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Aim: A human immunogenetics variation study was conducted in samples collected from diverse COVID-
19 populations. Materials & methods: Whole-genome and whole-exome sequencing (WGS/WES), data
processing, analysis and visualization pipeline were applied to identify variants associated with genes of
interest. Results: A total of 2886 mutations were found across the entire set of 13 genomes. Functional
annotation of the gene variants revealed mutation type and protein change. Many variants were found
to be biologically implicated in COVID-19. The involvement of these genes was also found in multiple
other diseases. Conclusion: The analysis determined that ACE2, TMPRSS4, TMPRSS2, SLC6A20 and FYCOI
had functional implications and TMPRSS4 was the gene most altered in virally infected patients.

Plain language summary: The quest to establish an understanding of the genetics underlying COVID-
19 is a central focus of life sciences today. COVID-19 is triggered by SARS-CoV-2, a single-stranded RNA
respiratory virus. Several clinical-genomics studies have emerged positing different human gene mutations
occurring due to COVID-19. A global analysis of these genes was conducted targeting major components of
the immune system to identify possible variations likely to be involved in COVID-19 predisposition. Gene-
variant analysis was performed on whole-genome sequencing samples collected from diverse populations.
ACE2, TMPRSS4, TMPRSS2, SLC6A20 and FYCOI were found to have functional implications and TMPRSS4
may have a role in the severity of clinical manifestations of COVID-19.
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Viruses, bacteria, fungi and parasites elicit the emergence of infectious diseases that have the potential to significantly
impact the world [1]. These re-emerging infectious diseases include the plague, syphilis, tuberculosis, smallpox, yellow
fever, cholera, Spanish flu, Ebola, acute hemorrhagic conjunctivitis, HIV/AIDS, severe acute respiratory syndrome
(SARS), H1N1, chikungunya and zika [2]. Currently, over 6 million cases have been confirmed, over 200,000 deaths
have been reported in the United States and over 30 million people have been affected worldwide due to the most
recent fatal infectious disease (COVID-19) [3]. COVID-19 is a respiratory disease triggered by SARS-CoV-2, a
single-stranded RNA (ranging from 26 to 32 kilobases [4]) coupled with a nucleoprotein within a capsid consisting
of matrix protein [5]. It is an unsegmented respiratory virus (diameter of 80–120 nm [6]) belonging to the subfamily
of Coronavirinae, divided into Alphacoronavirus, Betacoronavirus, Gammacoronavirus and Deltacoronavirus [7–10].
SARS-CoV-2 can cause anything from a symptom-free infection to death, with many outcomes in between [11].
The symptomatology of this virus is categorized as mild, severe and critical disease [11,12], which includes but
is not limited to fever, headache, fatigue, dry cough, sore throat, pneumonia, dyspnea, stroke, taste and smell
impairment, congestion or runny nose, nausea or vomiting, diarrhea, shortness of breath, dyspnea, respiratory
failure, septic shock and multiple organ failure [13–20]. However, due to severe cytopathic effects and induced acute
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immune-inflammatory response, the lung is one of the organs most affected by SARS-CoV-2 infection [21,22],
especially among the elderly and those with specific comorbidities (e.g., diabetes and obesity) [23].

Investigating COVID-19-disease-causing variants among highly expressed genes supports finding the root causes
of uncertainties in patient care [24]. Informative exposure signatures can help to assess the association of the COVID-
19 transcriptome, offering new insights into the biological and pathological underpinnings of health disparities.
Investigation of susceptibility, severity and protection against infectious diseases and vaccine production requires
comprehension of the genetic and phenotypic structure of COVID-19 in pathogenesis [25]. Population genomics
can provide insights into COVID-19 genetic elements, immunity genes and their variants, and gene-disease
networks and pathways [26]. Studying individual and population genetic variations will establish an understanding
of COVID-19 disease transmission and pathogenesis [27]. Studies have used a candidate gene approach and
identified patients with severe COVID-19 who have mutations in genes involved in the regulation of type I
and III interferon (IFN) immunity [28]. These mutations may have a crucial role in the causes and mechanisms
of critical COVID-19 complications. The scope of the current work includes known and reported immunity
genes, implicated diseases and their sequel relationships with COVID-19. The current state of COVID-19 related
genetics were analyzed for the identification of variants, alleles and haplotypes by processing sequence data of variable
lengths [29]. In this study, the genetic susceptibility and variations among the DNA of healthy and COVID-19
diseased individuals were investigated.

Presently, variability in COVID-19 disease has been explored mainly in the context of immunity. Zhang et al.
reported that SARS-CoV-2’s RNA genome could integrate into the DNA of human chromosomes, explaining the
reports of positive tests for SARS-CoV-2 after recovery [30]. These findings were the first published results from
the COVID Human Genetic Effort. Evidence also suggests genetics may play a role in the severity of infection.
However, these results do not imply that SARS-CoV-2 establishes permanent genetic residence in human cells to
replicate.

Material & methods
COVID-19 disease is a complicated multisystem infectious disease [31]. International efforts (e.g., epidemiology
and basic science, etc.) have been made to understand its complexities and adverse effects on the human species [32].
Along with other clinical and epidemiological elements, it is important to examine the genetic factors involved
in mutations in the genome of individuals diagnosed with COVID-19 [33]. This study was designed to identify
and investigate known immunity genes, possible variants, associated common and variable diseases and their
relationship with COVID-19. Furthermore, the authors aimed to create networks and describe the possible gene-
disease associations (direct and indirect) to support clinical and translational research.

Immunity genes
An extensive literature search and global analysis of key genes targeting major components of immune systems
prognostic of COVID-19 were conducted to identify possible variations. From this search, a list of immune genes
was created (Table 1), comprising ACE2, TMPRSS4, TMPRSS2, CCR9, IFNG, CD147, CXCR6, FYCO1, IL6,
LZTFL1, MIF, SLC6A20, XCR1, IFNAR1, IFNAR2, IRF3, IRF7, IRF9, STAT1, STAT2, TBK1, TICAM1/TRIF,
TLR3, TRAF3, UNC93B1, RAG1 and RAG2 [23,28,34–38]. In addition to their link to COVID-19, these genes have
also been known for mutations leading to other disorders.

Angiotensin-converting enzyme 2 (ACE2; ENSG00000130234) is an enzyme connected to the membranes
of lung, artery, heart, kidney and intestinal cells [39–41]. It has been reported to be involved in different disor-
ders, which include but are not limited to posterior urethral valves, myocardial infarction, hypertension essential,
intracranial aneurysm, SARS, Hartnup disease, internal hemorrhoid, tetanus neonatorum, neurogenic hyperten-
sion and COVID-19 [3,21,29,34,36,39–41]. Transmembrane serine protease 4 (TMPRSS4; ENSG00000137648) is a
single-pass type II membrane protein that can cause a variety of oncological and nononcological human diseases
and disorders due to its involvement in a variety of biological processes [23,36,42,43]. Transmembrane serine pro-
tease 2 (TMPRSS2; ENSG00000184012) is a protein belonging to the serine protease family, involved in many
physiological and pathological processes [23]. It is associated with several diseases, which include but are not lim-
ited to prostate cancer, prostatic acinar adenocarcinoma, autosomal recessive deafness [25,26], small cell carcinoma,
influenza, suppression of tumorigenicity 12, SARS, male reproductive organ cancer and COVID-19 [23,34,36,41,44].

