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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), HIN1, 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 ez 4.
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-19 331. 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, FYCOI, IL6,
LZTFLI, MIF, SLC6A20, XCRI, IFNARI, IFNAR2, IRF3, IRF7, IRF9, STAT1, STAT2, TBKI1, TICAM1/TRIF,
TLR3, TRAF3, UNC93BI, RAG1 and RAG2 [23,28,54-38]. 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
inflammartory 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-

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
FYyco1 ENSG00000163820 Human
L6 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
RAGT 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 (511 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, Behget 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 I1I 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
FYCOL 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 [s8,59). 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.

LZTFLI (LZTFL1; ENSG00000163818) is a protein-coding gene and diseases associated with LZTFLI 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-a and -B receptor subunit 1 (IF-
NARI; ENSG00000142166) and IFN-a and -B receptor subunit 2 (IFNAR2; ENSG00000159110) [64]. IFNAR1
and IFNAR?2 encode type I membrane proteins that form chains of receptors for IFN-a and -f [28,64,65]. IFNAR1
disorder can produce multiple sclerosis, viral infectious disease, malaria, hepatitis C, septicemic plague, papilloma
type I and COVID-19. IFNAR?2 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,
rubellaand COVID-19 [281. 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. STAT? 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 2s].

TANK binding kinase 1 (TBK1; ENSG00000183735) inhibits IkB proteins and performs crucial functions in
the signaling pathway of immunoreceptors (TLRs, RLRs and STING-mediated sensing of cytosolic DNA) (711.
TBKI1 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 TICAMI 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 (RAG1l; ENSG00000166349) and recombination activating 2
(RAG2; ENSGO00000175097) begin V(D)] recombination [79,80l. 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
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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 XCR!
(n = 307) and the lowest number of mutations were found in /FNG (n = 10). Other genes also had mutations:
ACE2 (n = 40), TMPRSS2 (n = 186), TMPRSS4 (n = 255), CCRI (n = 41), CD147/BSG (n = 90), CXCRG6 (n = 29),
FYCOI (n = 234), IL-6 (n = 68), LZTFLI (n = 153), MIF (n = 21), SLC6A20 (n = 99), IFNARI (n = 140),
IFNAR2 (n = 200), IRF3 (n = 28), IRF7 (n = 20), IRF9 (n = 19), STATI (n = 128), STAT2 (n = 60), TBKI (n = 94),
TICAM1/TRIF (n = 106), TLR3 (n = 178), TRAF3 (n = 202), UNC93BI 501, RAGI (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 7MPRSS4, 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, IFNARI,
IRF3, IRF7, STAT1, STAT2 and TBK1, all reported transcripts (ENST) were found for TMPRSS4, TMPRSS2,
CCRY9, IFNG, CD147/BSG, CXCR6, FYCOI, IL6, LZTFL1, MIF, SLC6A20, XCRI, IFNAR2, IFNAR2, IRF9,

TICAM1/TRIF, TLR3, TRAF3, UNC93BI, RAG1I 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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Sample, gene-variant analysis.

© Sample, gene-variant analysis table.

Gene
name

ACE2
TMPRSS4
TMPRSS2

CCR9

IFNG
CD147/BS

G
CXCR6
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L6
LZTFL1
MIF
SLC6A20
XCR1
IFNAR1
IFNAR2
IRF3
IRF7
IRF9
STAT1
STAT2
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TICAM1/T
RIF

TLR3
TRAF3
UNC93B1
RAG1

RAG2

Samples ID/ Variants SRR12474733 SRR12486921 SRR12336753 SRR12336756 SRR12336761 SRR12328890 ERR4387385 ERR4387386 ERR4387388 SRR123:

ENSG ID
ENSG00000130

ENSG00000137
648
ENSG00000184
012
ENSG00000173
ENSG00000111
ENSG00000172
ENSG00000172
ENSG00000163
ENSG00000136
ENSG00000163
ENSG00000240
ENSG00000163
817
ENSG00000173
ENSG00000142
ENSG00000159
ENSG00000126
ENSGO00000185
ENSG00000213
ENSGO00000115
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ENSG00000170
ENSG00000183
ENSG00000127
ENSG00000164
ENSGO00000131
323
ENSGO00000110
ENSG00000166

34

ENSG00000175
097

Total variants
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555

w2
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s
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Protein coding and non-coding gene-variant analysis.
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Figure 2. Gene-variant analysis. (A) Circos plot of sample-based gene-variant analysis. (B) Circos plot of protein-coding and noncoding
gene-variant analysis. (C) Gene-variant analysis table including details about genes, samples and observed variants.
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Table 2. Gene-variant human transcript analysis.

