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ABSTRACT

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), associated with coronavirus disease 2019
(COVID-19), is a novel pathogen recently introduced to the human population. It is characterized by rapid
epidemic transmissions due to lack of herd immunity as well as by notable mortality which increases with
age and in patients with comorbidities. Outbreak forecasting and modelling suggest that the number of
infected people will continue to rise globally in the forthcoming months. Upon investigation of the disease
patterns, differences in mortality between south-European and north-European countries became striking with
mortality of more than 10% in Italy and Spain and less than 5% in Germany and Poland so far. It is unknown
if this difference is associated with a higher virulence of viral strains, differences in host genomics, access
to medical resources, or other unknown variables. Little is also known about SARS-CoV-2 evolutionary
and transmission patterns as a limited number of large-scale sequence and phylogenetic analyses have
been performed so far. In this review, we aimed to provide concise data on the SARS-CoV-2 genomics,

molecular evolution, and variability with special consideration of the disease course.

Introduction Coronaviruses are positive-sense,
single-stranded, spherical, enveloped RNA virus-
es, well known to cause mild flu-like symptoms in
humans, which also affect an array of mammals.
In general, coronaviruses cause infections of the
respiratory or gastrointestinal tracts by fusion
with macrophages and epithelial cells. These vi-
ruses have long been known to be of high poten-
tial for a zoonotic cross-species transmission to
humans. From the perspective of emerging in-
fectious diseases, transmissions of RNA, as op-
posed to DNA viruses, from animals have been
relatively frequent with a high mutation rate in
these viruses allowing for a rapid adaptation to
the novel hosts.’

In December 2019, the Wuhan Municipal
Health Committee (Wuhan, China) identified
an outbreak of viral pneumonia of unknown
cause. Novel coronavirus designated as se-
vere acute respiratory syndrome coronavirus 2
(SARS-CoV-2), was found to be genetically sim-
ilar to coronaviruses found in bats, which are
so far the most likely host of the virus. Except
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for the bats, it has been suggested that Malay-
an pangolins (Manis javanica) may also be a res-
ervoir of SARS-CoV-2 not only due to homolog-
ic coronaviruses circulating in these animals but
also because of similarity of the binding site of
the angiotensin-converting enzyme 2 (ACE2)
receptor.?

Most theories link the introduction of the virus
with the Huanan seafood market in Wuhan, Hu-
bei Province of China; however, recently published
molecular data have indicated possible initial ex-
pansion of the infected populations between De-
cember 11, 2019 and January 22, 2020, coincid-
ing with the Chinese New year, or even earlier—
between 13 November 2019 and 26 December
2019, when only a single case of COVID-19 was
reported. It is therefore possible that the virus
had been already widely circulating in Wuhan in
November 2019.% The Polish index case was diag-
nosed on March 4, 2020 with subsequent spread
reaching approximately 35000 cases and approx-
imately 4.5% mortality as of the day of the man-
uscript submission (June 30, 2020). To compare,
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in the neighboring Germany, despite a significant-
ly larger epidemic (>190 000) mortality is similar
(approximately 4.5%), while in the southern Eu-
ropean countries with the progressive epidemic,
namely [taly and Spain, the case count exceeded
200000 cases with mortality of 14.5% and 11.5%,
respectively. Little is known about the reason for
this difference. It is likely associated with a dis-
tinct demographic profile of the populations and
higher percentage of the population aged older
than 65 years in the south; however, these clear
differences in the mortality remain not fully elu-
cidated, and may also be linked to the genetic dif-
ferences among the host populations or diver-
gent molecular characteristics of the virus per se.

Taxonomy of coronaviruses and SARS-CoV-2 With-
in the realm Riboviria, order Nidovirales, subor-
der Cornidovirineae, family Coronaviridae, sub-
family Orthocoronavirinae, 4 genera have been
identified, namely Alpha-, Beta-, Delta-, and Gam-
macoronaviridae. So far, almost 50 species that
belong to this family of viruses have been dis-
covered.” Coronaviruses include mammalian Al-
phacoronaviruses and Betacoronaviruses, as well as
Gammacoronaviruses and Deltacoronaviruses which
generally cause infections in birds. Within the Al-
phacoronavirus genus, various species infecting
a vast array of animals have been identified, in-
cluding, but not limited to, human coronaviruses
229E and NL63, miniopterus bat coronaviruses 1
and HKUS, porcine epidemic diarrhea virus, rhi-
nolophus bat coronavirus HKU2, scotophilus bat
coronavirus 512. Genus Betacoronavirus includes
murine and bovine coronaviruses, clinically mild
human OC43 and HKU1 coronaviruses, several
bat infecting species (pipistrellus bat coronavi-
rus HKUS, rousettus bat coronavirus HKU9, tyl-
onycteris bat coronavirus) as well as severe acute
respiratory syndrome-related coronavirus (SARS-
CoV) and SARS-CoV-2, Middle East respiratory
syndrome-related coronavirus (MERS-CoV), and
hedgehog coronaviruses. Two other genera, Gam-
ma- and Deltacoronaviridae, include beluga whale
coronavirus SW1, infectious bronchitis virus, and
bulbul coronavirus HKU11, porcine coronavirus
HKU15, respectively with no human transmis-
sions noted so far.’

