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Summary
Individual genetic variation may help to explain differ-
ent immune responses to a coronavirus SARS-CoV-2 
across a population. The in silico computer simulation 
methodology provides the experimental community 
with a more complete list of SARS-CoV-2 immunogenic 
peptides presented by the antigens of the HLA system. 
This review considers an array of computationally pre-
dicted immunogenic peptides from SARS-CoV-2 for in 
vitro functional validation and potential vaccine devel-
opments. Several independent studies conducted with 
different approaches showed a high degree of confidence 
and reproducibility of the results. Computer-assisted 
prediction is instrumental for a quick and cost-effective 
solution to prevent the spread and ultimately eliminate 
the infection.

Most efforts to develop vaccines and drugs against 
SARS-CoV-2 target the spike glycoprotein (protein S), 
the major inducer of neutralizing antibodies. Several 
candidates have been shown to be effective in in vitro 
studies and have progressed to randomized trials in an-
imals or humans against COVID-19 infection. This ar-
ticle highlights current advances in the development of 
subunit vaccines to combat COVID-19 that are reducing 
the time and costs of vaccine development.

Keywords
Coronavirus, SARS-CoV-2, COVID-19, immunogenic 
peptides, antigen, HLA, vaccine, epitope, computational 
prediction, computer simulation in silico, immunoinfor-
matics. 

Citation: Anisenkova AY, Golota AS, Vologzhanin DA et al. Immunoinformatics in COVID-19 Vaccine Development: The Role 
of HLA System. Cell Ther Transplant 2021; 10(1): 13-23.

Cellular Therapy and Transplantation (CTT). Vol. 10, No. 1, 2021
doi: 10.18620/ctt-1866-8836-2021-10-1-13-23

Submitted: 25 December 2020, accepted: 12 March 2021

Introduction
Human leukocyte antigens (HLA) on the cell surface play 
a pivotal role in recognizing inter-and extracellular proteins 
as "self " or "non-self ". A unique set of HLA alleles keeps 
our immunological identity. The immune response of the 
host organism is based on the detection of "non-self " pro-
tein epitopes. E.g., in viral infections, Class I HLA molecules 
recognize viral peptides produced inside the infected cells, 
causing the recruitment of CD8+ cytotoxic populations and 
destruction of the target cells.

Class II antigens on the antigen-presenting immune cells 
mostly determine the risk of graft rejection after allogeneic 

transplantation of organs or bone marrow, thus requiring 
maximal HLA-similarity between recipient and donor. Since 
the 1970’s, the high-throughput and precise techniques of 
HLA-typing were introduced for allogeneic transplantation 
of hematopoietic cells (HSCT). More than 30.000 HLA var-
iations of HLA proteins are registered and DNA-sequenced 
by the classical Sanger technique or NGS approach which is 
implemented for HLA typing worldwide [1]. The resulting 
databases contain quite extensive data on HLA polymorphic 
regions and provide excellent opportunities for in silico mod-
eling of best matches between HLA and any foreign proteins, 
including fragments of viral antigens. 

http://www.cttjournal.com/en/archive/tom-10-nomer-1/obzornye-stati/immunoinformatika-v-razrabotke-vaktsiny-protiv-covid-19-rol-sistemy-hla/
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Our review aimed to discuss common bioinformatic ap-
proaches to the search of target HLA epitopes and immuni-
ty-related proteins when designing novel antiviral vaccines, 
in particular, against SARS-CoV-2. This new beta-coronavi-
rus of the Coronaviridae family, Betacoronavirus genus was 
identified as a pathogen causing severe acute respiratory 
infection. On February 11, 2020, The World Health Organ-
ization has assigned the official name COVID-19 ("CОrona-
VIrus Disease 2019"), whereas an International Committee 
for Taxonomy of Viruses, ICTV) Committee for Taxonomy 
of Viruses, ICTV) designates the causative agent of this in-
fection as SARS-CoV-2 (Severe acute respiratory syndrome 
coronavirus 2). At sooner time, WHO has claimed SARS-
CoV-2 pandemia.

Clinical course in SARS-CoV-2 infection is quite variable. 
i.e., from mild or symptom-free clinical forms to severe 
or extremely severe COVID-19 with high mortality levels. 
Acute respiratory distress syndrome was registered in some 
patients, and 11% of the patients deceased with multi-organ 
failure in a short time [2]. Most patients with COVID-19 
manifest with fever (90%); cough (80%); apnea (55%); loss 
of smell and taste (50%); myalgia and fatigability (44%); 
chest pressure and/or pain (20%), as well as headache (8%), 
hemoptysis (5%), diarrhea, nausea (3%) [3]. SARS-CoV-2 
exhibits pronounced lung tropism causing severe respiratory 
failure in some patients with COVID-19-associated pneu-
monia thus requiring invasive mechanical ventilation with a 
mortality risk of up to 60% [4]. The specific clinical course of 
COVID-19 infection suggests a unique immune dysfunction 
with pronounced lymphopenia, excessive IL-6 production, 
and enhanced blood clotting [5].

The results of computer modeling (in silico experiments) 
show that there are genetic differences, especially in the hu-
man immune system, which may explain the different ability 
to respond to SARS-CoV-2 infection, differences in symp-
toms, and severity of COVID-19.

Following infection of human cells by a coronavirus, the or-
ganism responds by antiviral signaling. These alarms identify 
the virus and mobilize the immune system for sending cyto-
toxic T cells to destroy the infected cells. To find out if differ-
ent alleles of signaling system may explain the diversity of im-
mune responses to SARS-CoV-2, numerous research teams 
use computer algorithms to analyze all coronavirus proteins 
to predict how different versions of antiviral signaling system 
recognize the coronavirus proteins, in particular, to get data 
on the role of HLA haplotype predisposing for the clinical 
course of the infection, its diagnostics and therapy [6].