Gene ENSG Present human transcripts (ENST) Missing ENST

ACE2 ENSG00000130234 ENST00000252519, ENST00000471548, ENST00000473851, ENST00000484756
ENST00000427411

TMPRSS4 ENSG00000137648 ENST00000437212, ENST00000517483, ENST00000517544, NA

ENST00000518413, ENST00000518610, ENST00000519126,
ENST00000519236, ENST00000519813, ENST00000520063,
ENST00000522151, ENST00000522307, ENST00000522462,
ENST00000522824, ENST00000523251, ENST00000523770,
ENST00000524218, ENST00000528118, ENST00000534111,
ENST00000616579, ENST000006 18855

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

ENST00000489201
CCR9 ENSG00000173585 ENST00000357632, ENST00000395963, ENST00000463197, NA
ENST00000422395, ENST00000355983
IFNG ENSG00000111537 ENST00000229135 NA
CD147/BSG ENSG00000172270 ENST00000545507, ENST00000346916, ENST00000333511, NA

ENST00000576925, ENST00000573216, ENST00000353555,
ENST00000572899, ENST00000590218, ENST00000618112,
ENST00000613627, ENST00000618006, ENST00000614867,
ENST00000573784, ENST00000574970, ENST00000576984,

ENST00000571735

CXCR6 ENSG00000172215 ENST00000438735, ENST00000304552, ENST00000458629, NA
ENST00000457814

Fyco1 ENSG00000163820 NST00000296137, ENST00000433878, ENST00000438446, NA
ENST00000471739, ENST00000535325

L6 ENSG00000136244 ENST00000258743, ENST00000401630, ENST00000401651, NA

ENST00000404625, ENST00000406575, ENST00000407492,
ENST00000426291, ENST00000464710, ENST00000485300

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

ENST00000539217
MIF ENSG00000240972 ENST00000215754, ENST00000465752, ENST00000498385 NA
SLC6A20 ENSG00000163817 ENST00000353278, ENST00000358525, ENST00000413781, NA
ENST00000456124, ENST00000470226, ENST00000473146,
ENST00000493980
XCR1 ENSG00000173578 ENST00000309285, ENST00000395946 NA
IFNART1 ENSG00000142166 ENST00000270139, ENST00000442071 ENST00000651609, ENST00000652450,
ENST00000652513, ENST00000652601,
ENST00000652654
IFNAR2 ENSG00000159110 ENST00000342101, ENST00000342136, ENST00000382238, NA
ENST00000382264, ENST00000404220, ENST00000413881,
ENST00000417007, ENST00000420068, ENST00000443073,
ENST00000447980
IRF3 ENSG00000126456 ENST00000309877, ENST00000377135, ENST00000377139, ENST00000442265, ENST00000593337, ENST00000593818,

ENST00000593922, ENST00000594387, ENST00000595034, ENST00000595240, ENST00000596644, ENST00000596756,
ENST00000596765, ENST00000596788, ENST00000596822, ENST00000597 180, ENST00000597198, ENST00000597369,
ENST00000597636, ENST00000598108, ENST00000598808, ENST00000599144, ENST00000599223, ENST00000599680,
ENST00000600022, ENST00000600453, ENST00000600911, ENST00000601291, ENST00000601373, ENST00000601809,
ENST00000602190

IRF7 ENSG00000185507 ENST00000330243, ENST00000348655, ENST00000397566, ENST00000647801, ENST00000649187
ENST00000397570, ENST00000469048, ENST00000525445,
ENST00000525750, ENST00000527160, ENST00000528413,
ENST00000531912, ENST00000532096, ENST00000532326,
ENST00000532788, ENST00000533182, ENST00000533190

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

NA: Not applicable.
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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, ENST00000673638, ENST00000673734,
ENST00000409465, ENST000004 15035, ENST00000423282, ENST00000673762, ENST00000673777,
ENST00000424722, ENST00000432058, ENST00000452281, ENST00000673816, ENST00000673832,
ENST00000454414, ENST00000464072, ENST00000540176 ENST00000673841, ENST00000673847,