C–C motif chemokine receptor 9 (CCR9; ENSG00000173585) is involved in the pathological progression of
inflammatory diseases by its effect on the chemotaxis of inflammatory cells [45,46]. Emerging evidence reported
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Table 1. Immunity genes reported to be affected by COVID-19.
Gene ENSG ID Species

ACE2 ENSG00000130234 Human

TMPRSS4 ENSG00000137648 Human

TMPRSS2 ENSG00000184012 Human

CCR9 ENSG00000173585 Human

IFNG ENSG00000111537 Human

CD147/BSG ENSG00000172270 Human

CXCR6 ENSG00000172215 Human

FYCO1 ENSG00000163820 Human

IL6 ENSG00000136244 Human

LZTFL1 ENSG00000163818 Human

MIF ENSG00000240972 Human

SLC6A20 ENSG00000163817 Human

XCR1 ENSG00000173578 Human

IFNAR1 ENSG00000142166 Human

IFNAR2 ENSG00000159110 Human

IRF3 ENSG00000126456 Human

IRF7 ENSG00000185507 Human

IRF9 ENSG00000213928 Human

STAT1 ENSG00000115415 Human

STAT2 ENSG00000170581 Human

TBK1 ENSG00000183735 Human

TICAM1/TRIF ENSG00000127666 Human

TLR3 ENSG00000164342 Human

TRAF3 ENSG00000131323 Human

UNC93B1 ENSG00000110057 Human

RAG1 ENSG00000166349 Human

RAG2 ENSG00000175097 Human

major diseases associated with it, including precursor T-cell acute lymphoblastic leukemia, cholangitis primary
sclerosing, CD45 deficiency, celiac disease 1, rheumatoid arthritis and COVID-19 [34,37,47–50]. Interferon gamma
(IFNG; ENSG00000111537) is a soluble cytokine that is a member of the type II interferon class [51] and
is important for tumor control and immunity against intracellular pathogens [52]. Diseases that can be caused due
to IFNG include asthma, mouth disease, autoimmune disease, Behçet syndrome, colorectal cancer, Rasmussen
encephalitis, poliomyelitis, dermatitis atopic, cytomegalovirus infection, multiple sclerosis and COVID-19 [51,52].
CD147 (CD147; ENSG00000172270) is a protein proven to be an important receptor on red blood cells and a key
molecule involved in the interaction between hepatocellular carcinoma cells and hematopoietic stem cells. CD147 is
involved in a variety of biological processes and diseases including breast cancer, thyroid carcinoma, ameloblastoma,
ascending cholangitis, grade III astrocytoma, Newcastle disease, necrotizing ulcerative gingivitis, mucolipidosis-III
alpha/beta, accommodative esotropia, tongue squamous cell carcinoma, tumor invasion, metastasis, angiogenesis,
energy metabolism, multidrug resistance and COVID-19 [53,54].

C–X–C motif chemokine receptor type 6 (CXCR6; ENSG00000172215), a coreceptor for simian immunodefi-
ciency virus (SIV) and HIV [55], can cause disease xanthogranulomatous cholecystitis, sarcoidosis-1, diabetes melli-
tus and COVID-19 [34,37,56]. FYVE and coiled-coil domain autophagy adaptor 1 (FYCO1; ENSG00000163820)
encodes a Rab7 adapter protein involved in the microtubule transport of autophagosomes [57]. Mutations in
FYCO1 are due to autosomal recessive congenital cataract-2 (CATC2), which can lead to diseases including
cataract, cataract-44, cataract-18, early-onset nuclear cataract, inclusion body myositis and COVID-19 [34,37].
IL-6 (ENSG00000136244) is involved in a variety of clinical and biological features related to the production
of acute-phase proteins, a proinflammatory cytokine and an anti-inflammatory myokine [58,59]. Disorders in the
IL-6 gene can cause extramedullary plasmacytoma, plasmacytoma, asthma, hemorrhagic fever, extrinsic cardiomy-
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opathy, mouth disease, idiopathic neutropenia, glucose metabolism disease, arteries anomalies of arteriovenous
malformations of the brain and COVID-19.

LZTFL1 (LZTFL1; ENSG00000163818) is a protein-coding gene and diseases associated with LZTFL1 in-
clude Bardet–Biedl syndrome, Bardet–Biedl syndrome-1, situs inversus, Bardet–Biedl syndrome 17 and COVID-
19 [34,37,60]. Macrophage migration inhibitory factor (MIF; ENSG00000240972) is an important regulator of innate
immunity that promotes the proinflammatory functions of immune cells [61]. MIF can lead to disease including
macular holes, inflammatory bowel disease, rheumatoid arthritis, photokeratitis, malaria, diffuse cutaneous sys-
temic sclerosis, lepromatous leprosy, sarcoidosis-1, cysticercosis, pulmonary hemosiderosis and COVID-19. Solute
carrier family 6 member 20 (SLC6A20; ENSG00000163817) is a transporter for neurotransmitters, proteinogenic
amino acids, betaine, taurine and creatine [62]. Mutations in SLC6A20 can lead to hyperglycinuria, Hartnup dis-
order, iminoglycinuria and COVID-19 [34,37]. X–C motif chemokine receptor 1 (XCR1; ENSG00000173578) is
the receptor for XCL1 and XCL2 and diseases associated with XCR1 include Leber plus disease, Parkinson’s and
COVID-19 [34,37,63].

IFNAR is a common receptor consisting of two polypeptide subunits: IFN-α and -β receptor subunit 1 (IF-
NAR1; ENSG00000142166) and IFN-α and -β receptor subunit 2 (IFNAR2; ENSG00000159110) [64]. IFNAR1
and IFNAR2 encode type I membrane proteins that form chains of receptors for IFN-α and -β [28,64,65]. IFNAR1
disorder can produce multiple sclerosis, viral infectious disease, malaria, hepatitis C, septicemic plague, papilloma
type I and COVID-19. IFNAR2 can trigger hepatitis, hepatitis B, measles, primary immunodeficiency with post
measles-mumps-rubella vaccine viral infection type I, hepatitis C, coronary aneurysm, mumps, heart aneurysm,
rubella and COVID-19 [28]. Interferon regulatory factor 3 (IRF3; ENSG00000126456), interferon regulatory factor
7 (IRF7; ENSG00000185507), and interferon regulatory factor 9 (IRF9; ENSG00000213928) encode members
of the IRF family and play an essential part in the innate immune response to DNA and RNA viruses [28,66–68].
Disorders in IRF3 can affect mouth disease, pediatric lymphoma, hepatitis, influenza, Kaposi sarcoma, eczema
herpeticum, viral infectious disease, HIV type 1, hepatitis C virus and COVID-19 [28]. IRF7 is linked to several
diseases including pediatric lymphoma, Kaposi sarcoma, viral infectious disease, yellow fever, hepatitis C virus,
vaccinia, immunodeficiency-39, Newcastle disease, hepatitis C, Venezuelan equine encephalitis and COVID-19.
IRF9 is associated with skin papilloma and COVID-19 [28].

