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Abstract

Due to their pivotal role in orchestrating the immune response, HLA loci were

recognized as candidates for genetic association studies related to the severity of

COVID‐19. Since the findings on the effects of HLA alleles on the outcome of SARS‐
CoV‐2 infection remain inconclusive, we aimed to elucidate the potential involve-

ment of genetic variability within HLA loci in the molecular genetics of COVID‐19

by classifying the articles according to different disease severity/outcomes and by

conducting a systematic review with meta‐analysis. Potentially eligible studies were

identified by searching PubMed, Scopus and Web of Science literature databases. A

total of 28 studies with 13,073 participants were included in qualitative synthesis,

while the results of 19 studies with 10,551 SARS‐CoV‐2‐positive participants were

pooled in the meta‐analysis. According to the results of quantitative data synthesis,

association with COVID‐19 severity or with the lethal outcome was determined for

the following alleles and allele families: HLA‐A*01, HLA‐A*03, HLA‐A*11, HLA‐
A*23, HLA‐A*31, HLA‐A*68, HLA‐A*68:02, HLA‐B*07:02, HLA‐B*14, HLA‐B*15,

HLA‐B*40:02, HLA‐B*51:01, HLA‐B*53, HLA‐B*54, HLA‐B*54:01, HLA‐C*04, HLA‐
C*04:01, HLA‐C*06, HLA‐C*07:02, HLA‐DRB1*11, HLA‐DRB1*15, HLA‐DQB1*03

and HLA‐DQB1*06 (assuming either allelic or dominant genetic model). We

conclude that alleles of HLA‐A, ‐B, ‐C, ‐DRB1 and ‐DQB1 loci may represent po-

tential biomarkers of COVID‐19 severity and/or mortality, which needs to be

confirmed in a larger set of studies.
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1 | INTRODUCTION

Coronavirus induced disease 2019 (COVID‐19) is caused by Severe

Acute Respiratory Syndrome Coronavirus 2 (SARS‐CoV‐2) infection

of the upper and lower respiratory tract. Besides direct pathological

effects of SARS‐CoV‐2,1 most data indicated that COVID‐19 patho-

genesis is underlined by the dysregulated immune response2 char-

acterised by cytokine release syndrome3 and lymphocytopenia,4

which have different features from that in sepsis and severe cases of

influenza virus infection.5 The number and anti‐viral functions of T

and natural killer cells were found to be critically impaired in severe

COVID‐19,6 whereas controversial data were reported for a number

and functions of B/plasma cells.7,8

Highly variable T cell response in donors with different severity

of COVID‐19,6 together with human leucocyte antigen (HLA)‐
restricted mechanism of T cells activation by antigen‐presenting cells

(APC),9 point to a critical role of HLA in the response to SARS‐CoV‐2.

Indeed, it was shown previously that severe COVID‐19 patients

display a reduced expression of HLA‐DR in different APC subsets in

blood, including monocytes, B cells and dendritic cells compared to

healthy donors or COVID‐19 patients displaying mild symptoms.10

Different mechanisms could explain COVID‐19‐induced down‐
regulation of HLA expression on APC, such as increased levels of

interleukin 6 (IL‐6),11 viral open reading frame (ORF)‐mediated in-

hibition of IFN‐type I production,12 down‐regulation of autophagy

and interferon regulatory factor 8.10 However, these mechanisms

could not explain why some individuals develop more severe symp-

toms than others.

Several genome‐wide association studies (GWASs) associated

regions and variants of immune regulatory genes with COVID‐19

severity, including genes for cell migration, autophagy, antiviral

restriction enzyme activators and immune regulators.13–17 The re-

ported associations were considered as very low (Odds ratio (OR)

below 1.5) and weakly predictive genomic markers of disease

severity.17 On the other hand, alleles of HLA genes within the major

histocompatibility complex (MHC) represent obvious candidates for

association studies on COVID‐19 severity, due to their pivotal role in

orchestrating the immune response. Major histocompatibility com-

plex class I molecules are expressed by many cell types, and are

involved in the presentation of most SARS‐CoV‐2 epitopes to cyto-

toxic CD8+ T cells.18 MHC class II are expressed exclusively by APC

and activated subsets of T cells, and they are critically involved in the

presentation of antigens to CD4+T cells.19 Since HLA genes are

among the most polymorphic genes in the human genome, such

repertoire of alleles with different binding affinity for SARS‐CoV‐2
peptides could represent the important mechanism involved in the

inter‐individual differences in the clinical presentation of COVID‐19.

Based on this hypothesis, a relatively large number of studies

investigated the role of HLA class I and class II alleles as predictors of

COVID‐19 clinical course and the disease outcome.13,20–51 However,

their results varied significantly, possibly due to the differences in the

study designs, severity‐based classification criteria, ethnicity of par-

ticipants, or other factors with potential confounding effects. The

observed heterogeneity between these studies makes it difficult to

comprehensively assess the impact of allelic variants on disease

severity. Therefore, in order to elucidate the involvement of HLA al-

leles in the molecular basis of the immune response to SARS‐CoV‐2,

we classified articles according to different outcomes of SARS‐CoV‐2
infection and conducted the systematic review and the meta‐analysis.

To our knowledge, this is the first meta‐analysis on the effects of HLA

alleles on COVID‐19 severity and outcome. Furthermore, the pooled

analysis was conducted for allelic and dominant genetic model, since

one of the reasons for between‐study variations could be the differ-

ence in the assumed genetic model. Since we aimed to reclassify the

results of the eligible studies in order to match the same criteria,

whenever possible, as well as to analyse different genetic models, the

present meta‐analysis could even yield associations not presented in

the original eligible studies and lead to the identification of additional

risk alleles.