HLA alleles predispose for differential susceptibility to vi-
ral disease and its clinical course. Genetic variability of the 
main HLA genes may influence the severity of COVID-19 
severity. In particular, understanding these variabilities may 
be helpful for detection of the persons with a high risk of the 
disease. The combination of HLA typing with SARS-CoV-2 
testing will improve risk assessment in the general popula-
tion. Following the development of the anti-SARS-CoV-2 
vaccine, the persons with high-risk HLA alleles should have 
priority for vaccination.

When binding the virus or its fragment, HLA antigen expos-
es it on the cell surface, thus tagging the cell as an infected 

one, promoting its killing by specific immune cells. General-
ly, the more viral peptides could be recognized by the HLA 
system, the more pronounced is the immune response. The 
results of computer modeling predict that some HLA alleles 
are binding numerous peptides of SARS-CoV-2 proteins 
whereas others are binding with only a few of them, thus de-
termining the extent and efficiency of an immune response. 
Therefore, a consensus was reached on the biological signifi-
cance of HLA differences, i.e., these variations may partially 
explain the wide variability of differences for the COVID-19 
infection severity. The differences for HLA loci seem to be 
not the only genetic factor influencing COVID-19 severity. 
However, understanding their actual effects upon the clinical 
course of COVID-19 may help to reveal the persons with a 
higher risk for the disease and to develop vaccines against 
SARS-CoV-2.

Biology and genetic properties of 
SARS-CoV-2 
SARS-CoV-2 belongs to the single-stranded coronavi-
rus family. Its genome encodes a series of structural and 
non-structural genes. It consists of a single-stranded pos-
itive-sense RNA 30 kb long and contains two flanking 
untranslated regions, and one long open reading frame 
(ORF) encoding a polyprotein including replicase complex 
(ORF1ab), and the genes of four structural proteins: spike 
glycoprotein (S), membrane glycoprotein (M), an enve-
lope protein (E), and nucleocapsid phosphoprotein (N). 
The ORF1ab sequence encodes 16 non-structural proteins 
[7]. Two SARS-CoV-2 proteins, ORF-3a and ORF-7a, are the 
suggested determinants for T cell recognition. Both proteins 
are important for viral replication and may influence the 
pathogenesis and dissemination of the disease [8]. 

Clinical features of COVID-19
COVID-19 in SARS-CoV-2-positive patients is classified 
as mild, severe, and critically severe disease. The absolute 
and relative number of CD4+, CD8+ T cells, and B cells is 
reduced with increased severity of the disease. The levels 
of pro-inflammatory IL-2, TNF-α, IL-6 cytokines, as well 
as CRP in blood plasma are increased, whereas activation 
of dendritic cell and B cells are decreased in severe clinical 
cases [9]. 

Lymphopenia is among the typical characteristics of SARS-
CoV-2 infection. Lymphocyte migration from blood to 
lungs may be a reason for lymphocyte deficiency in periph-
eral blood, due to antigenic stimulation. If CD8+ T cells are 
unable to eliminate the virus, CD4 T cells will be activated 
to further enhancement of immune response. Continuous 
and excessive inflammatory reactions finally cause apopto-
sis and anergy of the lymphocytes. Hence, the lymphocyte 
function can be completely different in different stages of 
infection [9].

Severe complications develop in 20% of the COVID-19 pa-
tients, being connected with an uncontrolled systemic hyper-
inflammatory immune response to SARS-CoV-2 infection, 
the so-called "cytokine storm". Excessive IL-6 production is 
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a trigger of this life-threatening condition. Suppression of 
this inflammatory immune response could be considered a 
target for anti-inflammatory and immune-modulating ther-
apy in severe COVID-19 [10].

The results of computer modeling (in silico experiments) 
show that there are genetic differences, especially in the hu-
man immune system, which may explain the different ability 
to respond to SARS-CoV-2 infection, differences in symp-
toms, and severity of COVID-19.

Following infection of human cells by a coronavirus, the or-
ganism responds by antiviral signaling. These alarm signals 
identify the virus and mobilize immune cells, especially, cy-
totoxic T cells, to destroy the infected cells. To search for dis-
tinct alleles of signaling system predisposing for diverse im-
mune responses to SARS-CoV-2, numerous research teams 
use computer algorithm to analyze all coronavirus proteins, 
to predict how different versions of antiviral signaling sys-
tem recognize the coronavirus proteins, in particular, to get 
data on the role of HLA haplotype predisposing for the clin-
ical course of the infection, its diagnostics and therapy [6].

Biology of an anti-COVID immune 
response
HLA alleles predispose for differential susceptibility to viral 
disease and its clinical course. Genetic variability of the main 
HLA genes may influence COVID-19 severity. In particular, 
understanding this variability may be helpful for detection of 
the persons with a high risk of the disease. The combination 
of HLA typing with SARS-CoV-2 testing will improve risk 
assessment in the general population. Following the devel-
opment of an anti-SARS-CoV-2 vaccine, the persons with 
high-risk HLA alleles should have priority for vaccination.