The novel coronavirus, responsible for
the COVID-19 epidemic and associated with se-
vere acute respiratory syndrome, has only recent-
ly been classified by phylogeny and taxonomy
to belong to Betacoronaviridae based on the se-
quence similarity to the sister SARS-CoV.* Oth-
er genetically similar SARS coronaviruses have
also been previously identified, for example, civ-
et SARS-CoV_P(C4-227 and SARSr-CoV-btKY72.°
It should be noted that classification of the RNA
viruses is not easy—many exist as a swarm of ge-
netically interrelated, co-evolving quasispecies.
Moreover, coronaviruses are ubiquitous among
vertebrates, with the current COVID-19 epidem-
ic representing the third major zoonotic trans-
mission of the novel pathogenic coronaviruses
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capable of causing life-threatening disease in hu-
mans in the recent history.” Famously, these epi-
demics were caused by SARS-CoV in 2002 to 2003
and MERS-CoV ongoing since 2012. It should be
emphasized that SARS-CoV-2 is not descending
from SARS-CoV and has a separate history of in-
troduction into the human species, lower patho-
genicity, and higher infectivity rate compared
with SARS-CoV and MERS-CoV.?* Two hypoth-
eses have been proposed for the origin of this vi-
rus, namely natural selection in humans follow-
ing zoonotic introduction or evolution in humans
after the transmission. Of note, mildly symptom-
atic infections with other Alpha- (human corona-
viruses 229E, NL63) and Betacoronaviruses (hu-
man coronaviruses OC4, HKU1), common in both
adults and children, are also highly likely to orig-
inate from the bat or rodent reservoir.'’

Viral structure and the replicative cycle The spher-
ical structure of the virus contains the core with
ribonucleoprotein of the helical structure en-
closed by nucleocapsid (N) proteins. Within
the viral membrane, envelope (E) proteins are
anchored, with the crown-shaped spikes formed
by the spike (S) protein protruding from the vi-
rion membrane.®

Receptor binding for coronaviruses is depen-
dent on the S protein, which is equipped with
an extracellular, transmembrane anchor and in-
tracellular tail domains,'" and has been previ-
ously identified as a likely vaccine target.'? The
SARS-CoV-2 S protein is prone to accumulate
mutations compared with SARS-CoV, especially
at the interface with the ACE2 receptor and there-
fore shows lower sequence homology and higher
genetic variation (81% and 19%, respectively).'®'*

Key for the binding with the target host cell
is an extracellular part with 2 subunits involved
in receptor binding (S1 domain) and membrane
fusion (S2 domain).'® Spike proteins vary across
coronavirus species, with differences in structure
correlating with cellular tropism and virulence.'?'®
Typically, S proteins consist of approximately
1300 amino acids which form trimeric structures
anchored in the virus membrane.'” Of note, at the
junction of the S1 and S2 domains, polybasic furin
cleavage site with the RRAR (arginine-arginine-
-alanine-arginine) motif is located. Polybasic mo-
tifs are well known to increase pathogenicity of
viruses,'® and in this case, the furin cleavage site
enhances the virus-cell fusion.? In SARS-CoV-2,
similarly to SARS-CoV, receptor binding domain
is complexing via a form of the hydrophobic tun-
nel with salt bridges within the ACE2 receptors
on the human cells."”