2 | MATERIAL AND METHODS

The present systematic review and the quantitative data synthesis

were conducted following the Preferred Reporting Items for Sys-

tematic Review and Meta‐Analysis Protocols (PRISMA).52

2.1 | Publication search

Potentially relevant articles were initially identified by searching the

literature databases PubMed, Web of Science and Scopus using the

search strategy which included the combinations of keywords: gene/

protein name or identifier (‘Human leucocyte antigen’ or ‘HLA’ or

‘Major histocompatibility complex’ or ‘MHC’); term ‘polymorphism’ or

related terms (‘variant’, ‘allele’, ‘genotype’ or ‘frequency’); term

‘COVID‐19’ or ‘SARS‐CoV‐2’. During the initial publication search,

language restriction was not applied. The thorough examination of

reference lists of the retrieved original articles and previously pub-

lished reviews was conducted in order not to miss additional

potentially relevant studies. The search was limited to publication

date in 2020–2021 (database inception to 31st December 2021).

2.2 | Inclusion/exclusion criteria, data extraction

The following predetermined criteria were used for eligibility

assessment of the retrieved studies: a) study included allele fre-

quencies/carrier rates of HLA loci ‐A, ‐B, ‐C, ‐DRB1, ‐DQA1, ‐DQB1,

‐DPA1 and ‐DPB1 in groups of SARS‐CoV‐2‐positive human partic-

ipants which allowed estimation of associations with COVID‐19

severity and/or outcome; b) original full‐text articles; c) sufficient

data on allele/carrier counts for the calculations of risk estimates;

d) detailed information provided on the study design, recruitment of

participants, diagnostic and severity assessment procedure, outcome

assessment, ethnicity of participants, HLA typing and statistical
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methodology, as well as on other relevant data; e) article written in

English. In cases when certain data were not presented, mainly allele/

carrier counts, or clarification of a specific methodological procedure

and the presented results was needed, we attempted to acquire the

necessary information through personal communication with corre-

sponding authors.

Ecological studies were not considered relevant for this meta‐
analysis. The predetermined exclusion criteria included the retrac-

tion of articles, poor quality of study design and errors in the

presentation of results. Studies analysing the severity of COVID‐19

in patients with malignant diseases were excluded. Separate entries

were made, based on the results of each eligible study, in order to

assess as many as possible severity group comparisons, COVID‐19‐
related fatality rates or other potential outcomes. We reclassified

the groups of patients based on the COVID‐19 severity in order to

match the World Health Organisation (WHO) guidelines,53,54 since

severity categories varied substantially between studies.

The data considered relevant for the extraction included: first

author's name and the year of publication, country and the ethnicity

of participants, study design, the diagnostic criteria for COVID‐19,

severity assessment criteria, follow‐up period, patient recruitment

method, analysed HLA loci, typing methodology, number of SARS‐
CoV‐2‐positive participants, age and gender of participants, allele

counts/frequencies or allele‐carrier counts/frequencies. The data

synthesis was possible in cases when: a) three or more entries cor-

responded to a specific comparison of allele/carrier frequency in

certain groups of patients with different disease severity/outcome;

b) allele/carrier frequency was ≥5% in at least one of the patient

groups included in the same comparison. Based on the allele counts

and their classification according to peptide‐binding properties,55 we

calculated HLA‐A and HLA‐B supertype frequencies in different

COVID‐19 severity/outcome groups. Whenever possible, we calcu-

lated counts of two‐digit resolution alleles, based on the data pre-

sented for 4‐digit alleles.

In order to assess the methodological quality of the studies

suitable for the inclusion in qualitative and quantitative data syn-

thesis, we used the Newcastle‐Ottawa Scale (NOS).56 The scoring for

each study in all three domains (selection of subjects, comparability

and the outcome) was based on the methodology related to SARS‐
CoV‐2‐positive participants, even though some studies had case‐
control design, since the present data synthesis considers disease

severity/outcome.

2.3 | Statistical analysis

The between‐study heterogeneity and the quantitative data syn-

thesis were conducted using statistical software OpenMeta‐analyst

(The Centre for Evidence‐based Medicine, Brown University, Provi-

dence, RI, USA).57 ORs and their 95% confidence intervals (CIs) were

used as risk estimates. Cochran's Q test and the inconsistency index

(I2) were used for assessing between‐study heterogeneity

(p value < 0.1 or I2 ≥ 50% indicated significant heterogeneity). In

cases of significant heterogeneity, we selected random‐effects sta-

tistical model for pooling risk estimates by the method proposed by

DerSimonian and Laird.58 Otherwise, Mantel‐Haenszel method was

selected for pooling results under the fixed‐effect model.59 Separate

analyses were conducted for studies that presented allele counts or

frequencies and for those presenting allele‐carrier counts/fre-

quencies. Meta‐analyses based on allele counts tested the allelic

model of association, while the supposed genetic model in the pooled

analysis relying on allele‐carrier rates was dominant (treating ho-

mozygotes and heterozygotes as a single category).

We considered plausible to conduct the publication bias

assessment in cases when the number of entries to a single com-

parison was more than 5. For such purpose, the visual inspection of

funnel plots and the results of Egger's test were used.

