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1  | INTRODUC TION

Coronavirus disease 2019 (COVID-19) is caused by SARS-CoV-2, 
which is the third coronavirus to cause severe disease in human pop-
ulations. As with other coronaviruses, SARS-CoV-2 infection is ini-
tialized by the spike (S) protein of the virus attaching to the host cell 
surface molecule angiotensin-converting enzyme 2 (ACE2). It then 

achieves cellular internalization by activating enzymatic machineries 
in the host cells. The immune response after infection varies among 
individuals, and some cases have shown acute respiratory syndrome 
with cytokine storm. Therefore, attention has been focused on the 
investigation of genetic risk factors.

Our research group recently surveyed genetic variants among 
SARS-CoV-2-interacting domains, including ACE2, across populations 
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Abstract
Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), is a pandemic as of early 2020. Upon infection, SARS-
CoV-2 attaches to its receptor, that is, angiotensin-converting enzyme 2 (ACE2), on 
the surface of host cells and is then internalized into host cells via enzymatic ma-
chineries. This subsequently stimulates immune response factors. Since the host 
immune response and severity of COVID-19 vary among individuals, genetic risk fac-
tors for severe COVID-19 cases have been investigated. Our research group recently 
conducted a survey of genetic variants among SARS-CoV-2-interacting molecules 
across populations, noting near absence of difference in allele frequency spectrum 
between populations in these genes. Recent genome-wide association studies have 
identified genetic risk factors for severe COVID-19 cases in a segment of chromo-
some 3 that involves six genes encoding three immune-regulatory chemokine recep-
tors and another three molecules. The risk haplotype seemed to be inherited from 
Neanderthals, suggesting genetic adaptation against pathogens in modern human 
evolution. Therefore, SARS-CoV-2 uses highly conserved molecules as its virion in-
teraction, whereas its immune response appears to be genetically biased in individu-
als to some extent. We herein review the molecular process of SARS-CoV-2 infection 
as well as our further survey of genetic variants of its related immune effectors. We 
also discuss aspects of modern human evolution.
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(Lee et al., 2020). This survey concluded no obvious genetic biases in 
SARS-CoV-2-interacting domains across global populations.

Recent genome-wide association studies have identified genetic 
risk factors for severe COVID-19 with acute respiratory syndrome 
in a segment of chromosome 3, and the risk variants in this seg-
ment were shown to be inherited from Neanderthals (Severe Covid 
et al., 2020; Zeberg & Paabo, 2020). These findings have suggested 
the notion of genetic adaptation against viral pathogens in modern 
human evolution, concentrated in genes that encode molecules in-
volved in the immune response process (Enard & Petrov, 2020).

In this short review, we will describe the molecular process of 
SARS-CoV-2 infection with current vaccine development, and recent 
genetic findings, including the results of a further survey of genetic 
variants of related immune response factors.

2  | PHYSIOLOGY AND PATHOLOGY OF 
HUMAN ACE2 IN SARS- CoV-2 INFEC TION

Angiotensin-converting enzyme (ACE or ACE1) is a component of 
the renin–angiotensin system, which converts the hormone angio-
tensin 1 (Ang1) to the active vasoconstrictor angiotensin 2 (Ang2). 
ACE also has kininase activity, degrading bradykinin. Therefore, ACE 
indirectly increases blood pressure by regulating the body fluid and 
vasculature. ACE inhibitors are currently used as major pharmaceu-
tical drugs for the treatment of cardiovascular diseases. In contrast, 
while ACE2 is closely related to ACE1 in structure, it downregulates 
blood pressure by catalyzing Ang2, thus functionally counteracting 
ACE1 (Hirano & Murakami, 2020).

