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The human leucocyte antigen (HLA) loci have been widely characterized to be associated with viral infectious diseases using either
HLA allele frequency-based association or in silico predicted studies. However, there is less experimental evidence to link the HLA
alleles with COVID-19 and other respiratory infectious diseases, particularly in the lung cells. To examine the role of HLA alleles in
response to coronavirus and other respiratory viral infections in disease-relevant cells, we designed a two-stage study by
integrating publicly accessible RNA-seq data sets, and performed allelic expression (AE) analysis on heterozygous HLA genotypes.
We discovered an increased AE pattern accompanied with overexpression of HLA-B gene in SARS-CoV-2-infected human lung
epithelial cells. Analysis of independent data sets verified the respiratory virus-induced AE of HLA-B gene in lung cells and tissues.
The results were further experimentally validated in cultured lung cells infected with SARS-CoV-2. We further uncovered that the
antiviral cytokine IFNβ contribute to AE of the HLA-B gene in lung cells. Our analyses provide a new insight into allelic influence on
the HLA expression in association with SARS-CoV-2 and other common viral infectious diseases.
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INTRODUCTION
Coronavirus 2019 (COVID-19) is an emerging infectious disease
caused by a new coronavirus, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) [1]. The wide spectrum of clinical
manifestations in patients infected with SARS-CoV-2 has been
observed, ranging from a mild syndrome, to severe conditions
requiring critical care. In particular, the disease can progress to
pneumonia, respiratory failure, and death. This progression is
related to hyper-inflammatory response, named as “cytokine
storm”. There is growing evidence that the interplay between viral
and host factors plays an important role on the varying outcomes
of patients with viral infectious diseases [2]. Regarding to COVID-
19 risk and severity, genome-wide association studies (GWAS)
have uncovered tens of host genetic susceptible loci [3–9]. For
example, Ellinghaus et al. reported two risk loci—one is the ABO
blood group locus and the other a cluster of genes on
chromosome 3, were linked to respiratory failure during SARS-
CoV-2 infection [3]. Two studies presented the population-based
differences of the allele frequencies of genetic variants in
angiotensin converting enzyme 2 (ACE2) [10] and transmembrane
protease serine 2 (TMPRSS2) [11], two genes involved in SARS-
CoV-2 host cell entry [12]. Using multi-omics approach, Pathak
et al. identified 27 genes across 13 genomic regions in association
with COVID-19 related hospitalization [5]. However, there is less
study about the functional implication of genetic risk factors
related to SARS-CoV-2 infection, particularly in the lung respiratory
epithelia, a primary entry site for the virus.

The human leukocyte antigen (HLA) class I molecules (HLA-A, -B
and -C as representative) play a critical role in the manner that
antigen peptides are presented to T cells. Specifically, an effective
antiviral immunity requires optimal pathogen-derived peptide
presentation by class I on the surface of infected cells for
recognition by CD8+ T cells. Genetically, the HLA loci are one of a
few hotspots in a strong association with the susceptibility or
resistance to infectious diseases, immune disorders and malig-
nancies [13]. Of note, the distinct role of certain HLA-B alleles on
viral infections has been shown in previous studies [14, 15]. More
specifically, Lin et al. found the association of HLA-B*4601 allele
with the severity of SARS [16]. Using in silico analysis of viral
peptide-MHC class I binding affinity, Nguyen et al. further
proposed the association of this HLA-B allele with the SARS-CoV-
2 [17]. However, in current COVID-19 disease GWAS studies [3, 4],
this locus does not reach the genome-wide significance. There-
fore, it is demanded to understand the genetic impact of SARS-
CoV-2 and other respiratory viral infections on expression of HLA
class I genes in disease-relevant cells.
Allele-specific expression (AE) is an RNA molecular quantifica-