3 | RESULTS

3.1 | Study identification

Figure 1 illustrates the study selection process for the present sys-

tematic review and meta‐analysis. Out of 1041 records retrieved in

the database search, 499 were initially excluded from further

screening procedure as duplicate records. During the phase of

screening by the title and abstract, additional 451 records not rele-

vant for the topic were removed. The eligibility assessment led to the

exclusion of 64 records, most of which had inadequate study design

(35 review articles, eight ecological studies). Among the rest of the

records that did not meet the inclusion criteria were 2 articles not

written in English, 2 pre‐prints and 8 meeting abstracts. We excluded

1 study that compared genotype distributions between patients with

severe COVID‐19 and healthy controls, instead of between SARS‐
CoV‐2‐positive patients stratified according to disease severity.

Additional 2 studies were excluded since they provided results either

for patients with severe or mild disease. Other 4 records were

eliminated from data synthesis since they did not provide enough

methodological data, or the study group and the methodological

approach were inadequate. One study was excluded from qualitative

and qualitative data synthesis as it presented results as single

nucleotide polymorphism genotypes, instead of HLA alleles named

according to the standardized nomenclature.60 Finally, after elimi-

nating a study that did not provide allele/carrier counts or fre-

quencies, a total of 28 studies13,20–23,25,27–31,33–42,44,46–51 with

13,073 SARS‐CoV‐2‐positive participants were selected for qualita-

tive data synthesis and their basic characteristics are given in Table 1.

Among the eligible studies, 17 were conducted in Caucasian or

populations of the Middle Eastern ‐ North African ancestry, while six

included participants with East Asian or South Asian origin. Majority

of the studies analysed HLA class I classical loci (HLA‐A, ‐B and ‐C),

while among the class II loci, HLA‐DRB1 was the most extensively

studied. The methodological quality assessment suggested that NOS

score 7–9, corresponding to high quality, was assigned to the ma-

jority of the studies, while 3 studies were rated as of moderate
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quality (score 6) (Table S1). The largest number of studies failed to

score points for comparability domain, due to the lack of adjustments

of results for potential confounders.

Even though we attempted to include the results of nine eligible

studies in the quantitative data synthesis, the entries based on the

data from these studies could not be combined with the results from

other articles. The reasons for their exclusion from the meta‐analysis

were: significant differences in the classification of SARS‐CoV‐2‐
positive patients according to the clinical presentation of symp-

toms, disease severity or outcome, as well as the unmatched typing

resolution.

3.2 | Quantitative data synthesis

The final selection of studies for quantitative data synthesis resulted

in 19 articles with the overall number of 10,551 SARS‐CoV‐2‐
positive patients. The vast majority of selected articles provided

data for multiple HLA loci, as well as for various groups of patients

stratified according to COVID‐19 severity/outcome, which were

used as separate entries in the meta‐analysis (Table 1, Table S2).

The number of the selected studies and the corresponding entries

for pooled analysis was adequate for HLA‐A, ‐B, ‐C, ‐DRB1 and

‐DQB1.

F I GUR E 1 Flowchart of the study selection process
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The comparison of HLA‐A allele/carrier frequencies among

COVID‐19 patients with severe and non‐severe disease (moder-

ate + mild, according to WHO criteria) did not yield statistically

significant results (Table 2 and Tables S3 and S4). However, HLA‐
A*68:02 and the allele family HLA‐A*68 were found to associate with

the reduced risk of admittance to intensive care unit (ICU) among

hospitalised COVID‐19 patients (p = 0.036, OR = 0.219, 95%

CI = 0.053–0.908 and p = 0.014, OR = 0.448, 95% CI = 0.236–0.850

for HLA‐A*68:02 and HLA‐A*68, respectively) (Table 2, Figure 2). In

the same comparison, marginal significance was reached for the as-

sociation of HLA‐A*31 allele with the ICU‐admittance status

(ICU + vs. ICU‐) (Table 2, Figure 2). HLA‐A supertypes were not

found to associate with the disease severity in either of these two

comparisons (severe vs. non‐severe and ICU + vs. ICU‐) (Table 2).

When HLA‐A allele frequencies were compared between hospital-

ised COVID‐19 patients and those with mild disease, HLA‐A*01

was associated with lower hospitalisation risk (Table 2). Further-

more, HLA‐A*03 allele family was found to associate with an

increased risk of lethal outcome in hospitalised COVID‐19 patients

(Table 2).

Carrier frequencies did not differ between ICU+ and ICU‐ pa-

tients for any HLA‐A allele tested. The comparison of allele‐carrier

rate among hospitalised and non‐hospitalised SARS‐CoV‐2‐positive

participants demonstrated the protective effect of HLA‐A*03, while

the opposite direction of association under dominant genetic model

was found for HLA‐A*11 and HLA‐A*23 (Table 2, Figure 3).

When HLA‐B allele frequencies were compared between pa-

tients with severe and non‐severe COVID‐19, HLA‐B*51:01 was

found to associate with an increased disease severity (p = 0.039,

OR = 1.699, 95% CI = 1.027–2.809), while the opposite effect

was determined for HLA‐B*54:01 (p = 0.025, OR = 0.353,

95% CI = 0.141–0.879) (Table 2, Figure 4). Furthermore, HLA‐B*53

allele family associated with significantly increased risk of COVID‐
19‐related hospitalisation (allelic genetic model p < 0.001, OR =
6.403, 95% CI = 2.253–18.198) (Table 2, Figure 4). Among the tested

HLA‐B alleles, only HLA‐B*14 showed a statistically significant

association with the lethal outcome, with the OR suggesting the

protective effect (allelic model, p = 0.030, OR = 0.434, 95%

CI = 0.203–0.924) (Table 2, Table S5).

