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Abstract

:

The genetic variants of HLAs (human leukocyte antigens) play a crucial role in the virus–host interaction and pathology of COVID-19. The genetic variants of HLAs not only influence T cell immune responses but also B cell immune responses by presenting a variety of peptide fragments of invading pathogens. Peptide cocktail vaccines produced by using various conserved HLA-A2 epitopes provoke substantial specific CD8+ T cell responses in experimental animals. The HLA profiles vary among individuals and trigger different T cell-mediated immune responses in COVID-19 infections. Those with HLA-C*01 and HLA-B*44 are highly susceptible to the disease. However, HLA-A*02:01, HLA-DR*03:01, and HLA-Cw*15:02 alleles show resistance to SARS infection. Understanding the genetic association of HLA with COVID-19 susceptibility and severity is important because it can help in studying the transmission of COVID-19 and its physiopathogenesis. The HLA-C*01 and B*44 allele pathways can be studied to gain insight into disease transmission and physiopathogenesis. Therefore, integrating HLA testing is suggested in the ongoing pandemic, which will help in the rapid identification of highly susceptible populations worldwide and possibly acclimate vaccine development. Therefore, understanding the correlation between HLA and SARS-CoV-2 is critical in opening new insights into COVID-19 therapeutics, based on previous studies conducted.
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1. Introduction


In December 2019, numerous patients in Wuhan, China presented with pneumonia and the causative agent was found to be a novel coronavirus [1,2,3]. Later investigations based on real-time PCR (polymerase chain reaction) led to the identification of a novel coronavirus [4,5]. Officially, the new coronavirus was discovered on the 7th of January 2020 and given the name nCoV-19 (novel coronavirus 2019) by the WHO (World Health Organization) [6]. The viral nomenclature, ICTV (International Committee on Taxonomy of Viruses) later replaced the nCoV-19 with severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) as it was genetically parallel to the previous SARS coronavirus. The disease caused by SARS-CoV-2 was named COVID-19 (coronavirus disease 2019) officially by the WHO [7]. Owing to the high virulence, pathogenicity, and contagiousness of SARS-CoV-2, in the second week of March 2020, the WHO declared COVID-19 as a pandemic [8]. The COVID-19 outbreak caused by SARS-CoV-2 received a great deal of interest across the world [9]. As of February 21st, 2023, more than 757, 264, 511 cases had occurred from the COVID-19 disease [10].



Since the outbreak of COVID-19, several approaches were proposed for finding potential therapeutics [11,12,13,14,15,16], until the development of effective anti-COVID-19 vaccines [17].



However, crucial questions about individual genetic variability in immune responses, disease susceptibility, and severity, as well as the clinical picture of the pandemic, remain unanswered [18]. In the past, the genetic-based approach of the HLA system, including the HLA-class I and II systems, has been used to trace the etiological agent of newly emerging infectious diseases and its interface with the variations in clinical outcomes of SARS-CoV disease [19]. Given its role in SARS-CoV and other viral diseases, such as MERS CoV (HLA-DRB1*11:01 and DQB1*02:02) [20], influenza (HLA-DRB1*0401 and HLA-DRB1*0402) [21], dengue (HLA-DRB1 * 0901 and HLA-A*24) [18], and hepatitis B (HLA- DPB1*09:01, DPB1*04:01, and DQB1*06:01) [22], the HLA system could also be beneficial in treating COVID-19 infections. The HLA genetic variant encodes hundreds of protein-coding genes that regulate the fundamental molecular and cellular processes, specifically the immune responses [23].