After the ACE2 complex binds to the S1 part
of the S protein, the ACE-virus complex translo-
cates to the endosomes. Subsequently, the S1/52
protein is cleaved by the endosomal proteases
(eg, cathepsin L), which unmasks the S2 fusion
peptides activating integration between the vi-
ral and host membranes within the endosome
(FIGURE 1). In this process, coronavirus receptor



FIGURE 1  Simplified
outline of the SARS-CoV-2
integration with the host
cell.
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binding domains link to the hypothesized “virus
binding hotspot” of the ACE2 receptor with mu-
tation shifts allowing for adaptation across var-
ious species including ferret, bat, pig, civet cat,
and other animals."” The C terminal portion of
the S protein contains 2 trimeric helical heptad re-
peat structures (HR1 and HR2). These structures
are of primary importance for the virus-host cell
fusion, folding into a stable protease resistant
6-helix (6-HB) structure. These folded forms are
observed post fusion."® It should be emphasized
here that 6-HB structures have been previously
identified to be similar to influenza hemaggluti-
nin, Ebola glycoprotein, or HIV glycoprotein 41.20

Interestingly, to ensure efficient replication, in
SARS-CoV-2, not 1 but 2 RNA-dependent poly-
merases are involved: the first is primer depen-
dent and the second has primase activity, there-
fore with the capacity to initiate replication.
The viral genome is released and translated by
the viral replicase complex and cut by protein-
ases. The full-length negative template serves as
a basis for mRNA synthesis. Viral nucleocapsids
are assembled from genomic RNA and bound to
the N protein in the cytoplasm. A release from
the infected cell through exocytosis follows bud-
ding from the endoplasmic reticulum-Golgi com-
partment, completing the life cycle of the virus.

Clinical course of coronavirus disease 2019 In most
cases (approximately 80%), COVID-19 presents
as a mild-to-moderate self-limited acute respi-
ratory illness with fever, cough, and shortness
of breath, but infection may also progress to in-
terstitial pneumonia, severe acute respiratory
syndrome, kidney failure, and death.?' Clinical
stages of the disease have been well established
and divided into asymptomatic or mild type pre-
senting only with mild upper or genitourinary
symptoms, stable patients with respiratory symp-
toms and radiological confirmation of pneumo-
nia, clinically unstable patients with respiratory
failure defined as impaired gas exchange capacity
(tachypnea, dyspnea, decreased SpO, <90%) and
acute respiratory distress syndrome, which may
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include shock, multiorgan failure, and impaired
consciousness.???* Established risk factors for se-
vere COVID-19 infections and mortality include
older age (>65 years), chronic lung or cardiovas-
cular diseases, diabetes, male sex, as well as can-
cers (including hematological), obesity, and renal
and liver diseases.?

Notably, in severe COVID-19, increased activi-
ty of the inflammatory parameters, including in-
terleukin 1 (IL-1), IL-6, or tumor necrosis factor
o (TNF-o) levels, reflect the cytokine storm and
may be a predictor of disease severity.?> Of these,
IL-6 has become a key laboratory parameter pre-
dicting disease severity in COVID-19. Physiolog-
ically, IL-6 promotes expansion and activation of
T cell populations, B cell differentiation, regulates
acute phase response, and to a certain extent af-
fects the hormone-like properties of vascular dis-
ease, lipid metabolism, insulin resistance, mito-
chondrial activity, neuroendocrine system, and
neuropsychological behavior.?® In SARS-CoV-2
infections, high expression of IL-6 is a result of
a hyperactive humoral response from the cytotox-
ic T lymphocytes and is a marker of respiratory
failure, shock, and multiorgan failure. However,
it is unknown if increases in IL-6 and other acute
phase parameters are associated with the differ-
ences in the virulence of the infecting strains re-
flected by the molecular variability. COVID-19 in-
fections have also been associated with immune
exhaustion of the NK and CD8 T lymphocytes.?’

The coronavirus disease 2019 genome and sequence
variahility As noted above, the virus was first
identified from samples of a seller from a seafood
market in Wuhan with diagnosed severe pneumo-
nia. After confirming that bronchoalveolar lavage
samples contained the coronavirus genetic ma-
terial, the next generation sequencing of the vi-
ral RNA was performed identifying a virus with
96% bat RaTG13 (sampled from Rhinolophus af-
finis) viral sequence homology, 89% nucleotide
identity with bat SARS-like-CoVZXC2, 82% to
87% similarity to human SARS-CoV and 79.6%
to SARS-CoV BJ01.%-2¢ In similarity plots of this
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FIGURE 2 SARS-CoV-2
genome organization
Abbreviations:

E, envelope protein;

