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SARS-CoV2 has caused the current pandemic of new coronavirus disease 2019 (COVID-19) worldwide. Clinical

outcomes of COVID-19 illness range broadly from asymptotic and mild to a life-threatening situation. This casts

uncertainties for defining host determinants underlying the disease severity. Recent genetic analyses based on extensive

clinical sample cohorts using genome-wide association studies (GWAS) and high throughput sequencing curation

revealed genetic errors and gene loci associated with about 20% of life-threatening COVID-19 cases. Significantly, most

of these critical genetic loci are enriched in two immune signaling pathways, i.e., interferon-mediated antiviral signaling

and chemokine-mediated/inflammatory signaling. In line with these genetic profiling studies, the broad spectrum of

COVID-19 illness could be explained by immuno-pathological regulation of these critical immunogenetic pathways through

various epigenetic mechanisms, which further interconnect to other vital components such as those in the renin–

angiotensin–aldosterone system (RAAS) because of its direct interaction with the virus causing COVID-19. Together, key

genes unraveled by genetic profiling may provide targets for precisely early risk diagnosis and prophylactic design to

relieve severe COVID-19. The confounding epigenetic mechanisms may be key to understanding the clinical broadness of

COVID-19 illness. 
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1. The Broad Spectrum and Critical Illness in COVID-19 Progression

The coronavirus disease 2019 (COVID-19), which has been declared a worldwide pandemic by the WHO since March of

2020, is caused by the novel coronavirus severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) . The

virus evolves at a highly contagious rate in human beings, with a basic reproduction number (R0) ranging at 1.4–5.7. The

clinical outcome of COVID-19 varies broadly among infected people, ranging from asymptotic infection and common cold-

like sickness to a severe pneumonia leading to acute respiratory distress syndrome (ARS) and multi-organ complications

that potentially have fatal prognosis . Complications of severe COVID-19 include vasculitis, coagulopathy,

thrombosis, septic shock, and even multi-organ failure . The epidemiology of COVID-19 shows a diverse pattern

across people who are different in age, sex, ethnicity, and particularly among those with pre-existing medical conditions 

. For example, the US statistics showed that older patients (aged ≥65 years) accounted for 31% of all cases,

45% of hospitalizations, 53% admissions of intensive care unit (ICU), and 80% of deaths, with the highest incidence of

severe outcomes in patients aged ≥85 years . Similarly, increased risk of critical and life-threatening illnesses was

reported to associate with males and particularly pre-existing comorbidities, including cardiovascular, renal, liver, diabetes,

and other autoimmune diseases as well as obesity condition . In contrast, evidence indicates that

children (median age 4–7 years) have a lower susceptibility and risk for critical illness. However, under the circumstance

of comorbidity and genetic risks, the disparity of the risk for severe COVID-19 becomes vague concerning the factors of

age, sex, and ethnicity . With a critical viral disease like COVID-19, illness comes from both the virus

infection and interacting with immune responses, especially a consequential imbalance of harmful immunopathies over

proper immune responses. Upon exposure to the same virus, whereas individuals show asymptotic or mild illness

plausibly mounting effective immune reactions, severe COVID-19 patients, however, may reflect dysfunctional immune

reactions that further leads to pathological exacerbation accompanying uncontrolled virus spreading and immune

overwhelming 9] . As the virological branch focuses on diminishing viral spreading and virulence to

cause disease, deciphering the genetic and especially epigenetic associations underlie severe COVID-19 will grasp the

immunogenetic theme for severity prognosis in the host, thus providing manageable targets for early risk diagnosis and

development of prophylactic and therapeutic remedies to face current pandemic .
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2. Genetic Association: Interferon and Chemokine Response
Representing the Centric Immune Determinants Underlying Severe
COVID-19

About two months post the WHO declaring the COVID-19 pandemic, a global initiative of COVID-19 host genetics was

commenced to elucidate the role of host genetic factors in SARS-CoV2 susceptibility and COVID-19 severity . The first

report about genome-wide association study (GWAS) of severe COVID-19 with ARS detected two genetic susceptibility

loci at Chr3p21.31 and Chr9q34.2 using a meta-analysis of the two case/control panels including 835/1225 and 775/950

samples from Italy and Spain, respectively (Table 1) . Significantly, the association within the locus Chr3p21.31 spans

the genes SLC6A20, LZTFL1, CCR9, FYCO1, CXCR6, XCR1, CCR1, and CCR3 (gene symbols are standard ones from