When binding the virus or its fragment, HLA antigen expos-
es it on the cell surface, thus tagging the cell as an infected 
one, promoting its killing by specific immune cells. General-
ly, the more viral peptides could be recognized by the HLA 
system, the more pronounced is the immune response. The 
results of computer modeling predict that some HLA alleles 
are binding numerous peptides of SARS-CoV-2 proteins 
whereas others are binding with only a few of them, thus de-
termining the extent and efficiency of an immune response. 
Therefore, a consensus was reached on the biological signifi-
cance of HLA differences, i.e., these variations may partially 
explain the wide variability of differences for the COVID-19 
infection severity. The differences for HLA loci seem to be 
not the only genetic factor influencing COVID-19 severity. 
However, understanding their actual effects upon the clinical 
course of COVID-19 may help to reveal the persons with a 
higher risk for the disease and to develop vaccines against 
SARS-CoV-2.

Distinct HLA haplotypes are associated with different sus-
ceptibility for infections, mainly, due to T cell receptors 
which recognize the conformational structure of the HLA 
antigen-binding domain in a complex with corresponding 
antigenic peptides. Hence, the advantage in the immune re-
sponse is to express HLA molecules with increased speci-
ficity of binding to SARS-CoV-2 viral peptides on the cell 

surface of antigen-presenting cells (APCs). Identification of 
class I and II HLA alleles associated with the immune re-
sponse against SARS-CoV-2 is, therefore, important for the 
development of diagnostic test-systems and evaluation of the 
vaccine efficiency [6, 11].

Following viral penetration to the target cell, its antigens 
presented by HLA molecules are recognized by virus-specif-
ic cytotoxic T lymphocytes (CTL). Numerous HLA alleles, 
e.g., HLA-B*46:01, HLA-B*07:03, HLA-DRB1*12:02, and 
HLA-C*08:01, (most frequently can be found in Chinese 
and Indonesian population) are associated with susceptibil-
ity to SARS-CoV, whereas HLA-DR*03:01, HLA-C*15:02, 
and HLA-A*02:01 correlate with protection against SARS-
CoV infection and European Population. HLA-II molecules, 
such as HLA-DRB1*11:01 and HLA-DQB1*02:02, are as-
sociated with susceptibility to MERS-CoV infection. These 
data provide valuable clues for studying the pathogenetic 
mechanisms of COVID-19. The antigen presentation stimu-
lates humoral and cellular immune response mediated by vi-
rus-specific B and T cells, respectively. The number of SARS-
CoV-2-infected CD4+ and CD8+ T cells in peripheral blood 
of patients was sufficiently decreased, while their immune 
status is excessive activation, as evidenced by high propor-
tions of HLA-DR-positive CD4+Т cells and CD38+ CD8+ 
T cells [12]. The SARS-CoV-2 epitope screening identified 
2013 and 1399 peptide epitopes with high-affinity for HLA 
class I and class II molecules, respectively. These epitopes 
are distributed across structural proteins (S, M, E, and N), 
and non-structural proteins, being able to induce the CD8+ 
and CD4+ T cell responses. Several regions are enriched in 
high-affinity epitopes. These data are important for the de-
velopment of vaccines against SARS-CoV-2 and T cell re-
sponse monitoring [13].

The signal pathway of HLA-G and its receptor, expressed on 
the surface of immune cells, participates in viral infection 
by downregulation of T-, B-, and natural killer (NK) cells. 
Increased HLA-G expression is a strategy of viral escape 
from an immune response. The main evasion mechanism 
is that HLA-G binds to the immuno-inhibitory CTL recep-
tors. Comparison of HLA-G expression and its receptors on 
peripheral blood lymphocytes between the day of an initial 
positive result for SARS-CoV-2 and the day of negative result 
has shown a positive relation between HLA-G expression on 
В cells and IFN-γ levels, while HLA-G expression in mono-
cytes was negatively related to IL-2 levels. The percentage 
of HLA-G+ Т cells and expression of immune-inhibiting 
ILT4 receptor on B cells showed a negative correlation with 
TNF-α levels, the expression on the monocytes exhibited a 
positive correlation with IL-6, IL-10, and IFN-γ contents. 
The HLA-G expression pattern on peripheral immune cells 
may reflect three phases of the disease, i.e., primary infec-
tion, replication, and clearance of SARS-CoV-2. The time 
course of HLA-G expression on the peripheral immune cells 
termed as high/low/high dynamics from SARS-CoV-2 posi-
tive state to the SARS-CoV-2 negative condition suggests that 
the SARS-CoV-2 infection state is connected with cytokine 
regulation of HLA-G expression. Given that HLA-G is an 
antigen-presenting molecule, suppression of HLA-G expres-
sion by the SARS-CoV-2 virus can disrupt virus recognition 
by CD8 + T cells and maintain immunity evasion [14].
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Genotyping of the COVID-19 patients by HLA loci has 
shown that the frequencies of HLA-C*07:29, C*08:01G, 
B*15:27, B*40:06, DRB1*04:06 and DPB1*36:01 (all of 
these alleles can be found mostly in the Asian population) 
alleles are higher, whereas frequencies of DRB1*12:02 and 
DPB1*04:01 alleles are lower in COVID-19 patients than in 
control population. Only the HLA-C*07:29 and B*15:27 fre-
quencies were statistically different, with regard to corrected 
statistical significance. These data demonstrate some HLA 
alleles to be associated with COVID-19 [15].

The unique pattern of altered immunity regulation in SARS-
CoV-2 patients is characterized, firstly, by increased circu-
lating pro-inflammatory cytokine levels (especially, IL-6), 
secondly, by the functional lymphoid defect connected with 
IL-6-mediated decrease in HLA-DR expression. As men-
tioned above, the HLA class II, especially, HLA-DR, are 
constitutively expressed, mainly, by antigen-presenting cells 
(APC), В cells, and T cell subpopulations. IFN-γ is able to 
induce HLA-DR gene, as well as proinflammatory TNF-α, 
IL-1β и IL-6 cytokine expression. HLA class II activation 
enhances the HLA-restricted antigen presentation and adap-
tive immune response [5].