N, nucleocapsid protein;
ORF, open reading frame;
S, spike protein
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novel virus, the highest sequence similarity (clos-
est ancestry) with the bat RaTG13 has further
been confirmed with SARS-CoV-2 lineage clear-
ly distinct from the SARS-CoV.*'* Additional-
ly, the S protein notably differs from other coro-
naviruses, with the highest similarity to the bat
RaTG13 mentioned above, indicating separate or-
igin and strongly suggesting zoonotic transmis-
sion of the virus.?? As a result, bat coronaviruses
are frequently used as an outgroup in the phylo-
genetic studies.®3°

The SARS-CoV-2 genome encodes for 8 open
reading frames (ORFs), which is typical of coro-
naviruses. The genome of 29 903 nucleotides con-
tains genes encoding for 3C-like proteinase, RNA-
-dependent RNA polymerase (RdRp), 2’-O-ribose
methyltransferase, S protein, E protein, N phos-
phoprotein, membrane (M) protein, and sever-
al unknown proteins (FiGURE 2).3132 Within OR-
Fla, replicase polyproteins are encoded, as well
as papain-like proteinase (nonstructural pro-
tein 3) involved in the cleavage of the nonstruc-
tural proteins and blockage of the immune re-
sponse and cytokine expression by inhibition of
the interferon-stimulated genes. Furthermore,
this ORF encodes the nonstructural protein 4 in-
volved in the formation of the double membrane
vesicles and the conserved 3CLPro protease in-
volved in RNA replication.®?

The M protein of coronaviruses is known to
induce neutralizing antibody response which is
well recognized by CD8 lymphocytes.** The RdRp
polymerase is directly involved in the transcrip-
tion of the viral RNA because it is coupled with
anonstructural protein 14 exonuclease which has
a proofreading function. Of note, antiviral nucle-
otide analogues including remdesivir or favipi-
ravir inhibit RdRp.*® Over the course of the epi-
demic, RdRp tends to accumulate mutations, di-
verging from the ancestral viral clades. Mutation-
al patters within the frames coding for this en-
zyme differ between regions, which may result
in differences in the viral replication rates and
therefore infectivity. It is possible that RdRp rep-
lication complexes from some European strains
have lesser proofreading activity and therefore are
linked with decreased virulence.*® The N protein
is not only a structural protein but is also crucial
for the viral transcription and assembly, shar-
ing approximately 90% to 93% amino acid se-
quence identity with SARS, which confirms con-
served nature of this protein. It contains 2 RNA
binding domains—one at the N- and the other
at the C-terminus of the protein linked by the ser-
ine/arginine rich domain which improves oligo-
merization and as a whole is positively charged
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to facilitate nucleic acid binding.?” Nucleocapsid
is also highly immunogenic, involved in the de-
regulation of the host cell cycle (arrest), inhi-
bition of interferon production by blockage of
the IRF3 and NFkB activity, up-regulation of the
proinflammatory cyclooxygenase-2 protein.*® Im-
portantly, the N protein is abundantly expressed
during infection.*

Molecular evolution of SARS-CoV-2  Genetic diver-
sity among coronaviruses results from the RdRp-
-generated errors as well as recombination, both
within host and heterologous, which is a well-
-known mechanism involved in the viral evolu-
tion.*” Sequence data collected so far guide phy-
logenetic investigation to inform molecular ep-
idemiology, analyze transmission patterns and
infection hotspots, and investigate the lineages
of COVID-19. Virus variability, leading to the de-
velopment of quasispecies, provides the back-
ground for virus evolution and adaptation to
new hosts. It has been suggested that analyses
of both amino acid and nucleotide sequences may
indicate the nature of transmission and evolu-
tion of the virus.*! A report analyzing 2666 S
proteins from China, including 507 of human
origin, has predicted risk of cross-species trans-
missions based on the amino acid sequence of
the S protein, which highlights the importance
of the molecular models for the prediction of in-
fectivity.?? Additionally, it has been demonstrat-
ed that changes in the methylation patterns in
the S1 and S2 segments of the S protein may
affect the binding forces on the host cells and
therefore disease course.’? Another study sug-
gested the differences in the S protein cleavage
site sequence may be associated with differenc-
es in the tissue tropism of the virus,*® with in
silico analyses predicting changes in the S pro-
tein affinity to the ACE2 receptor associated with
the genetic variability and mutations in this re-
gion.'® From the treatment perspective, molec-
ular variability of the virus has been associated
with mechanisms of chloroquine action, there-
fore, knowledge on the amino acid composition
of SARS-CoV-2, including the S region is high-
ly relevant for the development of vaccines and
novel therapeutic targets.'"*