tion of a genetic locus by measuring the relative expression on the
two alleles at a heterozygous single nucleotide polymorphism. The
genes with two copies exhibiting AE can provide a strong
foundation for investigating the genetic or epigenetic mechan-
isms linked to complex traits and diseases [18, 19]. Notably, the AE
mapping has become a powerful approach to identify functional
cis-regulatory variations [20, 21], genomic imprinting regions [22],
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X-chromosome inactivation or escaping loci [23, 24]. For this
reason, it is possible to utilize AE analysis with proper methods to
identify potentially regulatory variants linked with viral respiratory
diseases.
Benefitted from data sharing and accessibility in public

database, including Gene Expression Omnibus (GEO) database,
leveraging functional genomics data-driven strategy to search for
functional genetic variants associated with viral diseases becomes
practicable. Here, by integrating RNA-sequencing (RNA-seq) data
involved in SARS-CoV-2 and other viral respiratory infections in
both human lung cell lines and tissue specimens from case-
control studies, we performed AE analysis on heterozygous HLA
genes to investigate allelic influence on the transcription of HLA
genes in association with SARS-CoV-2 and other viral infections.
Having results from the independent data sets and experimental
validation, our study demonstrated that AE between different
HLA-B alleles is associated with SARS-CoV-2 and other viral
infections in human lung cells.

MATERIALS AND METHODS
Data collection
By searching the GEO database [25], we collected RNA-seq data sets from
three independent studies involved in human lung cell lines infected with
SARS-CoV-2 and other respiratory viruses or lung tissue specimens from
patients with COVID-19. We designed a two-stage study to analyze these
RNA-seq data (see details in Fig. 1).

RNA-seq data processing
We employed similar methods described previously with several
modifications [26] to process the RNA-seq data. In brief, all raw sequencing
data (FASTQ format) were initially mapped to the human reference
genome (hg19) using Hisat2 program [27] with the default setting. Aligned
data were processed and converted into BAM files using SAMtools
program. To quantify gene expression levels, read count was calculated
using the featureCounts program, then implemented in the edgeR
package to calculate the count per million (CPM) values.

Allelic expression analysis of HLA genes
We used a similar approach described in previous study to type HLA
alleles [28]. With BAM files and the IPD-IMGT/HLA Database [29] as input,
thirteen HLA genes (see Fig. 1B) were typed using the SOAP-HLA [30].
Next, we downloaded the corresponding complementary DNA sequence
from the IPD-IMGT/HLA database for all typed HLA genes. These
sequences were then combined into a single FASTA file as an HLA-
personalized genome for each cell type. We then extracted reads
mapped on the HLA locus in the human reference genome
(chr6:29,651,300–33,160,000, hg19) and unmapped from BAM files. We
re-aligned, per sample, those reads to the prepared HLA-personalized
genome. We removed PCR duplicates with Picard Tools. For AE analysis
of two alleles for a given heterozygous HLA gene, we used counts for the
whole cDNA per HLA allele, a method described previously [31]. The
allelic fold change (FC) was then compared between two alleles per
sample using the following formula:

Allelic fold change ¼ Countallele1
Countallele2

where allele1 and allele2 denote the two alleles for a given HLA gene.
To determine the association of each heterozygous HLA gene with

SARS-CoV-2 infection, we compared the allelic FC of two alleles between
two groups (e.g., virus infected and control) in each series using a linear
regression model.

Allelic FC � αþ β � Infectedþ ε

The p-values and beta coefficients for the SARS-CoV-2 infection term in
our regression models were used to establish the significance of the
association at each HLA gene, and to estimate the differences in AE
between cases and controls, respectively. Finally, p-values from all series
were combined to calculate overall p-value using the Fisher’s Method
function in R package MADAM [32].

To quantify HLA gene expression levels per sample, read counts on two
alleles per HLA gene were summed and normalized by library size using
CPM implemented in the edgeR package. A comparison of HLA expression
between two groups with p value was calculated using the exact test of
the edgeR package.