One study found that certain HLA alleles, such as HLA-B46:01 and HLA-B15:03, were associated with a lower risk of severe COVID-19, while other alleles, such as HLA-B07:02, were associated with an increased risk [24]. Another study found that HLA-A02:01, HLA-B07:02, and HLA-C07:29 were associated with a decreased risk of severe COVID-19, while HLA-B35:01 and HLA-C04:01 were associated with an increased risk [25]. These findings suggest that HLA variants may influence the immune response to SARS-CoV-2 infection and contribute to the variability in disease severity observed among individuals. It is currently unclear whether HLA variants arise in response to specific viral stimuli or occur in the context of most viral infections. However, some studies have shown that certain HLA alleles are associated with the protection or susceptibility to other viral infections. For example, HLA-B57:01 has been associated with slower HIV disease progression, while HLA-B15:05 has been associated with susceptibility to hepatitis B virus infection [26]. These findings suggest that HLA variants may be shaped by viral selection pressures.



Furthermore, the ACE-2 receptor has played a significant role in the immune and inflammatory factors associated with COVID-19 pathogenesis. ACE-2, a homolog of ACE, is produced by several human organs and tissues and has a broad spectrum of biological functions [27]. A spike glycoprotein on the coronavirus’s viral envelope adheres to ACE-2 on the membrane of host cells that express ACE-2. After binding, the virus and host cell fuse their membranes, which activates infection by releasing viral RNA into the cytoplasm (Figure 1). Studies have shown that COVID-19 infections can reduce ACE-2 expression on cells, which might cause significant organ damage by disrupting the normal equilibrium between ACE/ACE-2 and Ang-II/angiotensin [28]. This makes ACE-2 a potential target for the development of specific treatments, antibodies, and vaccines related to COVID-19 infection. In this context, the HLA complex plays a substantial role in the association of genetic variability with the differential clinical outcomes of COVID-19. HLA-based approaches can be used as a molecular determinant tool to understand disease transmission and physiopathogenesis. This mini-review aims to shed light on the HLA-conferred differential susceptibility to COVID-19, antiviral immune responses, and the genetic comprehension of ACE-2 expression.




2. HLA Variants in COVID-19 Disease


The influence of HLA variations on viral infections can provide insights into pathogenesis, identify at-risk individuals in diverse populations, and potentially lead to the development of new prophylactic and therapeutic interventions. The HLA gene family is among the most diverse in the human genome, comprising different classes, including HLA-I and HLA-II [29] (Figure 2).



Several HLA variants have been linked to COVID-19 risk and severity across various populations. HLA class I and class II alleles have also been associated with the severe acute respiratory syndrome caused by SARS-CoV [30,31,32]. Given its crucial role in the immune response, we hypothesize that variation in the HLA locus may provide a window into the mechanisms mediating COVID-19 infection. Recent in silico studies on HLA for peptide design can shed light on this topic [33,34].



A study by Wang et al. compared 82 COVID-19 patients to 3548 controls from China and identified HLA-B*15:27 as a statistically significant risk factor for SARS-CoV-2 infection (p-value 0.001, OR 3.6) [35]. Another recent study involving 190 patients and 423 controls found HLA-A*11:01:01:01 to be a risk factor for COVID-19 severity (p-value 0.003, OR 3.4) after controlling for comorbidities and other confounding factors [36]. In the immunogenetics section of Nature [37], researchers identified HLA-B*46:01 as the least expressing allele and HLA-B*15:03 as the most apparent allele, suggesting potential risk and protective factors for COVID-19 infections [37,38] (Table 1 and Table 2).



During the current pandemic, the rapid global spread of the SARS-CoV-2 virus led to various clinical and academic efforts to better comprehend the genetic interactions with the host and the severity of COVID-19. Understanding the impact of HLA variations in the disease holds significant promise in terms of understanding the immunopathogenesis of COVID-19, given its crucial role in the immunological response. Previous research has linked HLA polymorphisms to viral infections and their consequences, regardless of whether they confer protection or susceptibility [39]. As a result of the well-established significance of MHC/HLA polymorphism in infectious disease development and susceptibility, immunologists and geneticists have collaborated to investigate its function in SARS-CoV-2 infection and COVID-19 progression. The main goal of the COVID-19 HLA and Immunogenetics Consortium is to aid and unify these efforts. While previous studies have shown an association between HLA and SARS-CoV-2, additional research is still needed. In this review, we acknowledge recent findings linking HLA variation to COVID-19 and propose further advancements for these initiatives [40]. The effect of HLA on SARS-CoV-2 infection appears to be milder and primarily limited to severe symptoms, meaning its role still requires further research.