ENST00000673858, ENST00000673859,
ENST00000673863, ENST00000673885,
ENST00000673942, ENST00000673952,
ENST00000674028, ENST00000674080,
ENST00000674081, ENST00000674153

STAT2 ENSG00000170581 ENST00000314128, ENST00000418572, ENST00000555519, ENST00000555488, ENST00000556539,
ENST00000555646, ENST00000556140, ENST00000557156, ENST00000557199, ENST00000557252,
ENST00000557235, ENST00000557417 ENST00000650805, ENST00000651078,

ENST00000651301, ENST00000651339,
ENST00000651805, ENST00000651915,
ENST00000651934, ENST00000651967,
ENST00000652091, ENST00000652398,
ENST00000652624, ENST00000652741

TBK1 ENSG00000183735 ENST00000331710, ENST00000536906, ENST00000538890, ENST00000650708, ENST00000650762,
ENST00000539810, ENST00000540417, ENST00000541805, ENST00000650786, ENST00000650790,
ENST00000545025, ENST00000545392 ENST00000650997, ENST00000651014,

ENST00000651262, ENST00000651878,
ENST00000651889, ENST00000651947,
ENST00000652389, ENST00000652537,

ENST00000652657
TICAM1/TRIF ENSG00000127666 ENST00000248244, ENST00000621756 NA
TLR3 ENSG00000164342 ENST00000296795, ENST00000504367, ENST00000508051, NA
ENST00000512264, ENST00000513189
TRAF3 ENSG00000131323 ENST00000347662, ENST00000351691, ENST00000392745, NA

ENST00000539721, ENST00000558700, ENST00000558880,
ENST00000559734, ENST00000560371, ENST00000560463

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

ENST00000622364
RAGT 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 [971. 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 SLC6420 (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. 7MPRSS2 had three functional missense mutations (V160M, W267R and
Q431H) with the first two displaying evidence of adverse effects. FYCOI 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



Ahmed, Renart & Zeeshan

Research Article

6£0°0 :9402s ‘ubiuaq :1pedwi :g-usydAjod

!G00 194005 ‘paesa|ol :pedwi 1 41S ‘61°C

19102s ‘wnipaw :3oedw| :J0SSSS\YUOIIRIN|A|
9G£°0 94025 ‘ubluaq :pedwi

:z-uaydAjod ‘80’0 :2400s ‘paress|ol :edwl 11 4IS
177 :9402s ‘wnipaw :1pedwl 110SsISSYUOIIRINIA

8Z'0 :2402s ‘ubluaq :1pedwl
:z-uaydAjod ‘L 10 :2400s ‘paiesd|ol pedwl i1 4IS
G111 19405 ‘MO] :1pedw| 110SS9SS\YUOIRINIA

0 :9402s ‘ubiluaq :edwi :g-usydAjod

!| :9402s ‘pa1eIa|0) pedwl 11 4IS ‘8L L-
191025 ‘[eJinau :3dedwl| (10SSISS\YUOIIRINIA|
0 :9402s ‘ubluaq :edwi :z-uaydAjod
12870 94025 ‘paieus|ol edwl 114IS (£9°C-
191025 ‘|eJinau :1pedwy :10ssassyyuolleIn|y

6€0°0
191025 ‘ubjuaq :pedwi iz-uaydAjod ‘L 10 21008
‘pa31esa|0} :pedwl 14| ‘YN :10SSaSSYUOeINA

£16°0 :9402s ‘Buibewep-A|qeqouid

pedwi :z-usydAjod {0 194005 ‘snolIs1d|ap
edwl 114]S ‘YN 0SSISSYUOIIRINIA

£€6°0 :2402s ‘Buibewep-A|qeqoid

pedwi :z-uaydAjod 1070 ;24005 ‘Sno1IS13|Bp
edwl 114]S YN J0SS9SSyYUOIeINIA

| :2403s ‘Buibewep-A|geqoud :3pedwi
:z-uaydAjod [0 :9400s ‘snolRls|ap 1pedwl i1 4|1
‘g€ 104005 ‘Yb1y :1pedw) 110ssassyyUOIeINIA