Cell cultures infected with SARS-CoV-2, stimulated with IFN
and RT-qPCR
The SARS-CoV-2 isolate used in this study, named 8X (our unpublished
data), was isolated from a COVID-19 patient by the Zhejiang Provincial
Center for Disease Control and Prevention, Zhejiang Province, China.
Briefly, cells of human lung epithelial cell line, A549 (Category No. CCL-18,
from ATCC) were seeded in 6-well plates with 90% confluence a day before
the virus infection. The A549 cells were inoculated with SARS-CoV-2 8X
virus at MOI of 0.2 for 1 h. Mock-infected cell cultures were used as
negative control. After removing the virus inoculum, the infected cell
cultures were washed twice with PBS, fed with DMEM medium (GIBCO)
plus 3% FBS and incubated in CO2 5% incubator at 37 °C. The infected cells
and mock-infected cells were harvested for RNA extraction at 24, 48
and 72 h.
For IFNβ stimulation, the A549 cells were cultured in 6-well plates and

treated with 1000 U/ml human recombinant IFNβ (Category No. 10704-
HNAS, from Sino Biological Inc.) and harvested for RNA extraction at 4, 8
and 24 h.
Total RNA was extracted with Qiagen RNeasy extraction kit. 2 μg of total

RNA was reverse transcribed (RT) into cDNA using PrimeScript II first-strand
cDNA synthesis kit (Takara, 6210 A) and random primers. One-twentieth of
the RT reaction was used as a template for real-time PCR using TB Green

DAE analysis on HLA alleles in heterozygote 
in a comparison between virus-infected (case)
and mock (control) cells

Two-stage study: RNA-seq data sets (n = 95, Figure 1A and 

Table S1) from human lung cells infected with SARS-CoV-2 

and other respiratory viruses

Stage I: Discovery study in a 

RNA-seq data set (n = 27) from 

SARS-CoV-2 infected A549 cells 

Stage II: Replication study in two

independent RNA-seq data sets 

(n = 68) and in vitro viral infection 

experiment

Allele typing of 13 HLA genes (HLA-A, -B, -C, -DMA, -DMB, , 

-DOA, -DOB, -DPA1, -DPB1, -DQA1, -DQB1, -DRA, -DRB1)

Stage Data set Data description Samples, n

I
GSE147507

A549 cells infected with 
SARS-CoV-2 27

II

GSE147507
Infection of four respiratory viruses 
to two human lung cells (NHBE and 
A549) and time-series treatment of 

human IFN-  in NHBE cells

30

GSE148729
Time-series duration of 

infection to Calu-3 human lung

cells assayed with two different

RNA-seq technologies   

28

GSE150316
A COVID-19 case-control study of
lung tisuse specimens with 10

A

B

SARS-CoV-1 or SARS-CoV-2

SARS-CoV-2 infection 

Fig. 1 Schematic overview of the study design. A Summary of
RNA-seq data sets used in the study. B On the basis of collected
RNA-seq data sets, a two-stage study was designed to identify
differential allelic expression of HLA genes in a comparison between
cases (virus-infected) and controls.

Y. Zhang et al.

923

European Journal of Human Genetics (2022) 30:922 – 929



Premix Ex Taq II kit (Tli RNaseH Plus, Takara, RR820). For each of two HLA-B
alleles, the average Ct value from three replicates represented its
expression level. Allelic expression level between two alleles was
calculated with 2-ΔCt. Then, differential allelic expression was calculated
at each time point after SARS-CoV-2 8X infection (or IFNβ treatment)
relative to the negative control. Relative expression of HLA-B gene was
calculated with 2−ΔΔCt normalized to the average value of housekeeping
gene GAPDH. Data are presented as mean ± SD of three replicates. We
used the Student’s t-test to test the significance between two conditions.
All qPCR primers and pairs are listed in Table S4.

Gene-based association analysis
For gene-based analysis, we first downloaded three GWAS meta-analysis
datasets (round 6, https://www.covid19hg.org/results/r6/) from the COVID-
19 Host Genetics Initiative (COVID-19 HGI) [4]. The three datasets are
implicated the genetic susceptibility with SARS-CoV-2 infection and
severity of COVID-19 disease [6]. Then we extracted p values for variants
across the HLA-B locus (chr6:31353875-31357179, GRCh38.p13) and
calculated the overall p value using Fisher’s Method function implemented
in R package MADAM [32].