3. Angiotensin-Converting Enzyme 2 (ACE-2) in COVID-19


The susceptibility of the host to SARS-CoV-2 infection is determined by the expression of the cellular receptor ACE-2, which varies in different human tissues [41]. ACE-2 is highly expressed in adipose tissues, the heart, small intestine, thyroid, and testis, while it is moderately expressed in the lung, adrenal gland, bladder, colon, and liver. This partly explains the cardiac injuries observed in SARS-CoV-2 infected patients [42]. On the other hand, lower levels of ACE-2 expression have been reported in the spleen, bone marrow, and white blood cells [42]. The detection of SARS-CoV-2 in the stool of infected patients suggests that ACE-2 is expressed in the gastrointestinal tract [43]. The broad cellular tropism observed in SARS-CoV-2 infection is due to the wide range of predominant symptoms [42]. Although the expression levels of ACE-2 remain consistent in every individual, no significant gender, age, or race-based difference in expression has been reported so far [42]. There is a difference between the protein expression of ACE-2 and its mRNA expression level, indicating that ACE-2 is regulated post-transcriptionally [42] (Figure 3).




4. Genetic Polymorphism of ACE-2


Recently, genetic polymorphisms in ACE-2 have been reported in various cases, which can affect host susceptibility patterns by altering virus–host interactions. Various variants of ACE-2, such as S19P, T92I, I21V, K26R, E23K, T27A, Q102P, N64K, and H378R, have been found to increase the host’s susceptibility to COVID-19 [44]. In addition, ACE-2 expression correlates with different immune signatures, which in turn vary across different populations based on gender, age, and race. These factors can contribute to the high mortality rate associated with COVID-19 [45].



SARS-CoV-2 penetrates host cells via angiotensin-converting enzyme 2 (ACE-2), which is abundantly expressed in the heart, kidneys, and lungs and sheds into the plasma. ACE-2 regulates the renin-angiotensin-aldosterone system (RAAS). SARS-CoV-2 disrupts the ACE/ACE-2 balance and activates the RAAS, ultimately, leading to COVID-19 development, particularly in individuals with comorbidities [46,47]. The SARS-CoV-2 spike protein binds to ACE-2 on the cell surface, leading to the internalization and degradation of ACE-2 and a reduction in its expression. This shift in the balance between ACE and ACE-2, in favor of ACE, can result in increased angiotensin II production and activation of the RAAS, leading to the release of proinflammatory cytokines and contributing to the development of cardiovascular and renal complications in COVID-19.



Angiotensin-converting enzyme 2 (ACE-2) is critical for SARS-CoV-2 infection of a host species, as the S1 protein/receptor interaction is essential for obtaining access to host cells. S1 comprises a receptor-binding domain (RBD), which directly attaches to the peptidase domain (PD) in ACE-2 [48]. This is followed by cleavage of the S1 protein, which is achieved through acid-dependent proteolytic cleavage by one or several host proteases, including cathepsins, transmembrane serine protease (TMPRSS2), TMPRSS4, or human airway trypsin-like protease [49]. This results in the fusion of viral and cellular membranes. Following fusion with the host membrane, two heptad repeats in the S2 protein form a funnel-like shape in an antiparallel six-helix bundle, allowing fusion and release of the viral genome into the cytoplasm [50] (Figure 4). After replication and subgenomic RNA production, the viral structural proteins are translated and inserted into the endoplasmic reticulum (ER), and then, moved through the secretory route to the endoplasmic reticulum–Golgi intermediate, releasing multiple virions [51].



