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A B S T R A C T

We examined the correlation between class I HLA evolutionary divergence (HED), a surrogate for the capacity
to present different peptides, and the outcomes of 234 adult inpatients with confirmed SARS‐CoV‐2 infection.
Genomic DNA was extracted from peripheral blood and genotyped by next‐generation sequencing (NGS). HED
scores for HLA class I (HLA‐A, ‐B, and ‐C) genotypes were calculated using Grantham’s distance. Higher HED
scores for HLA‐B, but not HLA‐A or ‐C, are significantly associated with a decreased probability of poor out-
comes including ICU admission, mechanical ventilation, and death (OR = 0.93; P = 0.04) in the univariate
analysis. In the multivariate analysis, increased HLA‐B HED score, younger age, and no comorbidity were inde-
pendently associated with favorable outcomes (P = 0.02, P = 0.01, and P = 0.05, respectively). This finding is
consistent with the notion that broader peptide repertoires presented by class I HLA may be beneficial in infec-
tion control.
1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2) is
the cause of the Coronavirus Disease 2019 (COVID‐19) pandemic. As
of April 9, 2022, there were more than 822,000 new cases daily, with
a cumulative case number surpassing 276,000,000 and more than
5,300,000 reported deaths globally [1]. While most patients infected
by SARS‐CoV‐2 present with a mild form of the disease, about 20 %
of infected individuals were hospitalized, and 5 % of the cases were
severe during the early phase of the pandemic [2]. It is known that
age and some comorbidities confer an increased risk for the severe pre-
sentation of COVID‐19, however younger and otherwise healthy indi-
viduals are not completely protected from poor outcomes after
infection [3].

Human leukocyte antigens (HLA) are highly diverse transmem-
brane proteins that present viral peptides to T‐cells and launch
pathogen‐specific immune responses [4]. Previously, we reported that
HLA‐DRB1*08:02 and HLA‐A*30:02 are potential risk factors for symp-
tomatic COVID‐19 in Hispanic and younger African American popula-
tions [4]. However, various case‐control studies have reported
multiple class I and II HLA alleles associated with disease outcomes
without a clear consensus [5]. Discrepancies across different investiga-
tions may be attributed to differences in the definition of clinical phe-
notypes and outcomes, research subjects’ self‐reported presentations,
ancestries of study subjects, and limited sample sizes. As a result, the
interpretation of HLA and COVID‐19 outcomes has been challenging
[5]. To further understand the contribution of HLA to COVID‐19, an
alternative approach is to quantify the HLA diversity across different
alleles to correlate with disease severity.

HLA evolutionary divergence (HED) has been defined as the phys-
iochemical difference between HLA protein sequences, which corre-
lates with the diversity of immunopeptidomes presented to T‐cells
[6]. HED can be computed as Grantham’s distance based on the differ-
ence in composition, polarity, and molecular volume between each
pair of amino acids from maternal and paternal HLA alleles at each
locus [7]. The more diverse are the features of paired amino acids,
the higher the probability of more diverse peptides being presented
to immune cells [7,8]. Furthermore, some authors have used HED to
OR, odds
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estimate the capacity to present different peptides as a prognostic fac-
tor in cancer and aplastic anemia [6,9,10]. We hypothesize that higher
HED scores for class I HLA loci may be associated with favorable out-
comes in hospitalized COVID‐19 patients due to the increased proba-
bility of presenting viral peptides for recognition by adaptive
immunity. We performed a retrospective analysis of a cohort of
COVID‐19 inpatients in the Midwestern United States with diverse
ancestries to test this hypothesis.
Table 1
Demographic features of patients with favorable and poor outcomes after SARS-
CoV-2 infection.