Test of genetic association under the dominant genetic model

demonstrated the association of HLA‐B*07:02 with the reduced risk

of ICU‐admittance in hospitalised patients (Table 2, Table S6,

Figure 4). However, such association was not found in the compari-

son which included both hospitalised patients and those with mild

symptoms (Table 2). Marginal significance was reached in the com-

parison of HLA‐B*40:02 carrier rate between hospitalised and non‐
hospitalised patients, while SARS‐CoV‐2 carriers of HLA‐B*15 were

found to have an increased need for mechanical ventilation (Table 2,

Figure 4).

In tests of association which referred to HLA‐C, statistically

significant differences in allele frequencies between groups of pa-

tients classified according to COVID‐19 severity/outcome were

found only for HLA‐C*06 family in the ICU + versus ICU‐ comparisonT
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(Table 2, Table S7, Figure 5). For dominant genetic model of associ-

ation, however, the protective effect against the ICU‐admittance in

patients hospitalised due to COVID‐19 was shown for HLA‐C*07:02

(Table 2, Table S8, Figure 5). The carrier frequency for HLA‐C*04 was

significantly higher in the group of hospitalised COVID‐19 patients,

compared to those with mild disease. Additionally, carriers of HLA‐
C*04:01, which belongs to the same allele family, were found to have

an increased risk of developing severe clinical presentation of

COVID‐19, requiring invasive mechanical ventilation (Table 2,

Figure 5).

F I GUR E 2 Meta‐analysis of the association between HLA‐A alleles and COVID‐19 severity under allelic genetic model. (a) HLA‐A*01,
comparison hospitalised versus non‐hospitalised; (b) HLA‐A*31, comparison intensive care unit (ICU) + versus ICU‐; (c) HLA‐A*68, comparison

ICU + versus ICU‐; (d) HLA‐A*68:02, comparison ICU + versus ICU‐; (e) HLA‐A*03, comparison lethal versus non‐lethal. Each entry in the
pooled analysis is presented by the first author's name and the publication year, together with a reference number in square brackets. The
results of the included studies are presented as Odds ratios (ORs), with 95% confidence interval (CI), and the overall effects with 95% CIs are
given in forest plots. The size of the square symbol representing the study's result is proportional to the weight assigned to the study.

Presented p values are derived from heterogeneity tests and the overall effect is represented by diamond symbol with lateral tips
corresponding to 95% CI. Hospitalised = Severe + Moderate disease, Non‐hospitalised = Mild (World Health Organisation criteria); ICU+/− ‐
ICU admittance status; Ev—events (allele/carrier count)
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The meta‐analyses of the association between HLA‐DRB1 alleles

and ICU‐admittance resulted in marginal statistical significance for

the effect of HLA‐DRB1*15, while HLA‐DRB1*11 allele family was

found to be protective against both COVID‐19‐related hospital-

isation and the clinical progression of disease requiring treatment in

ICU (Table 3, Figure 6). In the pooled analysis related to another

HLA class II locus, HLA‐DQB1, allele families HLA‐DQB1*03 and

HLA‐DQB1*06 exhibited the opposite effect on ICU‐admittance

(p = 0.019, OR = 0.748, 95% CI = 0.587–0.953 and p = 0.011,

OR = 1.384, 95% CI = 1.077–1.779 for HLA‐DQB1*03 and HLA‐
DQB1*06, respectively) (Table 3, Figure 6).

3.3 | Publication bias assessment and sensitivity
analysis

Publication bias was assessed only for studies which presented

HLA‐A, HLA‐B and HLA‐C allele‐carrier counts/frequencies in pa-

tients stratified according to ICU‐admittance (when five entries

corresponded to a specific allele). The visual inspection of Funnel

plots and the corresponding p values from Egger's test did not sug-

gest the presence of publication bias (results not shown).

4 | DISCUSSION

In the first two years of extensive research in the area of molecular

genetics of COVID‐19, a significant number of association studies

related to the disease severity, clinical course and the outcome

of SARS‐CoV‐2 infection focused on host polymorphisms in HLA

loci.13,20–51 These studies were driven by previous results suggesting

the involvement of HLA system in the regulation of the im-

mune response to other viruses, as well as by the fine regulation of

peptide‐binding properties by the extreme polymorphic feature of

HLA loci.61,62

The majority of studies on COVID‐19 focussed on HLA class I

loci ‐A, ‐B and ‐C, which are expressed in most nucleated cells and

thrombocytes. To date, the most reproducible results on the associ-

ation between a certain HLA allele and COVID‐19 clinical phenotype

were obtained for HLA‐A*11. Allelic variants belonging to this HLA‐A

F I GUR E 3 Meta‐analysis of the association between HLA‐A alleles and COVID‐19 severity under dominant genetic model. (a) HLA‐A*03,

comparison hospitalised versus non‐hospitalised; (b) HLA‐A*11, comparison hospitalised versus non‐hospitalised; (c) HLA‐A*23, comparison
hospitalised versus non‐hospitalised. Each entry in the pooled analysis is presented by the first author's name and the publication year,
together with a reference number in square brackets. The results of the included studies are presented as Odds ratios (ORs), with 95%
confidence interval (CI), and the overall effects with 95% CIs are given in forest plots. The size of the square symbol representing the study's

result is proportional to the weight assigned to the study. Presented p values are derived from heterogeneity tests and the overall effect is
represented by diamond symbol with lateral tips corresponding to 95% CI. Hospitalised = Severe + Moderate disease, Non‐hospitalised = Mild
(World Health Organisation criteria); Ev—events (allele/carrier count)
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F I GUR E 4 Meta‐analysis of the association between HLA‐B alleles and COVID‐19 severity. (a) HLA‐B*51:01, comparison severe versus
non‐severe, allelic genetic model; (b) HLA‐B*54:01, comparison severe versus non‐severe, allelic genetic model; (c) HLA‐B*53, comparison