The crystal structures of the most powerful antibodies (P2C-1F11, P2B-2F6, and P2C-1A3) confirmed competition with ACE-2 binding, demonstrating that inhibiting the RBD and ACE-2 can mediate viral neutralization [52]. After screening a wide panel of human mAbs that target the spike protein, two antibodies, COV2-2196 and COV2-2130, were found to identify non-overlapping epitopes on the RBD and bound concurrently to the S protein, synergistically triggering viral neutralization [53].




5. The Association of Antiviral Immune Responses to COVID-19 Severity


Innate immunity serves as the body’s initial defense against viral infections, such as SARS-CoV-2, and is quickly followed by the expression of interferons, including alpha (α), beta (β), and lambda (λ). Cytokines released from the innate immune system and interferons further activate adaptive immunity, leading to the expression of various antiviral proteins [45]. However, severe infections initially downregulate the type 1 interferon, resulting in an unstable innate immune response [54]. In the case of SARS-CoV-2, higher levels of lambda interferon have been shown to decrease the clinical manifestations of COVID-19, as the viral replication is restricted by IFNL3/4 SNPs [55]. However, the lambda interferon response weakens over time in addition to a reduction in CD4+ T cell count, which leads to a weakened memory generation [45]. T cells can become exhausted during ongoing infections, with elevations in programmed cell death protein-1 (PD-1) and Tim-3 leading to lower protective T cell immunity [56]. In contrast, CD8+ T cells show clonal expansion in mild SARS-CoV-2 cases, while severe cases exhibit minimal expansion [54]. In some instances, younger individuals may develop severe COVID-19, even in the absence of comorbidities. This can be due to innate inaccuracies of immunity that alter the course of the infection, yet host genetic variation can also lead to an amplified or dysregulated immune response, resulting in more severe and life-threatening complications [54].



Genetic studies have suggested that genetic variations in CC-chemokine receptors, such as CCR2, are strongly associated with severe illnesses in patients. Furthermore, genetic differences in CXCR6 and CCR3 have been reported in mild or severe COVID-19 infections, indicating that at least some of these genetic differences contribute to critical illness [57]. Additionally, activated macrophages (M1) and monocytes produce proinflammatory cytokines, which recruit cytotoxic effector cells and release proinflammatory cytokines [58]. This process triggers an extreme and violent inflammatory cascade in the infected lungs, disrupting the endothelial, air–blood barrier, epithelial, and alveolar–epithelial barrier [59]. Insights into the immunopathogenesis and pathology of COVID-19 suggest that potential susceptibility genes, such as genes for inflammation, autoimmunity, cytokines, toll-like receptors (TLRs), and interleukins (IL1 and IL6) may be involved [42]. Consistently, neutrophilia and lymphopenia have been reported in COVID-19 patients, particularly those with severe complications from COVID-19 [43]. T cell deficiency, abnormal B cells, immune dysregulation, and potentially unnecessary production of IL-6 collectively contribute to the pathogenesis and severity of SARS-CoV-2 infections [41] (Figure 5).




6. The Role of HLA in Antiviral Immunity against SARS-CoV-2


One of the most critical determinants of disease progression in viral infections is the human leukocyte antigen (HLA) system. HLA molecules on the surface of cells have a crucial function in presenting endogenous and foreign antigens to T cells for identification and response [60]. HLA variation has been linked to multiple conditions and disorders, including infections, which are a significant cause of human mortality [61] and a crucial selective pressure that alters the human genome, particularly the HLAs [41]. The HLA system plays a vital role in the viral antigen presentation pathway, influencing differential viral susceptibility and disease severity. HLA inhibits pathogens, allowing the infected person to trigger an effective immune response against infection [62].