All the patients with SARS-CoV-2-associated pneumonia 
who develop severe respiratory failure, exhibit excessive in-
flammatory responses with immune dysregulation caused 
by IL-6, or macrophage activation syndrome (macrophage 
activation syndrome, MAS) caused by IL-1β, or very low 
HLA-DR expression, accompanied by a sharp decrease in 
CD4+T lymphocytes and NK. Blood plasma from the SARS-
CoV-2 patients is shown to inhibit HLA-DR expression which 
could be partially restored by tocilizumab, an IL-6 blocking 
antibody. Tocilizumab treatment is accompanied by an in-
crease in circulating lymphocyte numbers. Hence, the unique 
pattern of immune dysregulation in severe COVID-19 is 
characterized by the IL-6-mediated suppression of HLA-DR 
expression and lymphopenia due to permanently enhanced 
cytokine production and excessive inflammation [5].

In COVID-19, the patients show a decreased HLA-DR ex-
pression on the CD14+ monocytes, whereas blood ferritin 
levels sufficiently exceed normal values, a pattern revealed 
only in SARS-CoV-2 patients, with increased haemophago-
cytosis being of high diagnostic value. In the patients with 
bacterial pneumonia, HLA-DR on the CD14+ monocytes is 
below normal values, being, however, close to normal levels 
in SARS-CoV-2-associated pneumonia. In cases of its sud-
den drop, severe respiratory failure develops. The circulat-
ing IFN-γ concentrations were very low in all patients with 
SARS-CoV-2 infection. On contrary, the IL-6 and CRP levels 
were sufficiently higher in the patients with disturbed im-
munity than in cases with intermediate immune activation. 
IL-6 inhibits HLA-DR expression in COVID-19 patients. Ac-
cordingly, a negative correlation was found between serum 
level of IL-6 and absolute counts of HLA-DR on the CD14+ 
monocytes, as well as between absolute lymphocyte counts 
and HLA-DR contents on CD14+ monocytes in COVID-19 
patients [5]. The role of IL-6 as a factor of HLA-DR decrease 
on the CD14+ monocytes is confirmed by an increase in  
HLA-DR+ circulating cells upon recovery from COVID-19 
[16]. Tocilizumab can partially restore HLA-DR expression 
on the monocytes, thus increasing the number of circulating 
lymphocytes [17].

Development of vaccines against 
SARS-CoV-2
Aiming for the development of epitope-based subunit vac-
cines against SARS-CoV-2, one perform studies using reverse 
vaccinology and immune informatics. The tools of bioinfor-
matics are used in reverse vaccinology to analyze the genome 
and proteome of the pathogen, identification, and analysis of 
neoantigens (Fig. 1). This approach allows choosing the viral 
antigenic segments that should be addressed when develop-
ing vaccines, being a more efficient, simple, time- and cost-ef-
fective method for the vaccine design. 

During viral infection, the viral proteins are processed into 
small peptides within the proteasomes of infected cells. As 
mentioned above, the viral peptides are presented by HLA 
molecules at the surface of infected cells and recognized 
by T cells. The epitopes potentially recognizable by the T 
cells could belong to any viral structural or non-structural 
proteins.

Prediction of SARS-CoV-2 epitopes and appropriate immune 
responses is quite important to design and evaluate the im-
munogenicity of a vaccine against SARS-CoV-2. Prediction 
of antigenicity for the candidate vaccines presumes deter-
mination of numeric index for the ability of the vaccine to 
bind the В- and Т cell receptors and augment the immune 
response. To construct a vaccine, only highly antigenic se-
quences are chosen. At present, however, only scarce infor-
mation exists on what SARS-CoV-2 sequences may induce a 
strong immune response.

The virus antigen-activated CD4+ helper T cells boost B cells 
to produce a lot of specific antibodies. Macrophages and 
CD8+ CTLs are also activated by the T-helpers, thus causing 
the final destruction of the target antigen. T cell epitopes in-
teract with HLA class I and II alleles. This approach is used 
in the modern vaccine design since it provides a benefit, 
concerning time and cost expenditures over classical "test 
and error" strategy of "wet" labs (unlike dry labs, i.e., in sil-
ico experiments using mathematic or computer analysis). 
T cell epitopes were identified which can elicit a stable im-
mune response against SARS-CoV-2 in the general human 
population. However, the ability of these epitopes to serve as 
vaccine candidates should be analyzed and validated at the 
molecular biology laboratories. Prediction of B cell epitopes 
seems less reliable than T cell epitopes since the B epitopes 
do not elicit a strong humoral response. For this reason, 
only T cell epitopes able to generate longitudinal CD4+ and 
CD8+T cell responses were analyzed in most in silico studies 
to choose epitopes for subsequent testing traditionally ("wet" 
laboratory) [8].

К. Kiyotani et al. [13] have performed immunoinformatic 
epitope prediction of S, E, N, M, and ORFs proteins from 
SARS-CoV-2 reference sample. They selected The HLA-A, 
HLA-B и HLA-C alleles presented in more than 5% fre-
quencies in a Japanese population. To predict HLA class II 
epitopes, the HLA-DPA1-DPB1, HLA-DRB1 alleles, and 
HLA-DQA1-DQB1 haplotypes were used which encoun-
ter in Japan at frequencies of 5 to 38%. The work involved 
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Figure 1. Step-by-step strategies of reverse vaccinology approach of vaccine development [23]
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a total of 6421 sequences of SARS-CoV-2 isolated in vari-
ous regions including 587 sequences from Asia, 1918 from 
North America, 3190 from Europe, and 726 from the Pacific 
Region deposited in the Global Initiative on Sharing Avian 
Influenza Database.