Data on the phylogenetic networks indicate
that SARS-CoV-2 evolved into at least 58 hap-
lotypes and 2 clades (ancestral, closely related
to bat RaTgl3 coronavirus clade [ with 19 haplo-
types and clade II with 39 haplotypes). It is possi-
ble that distinct haplotypes acquired adaptive mu-
tations allowing for higher infectivity rate.® Anal-
ysis of the phylogenetic networks showed that



differences in the mutation patterns at various
genomic positions (such as T8782C and C28144T)
allowed to clearly distinguish viral clades originat-
ing from East Asia with mostly local spread from
the non-Asia transmitted variants.?°

Phylogenetic analyses using next-generation
sequence data have been used to track the clus-
tering of COVID-19 infections and identify index
cases in introduction to the specific spot.***¢ For
this purpose, metagenomic sequencing technolo-
gies optimized for the identification of the viral
pathogens from upper respiratory samples have
been implemented, with novel clusters and pos-
sibility of the intra-host evolution of the virus be-
ing identified.*’*® It was noted, based on the sub-
stitutions in the ORF3a region, that mutations in
the COVID-19 genome form phylogenetic cluster
with a common origin and new clades (clade V)
based on the G251V substitution in this reading
frame have been defined.*®

Beside clade V, Guan et al*® in their recent re-
port defined 4 other major clades of SARS-CoV-2.
Similarly to clade V (ORF3a; codon position,
G251V), these 4 clades were named I, D, G, and
S due to missense mutations in: ORFab (positions
V378I and G392D), S protein (position D614G),
and ORF8 (position L84S), respectively. In addi-
tion, the authors identified 9 minor clades which
were named either after the amino acid muta-
tion: H (ORFab, Q676H), H2 (M, D209H), L2
(N, S194L), S2 (N, P3445), Y (S, H49Y), I2 (OR-
Flab, T6136I), and K (Orflab, T2016K) or after
the following nucleotide substitutions: G11410A
or C17373A in ORFab. The major 5 clades repre-
senting 85.7% of 2058 analyzed sequences (mi-
nor clades represent 3.2% of all sequences) were
classified using only 10 single nucleotide poly-
morphisms (SNPs) in the viral genome. Using
the same SNP-based approach Guan et al*® were
also able to successfully classify 95.6% of 4000
additional viral genomes deposited in GISAID
between March 31 and April 15. Guan et al*® re-
ported that clade G represents 46.2% of all vi-
ral sequences, followed by S (25.4%), V (9.4%), I
(2.6%), and D (2.1%). The remaining 14.3% were
not assigned to a major clade. Clade G has been
found to be widely distributed in Africa, Europe,
West Asia, and South America, whereas clade S
represented 63% of North American sampled ge-
nomes, and nearly a quarter of those from Ocea-
nia. Clade I has been identified in approximate-
ly one-third of genomes derived from South and
West Asia, and Oceania, while Southeast Asia and
South Asia have had the greatest number of un-
assigned genomes (56.9%). In addition, increas-
ing prevalence of 1 or 2 clades in each geograph-
ic region was found. For example, the Asian and
Oceanian genomes were largely clade I, where-
as clade S predominated in the cases from North
America, and European genomes were predom-
inantly classified as clade G.*° Korber et al®? re-
ported that the earliest D614G mutation of SARS-
-CoV-2 in Europe was identified in Germany
(EPI_ISL_406862, sampled January 28, 2020).
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The D614G mutation began to spread rapidly first
in Europe, and then in other parts of the world,
and has become the dominant pandemic variant
in many countries. The authors concluded that
the alarming rate of the D614G frequency increase
indicates a relative fitness advantage to the origi-
nal Wuhan strain that enables more rapid spread.
Recently, Zhang et al’' have observed that retro-
viruses pseudotyped with G614 S variant infect-
ed ACE2-expressing cells more efficiently than
those with D614 ones. This greater infectivity
was correlated with less S1 shedding and greater
incorporation of the S protein into the pseudovi-
rion. Of note, G614 S variant did not bind ACE2
more efficiently than D614 S, and the pseudovi-
ruses containing these S proteins were neutral-
ized with comparable efficiencies by convalescent
plasma. These results show the D614 S variant is
less stable than G614 ones, which is consistent
with epidemiological data suggesting that virus-
es with latter variant transmit more efficiently.
Furthermore, apart from the clades described
above, Van Dorp et al®? revealed 198 recurrent
mutations (about 80% representing nonsynon-
ymous changes) in SARS-CoV-2 by analysis of
a set of 7666 complete viral genome sequences
acquired from the GISAID. The authors focused
on the mutations which have emerged indepen-
dently multiple times (homoplasies) and found
that 3 sites in ORFlab in the regions encoding
Nsp6, Nspll, or Nspl3 (nucleotide positions,
G11083T, T13402G, or C16887T, respectively)
and one in the S protein (nucleotide position,
C21575T) accumulated particularly large number
of recurrent mutations (>15 events). On the oth-
er hand, in a set of 2058 SARS-CoV-2 sequences
Guan et al*? identified 1221 SNPs with 753 mis-
sense, 452 silent, 12 nonsense, and 4 intergen-
ic substitutions. The authors also observed that
the genes S, N, and ORF3a accumulated marked-
ly more mutations than expected solely by ran-
dom drift. For example, the D614G mutation
(clade G-defining mutation) is located in subdo-
main 1, and the substitution of aspartic acid by
glycine would entail losing these stabilizing elec-
trostatic interactions and increase the dynamics
in this region.* It is noteworthy that the D614G
mutation was also the most common SNP detect-
ed by van Dorp et al®? in a set of SARS-CoV-2 ge-
nomes from GISAID included in their homopla-
sy analysis. Guan et al*’ suggested that the non-
synonymous mutations in the N protein, which
play a key role in viral assembly, might also have
functional implications. The hotspot mutations in
the S202N, R203K, and G204R positions all clus-
ter in a linker region where they might potential-
ly enhance RNA binding and alter the response to
serine phosphorylation events.*® In addition, both
R203K and G204R variants were detected in more
than one-fifth of sequences analyzed by van Dorp
et al.’? In contrast, Guan et al*® also indicated that
several nonstructural proteins showed a lower-
-than-expected mutation rate. They also suggest-
ed that, similarly to the other Betacoronavirus
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analogues, might be involved in evading host im-
mune defenses, enhancing viral expression and
cleavage of the replicase polyprotein.