Signal transducer and activator of transcription 1 (STAT1; ENSG00000115415) and signal transducer and
activator of transcription 2 (STAT2; ENSG00000170581) are vital elements of the cellular antiviral response and
adaptive immunity and are important arbitrators of type I and type III IFN signaling [28,69,70]. Genetic disorders in
STAT1 can cause mouth disease, breast cancer, colorectal cancer, chronic lymphocytic leukemia, Ewing sarcoma,
ulceroglandular tularemia, acute promyelocytic leukemia, Fanconi anemia complementation group A, immunode-
ficiency 31B, fibrosarcoma and COVID-19. STAT2 has been reported to be involved in different disorders, which
include but are not limited to avian influenza, dengue hemorrhagic fever, mumps, rabies, microphthalmia with limb
anomalies, primary immunodeficiency with post measles-mumps-rubella vaccine viral infection, immunodeficiency
44, dengue virus, skin squamous cell carcinoma and COVID-19 [28].

TANK binding kinase 1 (TBK1; ENSG00000183735) inhibits IκB proteins and performs crucial functions in
the signaling pathway of immunoreceptors (TLRs, RLRs and STING-mediated sensing of cytosolic DNA) [71].
TBK1 disorders can result in diseases such as amyotrophic lateral sclerosis-1, lateral sclerosis, viral infectious disease,
glaucoma 1 open-angle p, retinitis pigmentosa-33, frontotemporal dementia, amyotrophic lateral sclerosis 4, low
tension glaucoma, dementia, open-angle glaucoma, Bartter syndrome types 3 and 2 and COVID-19 [28]. Toll-like
receptor adaptor molecule 1 (TICAM1/TRIF; ENSG00000127666) encodes an adaptor protein including toll/IL-
1 receptor (TIR) and reconciles the expression of many genes [72,73]. Mutations in TICAM1 are associated with
acute infection-induced encephalopathy 6, pertussis, encephalitis, herpes simplex encephalitis, herpes simplex and
COVID-19 [28].

Toll-like receptor 3 (TLR3; ENSG00000164342) is a receptor for dsRNA, which includes an extracellular
leucine-rich repeat (LRR) motif, a transmembrane (TM) domain and intracellular toll and IL-1R (TIR) domains.
It is generated during most viral infections [74]. Alterations in TLR3 can cause herpes simplex encephalitis, age-
related macular degeneration 1, measles, HIV type 1, retinal vasculitis, hepatitis C, encephalopathy acute infection
induced-2, Vogt–Koyanagi–Harada disease, rabies, allergic conjunctivitis and COVID-19 [28]. TNF receptor associ-
ated factor 3 (TRAF3; ENSG00000131323) is an enigmatic part of the TRAF family that is involved in substantial
physiological and cellular functions in multiple organs [75,76]. Diseases caused by TRAF3 mutations include herpes
simplex, splenic marginal zone lymphoma, herpes simplex encephalitis, encephalopathy acute infection-induced
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5, hereditary fructose intolerance and COVID-19 [28]. Unc-93 homolog B1 (UNC93B1; ENSG00000110057)
encodes a transmembrane protein that regulates the movement of TLRs from the endoplasmic reticulum [77,78]. It
is associated with several disorders, including encephalopathy acute infection-induced 1, encephalitis, Melkersson–
Rosenthal syndrome, herpes simplex, herpes simplex encephalitis, lymphoid interstitial pneumonia, mite infesta-
tion and COVID-19 [28].

Recombination activating 1 (RAG1; ENSG00000166349) and recombination activating 2
(RAG2; ENSG00000175097) begin V(D)J recombination [79,80]. RAG2 mutations can cause common
variable immunodeficiency, baylisascariasis, combined immunodeficiency x-linked, immune deficiency disease,
combined cellular and humoral immune defects with granulomas, salivary gland disease, sialadenitis, malignant
histiocytosis, immunodeficiency with hyper-IgM type 3, severe combined immunodeficiency and COVID-19.
Whereas, RAG2 disorder can lead to severe combined immunodeficiency (autosomal recessive T-cell negative
B-cell positive NK-cell negative), Omenn syndrome, Lig4 syndrome, severe combined immunodeficiency,
malignant histiocytosis, recombinase activating gene-1 deficiency, combined cellular and humoral immune
defects with granulomas, immune deficiency disease, combined immunodeficiency x-linked, gastroduodenitis and
COVID-19 [3].

Data processing
Whole-genome sequencing (WGS) is widely applied to sequence the entirety of the genome and whole-exome
sequencing (WES) sequences mainly the protein-coding structures. To realize the clinical impact of this study and
perform gene-variant analysis at the listed known immunity genes, a prospective dataset was created that includes to-
tal of 752 WGS samples. The sample population selection criteria included short read sequencing (paired), diversity,
open-access availability through authenticated resources, reproducibility and success rate. The genomics pipeline was
applied to the complete dataset and most of the samples were with very low sequencing quality and were unable to
produce expected results. Therefore, only those results which were reproduced from good-quality WGS samples (n =
13; SRR12474733, SRR12486921, SRR12328890, ERR4387385, ERR4387386, ERR4387388, SRR12336742,
SRR12336753, SRR12336755, SRR12336756, SRR12336761, SRR12336765 and SRR12336766) were selected
and analyzed. All samples were collected from public resources (COVID-19 WGS data-related information is shown
in Supplementary Table 1). Collected, sequenced WGS samples were from variable COVID-19 populations and
belonging to different regions and sizes and were produced using Illumina sequencing technology. All the samples
were downloaded from public repositories and analyzed in accordance with relevant guidelines and regulations and
protocols were approved by the Institutional Review Board (IRB), Rutgers University.

An in-house developed gene-variant analysis pipeline (JWES) was applied for the whole genome and exome
data preprocessing, modeling and downstream analysis (Figure 1). JWES is mainly based on processing the raw
sequence data, converting raw signals into base calling, identifying regions of interest in the genome, aligning, and
assembling contigs and scaffolds and variant detection [81]. Its overall operations are divided into three modules:
data preprocessing, storage and management, and visualization. JWES is a cross-platform and user-friendly Java-
based application that integrates multiple open-source command-line tools for sequence data processing and
analysis, consisting of FASTQC (quality assessment) [82], Burrows–Wheeler Aligner software (BWA for short read
alignment to reference human genome) [83,84], MarkDuplicates (removes redundant reads) [85], SAMtools (sorting
and indexing) [86] and Genome Analysis Tool Kit (GATK for finding SNPs and indels) [87–89]. JWES is freely
available for download and use by the community [81].

Results
Gene-variant analysis was performed at the sequenced WGS and WES samples on COVID-19 populations
from diverse backgrounds and regions across the world. Using published sequence data from SARS-CoV-2-infected
individuals, the likelihood that genetics may have a role in the risk of severity of COVID-19 through the components
of the immune system was examined. The gene variants were annotated for mutation type and protein change
using known algorithms and tools for interpreting mutations. To better understand the clinical impact of these
variants, an ontology of gene-disease organizations, progressions and networks was created.