hospitalised versus non‐hospitalised, allelic genetic model; (d) HLA‐B*14, comparison lethal versus non‐lethal, allelic genetic model; (e) HLA‐
B*07:02, comparison intensive care unit (ICU) + versus ICU‐ (hospitalised patients), dominant genetic model; (f) HLA‐B*40:02, comparison
hospitalised versus non‐hospitalised, dominant genetic model; (g) HLA‐B*15, comparison MV versus non‐MV, dominant genetic model. Each

entry in the pooled analysis is presented by the first author's name and the publication year, together with a reference number in square
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family were associated with disease severity, need for hospitalisation

or ICU admittance, as well as with COVID‐19‐related mortal-

ity.21,28,30,36,39,47 In their GWAS conducted in the relatively early

stage of pandemics in Chinese population, Wang et al. identified HLA‐
A*11:01 as a predisposing factor for severe COVID‐19.21 The same

allele was associated with severe disease in Japanese hospitalised

COVID‐19 patients.36 Furthermore, in a study of Ertosun et al. which

involved Turkish kidney transplant recipients, HLA‐A*11 allelic family

showed the association with the development of severe COVID‐19

symptoms requiring hospitalisation.30 These results were not

confirmed in the present meta‐analysis of the association under

allelic genetic model, but the carrier status HLA‐A*11 was found to

brackets. The results of the included studies are presented as Odds ratios (ORs), with 95% confidence interval (CI), and the overall effects with
95% CIs are given in forest plots. The size of the square symbol representing the study's result is proportional to the weight assigned to the

study. Presented p values are derived from heterogeneity tests and the overall effect is represented by diamond symbol with lateral tips
corresponding to 95% CI. Hospitalised = Severe + Moderate disease, Non‐hospitalised = Mild (World Health Organisation criteria); ICU+/− ‐
ICU admittance status; MV—mechanical ventilation, Ev—events (allele/carrier count)

F I GUR E 5 Meta‐analysis of the association between HLA‐C alleles and COVID‐19 severity. (a) HLA‐C*06, comparison intensive care unit
(ICU) + versus ICU‐, allelic genetic model; (b) HLA‐C*04, comparison hospitalised versus non‐hospitalised, dominant genetic model; (c) HLA‐
C*07:02, comparison ICU + versus ICU‐ (hospitalised patients), dominant genetic model; (d) HLA‐C*04:01, comparison MV versus non‐MV,

dominant genetic model. Each entry in the pooled analysis is presented by the first author's name and the publication year, together with a
reference number in square brackets. The results of the included studies are presented as Odds ratios (ORs), with 95% confidence interval (CI),
and the overall effects with 95% CIs are given in forest plots. The size of the square symbol representing the study's result is proportional to

the weight assigned to the study. Presented p values are derived from heterogeneity tests and the overall effect is represented by diamond
symbol with lateral tips corresponding to 95% CI. Hospitalised = Severe + Moderate disease, Non‐hospitalised = Mild (World Health
Organisation criteria); ICU+/− ‐ ICU admittance status; MV—mechanical ventilation, Ev—events (allele/carrier count)
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significantly associate with the hospitalisation related to COVID‐19.

This finding is consistent with the finding of Detsika et al., according

to which a higher frequency of HLA‐A*11 carriers was seen in hos-

pitalised than in non‐hospitalised COVID‐19 patients from Greece.28

Results showing the association of HLA‐A*11 carrier state with

COVID‐19 mortality in Spanish patients,39 as well as with ICU‐
admittance in COVID‐19 patients from USA,47 additionally sup-

ported the role of this allelic family in the genetic predisposition to

the poor outcome of SARS‐CoV‐2 infection. Still, we could not

perform the meta‐analysis for potential association of HLA‐A alleles

with the lethal outcome of COVID‐19 for dominant genetic model

due to the lack of the corresponding studies. According to the find-

ings of Warren et al., the results regarding the role of HLA‐A*11 in

COVID‐19 could be influenced by the gender and age distribution, as

well as by patient ethnicity, which may explain the lack of association

in other studies included in the present systematic data synthesis.47

All together, our meta‐analysis supports previous findings suggesting

that HLA‐A*11 affects the clinical progression of COVID‐19.

Besides HLA‐A*11, HLA‐A allelic families HLA‐A*03, HLA‐A*23,

HLA‐A*24 and HLA‐A*02 showed the relation with COVID‐19

severity in more than one study. However, previous articles

showed disagreements in the reports related to the effects of the

members of HLA‐A*03 family. Results on the requirement of me-

chanical ventilation from different datasets included in the study of

Weiner et al. were significantly discordant,48 while the opposing ef-

fect on disease severity was shown in studies conducted in Russia

and United Arab Emirates (UAE).45,51 As for HLA‐A*23, the relation

of this allelic group with COVID‐19 severity was reported in Greek

population,28 while Littera et al. found HLA‐A*23:01 allele exclusively

in hospitalised patients from their Sardinian cohort.20 Other two

allelic families, HLA‐A*24 and HLA‐A*02, showed opposing effects on

different aspects of COVID‐19 clinical manifestation,34,41,44,45 which

could explain the lack of significant associations of these allelic

groups in the present meta‐analysis. On the other hand, we

confirmed the effects of HLA‐A*03 and HLA‐A*23 on COVID‐19

severity through quantitative data synthesis. Namely, HLA‐A*03

was the only HLA‐A allele group associated with the lethal outcome

of COVID‐19 in the present data synthesis. This allele family was also

found to associate with the necessity for hospitalisation, assuming

the dominant genetic model. Paradoxically, the direction of the

TAB L E 3 Meta‐analysis of association between HLA‐DRB1b and HLA‐DQB1 alleles and COVID‐19 severity/outcome: allelic genetic
model