NCBI, see Figure 1 legend for definitions of abbreviations), which include several chemokine receptors (CCRs, CXCR6,

and XCR1) mediating chemokine signaling pathways for leukocyte chemotaxis, inflammatory regulation and relevant

immunopathies causing lung injury. Notably, Chr3p21.31 locus has been reproducibly associated with severe COVID-19

by at least three GWAS studies, indicating it constitutes a common genetic mechanism underlying severe COVID-19 22]

. Interestingly, an independent study also identified the ~50 kb region of locus Chr3p21.31 representing an allelic risk

that was inherited from Neanderthals and is carried by ~50% of people in South Asia and ~16% of people in Europe

today, who were predicted to be prone to the progression of severe COVID-19 . In addition, the association of

Chr3p21.31 locus was also reflected by the critical illness in the younger patients (<65 years) with less comorbidity,

indicating a de facto genetic correlation . Several clinical observations correlated blood types with the severity of

COVID-19, i.e., O blood type seems more protective compared to a higher risk of non-O, especially A blood type .

One GWAS assay using two case-control European panels associated severe-COVID-19 with locus Chr9q34.2, which

concurs the ABO blood group locus . However, this association was not significantly demonstrated in two other GWAS

assays published , indicating that the association of blood type locus with severe COVID-19 is not as universal as

the chemokine receptor locus at Chr3p21.31 (Table 1). Therefore, more studies are needed to extensively verify the

association of blood types with the progression of COVID-19 severity. In addition, no mechanistic research about the

association of blood types with COVID-19 severity has been reported. In general, antigens determining blood types can

serve as direct receptors or co-factors for some pathogenic infections; indirectly, many blood group antigens facilitate cell

adhesion, substance intake and signaling transduction . Given the reported inconsistency on association of

blood types with COVID-19 severity, we interpret an indirect role (such as regulation through the RAAS system, see next

section) of blood types on COVID-19 susceptibility and disease progression .

Pairo-Castineira et al. released their GWAS analysis using a bigger case/control cohort (2244/10220) from UK hospitals,

which represent >95% of all ICU beds in the UK (Table 1) . In addition to the detection of a strong association signal at

the Chr3p21.31 locus, the study identified and replicated four novel genome-wide significant associations. These include:

(1) at Chr6p22.1–33 region spanning major histocompatibility complex, class I-G, HLA-G, and Coiled-Coil Alpha-Helical

Rod Protein 1, CCHCR1 genes; (2) at Chr19p13.3 locus within the gene encoding dipeptidyl peptidase 9 (DPP9); (3) at

Chr12q24.13 locus spanning a gene cluster encoding antiviral restriction enzyme activators (OAS1, OAS2, OAS3); and

(4) at Chr21q22.1 spanning the interferon receptor gene IFNAR2) . Elegantly, the study also supplemented GWAS

illumination with evidence using Mendelian randomization (MR) and transcriptome-wide association (TWAS) assays to

define a causal link from the low expression of IFNAR2, and high expression of TYK2, to life-threatening COVID-19.

TWAS in lung tissue determined the association of severe COVID-19 with increased expression of the

monocyte/macrophage chemotactic receptor CCR2 . Collectively, this study robustly determined genetic signals

relating to key host antiviral defense mechanisms, especially that mediated by interferon (IFN)-signaling and chemokine

receptors in orchestrating chemotactic and inflammatory responses as clinically demonstrated commonly in severe Covid-

19 cases (Figure 1) .
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Figure 1. Interferon and chemokine signaling pathways are centrically enriched by key Immunogenetic determinants

revealed by recent studies focusing on severe COVID-19 cohorts. Major genes associated with COVID-19 were pooled

from several recent immunogenetic studies . The protein-protein interaction networks were performed using a

STRING program . The centrically enriched chemokine receptor genes in Chr. 3p21.31, which are regulated by both

RAAS and TLR signaling pathways critically in chemokine signaling of inflammatory response, is associated with severe

COVID-19 by multiple GWAS studies and highlighted using a yellow cross. Abbreviations: ACE2, angiotensin-converting

enzyme 2; AGT, angiotensin; AGTR1, AGTII receptor type 1; CCR, C-C chemokine receptor; CXCR, C-X-C chemokine

receptor; IRF, IFN-regulatory factor; IFNAR, IFN-α/β receptor subunit; MAS1, OAS, 2′-5′-oligoadenylate synthase; TBK1,

TANK-binding kinase 1; TICAM1, TLR, Toll-like receptor; TMPRSS2, transmembrane protease serine 2; TYK2, non-

receptor tyrosine-protein kinase; XCR, Chemokine XC receptor.