Gene-variant analysis
The gene-variant analysis was performed using the JWES pipeline to identify abundantly mutated core immune
genes in COVID-19 patients with WGS samples. Inborn errors in the immune genes can tip the delicate balance

future science group 10.2217/pme-2021-0132



Research Article Ahmed, Renart & Zeeshan

Create realignment targets

Realign indels

Input

Quality check

Trimming

Alignment

Sorting

Mark duplicates

Insert size

Sort & index

*.fastq/*.gz

*.sam/*.bam

*.list

*.bam

Post

Pre
*.table

*.bam

*.vcf

Base quality score recalibration

Analyze covariates

Apply BQSR

Call variants
Indels

Indels

Indels

SNPs

SNPs

SNPs

Extract Extract

Recalibrate

Extract filtered

Extract filtered

Annotate

Compute coverage

Annotate & predict
Indels SNPs

High performancecomputing(HPC)

Variants
Genes

Database

Indels

Indels

Indels

SNPs*.vcf

*.vcf

*.vcf SNPs

QC metrics

FASTQC

Trimmomatic

BWA

PICARD

SAMTOOLS

GATK

BEDTOOLS

SNPEFF

Figure 1. Whole-genome and whole-exome sequencing data processing, quality checking, modeling, analysis and
visualization pipeline for the identification and annotation of variants associated with genes of interest.
BQSR: Base quality score recalibration; QC: Quality control; SNP: Single-nucleotide polymorphism.

of protective immunity leading to deleterious, innate and adaptive immune responses. For each gene, the details of
the mutations found and the parent genes in the chromosome are illustrated in Circos plots (Figure 2). Figure 2A
represents the COVID-19 core genes and associated genes across the dataset. The outer circle is composed
of patients and the inner circle consists of COVID-19 genes linking to the patients. The ribbons represent
the interaction between the parent genes and patients. The highest number of mutations were found in XCR1
(n = 307) and the lowest number of mutations were found in IFNG (n = 10). Other genes also had mutations:
ACE2 (n = 40), TMPRSS2 (n = 186), TMPRSS4 (n = 255), CCR9 (n = 41), CD147/BSG (n = 90), CXCR6 (n = 29),
FYCO1 (n = 234), IL-6 (n = 68), LZTFL1 (n = 153), MIF (n = 21), SLC6A20 (n = 99), IFNAR1 (n = 140),
IFNAR2 (n = 200), IRF3 (n = 28), IRF7 (n = 20), IRF9 (n = 19), STAT1 (n = 128), STAT2 (n = 60), TBK1 (n = 94),
TICAM1/TRIF (n = 106), TLR3 (n = 178), TRAF3 (n = 202), UNC93B1 [50], RAG1 (n = 109) and RAG2 (n = 22).

Figure 2B shows the Circos plot of COVID-19 core genes with known and experimentally deleterious variants
and their parent genes in the chromosome. The outer circle is composed of the chromosome ideogram linking the
location of the parent gene in the chromosomes. The inner circle shows a histogram of the number of mutations
reported in the genes. The most prevalent gene was TMPRSS4, which occurred in all patients, while the least
prevalent genes included RAG2, IFNG, CCR9 and IL6 (Figure 2C). Further investigation revealed all earlier
reported human transcripts for each gene among the list (Table 1 & Figure 2C). Except for ACE2, IFNAR1,
IRF3, IRF7, STAT1, STAT2 and TBK1, all reported transcripts (ENST) were found for TMPRSS4, TMPRSS2,
CCR9, IFNG, CD147/BSG, CXCR6, FYCO1, IL6, LZTFL1, MIF, SLC6A20, XCR1, IFNAR2, IFNAR2, IRF9,
TICAM1/TRIF, TLR3, TRAF3, UNC93B1, RAG1 and RAG2 (Table 2). Gene-variant analysis details are shown in
Supplementary Table 2.

Gene-variant-protein analysis
The mutations in genes implicated in COVID-19 were analyzed as coding proteins with labeled recurrent hotspots.
Lollipop plots were produced representing the number of mutations per gene. The variant data was annotated
for biological and functional implications with three computational algorithms: Scale-Invariant Feature Transform
(SIFT) [90–92], Polymorphism Phenotyping v2 (PolyPhen-2) [93], and MutationAssessor [94]. SIFT was used to
predict the effect of coding variants on protein function [91], as the challenge is to identify causative variants for the
phenotypes linked to COVID-19. Originally, SIFT was proposed to predict the impact of amino acid substitutions
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Table 2. Gene-variant human transcript analysis.
Gene ENSG Present human transcripts (ENST) Missing ENST

ACE2 ENSG00000130234 ENST00000252519, ENST00000471548, ENST00000473851,
ENST00000427411

ENST00000484756

TMPRSS4 ENSG00000137648 ENST00000437212, ENST00000517483, ENST00000517544,
ENST00000518413, ENST00000518610, ENST00000519126,
ENST00000519236, ENST00000519813, ENST00000520063,
ENST00000522151, ENST00000522307, ENST00000522462,
ENST00000522824, ENST00000523251, ENST00000523770,
ENST00000524218, ENST00000528118, ENST00000534111,
ENST00000616579, ENST00000618855

NA

TMPRSS2 ENSG00000184012 ENST00000332149, ENST00000398585, ENST00000424093,
ENST00000454499, ENST00000455813, ENST00000458356,
ENST00000463138, ENST00000469395, ENST00000488556,
ENST00000489201

NA

CCR9 ENSG00000173585 ENST00000357632, ENST00000395963, ENST00000463197,
ENST00000422395, ENST00000355983

NA

IFNG ENSG00000111537 ENST00000229135 NA

CD147/BSG ENSG00000172270 ENST00000545507, ENST00000346916, ENST00000333511,
ENST00000576925, ENST00000573216, ENST00000353555,
ENST00000572899, ENST00000590218, ENST00000618112,
ENST00000613627, ENST00000618006, ENST00000614867,
ENST00000573784, ENST00000574970, ENST00000576984,
ENST00000571735

NA

CXCR6 ENSG00000172215 ENST00000438735, ENST00000304552, ENST00000458629,
ENST00000457814

NA

FYCO1 ENSG00000163820 NST00000296137, ENST00000433878, ENST00000438446,
ENST00000471739, ENST00000535325

NA

IL6 ENSG00000136244 ENST00000258743, ENST00000401630, ENST00000401651,
ENST00000404625, ENST00000406575, ENST00000407492,
ENST00000426291, ENST00000464710, ENST00000485300

NA

LZTFL1 ENSG00000163818 ENST00000296135, ENST00000411866, ENST00000418700,
ENST00000440576, ENST00000445698, ENST00000448111,
ENST00000469874, ENST00000472635, ENST00000478551,
ENST00000480156, ENST00000483279, ENST00000490463,
ENST00000492333, ENST00000495864, ENST00000536047,
ENST00000539217

NA

MIF ENSG00000240972 ENST00000215754, ENST00000465752, ENST00000498385 NA

SLC6A20 ENSG00000163817 ENST00000353278, ENST00000358525, ENST00000413781,
ENST00000456124, ENST00000470226, ENST00000473146,
ENST00000493980

NA

XCR1 ENSG00000173578 ENST00000309285, ENST00000395946 NA

IFNAR1 ENSG00000142166 ENST00000270139, ENST00000442071 ENST00000651609, ENST00000652450,
ENST00000652513, ENST00000652601,
ENST00000652654

IFNAR2 ENSG00000159110 ENST00000342101, ENST00000342136, ENST00000382238,
ENST00000382264, ENST00000404220, ENST00000413881,
ENST00000417007, ENST00000420068, ENST00000443073,
ENST00000447980

NA

IRF3 ENSG00000126456 ENST00000309877, ENST00000377135, ENST00000377139, ENST00000442265, ENST00000593337, ENST00000593818,
ENST00000593922, ENST00000594387, ENST00000595034, ENST00000595240, ENST00000596644, ENST00000596756,
ENST00000596765, ENST00000596788, ENST00000596822, ENST00000597180, ENST00000597198, ENST00000597369,
ENST00000597636, ENST00000598108, ENST00000598808, ENST00000599144, ENST00000599223, ENST00000599680,
ENST00000600022, ENST00000600453, ENST00000600911, ENST00000601291, ENST00000601373, ENST00000601809,
ENST00000602190

IRF7 ENSG00000185507 ENST00000330243, ENST00000348655, ENST00000397566,
ENST00000397570, ENST00000469048, ENST00000525445,
ENST00000525750, ENST00000527160, ENST00000528413,
ENST00000531912, ENST00000532096, ENST00000532326,
ENST00000532788, ENST00000533182, ENST00000533190

ENST00000647801, ENST00000649187

IRF9 ENSG00000213928 ENST00000324076, ENST00000396864, ENST00000557894,
ENST00000559229, ENST00000559284, ENST00000559863,
ENST00000560275, ENST00000560311, ENST00000560365,
ENST00000560542, ENST00000560852, ENST00000561009,
ENST00000561342, ENST00000561412, ENST00000561415

NA

NA: Not applicable.