ACE2 is also the entry point for SARS-CoV and SARS-CoV-2 into 
cells. SARS-CoV-2 can efficiently use ACE2 as a receptor for cellular 
entry, with an estimated 10- to 20-fold higher affinity to ACE2 than 
SARS-CoV (Wrapp et al., 2020; Wu et al., 2020; Zhao et al., 2020), 
which underscores the ancestral ACE2-using viral lineage (Wells 
et al., 2020). Upon infection, ACE2 is occupied and endocytosed with 
virus particles, resulting in a reduction in the ACE2 expression on 
cells. This functional downregulation of ACE2 induces an increased 
level of Ang2. While the physiological function of Ang2 causes va-
soconstriction and an increase in blood pressure, it also acts as a 
proinflammatory cytokine through binding to angiotensin 2 receptor 
type 1 (ATR1) (Eguchi et al., 2018). Therefore, this increased level of 
Ang2 due to the infection activates NF-κB, disintegrin, and metallo-
protease domain 17 (ADAM17) and eventually triggers viscous am-
plification of interleukin-6 (IL-6) signaling, known as cytokine release 
syndrome (CRS) (Hirano & Murakami, 2020).

3  | BA SIC SCENARIOS OF VIRUS–HOST 
INTER AC TION OF SARS- CoV-2 ,  AND 
STR ATEGIES FOR VACCINE DE VELOPMENT

SARS-CoV-2 is a single-stranded RNA (ssRNA) virus whose genomic 
RNA is encased by its viral envelope with radially projecting S 

proteins (Figure  1). The virus–host interaction of SARS-CoV-2 is 
initiated by the binding of the S proteins to ACE2 receptors on host 
cells (Zhou et al., 2020). Cell entry by the coronavirus requires S pro-
tein priming by host cell proteases, which cleave the S protein at the 
boundary of the S1 and S2 subunits (Du et al., 2009). The S protein 
priming of SARS-CoV-2 is processed by type 2 transmembrane ser-
ine protease (TMPRSS2) and endosomal cysteine proteases cathep-
sin B and L (CatB/L) (Hoffmann et al., 2020). The fusion process of 
the viral and cellular membranes enables viral genomic RNA to be re-
leased into the host cell. Toll-like receptors, such as TLR3, TLR7, and 
TLR8, recognize the viral RNA and trigger innate immune responses 
through the production of type I interferons and proinflammatory 
cytokines (Iwasaki & Pillai, 2014; Iwasaki & Yang, 2020).

Currently, more than 90 vaccines are being developed against 
SARS-CoV-2 across the world with different vaccine designs 
(Callaway,  2020; Haynes,  2021). Some vaccines, like many existing 
vaccines, are made using a weakened or inactivated form of the virus 
itself, but they require extensive safety testing. Nucleic acid vaccines 
have been also under development, and some have been licensed and 
are currently clinically available, in which DNA- or RNA-encoding S 
protein is introduced to human cells by electroporation, lipofection, or 
viral vector adenovirus. As these approaches are believed to prompt 
an immune response, they are being taken against SARS-CoV-2, al-
though no licensed vaccines previously used this technology. Direct 
introductions of a receptor-binding domain (RBD) peptide of SARS-
CoV-2 to ACE2 or virus-like particles to the body are also being tried. 
A collection of resources on COVID-19 vaccines (https://www.nejm.
org/covid​-vaccine) will be useful to update the current status.

4  | RECENT GENETIC FINDINGS IN 
POPUL ATIONS

4.1 | Evolutionary constraint of SARS-CoV-2-
interacting proteins revealed by a survey of genetic 
variants across human populations

The expression of human ACE2 might be a critical factor associated 
with the susceptibility, symptoms, and outcome of virus infection. A 
positive correlation between the ACE2 expression and infection with 
SARS-CoV has been reported in vitro (Hofmann et al., 2004). A recent 
analysis of single-cell RNA sequencing (RNA-seq) demonstrated that 
ACE2 expression is much higher in lung cells from Asian donors than in 
those from Caucasian or African American donors (Zhao et al., 2020). 
In contrast, microarray has not shown higher ACE2 expression in lung 
tissues from Asian donors . One of the reasons for this discrepancy 
might be that the lung is a complex organ with multiple types of cells, 
and ACE2 expressed type II alveolar (AT2) and type I alveolar (AT1) 
epithelial cells were employed in the analysis. Thus, these results in-
dicate that there were no significant differences between Asians and 
Caucasians or males and females (Cai et al., 2020).