Genetic variation in the three MHC class I genes (human leukocyte antigen A (HLA-A), -B, and -C genes) may influence susceptibility to, and intensity of, the disease caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) [24]. Several classical transmembrane proteins are encoded by HLA genes, such as HLA-A, HLA-B, HLA-C, HLA-DR, HLA-DQ, and HLA-DP and are predominantly associated with the presentation of antigens on the surface of cells that further trigger antiviral responses [26]. For instance, HLA-B*01 and/or HLA-B*44 are usually found in healthy people, while individuals with HLA-B*08 and HLA-A*25 are at higher risk of COVID-19 infections, as they lack the immune-dominant virus-derived epitope peptides and cannot trigger sufficient immune responses [63]. Moreover, HLA-C*01 and/or HLA-B*44 were also reported to have an association with inflammatory autoimmune diseases from SARS-CoV-2 infection and inappropriate immunological reactions [64]. It has been reported that HLA haplotypes/alleles are associated with stronger immune responses to viral infections. Several polymorphisms have been reported to influence the SARS-CoV virus susceptibility, including HLA-B*07:03, HLA-Cw*08:01, HLADRB1*12:02, and HLA-B*46:01 (Figure 1) [31]. Various alleles, such as HLA-A*02:01, HLA-B*08:01, HLAC*07:01, and HLA-B*18:01, have the potential to present viral peptides [24]. In addition, the T cell-mediated immune response depends on the individuals’ HLA profiles, as people with different profiles respond differently to the same antigen [65]. Based on binding affinity prediction studies, SARS-CoV-2 is predominantly presented by the HLA-A allele compared to its HLA-C counterpart [64] (Figure 6).




7. Mechanism of HLA Alleles


Previous studies have investigated the significance of HLA molecules in immune modulation in persistent viral infections. HLA loci were discovered in the 1970s and have since been identified as genetically determined candidates for infectious disease predisposition [66]. HLAs are classified as major histocompatibility complexes (MHCs) due to their importance in allowing the immune system to distinguish “self” from “non-self” antigens. Cells have a range of barrier systems to protect themselves, and the immune system closely monitors the interior environment of cells using the MHC. Cell metabolism degrades old or unneeded proteins on a regular basis, and fragments of these metabolites are displayed on the cell surface. MHC binds to these peptides, enabling the immune system to recognize and analyze them [67]. There are multiple antigenic types of HLA antigens, similar to MHC in other species, such as mice. In humans, class Ia (HLA-A, -B, and -C), class Ib (HLA-E, -F, -G, and -H), and class II (HLA-DR, -DQ, -DM, and -DP) HLA loci are involved in antigen presentation to CD8+ T cells, natural killer cells (NK cells), and CD4+ T cells, respectively [68,69]. However, NK cells also recognize both class Ia and Ib molecules. MHC class I molecules are found on almost all nucleated cells and platelets and primarily serve to present endogenous antigens [70]. MHC class I molecules are classified into classical and nonclassical groups. The classical class I molecules present antigens to T cells, while the nonclassical molecules have limited polymorphisms and serve a wide range of functions. The peptides presented by MHC class I molecules through T cell receptors (TCRs) are obtained from endogenous protein antigens created by the proteolysis of non-self-cells, such as virus-infected cells or tumor cells. These processed antigens are delivered to the MHC class I molecules through the peptide-binding cleft. MHC class I molecules bind peptides ranging in length from 8 to 11 amino acids [71].



MHC class II molecules play a crucial role in presenting exogenous antigen-derived peptides. These peptides are produced by the lysosomal breakdown of exogenous foreign target cells, such as bacteria or fungi, which have entered the cell via endocytosis [72]. When MHC class II molecules present antigens on the peptide-binding cleft and are recognized by CD4+ T cells through the TCR, the CD4+ T cells become activated and release cytokines that stimulate both Th1 and Th2 cells [16]. Then, Th1 cells release IL-2 and IFN-γ, which activate CD8+ cytotoxic T cells and natural killer cells (NK) [73]. The alleles of HLA influence the T cell immune response by presenting various peptide fragments of invading pathogens [74]. HLA proteins play a significant role in establishing human immunity by controlling a range of destined epitopes [75]. The HLA has the potential to recognize any foreign antigens by T cells. In the establishment of adaptive immune responses to viral antigens, the key role played by HLA is the presentation of viral antigens by APC cells, as well as the direct presentation of HLA I to cytotoxic CD8+ T cells [64]. The HLA subtypes, such as HLA-DQN1*04 and HLA-DRBI*04, determine the severity of infections or pathogenicity, as has been shown for the hepatitis C virus, human immunodeficiency virus, human papillomavirus (HPV), and human hepatitis B virus [76].