Conclusion In the review of the molecular evolu-
tion of the virus described above, we briefly sum-
marized evolutionary history of the SARS-CoV-2.
Research on genetic variability and mutation char-
acteristics of SARS-CoV-2 is crucial to under-
stand the transmission patterns and course of
the viral disease spread among people. Further
genetic evolution of the virus is certain—pos-
sible changes in the affinity to human receptors
such as ACE2,"? escape from immunologic pres-
sure, or other genetic changes may be observed in
the future. For RNA viruses, high mutation rate
is expected and adaptations in the SARS-CoV-2
sequence may result in an increased efficacy of
transmissions and boost in virulence.*® It is also
possible that COVID-19 will become less virulent
through human-to-human transmissions because
genetic bottlenecks for RNA viruses often occur
during respiratory droplet transmission.

Additionally, it was suggested that in vivo Be-
tacoronaviruses may evolve into complex and dy-
namic distributions of closely related variants.
Analyses of sequence variability support the pres-
ence of viral quasispecies in the longitudinal clin-
ical samples.*®

In the opinion of the authors it is more likely
that the propagating viral species will tend to be-
come less virulent which allows for a prolonged
infectious period and higher number of expo-
sures. Additionally, it has been hypothesized that
observed differences in the population frequen-
cy and dynamics between the regions may arise
from the previous immunization with the bacille
Calmette-Guérin vaccine; however, the mecha-
nism for such protection remains unclear.’* Also,
it should be considered that in North Europe,
infections with non-SARS-CoV-2 coronavirus-
es are common and cross-immunity, and there-
fore selective pressure from the host to the viral
species, may be an additional attenuating fac-
tor for COVID-19, as suggested by several recent
studies on the T-cell reactivity to SARS-CoV-2
proteins, especially the S protein.®>%¢ Of note,
these hypotheses require further confirmation
by high-quality scientific studies, as the nature
of the host cross-reactive or vaccine-derived se-
lective pressure on the viral genetic structure re-
mains unknown.

To sum up, sequences generated so far may be
used to model the amino acid and protein compo-
sition and potentially inform the development of
the therapeutic targets, link sequence variability
to differences in inflammation and disease sever-
ity as well as predict the virulence of COVID-19.
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