We recently surveyed the genetic variants of ACE2 to investigate 
the allele spectrum of the key genes implicated in SARS-CoV-2 entry 
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and sensing of viral RNAs across populations (Lee et al., 2020). We 
compiled the ACE2 residues critical for interacting with the SARS-
CoV-2 RBD (Hussain et  al.,  2020; Lan et  al.,  2020; Li et  al.,  2005; 
Shang et al., 2020; Wrapp et al., 2020; Yan et al., 2020). For the genes 
critical for proteolytic activity and sensing viral RNA (i.e., TMPRSS2, 
CatB/L, and TLR3/7/8), we collected the residues with negative 
functional impact according to previous studies (Afar et  al., 2001; 
Bell et  al.,  2006; de Bouteiller et  al.,  2005; Sarkar et  al.,  2007; 
Tanji et al., 2015; Zhang et al., 2016). Then, for each gene, we sur-
veyed multiple population-scale genetic variant databases, e.g., the 
Genome Aggregation Database (gnomAD) (Karczewski et al., 2020), 
the Korean Reference Genome Database (KRGD) (Jung et al., 2020), 
and TogoVar (a Japanese genetic variation database, https://togov​
ar.biosc​ience​dbc.jp/), to find all reported genetic variants that re-
sult in amino acid changes for those functionally important residues. 
Our analysis showed that variants are extremely rare on genomic 
loci influencing the binding affinity between SARS-CoV-2 and ACE2, 
thus implying little difference in affinity between populations. We 
also found that genetic variants in TMPRSS2, CatB/L, and TLR3/7/8 

were very rare, that is, allele frequency (AF) <0.01%, across all pop-
ulations. Consistently, a recent study identified a few functional ex-
tremely rare variants in TMPRSS2, all of them with AFs <0.001 (Gupta 
et al., 2020; Russo et al., 2020). While our survey was conducted to 
investigate as diverse a population as possible, the variant databases 
still consisted of predominantly European populations, requiring 
caution when investigating rare variants among underrepresented 
populations. Also, based on the published evidence of functional 
consequences, we focused on variants at critical protein residues. 
The variants on regulatory elements of SARS-CoV-2-interacting 
genes may be worthy of further investigation. As such, the epigen-
etic regulation of key genes of the SARS-CoV-2-interacting domains 
or nongenetic factors, such as preexisting medical conditions and 
environmental risks, is suspected to be a major determinant of indi-
vidual susceptibility.

The critical loci of the SARS-CoV-2-interacting domains for 
host–virus interaction and viral genomic RNA sensing are highly con-
served in all populations with very rare variation. A very recent study 
determined that the crystal structure of ACE2 is highly conserved 

F I G U R E  1   Proposed host immune responses to SARS-CoV-2. The spike (S) protein of virus binds to the ACE2 receptor in a host cell. 
Viral RNA is recognized by innate immune receptors, such as TLRs and the inflammasome sensor NLRP3. This process is involved in the 
activation of transcription factor NF-κB and subsequent signals for proinflammatory cytokines (for example, IL-6, CXCL10, etc.). Cytokines 
and chemokines released from infected cells regulate the adaptive immune response by recruiting immune cells, such as macrophages, T 
cells, and B cells, to eliminate the virus. A dysregulated immune response can lead to hyperinflammation, causing severe clinical symptoms of 
COVID-19
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when interacting with the RBD of SARS-CoV-2 (Lan et  al.,  2020). 
Our analysis also showed markedly fewer loss-of-function variants 
in ACE2 and TLR7 than expected in large variant databases, such 
as gnomAD (https://gnomad.broad​insti​tute.org/) (Lee et al., 2020), 
suggesting the presence of strong selection pressure on these genes 
in human evolution. Given the above, SARS-CoV-2 targets a highly 
conserved molecular domain in human populations as its interacting 
domain (Lee et al., 2020; Zhang et al., 2020).