10.2217/pme-2021-0132 Per. Med. (Epub ahead of print) future science group
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Table 2. Gene-variant human transcript analysis (cont.).
Gene ENSG Present human transcripts (ENST) Missing ENST

STAT1 ENSG00000115415 ENST00000361099, ENST00000392322, ENST00000392323,
ENST00000409465, ENST00000415035, ENST00000423282,
ENST00000424722, ENST00000432058, ENST00000452281,
ENST00000454414, ENST00000464072, ENST00000540176

ENST00000673638, ENST00000673734,
ENST00000673762, ENST00000673777,
ENST00000673816, ENST00000673832,
ENST00000673841, ENST00000673847,
ENST00000673858, ENST00000673859,
ENST00000673863, ENST00000673885,
ENST00000673942, ENST00000673952,
ENST00000674028, ENST00000674080,
ENST00000674081, ENST00000674153

STAT2 ENSG00000170581 ENST00000314128, ENST00000418572, ENST00000555519,
ENST00000555646, ENST00000556140, ENST00000557156,
ENST00000557235, ENST00000557417

ENST00000555488, ENST00000556539,
ENST00000557199, ENST00000557252,
ENST00000650805, ENST00000651078,
ENST00000651301, ENST00000651339,
ENST00000651805, ENST00000651915,
ENST00000651934, ENST00000651967,
ENST00000652091, ENST00000652398,
ENST00000652624, ENST00000652741

TBK1 ENSG00000183735 ENST00000331710, ENST00000536906, ENST00000538890,
ENST00000539810, ENST00000540417, ENST00000541805,
ENST00000545025, ENST00000545392

ENST00000650708, ENST00000650762,
ENST00000650786, ENST00000650790,
ENST00000650997, ENST00000651014,
ENST00000651262, ENST00000651878,
ENST00000651889, ENST00000651947,
ENST00000652389, ENST00000652537,
ENST00000652657

TICAM1/TRIF ENSG00000127666 ENST00000248244, ENST00000621756 NA

TLR3 ENSG00000164342 ENST00000296795, ENST00000504367, ENST00000508051,
ENST00000512264, ENST00000513189

NA

TRAF3 ENSG00000131323 ENST00000347662, ENST00000351691, ENST00000392745,
ENST00000539721, ENST00000558700, ENST00000558880,
ENST00000559734, ENST00000560371, ENST00000560463

NA

UNC93B1 ENSG00000110057 ENST00000227471, ENST00000524455, ENST00000525368,
ENST00000528096, ENST00000528423, ENST00000530138,
ENST00000531152, ENST00000533424, ENST00000610659,
ENST00000622364

NA

RAG1 ENSG00000166349 ENST00000299440, ENST00000529126, ENST00000534663 NA

RAG2 ENSG00000175097 NA NA

NA: Not applicable.

on protein function [95]. PolyPhen-2 is an automatic web tool used for the extraction of sequences and structure-
based features of the substitution site. Single-nucleotide polymorphisms (SNPs) were analyzed in a batch mode,
predicted for the functional impact and searched in a database of precomputed predictions for WES data.

MutationAssessor was applied to differentiate between conserved patterns using conservation and specificity
scores to account for functional shifts between subfamilies of proteins [94]. MutationMapper [96] was used to
generate lollipop plots for all genes [97]. It displays the highly recurrent mutations (amino acid alterations) but
does not annotate mutations with low frequency (Table 3). ACE2, TMPRSS4, TMPRSS2, SLC6A20 and FYCOI
were found to have mutations with functional implications (Figure 3). Three functional missense mutations were
found in ACE2 (V404A, G405W and S409P) that were computationally annotated to have adverse effects. Three
functional missense mutations were also found in SLC6A20 (A9G, V591G and V591M) but none were convincingly
deleterious. TMPRSS4 had four missense mutations (V208G, K257M, N357Y and G402V) reported. Only
G402V was predicted to be deleterious. TMPRSS2 had three functional missense mutations (V160M, W267R and
Q431H) with the first two displaying evidence of adverse effects. FYCO1 was found to have the greatest number
of functional missense mutations (12) but all were predicted to be benign. The remaining genes had no functional
impact reported. This may be because the functional databases used, SIFT, PolyPhen-2 and MutationAssessor, are
not updated (Figure 3). Additional gene-variant-protein analysis details are shown in Supplementary Table 2.

Gene-variant-disease analysis
A gene-variant-disease network analysis was also performed to identify which immune genes are associated with
other disease phenotypes (Supplementary Figure 1 & Table 4). To elaborate the clinical associations between the

future science group 10.2217/pme-2021-0132
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çe
t