HLA‐DRB1 allele

Hospitalised versus Non‐hospitaliseda ICU + versus ICU‐ Lethal versus Non‐lethal

nb OR (95% CI) p Phetc n OR (95% CI) p Phet n OR (95% CI) p Phet

DRB1*01 3 1.547 (0.880–2.718) 0.130 0.921 4 1.028 (0.693–1.526) 0.892 0.917 3 1.196 (0.724–1.975) 0.485 0.806

DRB1*03 ‐ ‐ ‐ ‐ 4 1.143 (0.835–1.564) 0.404 0.403 3 0.852 (0.557–1.302) 0.459 0.997

DRB1*04 3 0.992 (0.367–2.681) 0.988 0.033 4 0.977 (0.697–1.370) 0.892 0.233 3 0.998 (0.646–1.543) 0.994 0.402

DRB1*07 3 1.030 (0.549–1.934) 0.927 0.525 4 1.007 (0.740–1.370) 0.965 0.970 3 1.060 (0.730–1.539) 0.758 0.737

DRB1*08 3 2.503 (0.274–22.893) 0.417 0.094 4 0.634 (0.321–1.253) 0.190 0.802 3 0.528 (0.208–1.341) 0.179 0.704

DRB1*10 ‐ ‐ ‐ ‐ 4 0.656 (0.301–1.426) 0.287 0.600 3 1.205 (0.537–2.704) 0.651 0.676

DRB1*11 3 0.513 (0.300–0.878)* 0.015 0.462 4 0.638 (0.446–0.916) 0.015 0.492 3 0.833 (0.506–1.374) 0.475 0.232

DRB1*12 3 0.208 (0.029–1.469) 0.115 0.25 4 0.427 (0.172–1.057) 0.066 0.279 3 0.436 (0.099–1.925) 0.273 0.663

DRB1*13 3 1.052 (0.549–2.013) 0.879 0.259 4 1.345 (0.983–1.840) 0.064 0.688 3 1.312 (0.659–2.610) 0.439 0.112

DRB1*14 3 0.520 (0.204–1.325) 0.171 0.567 4 1.058 (0.658–1.701) 0.816 0.802 3 1.552 (0.851–2.833) 0.152 0.865

DRB1*15 3 1.075 (0.596–1.939) 0.810 0.540 4 1.393 (1.002–1.938) 0.049 0.786 3 0.887 (0.556–1.417) 0.617 0.691

DRB1*16 ‐ ‐ ‐ ‐ 4 1.068 (0.570–2.002) 0.837 0.463 3 1.238 (0.600–2.555) 0.564 0.384

HLA‐DQB1 allele

Hospitalised versus Non‐hospitaliseda ICU + versus ICU‐ Lethal versus Non‐lethal

nb OR (95% CI) p Phetc n OR (95% CI) p Phet n OR (95% CI) p Phet

DQB1*02 ‐ ‐ ‐ ‐ 4 1.078 (0.838–1.388) 0.558 0.553 3 0.858 (0.624–1.181) 0.349 0.196

DQB1*03 ‐ ‐ ‐ ‐ 4 0.748 (0.587–0.953) 0.019 0.776 3 0.855 (0.618–1.183) 0.345 0.616

DQB1*04 ‐ ‐ ‐ ‐ 4 0.764 (0.399–1.466) 0.419 0.721 3 1.068 (0.487–2.343) 0.870 0.221

DQB1*05 ‐ ‐ ‐ ‐ 4 0.940 (0.716–1.233) 0.653 0.188 3 1.223 (0.872–1.716) 0.249 0.597

DQB1*06 ‐ ‐ ‐ ‐ 4 1.384 (1.077–1.779) 0.011 0.419 3 1.114 (0.795–1.562) 0.530 0.896

aHospitalised = Severe + Moderate, Non‐hospitalised = Mild (World Health Organisation critdria).
bNumber of studies/datasets.
cp value obtained in heterogeneity test.

*Statistically significant results are shown in bold.
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association in these two comparisons was opposite. In line with the

association with lethal outcome from COVID‐19, HLA‐A*03 was

previously associated with a 2‐fold increase in the risk of self‐
reported severe difficulties with daily routine following vaccination

with mRNA‐based vaccines.63

Besides confirming the previous findings related to the effects of

HLA‐A alleles on COVID‐19 severity, our pooled analysis revealed

the association of HLA‐A*31 and HLA‐A*68 with ICU‐admittance.