4.2 | Genetic variability of immune response factors 
related to the severity of COVID-19

Several studies have now established that hyperinflammatory 
responses, such as the cytokine release syndrome (CRS) in-
duced by SARS-CoV-2, are a major cause of disease severity and 
death in infected patients (Gubernatorova et  al.,  2020; Hirano & 
Murakami, 2020). We assessed the degrees of genetic constraint of 
SARS-CoV-2 susceptibility-related and cytokine regulation-related 
genes in immune cells based on the scores calculated from gnomAD 
(v2.1.1; https://gnomad.broad​insti​tute.org) (Figure  1 and Table  1). 
Compared with highly constrained genes, such as ACE2 and TLR7, 
genes encoding key immune regulatory molecules, such as cytokines 
and chemokines, demonstrated a broadly low level of genetic con-
straint (Table 1). The probability of being loss-of-function intolerant 
(pLI) score represents the tolerance of a single gene to protein-
truncating variants (e.g., frameshift, splice donor and acceptor, and 
stop-gain) in population-scale genome sequencing databases. Genes 
with a pLI score ≥0.9 can be highly constrained, such that protein-
truncating variants are not frequently observed in the population, as 
is seen in the pLI scores of ACE2 and TLR7 (Table 1). Surprisingly, the 
genes involved in cytokine storm and chemokines are much less con-
strained. (highlighted in green in Table 1). Therefore, diverse locus 
and allelic heterogeneities exist in the genes involved in the immune 
response to SARS-CoV-2 infection. Furthermore, the clustered genes 
of LZTFL1, SLC6A20, FYCO1, CCR9, CXCR6, and XCR1 in 3p21.31, 
which are significantly associated with severe COVID-19 cases, 
also showed extremely low pLI scores (Severe Covid et  al.,  2020) 
(highlighted in green with superscript b in Table  1). In contrast to 
the genes encoding SARS-CoV-2-interacting proteins, such as ACE2 
and TLR7, the genes encoding immune effectors as listed here are 
genetically variable among individuals and thus interpretated to be 
evolutionarily less constrained.

Further genome-wide association studies combined with de-
tailed phenotypic manifestation and clinical courses would un-
cover the genetic underpinnings of host responses to SARS-CoV-2 
infection. As a next step, with surveys of additional population-
scale genomic databases for diverse populations, it will be pos-
sible to identify the genetic predisposition to cytokine storm 
that causes an acute progression of illness. Accumulated survey 
of juvenile severe cases would especially provide further useful 
genetic information. Besides, systematic mutagenesis analysis of 
the structural interaction between SARS-CoV-2 receptor-binding 

motif (RBM) and ACE2 will help to understand host–virus interac-
tions across populations (Lan et al., 2020).

4.3 | Genetic adaptation against viral pathogens

As briefly mentioned above, the gene cluster on chromo-
some 3 (3p21.31) has been identified as the major genetic risk 
locus for severe symptoms after SARS-CoV2 infection, being a 
genomic segment of 50 kb in size and comprising genes such as 
LZTFL1, SLC6A20, FYCO1, CCR9, CXCR6, and XCR1 (Severe Covid 
et  al.,  2020; Zeberg & Paabo,  2020). Surprisingly, Zeberg and 
Pääbo reported that genetic variants in this segment associated 
with severe COVID-19 were inherited from Neanderthals, carried 
by around 50% and 16% of people in South Asia and Europe, re-
spectively (Zeberg & Paabo, 2020). Therefore, their relatively high 
rate of interindividual genetic variants as scored here (Table 1) can 
be attributed to genetic sequences inherited from Neanderthals, 
at least to some extent.