HLA/MHC class I molecules, specifically HLA-A, HLA-B, and HLA-C, present intracellular antigens, such as viral or tumor antigens, to CD8+ T cells (cytotoxic T lymphocytes or CTLs) and natural killer (NK) cells, leading to a cytotoxic immune response [77]. When a cell is infected by a virus, protein fragments of the virus are generated through proteasomal digestion and presented on the surface of the cell by the HLA system to be recognized and eliminated by the immune system. Typically, these peptides are small polymers consisting of nine amino acids. The CTLs recognize the HLA-peptide complex through their T cell receptor. On the other hand, HLA/MHC class II molecules induce a helper T cell response by presenting extracellular antigens to CD4+ lymphocytes. This response reinforces the activation of CD8+ lymphocytes and establishes long-term memory [78]. In addition, helper T lymphocytes aid in the production of neutralizing antibodies against the specific antigen by B lymphocytes.



Viruses are intracellular antigens that can be subjected to proteolytic digestion in the proteasome. In the endoplasmic reticulum, HLA class I molecules are bounded by these antigenic peptides. However, intracellular, and extracellular antigens are processed by class I and II HLA molecules, respectively. Then, the HLA-peptide complexes are transferred to the cell membrane, where class I molecules are expressed in abundance, while class II molecules are expressed by cells specialized for antigen presentation, such as dendritic cells, monocytes, macrophages, and B lymphocytes [79] (Figure 7).




8. The Regional Analysis of HLA


Every individual who has an ACE-2 receptor is susceptible to COVID-19. However, host susceptibility is also influenced by genetic variations in the HLA genes, which encode hundreds of protein-coding genes that regulate fundamental molecular and cellular processes, including immune responses [26]. The HLA genes are part of the major histocompatibility complex (MHC) located on the short arm of chromosome 6, which is one of the most complex genetic systems. Historically, the etiological agents of infectious diseases have been traced using the HLA system, and disease outcomes have been predicted by their interactions [19]. Very few studies have evaluated the influence of HLA haplotypes on SARS-CoV-2 infection susceptibility and severity, although some inexplicable differences in SARS-CoV-2 infection severity and mortality rates have been identified by HLA haplotypes worldwide [80]. Previously, in Taiwan, HLA-B*46:01 has been found to be associated with SARS-CoV infection, in contrast to the predominant HLA-A haplotype used by the virus. The HLA alleles strongly mediated the viral antigen presentation pathway, which is believed to be a critical component in COVID-19 susceptibility and severity. It has been observed that individuals with the HLA-B*46:01 genotype had a higher susceptibility and severity of COVID-19 [81].




9. HLA Variants in the Genetic Susceptibility


In addition to age, gender, and health status, genetic variants of HLA have been found to influence susceptibility to various viral diseases, including SARS-CoV, MERS-CoV, influenza, dengue, and hepatitis B. Susceptibility to and severity of COVID-19 are also considerably associated with genetic variation in HLA, which plays a significant role in identifying populations at higher risk of COVID-19 disease [26]. HLA molecules of classes I/II play a significant role in human immunity and determine individual susceptibility to COVID-19 infection. Certain alleles, such as HLA-C*01C*03, B*08, A*25, B*44, B*51, and B*15:01, have been positively correlated with the incidence rate of COVID-19, while other alleles, such as HLA-B*18, B*14, and B*49, have shown negative correlation (Figure 8) [65]. Notably, the incidence of COVID-19 is not influenced by any single allele. Haplotypes and HLA-specific alleles could be used as parameters to provide clues about highly susceptible populations to COVID-19 [31]. Across countries, HLA may be the most suitable marker for evaluating COVID-19 susceptibility in epidemic tendencies. HLA association with COVID-19 susceptibility and epidemic situations can have similar patterns across different countries, which are clearly explained by HLA polymorphisms [26].