The next step included a screening of high-affinity pep-
tide epitopes from the SARS-CoV-2 proteins which could 
be presented by molecules HLA class I and II. The two T 
cell epitopes in ORF1ab protein, ORF1ab2168-2176, and 
ORF1ab4089-4098, that were predicted to have a strong af-
finity to HLA-A*24:02, HLA-A*02:01 and HLA-A*02:06, 
have shown the broadest coverage of the Japanese popula-
tion (83.8%). ORF1ab2168-2176, a predicted epitope bind-
ing HLA-C molecules (C*01:02, C*08:01, C*12: 02, and 
C*14:02), is present in 76.5%; the S268-277 and S448-457 
epitopes in S protein were detected in 70% of Japanee in-
dividuals. The complexes of HLA with these peptides are 
useful for monitoring CD8+Т cell responses in patients 
and symptom-free infected individuals. No mutations were 
found in the sequences of the above epitopes. Therefore, the 
authors believe that these potential candidate epitopes can 
contribute to the development of rationally designed peptide 
vaccines based on epitopes against SARS-CoV-2 [13].

A complex analysis using in silico computer modeling of 
binding affinity between the peptides-HLA class I for 145 
HLA-A, -B, and -C genotypes and whole proteome of the 
SARS-CoV-2, as well as cross-protective immunity resulting 
from preliminary action of the 4 widespread human coro-

naviruses, has shown that the HLA-B*46:01 antigen binds 
a minimal number of predicted SARS-CoV-2 peptides. This 
fact allows suggesting that the individuals carrying this al-
lele could be especially susceptible for COVID-19, as it was 
previously shown with SARS-CoV, thus corresponding to 
clinical data which associate this allele with severe disease. 
And, vice versa, HLA-B*15:03 allele has demonstrated maxi-
mal ability to present highly conserved SARS-CoV-2 peptide 
sequences [18]. Hence, distinct HLA genotypes may differ-
entially induce T cell antiviral response, thus influencing 
clinical course of infection and its transmission.

For 32257 unique 8-12-mer SARS-CoV-2 peptides, which 
are predicted to pass through the proteasomal processing 
pathway, a SARS-CoV-2-specific distribution was shown for 
presentation by the HLA class I molecules. The presumed 
ability of SARS-CoV-2 peptides for antigenic presentation 
is unrelated with the population frequency of HLA alleles. 
When reporting the global frequency cards for the 145 stud-
ied HLA alleles, the authors highlight the global distribution 
of the three best (A*02:02, B*15:03, C*12:03), and three worst 
(A*25:01, B*46:01, C*01:02) HLA-presenting alleles, by their 
ability to generate the SARS-CoV-2 epitope repertoire, in 
order to support T cell immune response. These differenc-
es remain significant at the haplotype level. SARS-CoV-2 
evolution in the population may modify the repertoire of 
presented viral epitopes or otherwise modulate HLA-in-
dependent epitopes. However, the authors recommend in-
tegrating HLA-typing into clinical trials, and combining it 
with COVID-19 testing to apply it as a potential predictor(s) 
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of the disease severity among the population, and, probably, 
for adaptation of future vaccination strategies for genotypic 
risk groups. This approach could be used to control a broad 
spectrum of other viruses [18].

Aiming for epitope-based development of a vaccine against 
SARS-CoV-2 employing analysis of viral proteome using 
immunoinformatic tools, А. Joshi et al. have chosen anti-
genic non-toxic non-allergenic peptides from non-aller-
genic proteins based on their interactions with HLA allelic 
sets. Among the identified T cell epitopes, the ITLCFTLKR 
epitope is a candidate for the anti-SARS-CoV-2 vaccine, 
exhibiting better binding indexes in the epitope-HLA com-
plexes, as well as acceptable stability, toxicity, and population 
coverage. This epitope should now undergo laboratory ver-
ification [8].

The spike protein (S protein) is most commonly analyz-
ed to detect immunogenic epitopes which are highly affine 
for the cellular ACE2 receptor when penetrating human 
cells. On this basis, S protein is considered a potential tar-
get for the coronavirus vaccine. Using immunoinformatics 
and computer modeling tools, М. Bhattacharya et al. [19] 
have revealed 34 linear B cell epitopes for S protein of the 
SARS-CoV-2 and identified among them 13 HLA I-bind-
ing epitopes and 3 HLA II-binding epitopes with antigenic 
features of SARS-CoV-2 S protein, which are recognized by 
Т cell receptor (TLR-5, Toll-like receptor-5). The antigenic 
epitopes are converted into the single vaccine component 
using a linker peptide that promoted stability and assembly 
of the modeled and validated vaccine component. Molecular 
docking between the vaccine component and TLR5 caused 
spontaneous reactivity in the receptor-ligand complex which 
activates immune cascades for the destruction of viral an-
tigens. Hence, the selected antigenic SARS-CoV-2 epitopes 
are good candidates for the design of the immunogenic mul-
ti-epitope peptide vaccine against SARS-CoV-2.