Another recent report by Enard and Petrov proposed that 
Neanderthals and modern humans interbred and exchanged their 
own pathogenic viral environment, which drove adaptive DNA in-
trogression against viruses (Enard & Petrov,  2020). Regulatory 
variants of these genes that might increase viral resistance were ob-
served, especially in Europeans. Zeberg and Pääbo also noted that 
the Neanderthal-derived risk variants were highly concentrated in 
South Asia but almost absent in East Asia. A possible argument they 
made for this is that the Neanderthal haplotype had been positively 
selected in this regional area, possibly carrying protective effects 
against other pathogens. The other argument is that the risk vari-
ants have decreased in frequency in East Asia because of negative 
selection of coronavirus-related or other pathogens. Therefore, such 
adaptive introgression from Neanderthals to modern human has car-
ried risk variants for SARS-CoV2 but also resistant variants against 
other RNA viruses, such as hepatitis C virus (HCV) and dengue vi-
ruses. Furthermore, genetic variants related to viral-interacting pro-
teins, immune effector processes, and viral genome replication have 
reportedly been under directional (either positive or negative) selec-
tion pressure during human evolution before and after the splitting 
of the human population, thus enabling the detection of ancient ep-
idemics in human history.

Based on our previous genetic survey of SARS-CoV2-interacting 
domains, ACE2 and TLR7 appeared to be under strong selection pres-
sure, as evidenced by their lower number of loss-of-function vari-
ants than expected by large variant database analyses (Karczewski 
et al., 2020; Lee et al., 2020). We observed only 3 variants out of 31 
expected ones for ACE2 and 2 variants out of 20.6 expected ones for 
TLR7 (Table 1), and we detected nonsynonymous variants in these 
genes at very low frequencies. These findings suggest that func-
tional alteration of these genes would have been unlikely. Therefore, 
SARS-CoV-2 uses a highly conserved receptor in populations around 
the world, which may be a causative factor for its reaching pandemic 
status.

https://gnomad.broadinstitute.org/
https://gnomad.broadinstitute.org


     |  223LEE et al.

TA B L E  1   Measures of intolerance to loss-of-function variants for genes related to SARS-CoV-2 susceptibility, hyperinflammation, and 
severity of COVID-19

Signal Gene name Isoforms
Official 
symbol

Expected LoF 
SNVsa  (E)