Prediction of peptide binding difference in SARS-CoV-2
proteins presented by HLA-B alleles
Sixteen SARS-CoV-2 protein sequences were downloaded from the UniProt
database (https://www.uniprot.org/). By running the MHCflurry 2.0 with the
default setting [33], we scanned the binding affinity of HLA-B alleles on
peptides in 16 SARS-CoV-2 proteins to predict peptide presentation
difference for different HLA-B alleles.

Statistical analysis
Statistical analyses were presented above for single or multiple
comparisons, except for several analyses that were noted in the figure
legend. P values < 0.05 were considered statistically significant. All values
were expressed as means ± SD (standard deviation).

RESULTS
Data summary
RNA-seq data sets of 95 samples from three independent studies
(Accession ID: GSE147507, GSE148729 and GSE150316) were
collected in the current study (Fig. 1A, Table S1 and S2). All these
data were from experiments involved in either human lung cells
infected with SARS-CoV-2 or other respiratory viruses, or lung
tissues from patients with COVID-19 and healthy controls.

Allelic expression of HLA-B in association with SARS-CoV-2
infection
We next designed a two-stage study (Fig. 1B) to identify the HLA
genes showing differences in allelic expression (DAE) in
association with SARS-CoV-2 infection (see Methods in detail).
In stage I, also termed as the discovery stage, an RNA-seq
dataset (Accession ID: GSE147507, Table S1) comprised 27 sam-
ples from experiments with four series (biologically independent

experiments) in A549 lung cells infected with SARS-CoV-2 was
analyzed. Based on the genotyping result, seven of 13 HLA loci
are consistently typed in RNA-seq data across the four series
(Table S3). Of seven HLA loci, three HLA class I genes (HLA-A, -B
and -C) show both alleles expressed in heterozygous in A549
cells. Then, by using the linear regression model, we analyzed
the DAE on these three HLA loci in a comparison between
infected and uninfected samples for each of four series, and
subsequently combined results from the four series. We found
that two alleles (B*18:01:01:01 and B*44:03:01:01) in HLA-B gene
showed a significant increase of allelic fold change (FC) with
beta coefficients ranging from 0.14 to 1.17 (combined P < 10−4,
Fig. 2A) in A549 cells infected with SARS-CoV-2, relative to
control cells. We also observed a positive correlation between
allelic FCs between two HLA-B alleles and overall expression
levels of HLA-B gene (Fig. 2B). In addition, we did not detect a
significant change between two alleles in another two HLA class
I genes (HLA-A and -C, combined P > 0.05). Collectively, these
results indicate that two alleles in HLA-B locus show distinct
responses to the SARS-CoV-2 infection in human lung cells.