266°0 :9402s ‘Buibewep-A|qeqoud :1pedwi
:z-usaydAjod !0 :9400s ‘snolR1s|ap dedwl i 4|
!G/9°| 124025 ‘MO| :1oedw] 1I0SSISS\YUOIIeIN|A|

506°0 :9402s ‘Buibewep-A|qissod :1pedwi
:z-uaydA|od !0 :9403s ‘snoliRld|ap :pedwl i 41S
!Si7'| 194025 ‘MO| :1dedwl| 110SSSSS\YUOIIRINIA|

0 :9402s ‘ubluaq :edwi

!| :2402s ‘pa1eua|0) Pedwi i1 4IS ‘GLUE-

191025 ‘|eJinau :3pedwy 110ssasSyYUOIIeIN|A

€86°0 94005
‘Buibewep-A|qeqo.d :pedwi :z-usydAjod

!0 :2402s ‘snola13|ap edwl 14| SSE
19102s ‘wnipaw :3oedw :10SSaSS\YUOIRINIA|

| 124035 ‘Buibewep-A|geqoud :3pedwi
:z-uaydAjod ‘0 :2403s ‘snolRia|ap :pedwl i 4]1S
!£6°€ 24025 ‘ybiy :1pedw| 110SsSS\YYUOIRINIA
956°0 :2402s ‘Buibewep-A|qeqoud :1pedwi
:z-uaydAjod [0 :9400s ‘snolRls|ap :1pedwl i1 41
!£G°€ 24005 ‘Yb1y :3pedw| 110SsSSYYUOIRINIA

Pedw jeuonduny

uol11eIN|N~dSUDSSIIA

uollenjp~asuassiin

UO[3BIN|A"3SUSSIA|

uoI1eINIA~BSUDSSIIAI

UOI3BINIA"ISUISSIIA

uoneNN~dsusssIN

uoI11eININ"ISUDSSIIAI

UOI3BINIA"ISUBSSIIA

uol11eIN|A~ISUDSSIIAI

uonemnp~asusssIiiN

UO[3BIN|AI"3SUSSIA|

uoI11eIN|N"ISUDSSIIAI

uo11eININ~ISUDSSIIAI

UOI3BINIA"ISUBSSIIA

uo1eIN|N~ISUDSSIIAI

adAy uoneinpyy

dNS

dNS

dNS

dNS

dNS

dNS

dNS

dNS

dNS

dNS

dNS

dNS

dNS

dNS

dNS
adA) Juenep

A80L3

N6LOV

JLvvd

v1iZed

00sey

HLEYO

HL9ZM

INO9LA

NCOVS

ALSEN

INLST

580¢ZA

d60vS

MSOYD

VYOvA

abueyd uizyoid

5

9|9]|e JueLIep

v

9|9]|e duaI9)Yy

‘wsiydiowA|jod apoaPNU-a|BuIS (NS ‘WIOJSURI| 3IN}ea4 JUBLIEAUI-3]BDS 1| 4IS

L12/96SY

862/96SY

S66.96SY

¢LE896SY

58589651

LIY89vLY

STreLvLy

045S087LY

LSELLLBLL

£L61GL18LL

SeceLL8LL

08LLL1L8LL

19184851

€/418/SS1

SL18.SS1
uonisod pug

‘sisAjeue 3oedwi [eUOIIDUNY JUBLIBA-BUSD "€ d|gel

1124965y

86¢/96S1

566,965V

CLEBI6SY

58589651

LIV89VLY

SCYELYLY

04508711

LSELLLBLL

L61GLL8LL

S6CELL8LL

08/LL18LL

1918551

€/18L5S1

SL18LSSL
uonisod Jels

€y

[S[p)

€y

€y

cyd

Ly

Ly

Lz

LY

LIy

LY

LY

X4yd

Xyd

Xayd

[awosowoayd

LODAS

Z5SYdNL

vSSYdNL

Z30v

ENED)

(2]

future science group

Per. Med. (Epub ahead of print)

10.2217/pme-2021-0132



Research Article

to COVID-19

ip

ir relationsh

& the

icated diseases

ity genes, impl

Immuni

Investigating underlying human

120°0 :9402s ‘ubiuaq :1pedwi :z-usydAjod
!G00 194005 ‘sno11dla|ap edwl 14|S
!GP’ 19400S ‘MO] 13oedw] 10SSASSyYUOIIRIN|A|

