suggests that suscepti-
bility to viruses based on HLA loci appears to vary among different
ethnic groups. In a study involving 99 subjects, the alleles HLA-DRB1
*15:01, -DQB1*06:02, and -B*27:07 were associated with sensitivity
to COVID-19 in Italians [59]. Another study demonstrated that HLA-
C*01 and B*44 were responsible for the increase in SARS-CoV-2 in-
fections in Italy [60]. In China, the HLA-A *11:01, -B*51:01, and
-C*14:02 alleles have been linked to severe cases of COVID-19 [61].
Three HLA alleles (HLA-A*11, HLA-C*01, and HLA-DQB1*04) were
associated with higher mortality in a study involving 72 Spanish in-
dividuals with COVID-19 when controlling for Sequential Organ Failure
Assessment and Acute Physiological and Chronic Health Assessment II
(APACHE 1I) scores [43]. This allele does not bind any SARS-CoV-2
peptide with high affinity [62], as determined by peptide binding pre-
dictive analysis. In an ecological study, the HLA-C*05 allele was also
related to COVID-19 mortality [63]. Regional frequency studies of
common HLA haplotypes in Italy indicate that HLA-A*01:01-B*08:01-
C*07:01-DRB1*03:01 and HLA-A*02:01-B*18:01-C*07:01-
DRB1*11:04 are associated with morbidity and mortality of COVID-
19, indicating risk- and protection-related haplotypes, respectively
[64]. In an Italian Sardinian population association study, the HLA-
A*30:02-B*14:02-C*08:02 triad haplotype was more prevalent in pa-
tients with COVID-19 [65]. In addition, HLA-B*46:01 was identified as
the least predicted HLA allele for the SARS-CoV-2 binding peptide and
was predicted to present the least SARS-CoV peptide, which is consistent
with previous clinical data indicating that this allele is associated with
severe disease [49]. However, the HLA frequency data in the study's
database only represent a small portion of the population and thus may
not reflect the actual gene pool of the larger population [25,49]. To
better distinguish the impact of HLA genes on the risk, severity, and
outcome of SARS-CoV-2, it is necessary to collect comprehensive HLA
genotyping data from the world's major populations [66]. In some cases,
the HLA allele associated with a disease was found to be shared by
multiple populations, and HLA-A*11 was associated with samples from
Chinese and Spanish populations but not with patients from Italy.
Therefore, ethnic differences in HLA allele frequency should be
considered when determining genetic markers for COVID-19. Addi-
tionally, the effect of SARS-CoV-2 genomic variation on the relevant
host alleles must be evaluated, as the efficiency with which HLA mole-
cules present antigens varies based on where the virus mutates [67,68].
This mechanism may provide a biological explanation for the severity of
SARS-CoV-2 in individuals who have been exposed to other coronavi-
ruses [69].

In addition to being associated with susceptibility to COVID-19, HLA
genes may also influence the infectious phenotype of COVID-19. A Eu-
ropean study demonstrated that half of COVID-19 patients developed
anosmia, and studies in the United States showed that almost all COVID-
19 patients exhibited reduced olfactory function. This difference may be
due to olfactory receptor (OR) genes and MHC and OR polymorphisms
contributing to the expansion of HLA/OR [70,71] haplotypes. However,

Life Sciences 315 (2023) 121374

olfactory problems with COVID-19 may be related to the geographic
distribution and genotype of the population. For instance, patients in
Wuhan were more likely to experience fever and dyspnea (91.7 % and
21.1 %, respectively) than patients in other regions of China (78.1 % and
3.80 %) [72]. In addition, loss of smell, or anosmia, appears to be a
common symptom among European and American patients but is un-
common in Asian patients (Fig. 3). Differences in population, culture
and diet may account for this variation, but genetic variation occurs
worldwide [73-75].