A similar immunoinformatic approach was used by V.Baru-
ah and S.Bose aiming to reveal significant epitopes in the S 
protein of SARS-CoV-2. The authors identified five CTL-spe-
cific epitopes (YLQPRTFLL, GVYFASTEK, EPVLKGVKL, 
VVNQNAQAL, WTAGAAAYY), that were highly affine for 
appropriate class I HLA alleles (A*02:01, A*03:01, B*07:02, 
B*07:02, HLA‐B*15:01). Upon modeling of molecular dy-
namics, it was shown that these epitopes bind the pep-
tide-binding groove of the HLA-I molecule used for anti-
gen presentation through multiple contacts, showing their 
potential for immune response generation. Some of these 
epitopes are candidates for the design of anti-SARS-CoV-2 
vaccines. In addition to activating CTLs, the successful im-
munogens should generate a persistent humoral immunity. 
This study has revealed three such B-cell epitopes unique to 
SARS-CoV-2 [20].

D. Santoni et al. [21] used a bioinformatic methodology 
based on the selection of viral peptides which are at a dis-
tance of more than 3 mutational steps from humans, pre-
suming that the probability of binding to HLA antigens in-
creases with longer evolutionary distance from humans. In 
other words, the researchers seek those viral peptides which 
are absent in humans (nullomeres). Identification of the most 
human-distant peptides is quite important to minimize the 

autoimmunity risks. Of the 27 nullomeres, 25 were common 
to all the known SARS-CoV-2 strains. These peptides were 
called the third-order nullomeres that belong to the most 
distant class from humans were subjected to three additional 
selection stages, to choose those with the highest probability 
of exposure on the cell surface, i.e., (1) being the product of 
proteasomal cleavage, 2) being transferred to the cell surface, 
and (3) strongly binds to HLA molecules. A set of nine pep-
tides was identified for subsequent experimental studies. The 
in silico selected SARS-CoV-2 peptides represent potential 
targets for the immune system, that should be then tested 
experimentally to confirm their immunogenicity. According 
to in silico prediction, the YVMHANYIF peptide is strongly 
binding to 27 various HLA antigens, the FLCWHTNCY and 
YIKWPWYIW peptides may bind 11 and 10 different HLA 
molecules, respectively, YYHKNNKSW peptide may inter-
act with 8 HLA allelic variants.

The concept of multi-epitopic vaccine addresses identifica-
tion and assembly of В- and Т cell-specific epitopes into an 
integral immunogen able to induce effective response at both 
immunity arms. The peptides and epitopes proved to be pre-
ferred candidates for vaccine development, due to simpler 
technology production, chemical stability, and absence of in-
fectious potential. The multi-epitopic vaccines may contain 
epitopes for B cells, CD8+ CTLs, and CD4+ helper T cells.

Using immunobioinformatic approach, the five domains rich 
in common T- and B-cell epitopes were selected and con-
nected by linker chains, in order to generate a more diverse 
and stable immune response. The resulting multi-epitope 
candidate vaccine NOM (nucleocapsid, ORF3a, membrane 
protein) represents itself a recombinant multi-epitope pro-
tein constructed and validated utilizing bioinformatics tools 
which include, as the name suggests, antigenic immune 
epitopes from three SARS-CoV-2 viral proteins. The op-
timized NOM protein structure is adapted to interactions 
with specific immune receptors. Upon modeling the molec-
ular dynamics, maximal stability was shown for the NOM 
binding with TLR4 and HLA-A*11:01 (i.e., NOM–TLR4 
and NOM–HLA-A*11:01 models). The in silico testing has 
shown that interaction of the chimeric protein with TLR4 
and HLA-A*11:01 receptors induces both humoral and cel-
lular immune responses, due to the composite nature of the 
construct including В- and Т cell epitopes [22]. 

С.Н. Lee et al. have reported on in silico identification of a 
comprehensive list of SARS-CoV-2 immunogenic peptides 
which could be used as target molecules for vaccine devel-
opment. Among them 48 viral peptides showing a high de-
gree of similarity with immunogenic peptides deposited in 
the Immune Epitope Database (IEDB), and 63 more new 
peptides with high immunogenic potential, which could 
be recognized by T-cell receptors. Searching for the im-
munogenic SARS-CoV-2 peptides, the authors focused on 
the haplotypes common in Europe and China. The 28 most 
promising SARS-CoV-2 peptides are shown to bind dif-
ferent HLA class I and HLA class II alleles (HLA-A*01:01, 
DRB1*07:01, DRB1*04:01), and could serve as a target 
for, respectively, CD8+ and CD4+ T cells. Based on HLА 
presentation and immunogenicity prediction, the five 
peptides were selected for subsequent experimental val-
idation (VQMAPISAM, AMYTPHTVL, TLDSKTQSL, 
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KVDGVVQQL, KVDGVDVEL), which potentially would 
specifically bind four different HLA variants (A*01:01, 
HLA-B*07:02, HLA-B*40:01, and, with the highest affinity, 
HLA-A*02:01 [23].

To perform prediction and cluster analysis of probable HLA 
alleles, which could interact with SARS-CoV-2 epitopes, В. 
Sarkar et al. [24] have used the HLAcluster 2.0 online tool 
(http://www.cbs.dtu.dk/services/HLAcluster/). After pre-
dicting the three-dimensional structure of highly antigenic, 
non-allergenic, and nontoxic Т- and B-cell epitopes, they 
compared the ability of these epitopes to bind HLA molecules. 
The HLA-A*11:01 allele was used as a receptor for docking 
with HLA-I epitopes, whereas HLA-DRB1*04:01 was test-
ed with HLA-II epitopes. The best results were obtained 
for viral N-protein, the QLESKMSGK peptide for docking 
with HLA-I and LIRQGTDYKHWP peptide with HLA-II 
epitopes. The GVLTESNKK peptide from S-protein was the 
best for HLA-I epitopes, whereas the TSNFRVQPTESI pep-
tide of the viral surface glycoprotein showed the best binding 
properties for HLA class II.