10. HLA-Based Vaccines


Various allelotypes, such as HLA-A*02:01, HLA-DR*03:01, and HLA-Cw*15:02, have been reported to protect against SARS infections [60] (Table 3). In vaccine development, the consequential epitopes of B and T cells of SARS-CoV-2, and their association with HLA alleles, can contribute to the development of protective antibodies against SARS-CoV-2 infection [82]. HLA-C*01 and HLA-B*44 are potential molecular determinants in evaluating an individual’s risk of COVID-19, and genotyping of class I and II HLA in COVID-19 patients can identify individuals at a higher risk of a cytokine storm [62]. The HLA-C*01 and B*44 allele pathways can significantly aid in understanding disease transmission, physiopathogenesis, and play a significant role in managing COVID-19 disease, vaccination, and other preventive strategies in terms of clinical management [62]. Peptide cocktail vaccines produced by using various epitopes constrained by the HLA-A2 molecule provoke substantial specific CD8+ T cell responses against SARS-CoV-2 in experimental animals [83]. Additionally, this reduces the pathological changes in the lungs of mice. Although the exact mechanism of such specific responses remains unknown [31].



After the discovery of some promising natural compounds [7,84,85] with significant antiviral activity against COVID-19, the scientific focus has been directed toward host-directed therapies, such as HLA-based treatments.
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Table 3. Host HLA allelic interactions with SARS-CoV-2 Infection during pathogenesis.






Table 3. Host HLA allelic interactions with SARS-CoV-2 Infection during pathogenesis.





	Human Leukocyte Antigens
	Association with SARS-CoV Infections
	References





	HLA-B*07:03, HLA-Cw*08:01, HLADRB1*12:02, HLA-B*46:01
	Increase the susceptibility
	[86,87]



	HLA-A*02:01, HLA-DR*03:01, and HLA-Cw*15:02
	Provide protection against SARS-CoV-2
	[24]



	HLA-C*01 and/or HLA-B*44
	Have association with inflammatory autoimmune diseases in SARS-CoV-2 infection and inappropriate immunological reaction
	[88]



	HLA-C*01 and B*44 alleles
	Can significantly help in the

understanding of disease transmission and

physiopathogenesis
	[89]