4. T cell response and HLA induced by SARS-CoV-2

SARS-CoV-2 infection causes extensive activation of innate and
adaptive immunity [43,76-78], with neutralizing antibodies and cyto-
toxic CD8™" T lymphocytes (CTLs [79]) serving as the primary protective
factors. In contrast, virus-specific cytotoxic T lymphocytes influence
viral infection and provide immune memory, allowing the body to
develop long-term protection. CD8 (cytotoxic, lethal) T cells are acti-
vated upon recognition of viral peptides presented by HLA-I class mol-
ecules following SARS-CoV-2 infection, allowing them to recognize and
destroy SARS-CoV-2-infected cells [80]. Similarly, CD4 T lymphocyte
receptors bind to complexes formed by viral peptides and HLA-II class
molecules, activating T cells [81]. The primary functions of activated
CD4 (helper) T cells include regulating the immune system, stimulating
B cells to produce antibodies, and enhancing CD8 T-cell responses [82].
CD4+ helper T cells coordinate the immune response and stimulate the
production of antibodies by B cells, whereas CD8+ cytotoxic T cells
eliminate virus-infected cells [7]. Increasing evidence also shows that
the SARS-CoV-2-specific T-cell response plays a key role in regulating
the pathogenesis of COVID-19. SARS-CoV-2 infection induces an
extensive T-cell response in most patients, and the CD4+ T-cell response
is more important than the CD8+ T-cell response [83]. Therefore,
recognizing viral antigens presented on HLAs as short peptides is
essential for both types of T cells.

In a study of selected SARS-CoV-2-derived T-cell epitopes, CD8" T
cells drove the T-cell response to HLA class I binding peptides, while
CD4" T cells recognized HLA-DR binding peptides [7]. More HLA-DR-
dominated T-cell epitopes were also found in SARS-CoV-2 donors than
class HLA-A [7] epitopes, suggesting that CD4 ™ T cells play a greater role
in the body after viral infection. In measuring SARS-CoV-2-specific T
cells, the ability of HLA alleles to bind to various viral peptides is also
crucial. Three T-cell epitopes, for instance, were found to express HLA-I
restriction antigens strongly in nucleocapsid polypeptide combinations,
whereas only 2.6 % of S protein-derived T-cell epitopes had the ability to
bind class HLA-I molecules [84]. Moreover, it was discovered that the
faster COVID-19 recovers, the more viral peptides with high affinity
bind to HLA-I class molecules [85]. This suggests that in addition to the
patient's age and underlying disease as the cause of death, HLA genotype
is also a significant factor, as age-related reduction of T-cell receptor
complexes can negatively affect the prognosis of COVID-19 [86].
Consequently, it is of great significance to study the HLA-induced T-cell
response in COVID-19.

Multiple stages of lung infection are present in severe COVID-19
cases. Some COVID-19 strains also cause severe respiratory failure,
accompanied by deep depletion of CD4 lymphocytes, CD19 lymphocytes
and natural killer cells due to macrophage activation syndrome or
extremely low expression of HLA-DR [87-89]. The researchers also
found an interesting similarity between COVID-19-induced immune
dysregulation and a reduction in the number of HLA-DR molecules in
septicemic CD14 monocytes. Tocilizumab partially restored HLA-DR
expression in SARS-CoV-2 patients whose plasma inhibited HLA-DR
expression. Thus, severe immune dysregulation of COVID-19 is charac-
terized by IL-6-mediated low HLA-DR expression and lymphocytopenia
as well as persistent cytokine production and excessive inflammation
[471].

For CD8" T lymphocyte activation, SARS-CoV-2 RNA induces viral
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symptoms of SARS-CoV-2 patients.

protein translation after virus entry into host cells. During this step, the
protein enters the proteasome of the infected cell and is cleaved into an
8- to 12-residue peptide that binds to HLA-I class receptors [85]. The
complex of HLA-I class molecules and peptides is transferred to the
surface of the infected cell upon binding, where it can interact with and
activate the T-cell receptors of CD8" T lymphocytes. After activation,
CD8* T lymphocytes began to divide; within 5-7 days, a population of
virus-specific cytotoxic CD8" T lymphocytes capable of destroying
infected cells with perforin and serine proteases [90] was formed. In a
group of patients with milder symptoms, researchers investigated the
critical role of long-term activation of CD8" T cells in the immune
response to COVID-19 and discovered that activated CD8" T cells
expressed higher levels of HLA-DR and CD38 on their surface [91]. In
addition to HLA-DR, some HLA alleles contain more SARS-CoV-2 epi-
topes, which may also influence disease severity [92].

Several recent studies have confirmed the crucial role of the T-cell
response in the severity and long-term immunity of COVID-19
[87,93,94]. Patients with a milder form of SARS-CoV-2 exhibit a
greater proportion of CD8" T-cell responses than those with a severe
form of the virus. Different epitope-specific CD8" T-cell responses may
also result in distinct clinical outcomes for COVID-19 [95], whereas
CD4" T cells play a crucial role in the natural progression of infection
[7], but CD4" T-cell responses are more important than CD8" T-cell
responses in patients [83]. These phenomena contribute to under-
standing the pathogenesis of SARS-CoV-2 infection.