Results suggesting the potential involvement of these alleles in the

determination of the clinical course of COVID‐19 were not reported

F I GUR E 6 Meta‐analysis of the association between HLA‐DRB1 and HLA‐DQB1 alleles and COVID‐19 severity under allelic genetic
model. (a) HLA‐DRB1*11, comparison hospitalised versus non‐hospitalised; (b) HLA‐DRB1*11, comparison intensive care unit (ICU) + versus
ICU‐; (c) HLA‐DRB1*15, comparison ICU + versus ICU‐; (d) HLA‐DQB1*03, comparison ICU + versus ICU‐; (e) HLA‐DQB1*06, comparison

ICU + versus ICU‐. Each entry in the pooled analysis is presented by the first author's name and the publication year, together with a reference
number in square brackets. The results of the included studies are presented as Odds ratios (ORs), with 95% confidence interval (CI), and the
overall effects with 95% CIs are given in forest plots. The size of the square symbol representing the study's result is proportional to the

weight assigned to the study. Presented p values are derived from heterogeneity tests and the overall effect is represented by diamond symbol
with lateral tips corresponding to 95% CI. Hospitalised = Severe + Moderate disease, Non‐hospitalised = Mild (World Health Organisation
criteria); Ev—events (allele/carrier count)
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before, possibly due to their low frequency in various populations,

especially for HLA‐A*31. Additional reason for the lack of these re-

ports could be the presentation of results on the effect of higher‐
resolution alleles, without considering the contribution of the allelic

family. The present meta‐analysis also suggests the effect of HLA‐
A*01 on COVID‐19 severity, as determined in the comparison of

allele frequencies between patients requiring hospitalisation and

those with mild symptoms. Previously, a single study reported the

association of HLA‐A*01:01 with clinical presentation of SARS‐CoV‐
2 infection, but their results were obtained through the comparison

of severely ill patients and healthy controls.45

Evidence of the association between HLA‐B alleles and COVID‐
19 severity/outcome were rarely replicated in association studies. To

date, the only allelic variants of this locus identified as predisposing

factors for worse clinical manifestation of SARS‐CoV‐2 infection in

more than a single study are HLA‐B*51 and HLA‐B*35. HLA‐B*51:01

was previously reported in the GWAS from China as a predisposing

allele for severe COVID‐19,21 while the opposite effect on COVID‐
19‐related hospitalisation was determined in a study conducted in

UAE,51 which analysed the association under dominant model. Naemi

et al. found higher frequency of HLA‐B*51 in fatal cases, compared to

patients with mild symptoms, suggesting that the worse outcome of

SARS‐CoV‐2 relates to this allele family.40 As for HLA‐B*35,

borderline significance was found for the negative association with

fatal COVID‐19 in Saudi Arabian population,41 while HLA‐B*35:01

allele also associated with shorter duration of hospitalisation.32 Still,

only HLA‐B*51:01 showed a statistically significant association with

the severe disease in the present pooled analysis, while we found no

evidence to support the protective effect of HLA‐B*35. Additionally,

the present meta‐analysis confirmed the findings of Norin et al.42

which related HLA‐B*53 alleles with the risk of COVID‐19‐related

hospitalisation. Among 3 studies taken for pooled analysis, the one

that included the largest number of HLA‐B*53 alleles was also the

only study that involved patients with African ancestry.42 This

observation is in accordance with the allele frequency data showing

significant ethnicity‐related variations.64

The present meta‐analysis also revealed the protective effect of

HLA‐B*54:01 against severe disease. Surprisingly, this allele was

previously identified as COVID‐19 susceptibility variant and one of

the weakest binders to SARS‐CoV‐2 among HLA‐B alleles.49,62 The

only HLA‐B allele family associated with COVID‐19 mortality rate in

the pooled analysis was HLA‐B*14, which displayed the protective

effect and was not previously determined as relevant contributing

factor for better COVID‐19 outcome. Still, the frequency of these

alleles in the cohorts included in the meta‐analysis was low, reaching

5% only in a study conducted in Spanish population.33 Other novel

findings related to HLA‐B alleles and the clinical features of COVID‐19

in the present meta‐analysis include the protective effect of

HLA‐B*07:02 and HLA‐B*40:02 against more severe disease.

HLA‐B*07:02 is one of the most common HLA‐B alleles, and its po-

tential protective role in SARS‐CoV‐2 infection is supported by the

findings suggesting its association with the pre‐existing immunity

towards SARS‐CoV‐2 in unexposed individuals.65 Furthermore,

immunodominant NP105–113‐B*07:02 cytotoxic T cell response was

found to control viral replication and is associated with milder COVID‐
19.66 As for HLA‐B*40:02, the results need to be taken with caution,

since the number of mild COVID‐19 patients in one of the included

studies was only 5.35 When allele carrier rates were compared be-

tween intubated and non‐intubated COVID‐19 patients, HLA‐B*15

allele family was identified as a risk factor. These results are hard to

explain based on the SARS‐CoV‐2 binding properties, since this family

includes numerous alleles, ranging from the strongest to the weakest

binders.62 A study conducted in Egypt reported on the protective role

of HLA‐B*15 against COVID‐19 related mortality, but we detected

various discordances in the presentation of their results.50

To date, various reports suggested the involvement of HLA‐C*04

in genetic predisposition for severe COVID‐19. For instance, Detsika

et al.28 reported the association between HLA‐C*04 and the risk of

hospitalisation, while the evidence from Indian population supports

the effect of HLA‐C*04:01:01:01 on the risk of developing symp-

tomatic infection.46 HLA‐C*04:01 was further associated with an

increased risk of hospitalisation in ICU, as well as with the shorter

ventilator‐free period upon hospitalisation.47,48 Therefore, the find-

ings of the present meta‐analysis, which confirmed the effects of

HLA‐C*04, were expected. Namely, among HLA‐C alleles, HLA‐C*04

and the common member of this family, HLA‐C*04:01, were the most

significantly associated with the clinical course of COVID‐19. Pre-

dictions of peptide‐binding properties also supports the supposed

involvement of HLA‐C*04 in the regulation of SARS‐CoV‐2 infection,

since most of the members of this allele family were defined as weak

binders.62

The association of HLA‐C*06 allele with the adverse effects on

SARS‐CoV‐2 infection was previously shown in Saudi Arabian pa-

tients, by comparing allele frequencies between fatal cases and the

entire group of infected patients, as well as between fatal COVID‐19

cases and healthy controls.41 Additionally, HLA‐C*06:02, the most

common allele belonging to this family, was classified as one of the

weakest SARS‐CoV‐2 peptide binders.62 Our pooled analysis

confirmed the association of HLA‐C*06 with COVID‐19 severity, and

also revealed the association between negative carrier status of HLA‐
C*07:02 and ICU‐admittance. Still, the later result might have been

influenced by the largest study included in the pooled analysis.48

Allelic variants of class II HLA loci were less frequently analysed in

terms of their association with COVID‐19 severity. To date, the most

replicated results are related to HLA‐DRB1*15:01 and HLA‐DRB1*04

alleles, although these findings were published in just few articles.