11. Concluding Remarks


This review provides genetic insights into the clinical outcomes and disease severity of COVID-19 infections. The association of ACE-2 with immune signatures significantly affects clinical outcomes and mortality rates. The review also explores the relationship between HLA and COVID-19 infection, offering the genetic basis for variations in infection outcomes. HLA-C*01 and HLA-B*44 are potential molecular determinants for evaluating an individual’s risk of COVID-19. Genotyping of class I and II HLA in COVID-19 patients can identify those at higher risk of a cytokine storm. HLA can be a suitable marker for evaluating COVID-19 susceptibility in epidemic tendencies globally. The paths of HLA-C*01 and B*44 alleles can significantly aid in understanding disease transmission and physiopathogenesis. HLA alleles influence T cell immune responses by presenting various peptide fragments of invading pathogens. Peptide cocktail vaccines produced by using various epitopes constrained by the HLA-A2 molecule provoked substantial specific CD8+ T cell responses in experimental mice and reduced pathological changes in the lungs, although the exact mechanism remains unknown.
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Figure 1. The attachment of SARS-CoV-2 virus on human ACE-2. 
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Figure 2. The role of immunogenetics in SARS-CoV-2 infection. 
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Figure 3. Schematic representation of cellular and molecular pathophysiology of SARS- CoV-2 (COVID-19).SARS-CoV-2 interacts with the ACE-2 receptor resulting in membrane fusion and cytoplasmic entry. 2 and 3: Proteasomal degradation of SARS-CoV-2 in the endolysosome results in antigen generation. 4 and 5: Further processing of the peptide antigens through interaction with HLA class 1 and complexing with the endoplasmic reticulum leads to its presentation on the cell surface. 6 and 7: The processed antigen is further represented by the APC through its β2M receptor, which activates T cells when they encounter the T cell receptors, leading to induced apoptosis. Adapted from “Acute Immune Responses to Coronaviruses”, by BioRender.com (2022). https://app.biorender.com/biorender-templates (accessed on 6 December 2022). 
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Figure 4. Cell entry of SARS-CoV-2 with ACE-2-mediation and virus infection inhibition by recombinant soluble ACE-2 protein. SARS-CoV-2 penetrates host cells via angiotensin-converting enzyme 2 (ACE-2), which subsequently results in the fusion of viral and cellular membranes. 
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Figure 5. The cytokines secreted from the innate immune system counterparts and the interferons further trigger adaptive immunity leading to the expression of many types of antiviral proteins. Genes that play a key role include chemokines and their related receptors along with members of the IFN pathway. Dysregulated neutrophil extracellular traps (NET) formations persuade immune coagulation and intensify inflammation in the lungs of patients with COVID-19. 
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Figure 6. B cell receptor (BCR) proteins are present at B cells receptors, while T cell receptor (TCR) proteins are only found on the surface of T cells. When the TCR identifies the HLA molecule complex bonded with the foreign peptide, it activates the immune system to be aware of the presence of a foreign protein. Activated T cells can kill infected cells, or activate B cells, which produce antibodies in response to an infection. 
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Figure 7. Schematic structure of HLA class I and class II molecules. The peptide-binding groove in class I and class II molecules are important for functional aspects of HLA molecule. Class I antigens consist of two chains: a glycoprotein heavy chain and a β2-microglobulin molecule. Class II consists of two structurally similar α- and β-glycoprotein chains, each chain has two amino acid domains, of which the outermost domain contains the variable region of class II alleles. 
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Figure 8. Schematic representation of individuals harboring susceptible and tolerant HLA variants. Created with BioRender.com (2022). Susceptible organisms have higher chances of COVID-19 infection and the tolerant have fewer chances. 
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Table 1. HLA nomenclature basis: alleles and their descriptions.
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Alleles

	
Description

	
Reference






	
HLA

	
Refers to the HLA region and prefix for an HLA gene

	
[38]




	
HLA-DRB1*13

	
Refers to all alleles in the DR13 serologic group




	
HLA-DRB1*13:01

	
Refers to a specific HLA allele




	
HLA-DRB1*13:01:02

	
Refers to an allele that differs by a synonymous mutation from DRB1*13:01:01




	
HLA-DRB1*13:01:01:02

	
Refers to an allele that contains a mutation outside the coding region from DRB1*13:01:01:01




	
HLA-DRB1

	
Refers to a particular HLA locus, i.e., DRB1




	
HLA-A*24:02:01:02L

	
Refers to an allele encoding a protein with significantly reduced or ‘low’ cell surface expression, where the mutation is found outside the coding region




	
HLA-B*44:02:01:02S

	
Refers to an allele encoding a protein that is expressed as a ‘secreted’ molecule only




	
HLA-A*32:11Q

	
Refers to an allele that has a mutation that has previously been shown to have a significant effect on cell surface expression, although this has not been confirmed and its expression remains ‘questionable’




	
HLA-A*24:09N

	
Refers to a ‘null’ allele, an allele that is not expressed




	
HLA-A*30:14L

	
Refers to an allele encoding a protein with significantly reduced or ‘low’ cell surface expression.











[image: Table] 





Table 2. Numbers of recognized isolated antigen specificities and alleles, variants, or subtypes of HLA class I and class II antigens.






Table 2. Numbers of recognized isolated antigen specificities and alleles, variants, or subtypes of HLA class I and class II antigens.





	
Locus

	
Antigen Specificities

	
Alleles

	
Reference






	
HLA-A

	
24

	
303

	
[38]




	
HLA-B

	
55

	
559




	
HLA-C

	
9

	
150




	
HLADRB1

	
17

	
362




	
Total

	
105

	
1374
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