Observed LoF 
SNVsa  (O) O/Ea  (90% CI) pLIa 

Receptor ACE2 ACE2 31 3 0.1 [0.04–0.25] 1

Sensing viral RNA TLR7 TLR7 20.6 2 0.1 [0.04–0.3] 0.98

Intermediate SYK SYK 34.1 2 0.06 [0.02–0.18] 1

PLC-ɣ PLCG1 82.1 24 0.29 [0.21–0.41] 0

IRAK4 IRAK4 23.1 16 0.69 [0.47–1.05] 0

TRAF6 TRAF6 21.9 1 0.05 [0.01–0.22] 1

NF-kB NFKB1 NFKB1 45.6 2 0.04 [0.02–0.14] 1

NFKB2 NFKB2 47.7 3 0.06 [0.03–0.16] 1

JAK JAK1 JAK1 61.4 7 0.11 [0.06–0.21] 1

JAK2 JAK2 60.6 13 0.21 [0.14–0.34] 0.65

STAT STAT1 STAT1 48.9 4 0.08 [0.04–0.19] 1

STAT2 STAT2 57 11 0.19 [0.12–0.32] 0.93

STAT3 STAT3 50.1 1 0.02 [0.01–0.1] 1

STAT5A STAT5A 45.4 4 0.09 [0.04–0.2] 1

STAT5B STAT5B 47.8 4 0.1 [0.05–0.22] 1

PI3K PIK3CA PIK3CA 66.4 3 0.05 [0.02–0.12] 1

PIK3CB PIK3CB 62.4 9 0.14 [0.09–0.25] 1

PIK3CD PIK3CD 53.6 5 0.09 [0.05–0.2] 1

PIK3CG PIK3CG 44.9 18 0.4 [0.28–0.59] 0

M-CSF CSF1 21 1 0.05 [0.02–0.23] 1

GM-CSF CSF2 5.9 0 0 [0–0.51] 0.83

LZTFL1b  LZTFL1 20.6 6 0.29 [0.16–0.57] 0.06

SLC6A20b  SLC6A20 29.6 27 0.91 [0.67–1.26] 0

FYCO1b  FYCO1 71.9 52 0.72 [0.58–0.91] 0

Chemokine CCL2 CCL2 2.953 0 0.0 [0.0 – 1.0] 0.608

CCL7 CCL7 3.141 4 1.27 [0.58–1.91] 0.001

CCR2 CCR2 9.4 4 0.43 [0.21–0.98] 0.02

CCR5 CCR5 7.9 12 1.51 [0.93–1.93] 0

CCR9b  CCR9 9.3 5 0.54 [0.28–1.13] 0

CXCR6b  CXCR6 8.3 7 0.84 [0.48–1.55] 0

XCR1b  XCR1 8.4 4 0.47 [0.23–1.08] 0.02

CXCL10 CXCL10 4.7 1 0.21 [0.07–1] 0.37

Cytokine storm IL-1β IL-1β 14.1 4 0.28 [0.14–0.65] 0.13

IL-6 IL-6 8.4 2 0.24 [0.1–0.75] 0.32

IL-8 CXCL8 4.5 5 1.12 [0.56–1.86] 0

IL-10 IL-10 10.1 5 0.49 [0.26–1.04] 0.01

IL-18 IL-18 6 3 0.5 [0.23–1.28] 0.03

IL-1RA IL-1RA 10.1 4 0.4 [0.19–0.91] 0.03

TNF TNF 9.736 1 0.103 [0.04–0.49] 0.803

IFN-ɣ IFNG 5.768 1 0.17 [0.06–0.82] 0.472

Note: The column “Expected LoF SNVs” shows expected variant counts using mutation model based on sequence context, coverage, and methylation, 
while “Observed LoF SNVs” shows counts of QC-passed variants that occurred in gnomAD dataset (release 2.1.1). For genes intolerant to loss-of-
function variants, the ratio between these two (the column “O/E”) would be close to 0. The column “pLI” (the probability of being loss-of-function 
intolerant) denotes the probability of a gene being haploinsufficient (heterozygous variants are not tolerated) based on the deviation between 
observed and expected variant counts. The pLI values close to 1 indicate genes intolerant to loss-of-function variants. Highlighted in green with pLI 
score ≤ 0.1.
aValues taken from gnomAD v2.1.1 (https://gnomad.broad​insti​tute.org, last access: 2020-11-01). 
bGenes located in the susceptibility loci (3p21.31) associated with severe COVID-19 with respiratory failure 
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In this report, we have listed the ratios of actually observed loss-
of-function variants to theoretically expected ones for genes asso-
ciated with the susceptibility, hyperinflammation, and severity of 
COVID-19. We observed relatively high rates of genetic variants of 
intracellular molecules and chemokines, including LTTFL1, SLC6A20, 
FYCO1, CCR9, CXCR6, and XCR1, which may reflect a distinct history 
of genetic adaptation of individuals. These genetic survey analyses 
of the SARS-CoV-2-interacting domains and the genetic factors do 
not fully explain current geographic and regional distribution of se-
vere cases. Therefore, it should still be emphasized that preexisting 
medical conditions and environmental risks could be major determi-
nants of individual susceptibility.