The immunity of preexisting T cells to CCC may affect the immunity
of SARS-CoV-2 and the clinical outcome of COVID-19 patients; this
result is a consequence of T-cell cross-reaction formed in response to
more than one different peptide-MHC ligand. The T-cell receptor (TCR)
is also expressed by peptide-MHC ligand-bound cell surface markers
CD154 and CD69. Therefore, CD4" memory T cells reactive to SARS-
CoV-2 can be isolated and screened [96]. In this way, Low et al. iden-
tified many T-cell clones that respond extensively to SARS-CoV-2 and
other coronavirus S proteins [96,97]. This finding provides evidence
that infection with SARS-CoV-2 affects preexisting cross-reactive mem-
ory T cells. Preexisting SARS-CoV-2 cross-reactive T cells may influence
various COVID-19 symptoms, and SARS-CoV-2 cross-reactive T cells
may have been acquired during a previous infection with an endemic
human coronavirus. Cross-reactive T cells have been found in 20 %-50
% of different populations worldwide who have not been exposed to
SARS-CoV-2 [98].

It is worth mentioning that cross-reactive T-cell studies are also
relevant to developing a SARS-CoV-2 vaccine. According to an analysis
of the pathogenic components of SARS-CoV-2, the S protein and nucle-
ocapsid elicit a robust response from CD4 " T cells. The reason for this is
that the RBD of CD4" T cells contains a conserved immunodominant
region and many T-cell epitopes, allowing the identification of cross-
reactive T cells targeting the S protein site, which could inform the
development of new vaccines against novel SARS-CoV-2 variants [99].

In conclusion, T cells play a crucial role in the immune response
against SARS-CoV-2 and mediate long-term protection against the virus.
Understanding the response and differentiation of CD4" and CD8" T
cells in COVID-19 through HLAs and other epitopes is of great signifi-
cance for the diagnosis, treatment and enhancement of COVID-19.

5. T cell responses and HLA can be involved in SARS-CoV-2
vaccine design

Currently, countries lack an effective method for controlling COVID-
19. Typically, traditional public health measures are used to control the
spread of SARS-CoV-2, such as wearing masks in public and isolating
people in close proximity to COVID-19 to prevent and reduce the virus's
spread. Traditional methods have been ineffective in reducing the
spread of COVID-19 and the number of cases; therefore, developing a
vaccine that is effective against SARS-CoV-2 is one way to reduce the
global spread and infection of the virus. The majority of SARS-CoV-2
vaccine strains that are currently in development were created using
traditional and modern techniques with attenuated or inactivated vi-
ruses. Traditional vaccines have been effective against infectious dis-
eases caused by viruses, including polio, measles, rubella and
chickenpox. However, using traditional techniques to develop vaccines
against HIV, hepatitis C and dengue has not been successful, and the
same is true regarding vaccines against coronaviruses. The use of
modern vaccine techniques, such as viral peptides or DNA/RNA, rep-
resents a promising new direction. Most SARS-CoV-2 vaccines in phase II
or III clinical trials are based on modern vaccine [9] techniques. These
techniques introduce specific virus components or viral genes into the
body to induce a targeted immune response. The vaccine induces a
cellular and humoral response mediated by T cells and antibodies. Most
current COVID-19 vaccine candidates concentrate on spike proteins
[100], which are also prime neutralizing antibody targets [101,102].

The T-cell response is critical for vaccine effectiveness [36,103]. As
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described in the previous narrative, a robust T-cell response facilitates
recovery from COVID-19 and produces durable immunity in the body
[104]. In addition to antiviral approaches that rely solely on T-cell re-
sponses, coordinated responses of neutralizing antibodies and T cells
provide better protection against COVID-19 [9,105]. One direction of
COVID-19 vaccine development is to mimic this process by stimulating
immune cells that specialize in recognizing SARS-CoV-2. T cells are
activated by recognizing SARS-CoV-2 peptides (short linear amino acid
sequences) that are presented on the surface of infected cells via HLA
molecules. This prepares the immune system to combat the virus should
a natural infection occur. While different HLA haplotypes are associated
with different disease sensitivities, HLA typing can provide information
about disease sensitivity for prevention, treatment, vaccination, and
clinical strategies. For example, HLA-I is associated with HIN1 infection
in humans, HLA-A*11, HLA-B*35, and HLA-DRB1*10 confer suscepti-
bility to (PDMO09) influenza A (H1N1) infection [106], and the previ-
ously mentioned MHC Class II haplotype found in mice is also associated
with influenza infection [48]. Identifying the association of the virus
with these specific HLA loci allows the detection of alleles that
demonstrate induction of protective immunity, which can be used to
assess the effectiveness of vaccination in the entire population. Under-
standing the potent T-cell response induced by HLAs in COVID-19 vac-
cines may therefore aid in developing and evaluating such vaccines. The
following are some of the most recent discoveries in this area.