Using an approach combining both next-generation sequencing (NGS) and experimental validation, Zhang et al.

elucidated an enrichment of genetic risk variants at thirteen human loci governing the Toll-like receptor (TLR)-3- and IFN-

regulatory factor (IRF)-7-dependent type I IFN immunity in 659 patients with life-threatening COVID-19 . In contrast,

few of these genetic risk variants were detected in the 534 control subjects with asymptomatic or benign infection. These

13 genetic risk loci displayed functional deficiency of these immune genes. They accounted for 3.5% of severe COVID-19

patients aged 17 through 77 years, and progressed to a life-threatening pneumonia without prior severe infection,

indicating a determining role of dysfunctional IFN-mediated antiviral immunity underlying the progression of severe

COVID-19 (Table 1 and Figure 1) .

Table 1. Genetic inborn or epigenetic obtaining errors associated with severe COVID-19 *.

Chr. Location (Key Genes
Covered,
or Epigenetic Effect)

Association
(Appr./OR: Freq.)

Major Immune
Pathway Involved

References &
Notes

3p21.31
(SLC6A20, LZTFL1, FYCO1,
CXCR6, XCR1, and CCR9;

Neanderthal-originated allelic
region)

GWAS 95% CI/
(1.95–2.79: 1610 vs.

2205) 
(2.14: 2244 vs. ~5X 2244)

ACE2 mediated amino acid transport
(SLC6A20);

Chemokine and Inflammation signaling,
chemotaxis, immunopathies for lung injury

(others)

Associated at

6p22.1–33
(HLA-G, CCHCR1, NOTCH4)

GWAS 95% CI/
(1.30–1.85: 2244 vs. ~5X

2244)

Antigen processing and presentation (HLA);
P-body component for RNA metabolism,

associated with psoriasis (CCHCR1);
lymphocyte development (NOTCH4)

Associated by

9q34.2
(ABO blood type locus)

GWAS 95% CI/
(1.37–1.45: 1610 patient

vs. 2205 control)

Blood type-dependent pathological reaction,
such as coagulation and thrombolysis

Associated by

12q24.13
(OAS1, OAS2, OAS3)

GWAS 95% CI/
(1.29: 2244 vs. ~5X 2244) IFN-mediated antiviral signaling Associated by
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Chr. Location (Key Genes
Covered,
or Epigenetic Effect)

Association
(Appr./OR: Freq.)

Major Immune
Pathway Involved

References &
Notes

19p13.3
(DPP9, TYK2)

GWAS 95% CI/
(1.36–1.59: 2244 vs. ~5X

2244) 

Innate antiviral defense (TYK2), and antigen
presentation, CXCL10 signaling, and

associated to obesity, diabetes, and cancer
(DPP9)

Associated by

21q22.1
(IFNAR2)

GWAS 95% CI/
(1.28: 2244 vs. ~5X 2244) IFN-mediated immune signaling Associated by

Several Chr.
(TLR3, UNC93B1, TICAM1,

TRAF3, TBK1, IRF3/7/9,
IFNAR1/2, STAT1/2)

NGS and variant calling,
wet-bench validation
(3.5% of 659 severe

COVID-19 vs few in 534
control)

IFN mediated immune signaling Detected by 

Epigenetic obtaining
(Autoantibody against IFNs,

94% in male)

Wet-bench detection
(13.7% of 987 severe

COVID-19 vs. 0.33% in
1227 control)

IFN mediated immune signaling Detected by 

Epigenetic obtaining
(Higher incidence of severe
COVID-19 in aged, male, and

comorbid patients)

Inclusive studies and
evidence

(Higher incidence of
severe COVID-19 in

aged, male, and
comorbid patients)

Dysregulated IFN and chemokine responses,
chronic/systemic inflammation, impaired

other immune responses

Exemplified by

* Defined as accompanying respiratory failure in hospitalized patients. Abbreviation: Appr., approaches to associate the

gene loci with severe COVID-19 in the references; CI, confidence intervals; Chr., human chromosome from genome build

hg38; GWAS, genome wide association study; IGV, integrative genomics viewer; NGS, next-generation sequencing; OR:

Freq., odds ratio: frequency in severe COVID-19 patient vs in the control groups. The gene symbols are standard ones

from NCBI, see Figure 1 legend for definitions.
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