Risk factor genes of CCR9, CXCR6, XCR1, LZTFL1, SLC6A20, and 
FYCO1, whose functions in viral infection and the immune response 
remain to be well elucidated, definitively require further functional 
investigation. CCR9 and its specific ligand CCL25 are categorized 
as a mucosal chemokine system, which is responsible for recruit-
ing a subset of T cells to the lamina propria of the small intestine 
(Kunkel et al., 2000; Norment et al., 2000; Vicari et al., 1997; Zlotnik 
& Yoshie, 2012). The axis of CCL-25-CCR9 has been investigated as 
a therapeutic target of Crohn's disease, tumors, and autoimmunity 
(Biswas et al., 2019; Korbecki et al., 2020; Pathak & Lal, 2020; Xu 
et al., 2020). CXCR6 regulates localization of tissue-resident memory 
CD8 T cells to the airways throughout the sustained immune response 
to airway pathogens such as influenza viruses (Wein et  al.,  2019). 
CXCR6 and its ligand CXCL16 axis, like most of other chemokine axes, 
also plays roles in lymphocyte migration, tumor progression, and 
metastasis (Audsley et al., 2020; Groblewska et al., 2020; Jovanovic 
et al., 2015; La Porta, 2012). XCR1-positive dendritic cells (DCs) have 
the unique ability to cross-present cell-associated antigens and MHC 
class I to CD8(+) T cells (Audsley et  al.,  2020; Gutierrez-Martinez 
et al., 2015; Shi et al., 2020). Therefore, these chemokine receptors 
are likely to be involved in immune response after SARS-CoV2 in-
fection, and their functional changes possibly contribute to distinct 
output in individuals. Notably, deficiency of another chemokine 
receptor, CCR1, increases susceptibility to coronavirus infection 
(Hickey et  al.,  2007). LZTFL1 encodes leucine zipper transcription 
factor-like 1, which associates with the immune synapse of the in-
terface between an antigen-presenting cell or target cell and a lym-
phocyte such as a T/B cell or natural killer cell (Jiang et al., 2016). 
SLC6A20 encodes sodium–imino acid (proline) transporter 1 (SIT1), 
which reportedly interacts with ACE2 (Kuba et  al.,  2010; Vuille-
dit-Bille et al., 2015). FYCO1 encodes FYVE and coiled-coil domain 
containing 1 (FYCO1), an autophagy adaptor protein, is suggested 
to be a key mediator linking ER-derived double membrane vesicles, 
the primary replication site for coronaviruses, with the microtubule 
network in host cells (Parkinson et al., 2020; Reggiori et al., 2011). 
Further functional studies on how these genetic variants affect the 
epigenetic, transcriptional, and functional control of each gene and 
eventually contribute to the immune response of individuals should 
be conducted, as these findings will be necessary for the develop-
ment of pharmacological agents to combat COVID-19.

5  | CONCLUSION AND FUTURE 
PERSPEC TIVE

Our survey of genetic variations showed that SARS-CoV-2-
interacting domains are highly conserved across human populations. 
The genetic risk segment includes genes of several chemokine re-
ceptors, such as CCR9, CXCR6, and XCR1, which play critical roles 
in immune responses and pathogenesis (Zlotnik & Yoshie,  2012). 
It is of note that the repeated genetic duplication of chemokines 
and their receptors in vertebrate evolution has been proposed 
to be driven by the coevolution between host and pathogens 
(Nomiyama et  al.,  2013; Zlotnik & Yoshie,  2012). The number of 
chemokine and chemokine receptor genes has been increased 
during vertebrate evolution (Bajoghli, 2013). These genes are clus-
tered onto several chromosomal locations, which highlights the 
relevance of genetic duplication of Hox genes in vertebrate evolu-
tion (Duboule, 2007; Nomiyama et al., 2013). In fact, some genetic 
loci including chemokine receptor genes appear to accompany Hox 
cluster duplication (DeVries et al., 2006). Orthologous relationship 
analyses across species have demonstrated that the chemokine sys-
tem is highly evolved, especially in mammals possibly because of in-
creased exposure to pathogens in their intimate life environment, 
and also have experienced difficulty in determination of orthologous 
genes across mammalian species, suggesting genetic diversity due 
to selective pressures imposed by distinct pathogens (Nomiyama 
et al., 2013). In modern human genetics, a loss-of-function variant of 
CCR5 delta 32 is well known to be concentrated in Northern Europe 
and has long been investigated in terms of resistance to human im-
munodeficiency virus (HIV) infection and age-related disorders 
such as osteoporosis (Lee et  al.,  2017; Xie et  al.,  2019). Together, 
genetic variations in immune response genes discussed here support 
the idea that the selective pressure imposed by pathogens during 
human evolution is a potential cause of genetic diversity, and shapes 
the repertoire of host defense systems across populations and indi-
viduals. The variants of risk factor genes such as CCR9, CXCR6, XCR1, 
LZTFL1, SLC6A20, and FYCO1 definitively require further functional 
investigation, for the development of better medical treatment to 
combat COVID-19.
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