As based on successful modeling of peptide/protein dock-
ing, three anti-SARS-CoV-2 vaccine variants were proposed, 
using the selected epitopes, CV-1, CV-2 и CV-3. The CV-1 
proved to be the best, by the molecular docking criteria. CV-2 
showed maximal binding efficiency with HLA-DRB3*02:02 
and HLA-DRB1*03:01. The CV-3 vaccine has better bind-
ing energy parameters with most HLA alleles (DRB5*01:01, 
DRB1*01:01, and DRB3*01:01). Since CV-1 showed the best 
results for protein/protein docking, it was recognized as the 
best construct of those three. Modeling of molecular dynam-
ics and in vitro adaptation studies have been performed with 
only this vaccinal variant. The proposed vaccine constructs 
could be used for SARS-CoV-2 vaccination if the validation 
trials will yield satisfactory results [24].

The unique construct of a recombinant multi-peptide subu-
nit vaccine against COVID-19 contains 18 epitopes for CTLs, 
6 epitopes for T-helper cells, and 9 epitopes for В cells from 
three SARS-CoV-2 proteins which participate in recognition 
of cellular receptors and viral penetration into the target cells 
(Fig. 2). To enhance immunogenicity, the construct is sup-
plied by a sequence from human β-defensin (TLR3 agonist) 
which serves as a binding adjuvant with epitopes and linkers. 
Computational studies suggest that the vaccine is not aller-
genic, stable, and can elicit humoral and cellular immune 
responses. The synthesis and experimental evaluation of this 
vaccine are pending to determine its immunogenic activity. 
The authors hope that this vaccine will be synthesized and 
used in public healthcare [25].

SARS-CoV-2 possesses self-amplifying RNA in the cytosol, 
which allows the development of an RNA-based vaccine. 
These vaccines use the mRNA sequence of recombinant tar-
get protein, rather than the sequence of the target antibody. 
The vaccinal mRNA is then transferred by lipid nanopar-
ticles to the cytoplasm where the immunogenic protein is 
translated. After release from the cell, this protein is quickly 
captured and processed by APCs, followed by HLA-mediat-
ed presentation on the surface of the antigen-presenting cell, 
followed by the activation of B and T cells and, accordingly, 
the antigen-specific humoral and cytotoxic responses.

Figure 2. Scheme of design of a multi-epitope subunit 
candidate vaccine using epitopes of B-cells, CTLs, and 
T-helper cells [25]
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The vaccines based on the cytoplasmic expression of chi-
meric viral mRNA are potentially superior to protein-based 
vaccines: they are more safe, efficient, easier to produce, and 
they can block chromosomal integration of the virus. The 
manufacturing of RNA-based vaccines is the most promis-
ing trend in vaccinology, due to capacity of wide-scale pro-
duction, thus spating time during pandemics. Following 
injection, the vaccine RNA could be processed by immune 
cells and produce specific protein directly through transla-
tion followed by activation of other immune cells and anti-
body synthesis (Fig. 3) [7].

The lipid nanoparticle (LNP)-encapsulated mRNA-1273 
based vaccine, produced by Moderna Inc. (USA) encodes 
SARS-CoV-2 S-protein. Upon the formation of sufficient 
antibody titers to S-protein, a double therapeutic effect may 
occur, i.e., the host immune system could eliminate the 
antigen-antibody complex, thus promoting virus clearance 
and alleviating its contagiosity [7]. Preliminary results of 
clinical trials have shown that the mRNA-1273 vaccine has 
induced high levels of both virus-binding and neutralizing 
antibodies, as well as strong cytokine response with partici-
pation of CD4 helper T cells, type 1 [26] and that the mRNA-
1273 immunogenicity retained for, at least, 3 months [27].
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Prefusion-stabilized protein immunogens that preserve neu-
tralization-sensitive epitopes are an effective vaccine strate-
gy for enveloped viruses. Structural studies have led to the 
search for mutations that stabilize Betacoronavirus spike 
proteins in the prefusion state, improving their expression 
and increasing immunogenicity. This principle has been ap-
plied to design mRNA-1273, an mRNA vaccine that encodes 
a SARS-CoV-2 spike protein that is stabilized in the prefu-
sion conformation. Here we show that mRNA-1273 induces 
potent neutralizing antibody responses to both wild-type 
(D614) and D614G mutant2 SARS-CoV-2 as well as CD8+ 
T cell responses, and protects against SARS-CoV-2 infection 
in the lungs and noses of mice without evidence of immu-
nopathology. mRNA-1273 is currently in a phase III trial to 
evaluate its efficacy.

K.S. Corbett et al. [28] identified 2 proline substitutions (2P) 
at positions 986 and 987 of S protein that effectively stabi-
lized S proteins in the pre-fusion conformation. The authors 
performed structural analysis and developed serological 
tests in silico, without additional experimental verification. 

Figure 3. Schematic diagram of the mRNA-based vaccine targeted to the S protein of SARS-CoV-2
The mRNA-based vaccine targeted to the S protein of SARS-CoV-2 works by active immunization. This technique uses mRNA of 
the S protein, coated with lipid nanoparticles for effective delivery. Once injected into the muscle, the myocytes take up the lipid 
nanoparticle and then release the mRNAs into the cytoplasm for translation into the S proteins. These endogenously synthesized 
S proteins will be secreted to activate both humoral and cellular immune responses. S protein – spike protein; IM – intramuscular, 
LNP – lipid nanoparticle; DC – dendritic cell; MHC – major histocompatibility complex; Ag – antigen [7].