sy
n

d
ro

m
e

C
o

lo
re

ct
al

ca
n

ce
r

R
as

m
u

ss
en

en
ce

p
h

al
it

is
Po

lio
m

ye
lit

is
D

er
m

at
it

is
at

o
p

ic
C

yt
o

m
eg

al
o

vi
ru

s
in

fe
ct

io
n

M
u

lt
ip

le
sc

le
ro

si
s

C
D

14
7/

B
SG

B
re

as
t

ca
n

ce
r

D
if

fe
re

n
ti

at
ed

th
yr

o
id

ca
rc

in
o

m
a

A
m

el
o

b
la

st
o

m
a

A
sc

en
d

in
g

ch
o

la
n

g
it

is
G

ra
d

e
III

as
tr

o
cy

to
m

a
N

ew
ca

st
le

d
is

ea
se

N
ec

ro
ti

zi
n

g
u

lc
er

at
iv

e
g

in
g

iv
it

is

M
u

co
lip

id
o

si
s

III
al

p
h

a-
b

et
a

A
cc

o
m

m
o

d
at

iv
e

es
o

tr
o

p
ia

To
n

g
u

e
sq

u
am

o
u

s
ce

ll
ca

rc
in

o
m

a

C
X

C
R

6
X

an
th

o
g

ra
n

u
lo

m
at

o
u

s
ch

o
le

cy
st

it
is

Sa
rc

o
id

o
si

s
1

FY
C

O
1

C
at

ar
ac

t
C

at
ar

ac
t

44
C

at
ar

ac
t

18
Ea

rl
y-

o
n

se
t

n
u

cl
ea

r
ca

ta
ra

ct
In

cl
u

si
o

n
b

o
d

y
m

yo
si

ti
s

IL
6

Ex
tr

am
ed

u
lla

ry
p

la
sm

ac
yt

o
m

a
Pl

as
m

ac
yt

o
m

a
A

st
h

m
a

H
em

o
rr

h
ag

ic
fe

ve
r

Ex
tr

in
si

c
ca

rd
io

m
yo

p
at

h
y

M
o

u
th

d
is

ea
se

Id
io

p
at

h
ic

n
eu

tr
o

p
en

ia
G

lu
co

se
m

et
ab

o
lis

m
d

is
ea

se

A
rt

er
ie

s
an

o
m

al
ie

s
A

rt
er

io
ve

n
o

u
s

m
al

fo
rm

at
io

n
s

o
f

th
e

b
ra

in

LZ
TF

L1
B

ar
d

et
–B

ie
d

ls
yn

d
ro

m
e

B
ar

d
et

–B
ie

d
l

sy
n

d
ro

m
e

1
Si

tu
s

in
ve

rs
u

s
B

ar
d

et
–B

ie
d

ls
yn

d
ro

m
e

17

M
IF

M
ac

u
la

r
h

o
le

s
In

fl
am

m
at

o
ry

b
o

w
el

d
is

ea
se

R
h

eu
m

at
o

id
ar

th
ri

ti
s

Ph
o

to
ke

ra
ti

ti
s

M
al

ar
ia

D
if

fu
se

cu
ta

n
eo

u
s

sy
st

em
ic

sc
le

ro
si

s
Le

p
ro

m
at

o
u

s
le

p
ro

sy
Sa

rc
o

id
o

si
s

1
C

ys
ti

ce
rc

o
si

s
Pu

lm
o

n
ar

y
h

em
o

si
d

er
o

si
s

SL
C

6A
20

H
yp

er
g

ly
ci

n
u

ri
a

H
ar

tn
u

p
d

is
o

rd
er

Im
in

o
g

ly
ci

n
u

ri
a

X
C

R
1

Le
b

er
p

lu
s

Pa
rk

in
so

n

IF
N

A
R

1
M

u
lt

ip
le

sc
le

ro
si

s
V

ir
al

in
fe

ct
io

u
s

d
is

ea
se

M
al

ar
ia

H
ep

at
it

is
C

Se
p

ti
ce

m
ic

p
la

g
u

e
Pa

p
ill

o
m

a
Ty

p
e

I

IF
N

A
R

2
H

ep
at

it
is

H
ep

at
it

is
B

M
ea

sl
es

Pr
im

ar
y

im
m

u
n

o
d

efi
ci

en
cy

w
it

h
p

o
st

m
ea

sl
es

-
m

u
m

p
s-

ru
b

el
la

va
cc

in
e

vi
ra

l
in

fe
ct

io
n

Ty
p

e
I

H
ep

at
it

is
C

C
o

ro
n

ar
y

an
eu

ry
sm

M
u

m
p

s
H

ea
rt

an
eu

ry
sm

R
u

b
el

la

IR
F3

M
o

u
th

d
is

ea
se

Pe
d

ia
tr

ic
ly

m
p

h
o

m
a

H
ep

at
it

is
In

fl
u

en
za

K
ap

o
si

sa
rc

o
m

a
Ec

ze
m

a
h

er
p

et
ic

u
m

V
ir

al
in

fe
ct

io
u

s
d

is
ea

se
H

IV
ty

p
e

1
H

ep
at

it
is

C
vi

ru
s

10.2217/pme-2021-0132 Per. Med. (Epub ahead of print) future science group



Investigating underlying human immunity genes, implicated diseases & their relationship to COVID-19 Research Article

Ta
b

le
4.

G
en

e-
d

is
ea

se
as

so
ci

at
io

n
s

(c
o

n
t.