Validation in independent datasets
We next analyzed an independent mRNA-seq data set from
experiments with duplicate in Calu-3 lung cells harvested at time
0, 4 and 24 h after infection with SARS-CoV-2 or SARS-CoV-1
(Accession ID: GSE148729, Table S1). We identified a heterozygous
genotype (HLA-B*51:01:01:01 and HLA-B*07:02:01:01) at the HLA-B
gene in Calu-3 cells, enabling us to examine the temporal AE
changes on this gene. The result showed that allelic FCs between
two alleles (HLA-B*51:01:01:01 versus HLA-B*07:02:01:01) were
gradually increased with the time course of SARS-CoV-2 infection
in Calu-3 cells, albeit the unavailability of statistical tests due to
only two biological replicates for each time point (Fig. 3A). For
example, at 24 h after the viral infection, there was approximately
1.2-fold increase of allelic FC between two HLA-B alleles,
compared with the baseline at 4 h. Similar trend towards the
increase of allelic expression of HLA-B gene was observed for the
SARS-CoV-1 infection (Fig. 3A). In contrast, there was no such
obvious change in control cells under mock treatment at 4 and
24 h, relative to the starting point. In addition, we also analyzed
another RNA-seq data set using total RNA-seq technology
(Accession ID: GSE148729, Table S1), from the biologically
independent experiments in the same cell line. Identical result
was observed in SARS-CoV-2 infected Calu-3 cells, relative to the
control with mock treatment (Figure S1). Similarly, we observed a
positive correlation between allelic FCs of two HLA-B alleles and
overall expression levels of HLA-B gene (Fig. 3B). The results were
reproducibly observed in another total RNA-seq data set
(Figure S2). Together, these findings suggest the AE difference
at HLA-B locus in response to the coronavirus infection in human
lung cells.
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Fig. 2 Elevated AE signals on two HLA-B alleles in SARS-CoV-2 infected A549 lung cells. (A) Forest plot presenting the increased allelic fold
change (FC) of two HLA-B alleles in A549 cells infected with SARS-CoV-2 in four biologically independent experiments (series), compared to
mock as control. P value for each series and combined P value are calculated using linear regression model and the Fisher’s Method,
respectively. (B) Correlation of HLA-B expression levels (y-axis) with allelic FC between HLA-B two alleles (x-axis) for the SARS-CoV-2 infected
and uninfected conditions. P value is based on the Pearson’s correlation test.
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Validation in a case-control study
The data thus far have demonstrated the functional importance
of increased AE profile of HLA-B locus in vitro cell experiments
after challenge with SARS-CoV-2 virus. To test the effects of this
locus on the primary lung tissues associated with COVID-19
disease, we analyzed another independent RNA-seq dataset in
lung tissues from five patients infected with COVID-19 and five
healthy individuals from a case-control study (Accession ID:
GSE150316). Based on HLA-B alleles called across ten individuals,
six samples (four cases and two controls) showed heterozygous
in HLA-B gene. In a comparison of allelic FCs between cases and
controls for HLA-B alleles, we found that HLA-B gene exhibited
evidence of significant DAE between two groups with P < 0.05
(Figure S3).

Validation in cultured cells infected with SARS-CoV-2
To further provide evidence of DAE on the HLA-B gene in response
to SARS-CoV-2 infection, we performed experiments in cultured
A549 epithelial cells infected with SARS-CoV-2 assayed with allelic
RT-qPCR. Our results confirmed that allelic expression pattern of
the two HLA-B alleles was gradually increased when the A549 cells
were infected with SARS-CoV-2, showing the most significant
allelic fold change at the 72 h after viral infection (Fig. 4).
Collectively, these data demonstrate that the increased HLA-B
allelic expression associates with the SARS-CoV-2 infection in lung
cells.

HLA-B allelic expression in association with other viral
respiratory infections
To determine the generality and robustness of the HLA-B locus in
association with viral infection in lung cells, we analyzed another
RNA-seq dataset (Accession ID: GSE147507, Table S1 and S2)
comprised 24 samples from Blanco-Melo et al. study [34].
Concordant with the results for SARS-CoV-2 infection, we found
a similar increase of allelic FC in the HLA-B gene in two human
lung cells (A549 and NHBE cells) 24 h post infection with four
respiratory viruses, in comparison with the mock treatment
controls (Fig. 5A). A significant positive correlation between the
expression levels of HLA-B gene and the allelic FCs of two HLA-B
alleles was also observed (Fig. 5B).

Type I Interferon induced allelic expression of HLA-B
In the same RNA-seq data set, we also analyzed the DAE in six
RNA-seq samples from Blanco-Melo et al. experiments in NHBE
cells stimulated with IFNβ in time course [34]. In this analysis, we

found an increase of AE at the HLA-B locus (Fig. 6A), and a positive
correlation between them in response to treatment of the IFNβ in
NHBE cells (Fig. 6B). To further validate the findings from
bioinformatics analysis, we conducted an experiment in cultured
A549 lung cells stimulated with IFNβ as reported in Blanco-Melo
et al. study [34]. The result showed that the type I Interferon
induced DAE in the HLA-B locus in a time-course manner assayed
by RT-qPCR (Fig. 6C).

In silico prediction of SARS-CoV-2 proteins presented by
HLA-B alleles
We performed in silico analysis of peptide binding affinity across
sixteen SARS-CoV-2 proteins potentially presented by two HLA-B
alleles (B*18:01 and B*44:03). The result indicates that three out of
sixteen SARS-CoV-2 proteins, namely spike protein and two
replicase polyproteins that are crucial for viral entry and
replication in host cells [35], show a significant peptide binding
difference between the two HLA-B alleles (binomial test P < 0.05,
Table S5).