€170 :9402s ‘ubluaq :pedwi :z-usydAjod

!0 :2402s ‘snoli213|ap edwl 1 dIS ‘vl

191025 ‘wnipaw :1oedwli :10ssass\yUoI1eIN|A|

0 :2402s ‘ubluaq :1pedwi :z-uaydAjod

8070 :9400s ‘pajeud|o} :edwl 114IS ‘S85°0-
191025 ‘|eJinau :3pedwy 110ssassyyuoeIN|
21070 :2402s ‘ubluaq :1pedwi

:z-uaydAjod | Z'0 :2400s ‘paleud|ol ppedwl i1 4IS
68’1 24025 ‘MO| :}dedwl| :10SSISS\YUOIIRINIA|

£00°0 :9402s ‘ubluaq :ppedwi
:z-uaydAjod ‘6070 :2400s ‘paiesd|ol dedwl i14IS
!6E°| 124025 ‘MO| :1oedwl| 110SSISS\YUOIIRINIA|

0 :9402s ‘ubluaq :pedwi ig-usydAjod

‘] :2100s ‘paresa|oy :pedwl 14(S ‘pL°L-
191025 ‘|eJ3nau :3oedw| 10SSaSSyYUOIIRIN|A|
100°0 :9402s ‘ubiuaq :3pedwi :z-usydAjod

Z°0 :2402s ‘pa1eus|ol :pedwi i1 4|S (ST'T
13105 ‘wnipaw :3oedw| :10SSISS\YUOIIRINIA|

0 :9402s ‘ubluaq :pedwi
:z-uaydAjod {1 G0 :2400s ‘paiesd|ol edwl i14IS
!£1°0 :2402s ‘|eainau :1pedwl 110SSISS\YUOIReINIA

€00°0 :9402s ‘ubluaq :pedwi

:z-uaydAjod !£8'Q :2403s ‘paresa|o) :pedwli I 4IS
!£9°] :2402s ‘MO| :3oedw| :10SSSS\YUOIIRIN|A|
8€6°0 :9400S

‘Buibewep-A|qeqoud :pedwi :z-usydAjod

10°0 :24025 ‘snold3d|ap Pedwl 1 4IS ‘£
19102s ‘wnipaw :3oedw| :10SSaSS\YUOIIeIN|A|

Pedw jeuonduny

uoeIN|N~ISUDSSIIA

uolleinjp~asuassiin

UO[3BIN|AI"9SUSSIA|

uoeININ~ISUSSSIIAI

UO[3RINIA"ISUISSIIA

uoneNN~dsusssIN

uo1eININ~ISUSSSIIAI

UOI3BINIA"ISUBSSIIA

uoneIN|N~dSUSSSIA

uo11eIN|N~ISUDSSIIAI

adAy uoneinpyy

dNS

dNS

dNS

dNS

dNS

dNS

dNS

dNS

dNS

dNS
adA) yuenep

INL6SA

D16SA

56V

SE€90LL

JLOOLN

dl00LN

3LLL0

H0LLO

301LL0

46040

abueyd uisyoid

v pJ

99||e JueLIEp  3[3||€ 9dUIAYSY

‘wsiydiowA|jod apoapNU-a|BuIS (NS ‘WIOJSURI] 3IN}ea4 JUBLIEAU|-3]BDS 1| 4IS

9868S.LSY

G868S5/SY

V6€96.LSY

8ly96SY

LE€996SY

€€E€996SY

€02/96SY

S02/9651

902,965V

802,965

uonisod pug

9868SLSY

§868S/SY

V6€96.LS1

8Lr96St

LEE996SY

€€€996SY

€02/96SY

502,965V

90,9651

807,965V
uonisod uels
‘(‘3u0d) sisAjeue 1oedwi |[BUOIIDUNY JUBIIBA-DUSD) '€ 3|ge]

ayd

Yo

Y

€ayd

cyd

€y

€ayd

cyd

ayd

€ayd

[dwosowoayd

0zv9d1s

ENED)