).
G

en
es

D
is

ea
se

s

A
C

E2
Po

st
er

io
r

u
re

th
ra

l
va

lv
es

M
yo

ca
rd

ia
l

in
fa

rc
ti

o
n

H
yp

er
te

n
si

o
n

es
se

n
ti

al
In

tr
ac

ra
n

ia
l

an
eu

ry
sm

Se
ve

re
ac

u
te

re
sp

ir
at

o
ry

sy
n

d
ro

m
e

H
ar

tn
u

p
d

is
o

rd
er

In
te

rn
al

h
em

o
rr

h
o

id
Te

ta
n

u
s

n
eo

n
at

o
ru

m
N

eu
ro

g
en

ic
h

yp
er

te
n

si
o

n

IR
F7

Pe
d

ia
tr

ic
ly

m
p

h
o

m
a

K
ap

o
si

sa
rc

o
m

a
V

ir
al

in
fe

ct
io

u
s

d
is

ea
se

Y
el

lo
w

fe
ve

r
H

ep
at

it
is

C
V

ac
ci

n
ia

Im
m

u
n

o
d

efi
ci

en
cy

39
N

ew
ca

st
le

d
is

ea
se

H
ep

at
it

is
C

V
en

ez
u

el
an

eq
u

in
e

en
ce

p
h

al
it

is

IR
F9

Sk
in

p
ap

ill
o

m
a

ST
A

T1
M

o
u

th
d

is
ea

se
B

re
as

t
ca

n
ce

r
C

o
lo

re
ct

al
ca

n
ce

r
Le

u
ke

m
ia

ch
ro

n
ic

ly
m

p
h

o
cy

ti
c

Ew
in

g
sa

rc
o

m
a

U
lc

er
o

g
la

n
d

u
la

r
tu

la
re

m
ia

A
cu

te
p

ro
m

ye
lo

cy
ti

c
le

u
ke

m
ia

Fa
n

co
n

ia
n

em
ia

co
m

p
le

m
en

ta
ti

o
n

g
ro

u
p

A

Im
m

u
n

o
d

efi
ci

en
cy

31
b

Fi
b

ro
sa

rc
o

m
a

ST
A

T2
A

vi
an

in
fl

u
en

za
D

en
g

u
e

h
em

o
rr

h
ag

ic
fe

ve
r

M
u

m
p

s
R

ab
ie

s
M

ic
ro

p
h

th
al

m
ia

w
it

h
lim

b
an

o
m

al
ie

s

Pr
im

ar
y

im
m

u
n

o
d

efi
ci

en
cy

w
it

h
p

o
st

m
ea

sl
es

-
m

u
m

p
s-

ru
b

el
la

va
cc

in
e

vi
ra

l
in

fe
ct

io
n

Im
m

u
n

o
d

efi
ci

en
cy

44
D

en
g

u
e

vi
ru

s
Sk

in
sq

u
am

o
u

s
ce

ll
ca

rc
in

o
m

a

TB
K

1
A

m
yo

tr
o

p
h

ic
la

te
ra

l
sc

le
ro

si
s

1
La

te
ra

ls
cl

er
o

si
s

V
ir

al
in

fe
ct

io
u

s
d

is
ea

se
G

la
u

co
m

a
1

o
p

en
-a

n
g

le
p

R
et

in
it

is
p

ig
m

en
to

sa
33

Fr
o

n
to

te
m

p
o

ra
l

d
em

en
ti

a
an

d
/
o

r
am

yo
tr

o
p

h
ic

la
te

ra
ls

cl
er

o
si

s
4

Lo
w

te
n

si
o

n
g

la
u

co
m

a
D

em
en

ti
a

O
p

en
-a

n
g

le
g

la
u

co
m

a
B

ar
tt

er
sy

n
d

ro
m

e
ty

p
e

3
2

TI
C

A
M

1/
TR

IF
En

ce
p

h
al

o
p

at
h

y
ac

u
te

in
fe

ct
io

n
-i

n
d

u
ce

d
6

Pe
rt

u
ss

is
En

ce
p

h
al

it
is

H
er

p
es

si
m

p
le

x
en

ce
p

h
al

it
is

H
er

p
es

si
m

p
le

x

TL
R

3
H

er
p

es
si

m
p

le
x

en
ce

p
h

al
it

is
M

ac
u

la
r

d
eg

en
er

at
io

n
ag

e-
re

la
te

d
1

M
ea

sl
es

H
IV

ty
p

e
1

R
et

in
al

va
sc

u
lit

is
H

ep
at

it
is

C
En

ce
p

h
al

o
p

at
h

y
ac

u
te

in
fe

ct
io

n
-i

n
d

u
ce

d
2

V
o

g
t

K
o

ya
n

ag
i

H
ar

ad
a

d
is

ea
se

R
ab

ie
s

A
lle

rg
ic

co
n

ju
n

ct
iv

it
is

TR
A

F3
H

er
p

es
si

m
p

le
x

Sp
le

n
ic

m
ar

g
in

al
zo

n
e

ly
m

p
h

o
m

a
H

er
p

es
si

m
p

le
x

en
ce

p
h

al
it

is
En

ce
p

h
al

o
p

at
h

y
ac

u
te

in
fe

ct
io

n
-i

n
d

u
ce

d
5

Fr
u

ct
o

se
in

to
le

ra
n

ce
h

er
ed

it
ar

y

U
N

C
93

B
1

En
ce

p
h

al
o

p
at

h
y

ac
u

te
in

fe
ct

io
n

-i
n

d
u

ce
d

1
En

ce
p

h
al

it
is

M
el

ke
rs

so
n

-
R

o
se

n
th

al
sy

n
d

ro
m

e

H
er

p
es

si
m

p
le

x
H

er
p

es
si

m
p

le
x

en
ce

p
h

al
it

is
Ly

m
p

h
o

id
in

te
rs

ti
ti

al
p

n
eu

m
o

n
ia

M
it

e
in

fe
st

at
io

n

R
A

G
1

C
o

m
m

o
n

va
ri

ab
le

im
m

u
n

o
d

efi
ci

en
cy

B
ay

lis
as

ca
ri

as
is

C
o

m
b

in
ed

im
m

u
n

o
d

efi
ci

en
cy

x-
lin

ke
d

Im
m

u
n

e
d

efi
ci

en
cy

d
is

ea
se

C
o

m
b

in
ed

ce
llu

la
r

an
d

h
u

m
o

ra
l

im
m

u
n

e
d

ef
ec

ts
w

it
h

g
ra

n
u

lo
m

as

Sa
liv

ar
y

g
la

n
d

d
is

ea
se

Si
al

ad
en

it
is

M
al

ig
n

an
t

h
is

ti
o

cy
to

si
s

Im
m

u
n

o
d

efi
ci

en
cy

w
it

h
h

yp
er

ig
m

ty
p

e
3

Se
ve

re
co

m
b

in
ed

im
m

u
n

o
d

efi
ci

en
cy

R
A

G
2

Se
ve

re
co

m
b

in
ed

im
m

u
n

o
d

efi
ci

en
cy

au
to

so
m

al
re

ce
ss

iv
e

T-
ce

ll
n

eg
at

iv
e

B
-c

el
l

p
o

si
ti

ve
N

K
-c

el
l

n
eg

at
iv

e

O
m

en
n

sy
n

d
ro

m
e

Li
g

4
sy

n
d

ro
m

e
Se

ve
re

co
m

b
in

ed
im

m
u

n
o

d
efi

ci
en

cy
M

al
ig

n
an

t
h

is
ti

o
cy

to
si

s
R

ec
o

m
b

in
as

e-
ac

ti
va

ti
n

g
g

en
e

1
d

efi
ci

en
cy

C
o

m
b

in
ed

ce
llu

la
r

an
d

h
u

m
o

ra
l

im
m

u
n

e
d

ef
ec

ts
w

it
h

g
ra

n
u

lo
m

as

Im
m

u
n

e
d

efi
ci

en
cy

d
is

ea
se

C
o

m
b

in
ed

im
m

u
n

o
d

efi
ci

en
cy

x-
lin

ke
d

G
as

tr
o

d
u

o
d

en
it

is

future science group 10.2217/pme-2021-0132



Research Article Ahmed, Renart & Zeeshan

0

ACE2: functional mutations

#
 A

C
E

2 
m

u
ta

ti
o

n
s

0

5

200 400 600 805aa

Peptidase_M2 Collectrin

*62*

0

RAG1: non-functional mutations

#
 R

A
G

1 
m

u
ta

ti
o

n
s

0

9

200 400 600 800 1043aa

0 200100 300 500400 600 714aa

Z.. RAG1

*143*

0

TBK1 (SRGAP1): non-functional mutations

#
 S

R
G

A
P

1 
m

u
ta

ti
o

n
s

0

9

20
0

40
0

60
0

80
0

10
85

aa

10
00

FCH RhoGAP

*479*

0

lFNAR1 (HUNK): non-functional mutations

#
 H

U
N

K
 m

u
ta

ti
o

n
s 6

Pkinase

*110*

0 100 166aa

0

lFNG: non-functional mutations

#
 lF

N
G

 m
u

ta
ti

o
n

s 5

lFN-gamma

*122*

0

SLC6A20: functional mutations

#
 S

LC
6A

20
 m

u
ta

ti
o

n
s

0

12

200100 400300 500 592aa

SNF

*41*

0

TMPRSS4: functional mutations

#
 T

M
P

R
S

S
4 

m
u

ta
ti

o
n

s

0

24

200100 400300 437aa

SRCR_2 Trypsin

*2*

0

TMPRSS2: functional mutations

#
 T

M
P

R
S

S
2 

m
u

ta
ti

o
n

s

0

45

200100 400300 492aa

SRCR_2 Trypsin

*19*

0

FYCO1: functional mutations

#
 F

YC
O

1 
m

u
ta

ti
o

n
s

0

26

60
0

20
0

40
0

12
0080

0

10
00

14
78

aa
14

00

RUN

*1315*

#
 IR

F7
 m

u
ta

ti
o

n
s

503aa

5

0

4003002001000

R109=

IRF IRF-3

#
 B

S
G

 m
u

ta
ti

o
n

s

385aa

11

0

3002001000

Ig_3 Ig_3

*23*

#
 H

R
C

 m
u

ta
ti

o
n

s

699aa

5

0

6005004003002001000

*635*

#
 H

U
N

K
 m

u
ta

ti
o

n
s

714aa

8

0

6005004003002001000

*87*

Pkinase

#
 IL

6 
m

u
ta

ti
o

n
s

212aa

5

0

1000

IL6

*71*

#
 T

IC
A

M
1 

m
u

ta
ti

o
n

s

712aa

9

0

6005004003002001000

*47*

#
 T

E
C

P
R

2 
m

u
ta

ti
o

n
s

1411aa

5

0

120010008006004002000

*73*

#
 X

C
R

1
 m

u
ta

ti
o

n
s

333aa

7

0

2001000

*11*

#
 L

Z
TF

L1
 m

u
ta

ti
o

n
s

299aa

8

0

2001000

*86*

RHIM

Leu_zip

7tm_1

IRF7: non-functional mutations

CD147 (BSG): non-functional mutations

IRF3 (HRC): non-functional mutations

IFNAR2 (HUNK): non-functional mutations

IL6: non-functional mutations LZTFL1: non-functional mutations

XCR1: non-functional mutations

TECPR2: non-functional mutations

TICAM1: non-functional mutations

Figure 3. Genes with functional and nonfunctional mutations. Functional gene mutation analysis of ACE2, SLC6A20, TMPRSS4, TMPRSS2
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IFNG, IL6, IRF7, LZTFL1, TICAM1, TECPR2 and XCR1.