HLA‐DRB1*15:01 was shown to increase the risk of developing se-

vere respiratory symptoms in a study of Schetelig et al.44 Furthermore,

HLA‐DRB1*15:01 was more abundant in severe COVID‐19 cases

from Italy, compared to healthy controls,67 while the carrier rate was

higher in hospitalised COVID‐19 patients than in the group of SARS‐
CoV‐2 infected participants with mild or no symptoms from UAE.51

Similarly, HLA‐DRB1*04 was identified as the most significant

severity predictor among HLA class II alleles in Iranian population,29

while its protective effect was also detected by Langton et al. in their

group of participants from UK.38 Naemi et al. further showed the
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association of this allele group with lower risk of lethal outcome,

although their findings were based on the comparison of fatal cases

with healthy controls.41 The present meta‐analysis confirmed the ef-

fect of HLA‐DRB1*15 on COVID‐19 severity, since marginal signifi-

cance was reached for the association of HLA‐DRB1*15 with an

increased risk of ICU‐admittance. Still, we failed to confirm the pro-

tective role of HLA‐DRB1*04. The strongest evidence of the

involvement of HLA class II loci in the genetic basis of SARS‐CoV‐2
clinical progression was obtained for HLA‐DRB1*11 in the present

meta‐analysis. This allele family is associated with the reduced risk of

the expression of severe symptoms which require hospitalisation, as

well as with the reduced necessity for ICU‐admittance. Association

with COVID‐19 severity was previously reported only for HLA‐
DRB*11:01 in a single study which compared allele frequencies be-

tween hospitalised patients and healthy controls.33

Meta‐analysis of the effects of HLA‐DQB1 alleles on COVID‐19

severity revealed the association of HLA‐DQB1*03 and HLA‐
DQB1*06 with the ICU‐admittance status. These two allele groups

were found to confer the opposite effect, with the protective fea-

tures associated with HLA‐DQB1*03. However, there are rare re-

ports on the association of HLA‐DQB1 with the clinical course of

COVID‐19 and previous findings suggesting the involvement of

HLA‐DQB1*06 in the predisposition to developing severe disease

were based on the comparison of HLA‐DQB1*06:02 frequency be-

tween severe cases and healthy controls.67 Some of the members of

this allele family, in combination with common HLA‐DQA1 alleles,

were described as the weakest SARS‐CoV‐2 binders.62

It should be noted that in several studies none of the analysed

HLA alleles showed the association with the clinical presentation of

COVID‐19.13,24,25,27,49 Among these studies is a large GWAS which

included Italian and Spanish COVID‐19 patients.13 Still, their results

could not be combined with findings of other previous studies in the

quantitative pooled analysis, since all participants were diagnosed

with respiratory failure and their definition of disease severity was

based on the necessity of mechanical ventilation, which included both

invasive and non‐invasive type and, therefore, was unmatched with

other eligible studies.

Our meta‐analysis is the first comprehensive quantitative sum-

mary of the results on the relation of HLA genetic variations with the

outcomes of SARS‐CoV‐2 infections. The results of the present data

synthesis qualify certain alleles of HLA class I and II loci (HLA‐A*01,

HLA‐A*03, HLA‐A*11, HLA‐A*23, HLA‐A*31, HLA‐A*68, HLA‐
A*68:02, HLA‐B*07:02, HLA‐B*14, HLA‐B*15, HLA‐B*40:02,

HLA‐B*51:01, HLA‐B*53, HLA‐B*54, HLA‐B*54:01, HLA‐C*04, HLA‐
C*04:01, HLA‐C*06, HLA‐C*07:02, HLA‐DRB1*11, HLA‐DRB1*15,

HLA‐DQB1*03, HLA‐DQB1*06) as variants associated with COVID‐
19 severity. This especially refers to alleles and allele families which

were found to associate with several different features of COVID‐19

clinical progression, such as HLA‐C*04 and HLA‐DRB1*11. However,

the number of studies included in all the pooled analyses is relatively

low, which suggests caution while interpreting the obtained results.

Another limitation of this review is the lack of studies on the effects of

certain alleles, preventing their inclusion in the pooled analysis.

Furthermore, the number of patients in certain severity‐based groups

was small, while several studies were excluded for unmatched study

design or SARS‐CoV‐2 outcome definition. Relatively low number of

entries in the pooled analysis is also a consequence of the differences

in the resolution of allele typing and the inability to calculate

the counts of low‐resolution alleles from several studies due to

the lacking genotyping results. All mentioned limitations certainly

highlight the need for further studies with larger sample sizes in or-

der to confirm the associations found in the present data‐synthesis,

as well as to enable the pooled analysis on the association of

various excluded alleles. Additional data should also enable the

assessment of the influence of ethnicity, gender and other potential

confounders.
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