10.2217/pme-2021-0132

future science group



Ahmed, Renart & Zeeshan

Research Article

ellagny

sisoJapisoway
Asreuow|ng

uteaq ayy
1O suoljewIO)ew
SNOUINOLIBHY

ewoup.ed |3
snowenbs anbuo]

s1s049|2s 3|dI N\l

SNJIA D siyeday

wsfinaue 1eaH

SI1S0213d13sAD)

saljewoue
SaAUY

ejdoujose
SAI1BPOWWONY
uoI3RuI
sniinojebawolfy

J95ued uebio aadNpoudal sjep

ez Jueujwop
|ewosoine
ssaujeaq

€8 DAISS?IBI
|ewosoine
ssaujeaq

uoisuayiadAy d1uaboinaN

1 2dAY AIH

sdwny

| sisoplodJes

aseasip
wsijogeaw
asodn|n

elag-eydje
11l sisopidijooniy

s1doje sipyewsaqg

awoIpuAs
fioyesdsal
91Nde 3I3NSS

G8 DAISS?IBI
|ewosoine
ssaujeaq

wnJojeuoau
snuela]

oseasip
sno1d4UL [eJIA

wsAinaue
Aieuoiod

| 2dAL

Asouda|
snojewouda

eluadouinau
d1yzedolp)

siAIBuIb
ENGIIE
buiznonsn

siuj2Aworjod

Z1 fAyprusbuowny
Jo uoissaiddng

GZ DAISS3I3I
|ewosoine
ssaujeaq

ployiioway
[IE]

wndiadiay
ewsz>3

D siyjeday

ewoj|ided

SI1S0.3|2s J1Wd)1sAs
snoaueind asnyiq

95e3sIp YINoN

ewodJes jsodey

| 9dAL

anbe|d >jwadndas

euee

ezuanjju|

uolayul

|ediA dupdeA
e|jaqni-sdwnw
-s9|seaw 3s0d yim
fouapigspounwiwi
Arewid

D siyeday

si}3ela3030yd

L1 dwoupufs |paig-1ap.ieg

AyyedoAwoipied
dISUIIX]

sisoAw Apoq uoisnpuy

ENENTJETHERINEN]

siyjeydadus
usssnwsey

ezuan|ju|

2-bZ 3NISSIDI
Jewosoine
ssaujeaq

1apiosip dnuyiey

ewolfooiise
1l dpei

J3d2Ued [B1310]0)

ewoupJed
1193 |[ews

ssaujeap
J1WoJpUAsuoN

awoipuAs
Kioyeadsas
a1nde a1an9s

saseasiq

JEVETS
d16eyliowsH

1eJieled Jeapnu
19suo-Al1e3

siybuejoyd
Buipuadsy

swoupuAs 195yag

Aouapyap syad

Z-tZ 9NISsaIa
|ewosoine
ssaujeaq

91 SAISSIBI
|ewosoine
ssaujeaq

wsAinaue
|eluesnenu|

siyzedaH

S9Ised|N

euefepn

eunupAjbourw|

siplype
plolewnayy

sNsJaAUL SIS

ewylsy

81 Pesered

ewolse|qojawy

aseasip
aunwwioNy

| aseasip delja)

GZ 9AISSDID
|ewosoine
ssaujeaq

€1 Weulwop
|ewosolne
ssaujeaq

|enuassa
uoisuaadAy

ewoydwiA|
dlelpad

g siyjedaH

aseasip
snondajul (eI

uosuyjed
Japiosip dnuyieH

aseasip [amoq
Aiorewwe|yu|

| SWOoJpUAs
|paig-1opieg

ewolfoewse|d

P Pesered

| sisoplodies

ewouied ploiAy
paienuaiapia

a5e3sip Yo

buisousds Arewnd
siibuejoyd

ewoupiedouspe
Jeuide d13eysold

8 AAISSIDI
|ewosone
ssaujeaq

uoipiejul
|eipaed0AN

95e3sIp YINOW

siijeday

s1s0J33s ajdnny
snid uaga7
eunupA|biadAy

sajoy Jejnoepy

awoupufs |paig-1apleg

ewoyfoewse|d
Kie[Inpawenx3

Jeseyed

sfoajoyd
snojewo|nueiboyjuey

Jasued jsealg

ewyisy

elwan3|
cnsejqoydwA|
91nde |92 | Josindald

Jadued 31e3soid

9 JueUIWOpP
Jewosolne ssaujeaq

SaA[eA
|eay3ain 101433504

441

Z4VN4I

LYVNAI
[2-5). ¢
0cv9d1s

4N

L141z1

97l

LODAS

94DXD

DSg/Lp1dd

DN4I

642D

ZSSYdNL

SSYdNL

t<pl4
sauan

‘SuolleidOsse aseasip-auan ‘fy 9|qel

(2]

future science group

Per. Med. (Epub ahead of print)