Feature Favorable outcome
N = 97

Poor outcome
N = 137

P-value

Median age (IQR), in years 62.0 (50.0–70.0) 67 (57.0–75.0) <0.01
Median BMI (IQR), in kg/m2 29.7 (23.8–35.6) 28.1 (23.3–33.3) 0.24
Female, frequency (%) 44 (45.4) 52 (38.0) 0.28
Race, frequency (%) 0.89
African American 68 (70.1) 99 (72.3)
Caucasian 25 (25.8) 31 (22.6)
Asian or Pacific Islander 3 (3.1) 4 (2.9)
Hispanic 1 (1.0) 3 (2.2)

Comorbidity, frequency (%) 84 (86.6) 131 (95.6) 0.02
2. Methods

2.1. Patients and clinical data

We enrolled adult patients hospitalized for COVID‐19 at Barnes‐
Jewish Hospital and Mercy Hospital in St. Louis between March to July
2020. The inclusion criteria were an age of 18 or older and hospital-
ized for SARS‐CoV‐2 infection, which was confirmed by a real‐time
reverse transcriptase‐polymerase chain reaction testing of nasopharyn-
geal swabs. The study was approved by the Human Research Protec-
tion Office of Washington University in St. Louis (IRB ID #:
202004002) and the Institutional Review Board of Mercy Hospital
(IRB ID #:1599032–2). Clinical data were gathered retrospectively
from electronic medical records and entered into a REDCap database
[11]. Data gathering occurred at least three weeks after the initial
enrollment to allow capturing the severity of potentially dynamic dis-
ease courses. Comorbidities were documented if the patient had a his-
tory of any of the following conditions: chronic lung disease,
cardiovascular disease, diabetes, end‐stage renal disease, autoimmune
disease, cancer, trauma, surgery, and sepsis. A poor outcome was
defined as an admission to the intensive care unit (ICU), a need for
mechanical ventilation, or death. A favorable outcome was defined
as the absence of the above poor outcomes.

2.2. Patient samples and HLA genotyping

As described previously [4], all cases had a remnant EDTA‐
anticoagulated blood specimen available in the clinical laboratories.
Genomic DNA was extracted and isolated from these samples using
the EZ1 DNA blood 350 µl kit (Qiagen, Hilden, Germany). Subse-
quently, 192 samples were typed by the AllType assay (One Lambda,
West Hills, CA) on the Ion Chef/S5 Ion Torrent platform [12], and
42 samples were amplified using the NGS LR kit (One Lambda, West
Hills, CA) with sequencing carried out using the SQK‐LSK109 protocol
on the R10.3 MinION flow cells (FLO‐MIN111, Oxford Nanopore Tech-
nologies) [13,14]. HLA genes were assigned based on exon sequences
(G groups) and limited to the 2‐field resolution.

2.3. Data analysis and statistics

The HED score was computed for each genotype at HLA‐A, ‐B,
and ‐C loci using the HLAdivR package in R [15]. For statistical anal-
ysis, categorical variables were described as frequency and percent-
ages, and numerical variables as the median and interquartile range
(IQR). The normal distribution was tested by Shapiro’s test. Fisher’s
exact test was applied to assess distributions for sex, comorbidities,
and HLA heterozygosity between patients with favorable and poor out-
comes. The differences in age, BMI, and HLA HED scores between the
groups were compared by the Mann‐Whitney test. Outcomes were fur-
ther assessed by multivariate logistic regression (using backward selec-
tion). The association between HLA alleles and outcomes was analyzed
at 1‐ and 2‐field resolutions for African Americans, Caucasians, and
total populations using the pyHLA package (version 1.1.1) with default
options. The default minimal allele frequency of 0.05 was applied, and
multiple comparisons were adjusted in these analyses by controlling
the false discovery rate at 5 % using the Benjamini‐Hochberg proce-
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dure [16]. The rest of the statistical analyses were completed using
R version 4.1.2 (2021‐11‐01), Vienna, Austria. Results were consid-
ered statistically significant at a 2‐tail p‐value of < 0.05.
3. Results