In the SARS-CoV-2 vaccine currently under development, neutral-
izing antibodies are an important part of the vaccine, but this may not be
sufficient to address the current spread of the virus. Viral variants of
SARS-CoV-2, such as B.1.1.7 alpha, B.1.351 Beta, P.1 Gamma, and
B.1.617.2 Delta have increased transmissible ability and ability to evade
convalescence and vaccine-induced antibody responses [107-111].
Unlike the sharp restriction neutralization antibody response, CD8" T
cells can target the entire SARS-CoV-2 proteome region, enabling them
to target the restriction mutation site [112] in the SARS-CoV-2 mutant.
Therefore, inducing SARS-CoV-2-specific CD8" T cells can significantly
improve the protective ability of the vaccine. Increased CD8" T-cell
clonal expansion was found in bronchoalveolar lavage fluid in in-
dividuals with mild symptoms of COVID-19 [113], indicating strong
responsiveness of CD8" T cells to SARS-CoV-2 epitopes and rapid viral
clearance mediated by CD8™ T cells [114-116]. Similarly, Shabak virus-
induced CD8™ T cells showed persistent immune memory against SARS-
CoV-1 infection [117], and vaccine-induced CD8™ T cells protected mice
from the fatal symptoms of SARS-CoV-1. Thus, inducing CD8 T cells to
respond is the key to vaccine design, and it is necessary to search for
inducing factors.

One entry point is that SARS-CoV-2 can evade cellular immunity by
mutating class HLA-I-restricted epitopes [118]. Anusha Nathan et al.
recently demonstrated that CD8" T-cell epitopes identified by class HLA-
I restrictive epitopes are confined by mutations in highly mutated HIV.
For SARS-CoV-2, targeting of CD8" T cells in vivo was observed by
predicting whether the highly networked SARS-CoV-2 epitopes could
bind and stabilize 18 HLA alleles. The results showed that at least 50 %
of the HIV epitopes were deemed promising SARS-CoV-2 T-cell immu-
nogens relative to HLA class I [119]. This induced CD8™ T-cell response
to highly networked epitopes may offer enhanced protection against
emerging SARS-CoV-2 variants in humans. Thus, highly networked T-
cell vaccines could complement current neutralizing antibody-based
vaccines to provide stronger and broader immunity to the global pop-
ulation to prevent the emergence of new SARS-like coronaviruses and
the continued mutation of SARS-CoV-2.

Studies of SARS-CoV-2-derived HLA-I peptides can identify the viral
epitopes responsible for the activation of cytotoxic T cells, but HLA-I
binding alone is insufficient to predict the recognition of antigens.
First, there are limitations. Antigen processing and presentation is a
complex, multistep biological pathway [18] that involves the degrada-
tion of viral proteins by proteasomes, the cleavage of peptides by ami-
nopeptidases, the transfer to the endoplasmic reticulum and the binding
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of HLA-I, and the presentation of antigens on the cell surface by HLA-I.
Many computational predictors now account for some of the steps in the
two-point presentation process, but the average positive predictive
value of testing for different HLA alleles is still approximately 64 %
[120], indicating that a portion of the antigen remains undetected. In
addition, the prediction method did not account for the possibility that
the virus might affect the cells' ability to express antigens during the
infection process. For instance, the virus can inhibit the host's protein
translation, cut the proteasome mechanism, and interfere with the
expression of HLA-I. These changes may not induce a complete and
effective immune response, and HLA-I monitoring is also [121,122]
incomplete. Third, predictive models fail to account for the dynamic
evolution of viral proteins during infection. Kinetic studies of vaccines
and influenza viruses have demonstrated that HLA-I presentation of
virus epitopes reaches a maximum between 3.5 and 9.5 h (HPI) after
infection [123,124]. Fourth, the virus can also inhibit and interfere with
HLA-I presentation, so there are more viral proteins present in the early
phase of viral infection, whereas two-point proteins expressed later in
the viral life cycle cannot be expressed more effectively. Infection with
SARS-CoV-2 substantially decreased the expression of protease POMP
and ubiquitination pathway proteins. By influencing ubiquitin-mediated
proteasome degradation and immune signaling proteins, SARS-CoV-2
may reduce downstream processing and HLA-I presentation precursors
and alter immune responses [46]. Additionally, inhibition of translation
by NSP1 and degradation of host transcripts attenuated HLA-I expres-
sion and antigen presentation [125]. The ORF8 protein also interferes
with HLA-I antigen presentation and influences CTLs' ability to recog-
nize and eliminate virus-infected cells [126].