10.2217/pme-2021-0132



Research Article

to COVID-19

ip

ir relationsh

& the

icated diseases

ity genes, impl

Immuni

Investigating underlying human

payull-x
fouapiyspounwiul

S131UBPONPOIISED pauiquo)

€ adAy
fuapispounwiwl wb1 uadAy yum
pauiquod a1ands  Aduapiyapounwiw|

siAIPUN[UOD

1|y salqey
Z € adfy ewodne|b
swoupuAs Janleg s|bue-uado

ewouldJed [|9d snowenbs upjs

qlLe
ewodJlesoiql4 Aduapispounwiw]

ue|anzausap

D siyzeday

uoisualiadAy dusboinanN

aseasip Aouapiyep
aunwiw|

siso1foonsiy
jueubijep

aseas|p epeleH
16euekoy| 1607

enuawaq

snJIn anbuaq

v dnoub
uoleyuawa|dwod
ejwaue [uodue4

aseasIp 3)1SedIMIAN

wnJiojeuoau
snueja)

sewo|nuesb yum
S10949p dunwiwl
|esowny pue
Je|n||ad pauiquo)

siuspejers

uolleIsayul U

C
padnpul-uoidajul
aynde
Ayredojeydadug

ewodne|b
uoIsual Mo

144
fusnyspounww]

EIENLE]]
>13fojpAwoud
{1y

ployiioway
leusayu]

fuspiyep
| 9uab Buneape
-3seu|quioday

oseasip

pue|b Aienljes
ejuownaud
|e1sIaIuL
proydwAq

siso3foolsiy
jueubijey

sewo|nuelb yum
$12949p dunwiwl
|eJowny pue
Je[n|a> paulquiod

siyjeydadus
x3|dwis sadiaH

\Cmu__uw‘_ws 9dUBID|0JUI 9503dNI4

D sijeday

P sisoua)ds |eJaie|
dlydosjoAwe
Jo/pue elpuswap
|eJodwialoyuoly

uoiajul
|eJIA BuUIDdRA
e||aqni-sdwnw
-s9|seaw 1s0d yum
Aouspispounww
Kewng

elwaJle|ny
Jejnpue|boiad|n

eluddeA

JapJosip dnuypieq

SI}INJseA [eunay

x3|dwis sadiaH

€€ esoyuawbid
siHunay

saljewoue
quil yum
elwjeyydoniy

ewodJes buim3

D siuyeday

awoJpuAs
Kioyeandsas
)nde 2I9A3S

saseasiq

fouapigspounwiwi
pauIqWod 2JaAdS

aseasip fHouapiyap
aunwuw|

x3|dwis sadaH

S
pasnpui-uoiajul
ande
Ayredojeydaduy

1 2dA} AIH

siyjeydadus
x3|dwis sadJaH

d ajbue-uado
| ewodne|n

saiqey

>13fooydwA|
dlU0JYd BIWSNNST

19A3) MO||DA

wsAinaue
|eluesnesnu|

awoupuAs 1617

paxuil-x
fouapiyspounwiwi
pauiquiod

QWoIpUAs
|eyiuasoy
RVCEIENTEIN]

siyijeydadua
x3|dwis sadisH

S9Ised|N

siyeydadug

aseasip
SNOIdAUI [BIIA

sdwny

Jasued |e}d910(0D)

aseasip

SNoIPdJUL |BIIA

|enuassa
uoisuayadAy

awoJpuAs uuswQ

siseliedsesi|Aeg

siyjeydasug

ewoydwA| suoz
|euibiew d1us|ds

| paieja.-abe
uojyelauabap
Jejnoey

SISSN}Iad

SISOJD|DS |eJaleT

J9A3} d1beylIowayYy
anbuag

Jaoued jseaug

ewodJes 1sodey)