Similar to other prefusion-stabilized fusion proteins, S (2P) 
protein SARS-CoV-2 was more immunogenic at lower doses 
than wild-type S protein [28]. The 2P mutation has similar 
effects on the stability of S proteins and from other beta coro-
naviruses, suggesting a generalizable approach for designing 
S protein antigens for vaccination. Such generalizability is 
fundamental to pandemic preparedness [29].

The production of mRNA encoding the S-protein (2P) 
SARS-CoV-2 (mRNA-1273) was started in parallel with the 
preclinical evaluation. This led to the first phase I human 
clinical trial, which began on March 16, 2020. Thus, concepts 
based on new technologies, such as synthetic vaccinology, 
can facilitate and accelerate a vaccine development program 
based on pathogen sequences.

Protein glycosylation is a very common biological process, 
a form of posttransplant protein modification and regulation 
of protein location and functioning. Glycosylation of vi-
ral structural proteins is closely related to their replication 
and cell invasion, thus helping to escape the host immune 
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response. Unusually high glycosylation degree of SARS-
CoV-2 presumes its high mutation rates, thus sufficiently 
complicating the vaccine development. However, the mR-
NA-based vaccine technologies and targeting for S-protein 
may result in the production of antibodies to S-protein only, 
irrespectively of its glycosylation status. Taking into account 
useful features of mRNA-based vaccines, such as lack of inte-
gration into the genome, lack of induction of autoantibodies, 
the feasibility to produce mRNA vaccines in large quantities, 
and their high purity, mRNA-based vaccines are a promising 
choice for combating COVID-19 [7].

Conclusion
The development of vaccines is a long-term and costly pro-
cess with high failure rates which requires several years for 
the production of a commercial product. Optimization of 
the manufacturing process allows sooner testing of the sub-
unit vaccines and their release to the market. Protein-based 
vaccines include only antigenic parts of the pathogen caus-
ing an immediate immune response. Moreover, the vaccine 
does not contain a live pathogen. Hence, it could be used in 
immunocompromised patients. Computer-assisted studies 
show that the multi-epitope subunit vaccine is safe and effec-
tive against SARS-CoV-2 infection. 

Common vaccines, attenuated, or inactivated, are not always 
able to provide immunity for the target antigen. Besides, the 
generally accepted approach to vaccine development causes 
multiple concerns for safety during pre-clinical and clinical 
trials. The subunit vaccines designed using in silico computer 
modeling may overcome these difficulties. Numerous study 
groups perform studies and publish their results in this field. 
The independent works carried out with different computa-
tional techniques provide higher reliability and reproducibil-
ity level of the results.

Individual genetic variations of HLA allelic variants may ex-
plain diverse immune responses to the virus infection and 
variable clinical outcomes in the population. Moreover, a 
detailed analysis of the common HLA alleles will help to de-
velop more effective anti-COVID-19 vaccines, since search-
ing for optimal vaccine constructs strongly depends on the 
detection of significant epitopes in spike glycoprotein, and 
other SARS-CoV-2 proteins recognized by the antigen-pre-
senting cells, cytotoxic T-cells, and B cells using bioinformat-
ics methodologies. This review presents a profile of in silico 
predicted SARS-CoV-2 immunogenic peptides for function-
al validation and vaccine development. Computer-assisted 
prediction plays an important role in rapid and cost-effective 
decision making for the prevention of infection spreading, 
and, finally, overcoming pandemics. Most attempts in the 
field of SARS-CoV-2 prevention and treatment are focused 
on the viral S protein, the main inducer of virus-neutraliz-
ing antibodies. The article concerns current achievements in 
the development of modern SARS-CoV-2 vaccines which, in 
sum, may stop this new viral infection.
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Иммуноинформатика в разработке вакцины против 
COVID-19: роль системы HLA
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Сергей В. Азаренко 1, Константин В. Сманцерев 1, Дмитрий Н. Хоботников 1, Татьяна В. Гладышева 1, 
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2 Санкт-Петербургский государственный университет, Санкт-Петербург, Россия
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Россия

Резюме
Индивидуальные генетические вариации могут объ-
яснить различные иммунные реакции на инфекцию 
коронавируса SARS-CoV-2 в популяции. Методоло-
гия компьютерного моделирования in silico предо-
ставляет экспериментальному сообществу список 
иммуногенных пептидов SARS-CoV-2, презенти-
руемых антигенами HLA-системы. В этом обзоре 
представлен профиль предсказанных in silico имму-
ногенных пептидов вируса SARS-CoV-2 для функци-
ональной валидации и разработки вакцин. Исследо-
вания, проводимые независимо друг от друга, дают 
высокую степень уверенности в воспроизводимо-
сти результатов. Вычислительное прогнозирование 
является инструментом быстрого и экономичного 
решения для предотвращения распространения и, 
в конечном итоге, устранения инфекции. Большая 
часть усилий по разработке вакцин и лекарств про-
тив SARS-CoV-2 направлена на гликопротеин шипа 
(S-белок), главный индуктор нейтрализующих анти-
тел. Несколько вакцин-кандидатов продемонстри-
ровали эффективность в исследованиях in vitro и 

перешли в рандомизированные испытания на жи-
вотных или людях для противодействия инфекции 
COVID-19. В этой статье освещаются текущие до-
стижения в разработке субъединичных вакцин для 
борьбы с COVID-19, которые сокращают время и 
затраты при разработке вакцин.
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