3.1. Patient characteristics and outcomes

A total of 234 patients were enrolled in this study, 96 being females
(41 %). The median age was 66 years old (IQR: 55–73), and African
Americans comprised 71.4 % of the cohort (Table 1). Only 19 patients
(8.1 %) presented with no comorbidity; the rest of the cohort had one
or more comorbidities, with cardiovascular diseases being the most
common (supplemental material, Table S1). A total of 97 (41.5 %)
patients had a favorable outcome, while 137 (58.5 %) patients had
poor outcomes from SARS‐CoV‐2 infection, including an ICU admis-
sion (121, 51.7 % of total), a need for mechanical ventilation (75,
32.1 % of total) or death (51, 21.8 % of total). Younger age and
absence of comorbidities were significantly associated with favorable
outcomes in the univariate analysis (Table 1). As the most prevalent
comorbidity in this cohort, cardiovascular diseases alone were not sig-
nificantly associated with poor COVID‐19 outcomes (OR = 1.25; 95 %
CI, 0.69–2.26, P = 0.45).

3.2. Association between HLA alleles and outcomes

No HLA allele (2‐field) or allele group (1‐field) was significantly
associated with COVID‐19 outcomes in the entire cohort of patients,
African Americans, or Caucasians (Table S2‐S4). Neither was heterozy-
gosity, defined as a genotype with different maternal and paternal HLA
alleles at the 2‐field resolution, associated with outcomes at any of the
loci.

3.3. Correlation between HED and outcomes

The median (and range) of HED scores in the cohort for HLA‐A, ‐B,
and ‐C were 6.86 (0–12.87), 8.03 (0–14.46), and 4.82 (0–7.60),
respectively. HED scores for HLA‐B locus were significantly higher in
the group with favorable outcomes than those with poor outcomes
(8.99 versus 7.22, p < 0.05). At HLA‐A and ‐C loci, HED scores were
not significantly different between groups with favorable and poor
outcomes (Fig. 1). In addition, the combined HED scores for all class
I alleles were not significantly different between the two outcome
groups (P = 0.20). No significant difference in HLA‐A, ‐B, and ‐C
HED scores was observed between African Americans and Caucasians
(Table 2).

We detected a significant association between higher HLA‐B HED
scores and favorable outcomes, with each 1‐point increase in HLA‐B
HED associated with a 7 % decreased probability for the composite
endpoints of ICU admission, mechanical ventilation, and death



Fig. 1. Comparison of HED scores at HLA-A, -B, and –C loci in patients with favorable and poor outcomes after SARS-CoV-2 infection. P-values were obtained by
Mann Whitney test, lines in the boxes show medians and boxes show interquatile ranges.

Table 2
HLA-A, -B, and -C HED scores for African Americans and Caucasians.

African Americans Caucasians P-value

Median HLA-A HED score 6.75 7.04 0.52
Median HLA-B HED score 8.33 8.01 0.85
Median HLA-C HED score 4.82 4.82 0.20
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(OR = 0.93; 95 % CI, 0.861–0.995; P = 0.04) in the univariate anal-
ysis. In the multivariate logistic regression analysis (backward model),
younger age, absence of comorbidities, and higher HLA‐B HED scores
remained independently associated with favorable outcomes (Fig. 2).
4. Discussion

This is, to our knowledge, the first study to examine the correlation
between COVID‐19 and class I HED based on documented infection
status and outcomes in a cohort of diverse ancestries. We found that
pairwise divergences were higher at HLA‐B locus than HLA‐A and ‐C,
and it was the only locus showing a significant correlation with
COVID‐19 outcomes. The combined class I HED scores were not signif-
icantly associated with outcomes. The dominant effect of the HLA‐B
locus may be consistent with previous studies suggesting that the
HLA‐B locus has undergone extensive evolutionary reassortment of
variations among different alleles and, as the oldest HLA locus, harbors
the highest level of polymorphisms [17]. We accounted for potential
confounders in this study and demonstrated that divergence in HLA‐
B molecules, age, and comorbidities are independently associated with
the prognosis of SARS‐CoV‐2 infection as a multifactorial process.