uondaejul
|eipiedoAN

"("}U0D) SUOI}BIDOSSE JSeSIP-

annebau

1192-3IN @Anisod
1192-9 aAnebau ||9d-L
SAISSIAU |eWOSOINE
fouapigspounwiwi
pPauIquod 349AS

fousnpiyspounwiwl
3|qelIeA UoWWoD

| PadNPUI-UOIIIBUI
a1nde Ayredojeydasuz

xa|dwis sadisH

siyjeydadua
xa|dwis sadisH

9 PadNpuUI-UOIBUL
91nde Ayredojeydasuz

IHETRS
|esaie| diydosnoAwy

Bzuan|jul ueiny

95easip Yinop

ewoj|ided upys

ewoydwiA| duyeipad

SaAjeA
|eay3aan Joua}sod

zovYy

LOvY

LGE6DNN

£4VYHL

YL

14.L/ LWVIIL

gL

Z1v1S

LIVILS
6441

/441

r<pl4
sauan

95 'y 9|qel

10.2217/pme-2021-0132

future science group



Re

# ACE2 mutations @

#SLC6A20 mutations 0

©

#Fyco1

Fi

©

search Article

Ahmed, Renart & Zeeshan

ACE2: functional mutations @ CD147 (BSG): non-functional mutations
RAG1: non-functional mutations
i o3t
o 99 . e %
e 5 §
£ £
E g
» ' o . o " .
2 o4 2 o
g as g | e
T T T T 1
0 200 400 600 805aa 0 200 400 600 800 1043aa 0 100 200 300 385aa
SLC6A20: functional mutations @ TBK1 (SRGAP1): non-functional mutations ® IRF3 (HRC): non-functional mutations
ar @ w470t
29 I i 2
b K
- 5
= E *635*
0 3 0 dey |y g o 1 1
i S o4
ES
s g [iED ey | ® il
= T 1 | S 1 T T T T T T T 1
0 100 200 300 400 500 592aa ° S ] 3 1] 3 g 0 100 200 300 400 500 600 699aa
& I 3 2 g g
3
TMPRSS4: functional mutations @ - @
IFNAR1 (HUNK): non-functional mutations IFNAR2 (HUNK): non-functional mutations
2447 o 6 W o 8q
{ c 2
2 g
5 s
- 5
E £
i § . ’ X
o4 1 e e 2 o4 ER
[ oo | e 2 T 2
* *
300 400 437aa 0 100 200 300 400 500 600 714aa 0 100 200 300 400 500 600 71daa

0 100 200

TMPRSS2: functional mutations

454

. ey s
SACR 2 Trypsin

100 200 300 400 492aa

FYCOT: functional mutations

1315

200
400
600
800
1000
1200
1400
1478aa

gure 3.

# IRF7 mutations @

©

# IFNG mutations

o
1

o
I

@

IFNG: non-functional mutations

# IL6 mutations

IRF7: non-functional mutations

R109=

IRF-3

400

IRF

100 200 300 503aa

IFNG, IL6, IRF7, LZTFL1, TICAM1, TECPR2 and XCRI.

IL6: non-functional mutations

212aa

100

# TICAM1 mutations @

# TECPR2 mutations @

©

# XCR1 mutations

# LZTFL1 mutations @

©
I

o
I

o
]

o
I

@

o

TICAM1: non-functional mutations

100 200 300 400 500 600 712aa

TECPR2: non-functional mutations

i
T T T T L—

T
0

200 400 600 800 1000 1200 1411aa

XCRT1: non-functional mutations

7tm_1

T T 1
100 200 333aa

LZTFL1: non-functional mutations

‘g6*

T
[

T T 1
100 200 299aa

Genes with functional and nonfunctional mutations. Functional gene mutation analysis of ACE2, SLC6A20, TMPRSS4, TMPRSS2
and FYCO1. Nonfunctional gene mutation analysis of RAG1, CD147 (BSG), TBK1 (SRGAPT), IRF3 (HRC), IFNAR1 (HUNK), INFAR2 (HUNK),

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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Figure 4. Phenotyping, network and pathway analysis of genes linked with common diseases. Orange circles represent diseases and
blue circles represent genes.
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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 IFNARI, 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 and TMPRSS2 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

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

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

e 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.

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