genes utilized, the authors’ previously designed the gene-SNP-disease-drug smart database [97] which was used to
draw the network of diseases linking to the genes (Figure 4). Furthermore, a comparative analysis of gene-associated
diseases investigated in this study and reported in the recently published literature to be included among the
symptomatology of COVID-19 was performed (Figure 5). To annotate the genes with diseases, the authors used
an in-house developed gene-annotation database [95,98,99]. Many diseases were found shared between the genes.
They included deafness autosomal recessive-24-2, leukemia, sarcoidosis-1, Hartnup disorder, papilloma, viral
infectious disease, SARS, malaria, influenza, asthma, fever, mouth disease, herpes simplex, acute infection-induced
encephalopathy, encephalitis, mumps, rabies, hepatitis, combined immunodeficiency x-linked, immune deficiency
disease, combined cellular and humoral immune defects with granulomas, severe combined immunodeficiency,
malignant histiocytosis, measles, Kaposi sarcoma, pediatric lymphoma, HIV type-1 and COVID-19. Five diseases
had more than two associated genes. Additional gene-variant-disease analysis details are shown in Supplementary
Table 3.

Discussion
SARS-CoV-2 infection is a complex multisystem disorder with a wide spectrum of clinical manifestations [100].
The clinical presentation of COVID-19 varies from patient to patient [101]. To precisely diagnose and treat
patients infected with COVID-19, it is important to understand the functional impact of variations in the
patient’s DNA [102,103]. Furthermore, to establish a deeper understanding of novel changes that may increase
susceptivity to COVID-19, it is essential to combine phenotypically similar probands to distinguish connected
clusters of rare genes [104,105], analyze the rare mutations and phenotypes and identify substantial gene-disease
associations [106].
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The genomic and transcriptomic basis of the complications associated with COVID-19 has not yet been fully
determined [107]. We speculate that COVID-19 patients with inborn errors of IFNAR1, IFNAR2, TLR3, IRF7 and
IRF3 may also be indicative of viral hepatitis. However, genes with identified pathogenic mutations have also been
reported to show hepatic expression of ACE2, TMPRSS4 andTMPRSS2 and have been implicated in chronic liver
damage. Various studies have reported varying degrees of liver damage with high levels of alanine aminotransferase
(ALT) or aspartate aminotransferase (AST) in patients infected with SARS-CoV-2 [19,108]. Genetic testing can be
helpful for accurate clinical decision-making for the diagnosis and prediction of symptomatic individuals with
COVID-19 [109]. It can support the definition of pharmacogenetic profiles, guiding treatment and reproductive
genetic counseling [110]. Substantial cosegregation of gene-variants with COVID-19 disease can provide solid genetic
relationships to support pathogenicity [111]. Most of the symptomologies of COVID-19 are based on common
signs and symptom-driven diagnosis and treatment [112]. Therefore, it is important that physicians and patients
understand and correctly interpret the relevant findings of clinical-genomics research to COVID-19 disease. The
clinical significance of a known immunity gene in association with COVID-19 can be guided by functional change
(gain or loss) and clinical conditions [113]. Variant interpretation guidelines are also standardized by the American
College of Medical Genetics and Genomics (ACMG) [114–116].

With current technological advancements and reduced cost in high-throughput sequencing, high-quality next-
generation sequencing (NGS) data can be quickly produced, processed and analyzed [14]. However, the field of
genomics is struggling with the successful implementation of gold standard machine learning (ML) algorithms
for clinically proven reproducible computational predictions [38]. It is necessary to automate the process of gene-
variant data annotation, expression and simulation to produce timely presentable results [117]. Current limitations
in this context imply gaps among clinics and fundamental basic and applied research; difficulties in getting
exigent approvals and timeliness of data availability; levels of granularity in clinical information; and application
of appropriate modeling strategies that allow learning in the data continuum [118]. Robust scientific solutions
are needed in everyday clinical and public health practices for intelligent and integrative analysis of clinical and
multiomics data with the application of artificial intelligence (AI) [112]. Layering ML techniques to quantify and
annotate the leading indicators in population data will enhance the public health response to bring resources and
prepare regions for what is to come [112]. Gene expression analysis is planned as a follow-up to this work to identify
enrichment of these immune genes in COVID-19 patients and validate that genetics may determine the clinical
course of the infection. This will improve the identification of genetic alterations facilitating COVID-19 disease
mechanisms, leading to new predictive models, pinpointing major causes of morbidity and mortality, building
personalized therapies and reducing medical costs.

A generation of genomic surveillance data with deep immune genotyping is the need of the hour, as most
COVID-19 diagnostics are stranded on clinical assays [112]. Hyper-inflammatory factors and their response to drugs
that can target them and block inflammation require investigation [119,120]. It is conceivable that even after clearing
the virus, the residual viral genetic material and particles persistently elicit an immune response with variable degrees
of symptomology that lead to fatigue, myalgia and neurological issues. The potential of monoclonal antibodies,
gamma-globulins and convalescent plasma usage is significant in bringing mortality down, but its administration
is late in treatment. A sophisticated analysis is needed based on deep phenotyping of inflammatory markers along
with gene expression at different time points. Furthermore, it is important to anticipate the evolution of more
COVID-19 mutants with variations in lineages. Comprehensive genome and transcriptome sequencing of large
cohorts is needed to determine the prevalence of these factors [121].

Conclusion
To implement effective precision medicine with enhanced ability to positively impact COVID-19 patient outcomes
and provide real-time decision support, it is important to examine disease-causing variants and genotype and
phenotype associations. The need to investigate disease-causing variants and genotype and phenotype associations
among the COVID-19 population data to find the root cause of uncertainties in patient care, such as genetic variants
possibly associated with phenotypic manifestations, has become critical. In this study, the authors investigated
underlying immunity genes, including their implications in complex diseases and their sequel relationships with
COVID-19. Sequence alignment data analysis was performed for known immunity genes revealing inborn mutation
errors that may be responsible for complications in COVID-19. The analysis shows the separation of subsets of
COVID-19 patients with significantly variable expression for a cluster of genes. The clinical significance of these
known immunity genes includes their implications in other complex diseases and their possible sequel relationships
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with COVID-19. To better understand the gene-disease organization, progression and network, an ontology was
also created. Gene-variants were annotated for mutation type and protein change using algorithms and tools for
interpreting mutations.

Summary points

• Investigating COVID-19 disease-causing variants among highly expressed genes enables the determination of root
causes of uncertainties in patient care.

• Informative exposure signatures can help in assessing the associations of the COVID-19 transcriptome, offering
new insights into the biological and pathological underpinnings of health disparities.

• The current analysis shows subsets of COVID-19 patients with significantly variable expression for a cluster of
genes.

Supplementary data

To view the supplementary data that accompany this paper please visit the journal website at: www.futuremedicine.com/doi/

suppl/10.2217/pme-2021-0132
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