Cross-reactivity of T cells following infection with other coronavirus-
infected cells can hinder the effectiveness of COVID-19. Consequently,
the identification of genetically similar epitopes of SARS-CoV-2 and
other coronavirus-like viruses (e.g., SARS-CoV, MERS-CoV, and human
common cold coronavirus-like viruses) could aid in the development of
coronavirus-like vaccines. To prevent current human coronaviruses and
future coronaviruses that may jump from other species to humans
[127,128], silicon-based T-cell epitope prediction using SARS-CoV-2
could aid in developing such vaccines [129]. At present, the detection
of epitopes of SARS-CoV-2 virus is mainly predicted by bioinformatics of
HLA-I and HLA-II binding affinity as well as biochemical binding tests
and reactivity tests of SARS-CoV-2 peptides [7,36,130]. However, this
prediction has limitations, and it is not certain that all peptides predicted
by SARS-CoV-2 bioinformatics can be processed and presented by APCs
or infected cells during SARS infection. Adi Nagler et al. therefore
combined bioinformatics tools with HLA peptides to further identify
HLA-I and HLA-II viral antigens through viral gene transduction of
selected cells or infection with SARS-CoV-2 [131].

Moreover, SARS-CoV-2 mutant vaccines can be engineered to induce
neutralizing antibody responses to adaptive vaccines via cross-reactive T
helper cell function against conserved SARS-CoV-2 sites. CD4" T cells
respond primarily to the spike protein via the RBD, which is also the
primary target of neutralizing antibodies [132,133]. RBD is highly
immunogenic in vivo and contains a large number of T-cell epitopes as
well as a conserved immunodominant region. RBD- and S346-S365-
specific T-cell clones were identified in distinct memory subsets of
COVID-19 survivors, and these clones were also isolated from in-
dividuals inoculated with the SARS-CoV-2 mRNA vaccine [97]. The
availability of a large number of cross-reactive T-cell clones identified by
RBD facilitates the identification of targets in associated pathogens,
which may aid in developing vaccines against SARS-CoV-2 variants.

6. Discussion

In this review, we discuss the role of certain HLA molecules in the
presentation of the SARS-CoV-2 protein and summarize the research on
the susceptibility of different HLA genotypes to SARS-CoV-2 and the
postinfection symptoms of different populations in different regions and
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countries. Regarding the association of human complex HLA genes with
SARS-CoV-2, such as the association of HLA-I genotypes with COVID-19
severity and mortality and the association of HLAs with SARS-CoV-2
mutations, more research is needed. Individual HLA haplotypes and
whole-gene variants may also influence the capacity to mount an im-
mune response against SARS-CoV-2. We also summarized some char-
acteristics of SARS-CoV-2, including the virus spike protein. Recent
studies have described the structure and function of the virus, as well as
the crucial role of the spike protein, as an antigen in stimulating the T-
cell response.

As of May 2022, there have been over 500 million confirmed cases of
SARS-CoV-2 worldwide. SARS-CoV-2 has gradually become an un-
avoidable part of contemporary human life. Furthermore, confronting
and resolving SARS-CoV-2 is a challenging issue for every country today.
As SARS-CoV-2 spreads and the virus develops new mutations, the best
solution for now may lie in the body's own immune response, one of
which is T cells. Therefore, vaccines that can induce a durable and
effective T-cell response are one of the most important solutions. The
prediction of T-cell epitopes presented by SARS-CoV-2 antigens pre-
sented by HLA class molecules can serve as a benchmark. However,
there are still some flaws in this strategy. Moreover, the effectiveness of
the T-cell response to SARS-CoV-2 infection remains unknown. By
studying the induced T-cell response, it is possible to design vaccines
based on the ability of HLA class molecules to present antigens, which
provides the opportunity to prevent SARS-CoV-2 and slow the spread of
the epidemic.
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