HLA-B gene-based analysis of COVID-19
Finally, we performed an HLA-B gene-based association analysis
with the susceptibility to SARS-CoV-2 and severity of COVID-19
(see Methods). First, collapsing 94 genetic variants within HLA-B
gene suggested HLA-B locus associated with the SARS-CoV-2
infection at P < 0.01 (the C2 study in Table S6), the result that is
comparable to that of Ellinghaus et al. report [3]. Meanwhile, HLA-
B locus also shows an association with the severity of COVID-19 in
a comparison of hospitalized (moderate or severe COVID-19) cases
with non-hospitalized cases (P= 1.42 × 10−5), and with controls
(P= 1.22 × 10−10, Table S6).

DISCUSSION
Taking advantage of numerous RNA-seq data from virus-infected
experiments in both cultured lung cells and tissue specimens, our
AE analysis reveals that the HLA-B locus is transcribed in an allelic
manner that is reproducibly associated with the COVID-19.
Consequently, up-regulation of the HLA-B gene in SARS-CoV-2
infected-cultured lung cells and lung tissues from patients with
COVID-19 is attributed to the preferred expression of one
haplotype. We further validated the DAE in HLA-B gene in vitro
cell models. Meanwhile, the same direction of AE bias is
uncovered in RNA-seq data from experiments in cultured
epithelial cells infected with other respiratory viruses. Collectively,
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these findings indicate that the allelic expression performance of
HLA-B gene may be a common feature for the COVID-19, as well
as for other respiratory infectious diseases.

We note that gene-based association analysis identified a
strong association of HLA-B locus with COVID-19, particularly the
severity of COVID-19, expanding the knowledge on the host
genetic factor conferring the susceptibility to SARS-CoV-2 and
severity of COVID-19. Meanwhile, using RNA-seq data from
functional experiments in human lung cells and tissue specimens,
our AE study shows the potential functional importance of the
HLA locus in response to the infection of SARS-CoV-2 and other
respiratory viruses. It implies that, for this specific locus, the
control of HLA gene haplotype expression, rather than allele or
haplotype frequencies, may have more directly functional
implication to the pathogenesis of COVID-19 and other infectious
disease, particularly in disease relevant tissues. As a result, the
current study further provides another proof-of-principle example
presenting the allelic imbalance analysis as one of the powerful
methods in the post-GWAS era [21, 36].
One of the most intriguing findings of our study is the over-

expression of one of the HLA-B alleles occurs preferentially in non-
immune cells and tissues infected with SARS-CoV-2 and other
viruses. Previous reports point toward an important role of HLA-B
alleles in mediating the most effective antiviral immunity [14, 37].
Lenna et al. also reported that HLA-B alleles have distinct capability
in inducing the expression of some immune-related genes in
lymphocytes [38]. Meanwhile, our and other in silico studies [17]
have shown that HLA-B proteins carrying different alleles may have
different antigen binding affinity. Collectively, we speculate that the
HLA-B may act a defense role in human epithelial cells during acute
SARS-CoV-2 or other viral infection. According to this logic, the
differences in the expression of HLA-B alleles indicate the differences
in the response of different individuals to the COVID-19 infection, a
mechanism that may have a distinct ability to tag infected cells for
destruction by the innate or adaptive immune system. Accordingly,
allelic expression of HLA-B gene product represents a distinct
response to present viral epitopes on the surface of infected
epithelia, which results in the variation and genetic control of host
cells against the respiratory viruses.
Mechanically, although the precise causes of the DAE in HLA-B

locus remain undefined, there are, at least, three biologically
plausible explanations during the virus infection. One possibility is
that the expression of one allele is altered (activation or silence)
due to a pathological defect. The second possibility is that the
transcriptional activity of each haplotype is regulated indepen-
dently. The third possibility is that the neighboring linked regions
may bear regulatory element(s) performing cis-acting function in
an allelic manner [39]. Therefore, a better understanding of the
mechanism of allelic regulation exerting on the alleles of HLA-B
locus awaits further investigation.
Another interesting finding is the IFNβ-inducible DAE in the