The study design of this report differs from our previous work,
where we identified HLA‐DRB1*08:02 and HLA‐A*30:02 as potential
risk factors for symptomatic SARS‐CoV‐2 infection in hospitalized His-
panics and younger African Americans, respectively, compared with
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their matched population controls drawn from the National Marrow
Donor Program database. We also found several candidate alleles in
African Americans, Caucasians, and Hispanics with protective or pre-
disposing effects, as well as candidate amino acid residues implicated
in altered peptide presentation during the immune response to SARS‐
CoV‐2 [4]. One potential caveat of our previous work was that the
infection status and disease severity of the National Marrow Donor
Program controls were unknown [4]. Furthermore, risk‐associated
alleles and amino acid residues with small effects could not be
detected due to the limited sample size. In contrast, this report focused
on an inpatient cohort with carefully curated demographic, genetic,
and outcome data to delineate the relationship between the overall
class I HLA diversity (i.e., HED as a continuous variable) and favorable
versus poor outcomes.

As class I HLA molecules are expressed on all nucleated cells and
present viral peptides to cytotoxic CD8 T cells, class I HED scores rep-
resent a rational biomarker for outcomes of infection control. It has
been proposed that HLA heterozygosity confers a health advantage
in humans since it expands the range of pathogen‐derived peptides
presented to T cells, increasing the probability of mounting a specific
immune response and clearing the infection [18,19]. However, the
quantification of this disparity is challenging. The Grantham method
provides a solution that analyzes the physicochemical features of pair-
wise amino acids and estimates the breadth of endogenous peptides
presented by major histocompatibility complex molecules [7,19].
Using a computational antigen‐binding prediction algorithm for major
histocompatibility complex molecules, Pierini and Lenz evaluated the
binding of peptides from a broad range of human pathogens and
showed a positive correlation between genetic distance between two
heterozygous alleles and the total number of peptides bound to these
alleles [17,19] Furthermore, our data showed a significant impact of
HED scores at HLA‐B locus but not HLA‐A or ‐C. While the mechanism
of this finding is unknown, we speculate that HLA‐Bmight play a more
important role in this setting due to its higher level of polymorphism
and cellular expression [20].



Fig. 2. Variables are independently associated with outcomes in a multivariate logistic regression analysis using the backward approach (blue dots represent
medians; error bars represent 95% confidence intervals).
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The literature is sparse on the role of pairwise divergence of class I
HLA molecules and COVID‐19 outcomes. Schetelig and colleagues did
not find a significant association between the Grantham Distance of
HLA‐A, ‐B, ‐C alleles and COVID‐19 severity in a large study including
6919 subjects [8]. However, several differences in the study design
may account for the different findings between that study and ours.
The disease severity phenotype in the Schetelig study was based on
self‐reported symptoms in a cross‐sectional survey of a relatively
healthy, hematopoetic stem cell donor registry; only 3.8 % of the par-
ticipants were hospitalized, and lethal SARS‐CoV‐2 infections were not
represented. The registry cohort was also primarily European, and the
impact of comorbidities was not reported. In contrast, our study
focused on hospitalized COVID‐19 patients with objective outcome
data, which were collected three weeks after the initial diagnosis to
reflect the full disease course. Our cohort also had more diverse ances-
tries, with a dominance of African Americans, and more severe disease
phenotypes with poor outcomes in 58.5 % of the participants. Interest-
ingly, the modeling of viral peptide presentation by HLA class I mole-
cules in the Schetelig study showed that HLA‐B molecules might
present fewer high‐affinity peptides from SARS‐CoV‐2 than HLA‐A
and ‐C molecules [8]. This relative restriction might indicate HLA‐B
as a potential risk‐associated locus in the control of SARS‐CoV‐2
infection.

Our study has several limitations. It is a retrospective study includ-
ing two local institutions, which may limit the generalization of our
findings. The sample size is relatively small and may have limited
the statistical power of the analysis. Also, our study does not provide
information on SARS‐CoV‐2 variants since August 2020, as all patients
were enrolled during the initial wave of COVID‐19 pandemic in the
United States.

In conclusion, our study shows a significant association between
increased HLA‐B HED scores and favorable outcomes after SARS‐
CoV‐2 infection. This finding suggests that maximizing the presenta-
tion of diverse SARS‐CoV‐2 peptides by HLA‐B molecules may improve
the clearance of SARS‐CoV‐2. Further studies are warranted to under-
stand the functional and mechanistic implications of this finding.
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