HLA-B locus. Extensive studies have revealed that type I IFN (IFN-I)
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plays a master to elicit effective antiviral responses in both
infected cells and immune cells [40, 41]. Meanwhile, studies also
reported that HLA-B gene can be induced by cytokines including
IFNβ in both immune and non-immune cells [42–44]. Together,
these studies emphasized a key connection between HLA-B and
IFN-I in response to rival infection in host cells, thereby providing
evidence that DAE in HLA-B alleles may be directly (or indirectly)
mediated by putative factor(s) in the IFN-I signaling cascades.
Another interesting, but beyond the current topic, is the

immune response of lung epithelial cells to viral infection.
Numerous studies have shown that two types of lymphocytes,
cytotoxic CD8+ T lymphocytes (CTLs) and natural killer (NK) cells,
are able to recognize viral antigens on the cell surface presented
by HLA class-I molecules. The functional exhaustion of CTLs and
NK cells is also reported in the peripheral blood of patients
infected with SARS-CoV-2 [45]. During acute SARS-CoV-2 infection,
two possible disconcordant results may be present–one is the
enhanced expression of HLA-B that will present more viral
antigens at the cell surface, the other is, due to the functional
exhaustion, CTLs and NK cells are likely to be less capable to
recognize those infected cells. Therefore, future investigation is
warranted to decompose the complexity of the interaction
between lung epithelial cells and cytotoxic lymphocytes in the
lung epithelial microenvironment of COVID-19 patients.
Our quantitative analysis of genetic variants at the transcription

level indicates that allelic biased expression could be induced by
environmental exposures, including the virus infection in the
current study. On the one hand, as shown in this study, the effect
of polymorphisms affecting the cis-regulatory expression of the
HLA-B gene was reproducibly detected in RNA-seq datasets from
different batches and independent labs, suggesting the differ-
ential AE analysis is a robust method to unravel the inter-
relationship between the environmental and genetic factors. On
the other hand, some reports have shown that AE at a specific
locus may exhibit tissue-specific [46, 47]. We observed the DAE
pattern in lung tissues or cells infected with SARS-CoV-2 and other
respiratory viruses, highlighting the virus-host interaction in

infectious disease relevant tissues. Because multiple tissues may
be also affected in the COVID-19 disease, as observed from clinical
investigation [48]. Given the constitutive expression pattern of
HLA-B gene in almost all human cells, it will be attractive to
determine whether the DAE could be present in other virus-
infected tissues.
Several limitations preclude us draw further conclusions. One

limitation is the small sample size of case-control group, including
the association of the severity of COVID-19 with the expression
levels and allelic performance of HLA-B haplotypes in infectious
lung tissues. Testing the correlation of HLA-B expression levels and
its allelic expression pattern with the proposed cytokine storm is
also warranted to further understand the pathogenesis of COVID-
19 disease in patients with severe syndrome. Because of the
tremendous polymorphism of HLA loci, haplotype-based AE
analysis on HLA genes on far larger sample size may comprehen-
sively understand the truly molecular association and immune
response to human infectious diseases. Secondly, due to the
limited number of HLA loci bearing expressed heterozygous
alleles and relatively small sample size in this study, it is likely that
more HLA alleles associated with COVID-19 remain to be
discovered, although it is unclear how many. Another limitation
is no functional investigation at the HLA-B protein levels. In
particular, it is unknown whether there is a robust link between
HLA-B genetics and its protein abundance in epithelial cells
infected by respiratory viruses, a topic, namely protein quantita-
tive trait locus (pQTL) [49] that remain to be explored.
In summary, integrated functional genomics data using reliable

statistical methods is a robust approach to elucidate functional
genetic variants or genes associated with human infectious
diseases.

DATA AVAILABILITY
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Material.
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Fig. 6 Increased AE patterns between HLA-B alleles under IFNβ treatment condition in human lung cells. (A) Barplot showing the time
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