
Vol.:(0123456789)1 3

Archives of Virology (2022) 167:327–344 
https://doi.org/10.1007/s00705-022-05365-2

REVIEW

The ins and outs of SARS‑CoV‑2 variants of concern (VOCs)

Mostafa Salehi‑Vaziri1,2,3 · Mehdi Fazlalipour1 · Seyed Mahmood Seyed Khorrami4 · Kayhan Azadmanesh3,5 · 
Mohammad Hassan Pouriayevali1,2 · Tahmineh Jalali1,2 · Zabihollah Shoja5 · Ali Maleki1,5 

Received: 4 August 2021 / Accepted: 16 November 2021 / Published online: 28 January 2022 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2022

Abstract
SARS-CoV-2, a newly emerging coronavirus that caused the COVID-19 epidemic, has been spreading quickly throughout 
the world. Despite immunization and some fairly effective therapeutic regimens, SARS-CoV-2 has been ravaging patients, 
health workers, and the economy. SARS-CoV-2 mutates and evolves to adapt to its host as a result of extreme selection 
pressure. As a consequence, new SARS-CoV-2 variants have emerged, some of which are classified as variants of concern 
(VOC) because they exhibit greater transmissibility, cause more-severe disease, are better able to escape immunity, or cause 
higher mortality than the original Wuhan strain. Here, we introduce these VOCs and review their characteristics, such as 
transmissibility, immune escape, mortality risk, and diagnostics.

Introduction

A cluster of etiologically unknown pneumonia was reported 
to the World Health Organization (WHO) by China's health 
authority on 31 December 2019. On January 7, a novel coro-
navirus later named "severe acute respiratory syndrome cor-
onavirus 2" (SARS-CoV-2) was implicated as the etiological 
agent of the outbreak, and the disease was named "coronavi-
rus disease 2019" (COVID-19) [1–3]. The outbreak became 
a pandemic in a short time, and as of 27 July, 2021, there 
have been nearly 194 million confirmed cases of COVID-19 
and over 4 ??million?? deaths reported to WHO [1].

SARS-CoV-2 is an enveloped, spherical RNA virus 
that belongs to the genus Betacoronavirus of the family 

Coronaviridae, order Nidovirales [2]. The SARS-CoV-2 
genome is a 29.9-kb positive-sense single-stranded RNA 
molecule containing 14 ORFs, which encode four struc-
tural and 16 nonstructural proteins (nsp 1–16). The struc-
tural proteins include the spike (S) protein, envelope (E) 
protein, membrane (M) protein, and nucleoprotein (N). The 
nonstructural proteins are involved in viral RNA replication 
and gene expression, assembling an RNA synthesis complex 
in which nsp12 functions as an RNA-dependent RNA poly-
merase [3]. Unlike other RNA viruses, coronaviruses have 
RNA proofreading machinery to correct genetic mutations 
due to the 3′-5′ exonuclease activity of nsp14 [4]. Never-
theless, it has been estimated that SARS-CoV-2 undergoes 
3×10–6 mutations per nucleotide per replication cycle [5].

SARS-CoV-2-infected individuals may experience a 
range of clinical manifestations, including asymptomatic 
infection (testing positive for SARS-CoV-2 in virological 
assays without COVID-19 symptoms), mild illness (fever, 
cough, sore throat, malaise, headache, myalgia, nausea/
vomiting, diarrhea, anosmia, and ageusia without dyspnea 
or abnormality in chest imaging), moderate illness (lower 
respiratory disease with oxygen saturation (SpO2) ≥94%), 
severe illness (SpO2 less than 94%, respiratory frequency up 
to 30 breaths/min, or lung infiltrates over 50%), and critical 
illness (respiratory dysfunction, septic shock, with or with-
out multiple organ failure) [6].

In addition to humans, several animal species, including 
cats, dogs, and mink, can become infected naturally with 
SARS-CoV-2. Although SARS-CoV-2 can be transmitted 
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from humans to animals and from animals to animals, the 
risk of animal-to-human transmission is estimated to be low. 
Nevertheless, there is a probability of mink-to-human spread 
on mink farms, as has been reported in several countries, 
including the Netherlands, Denmark, Poland, and the USA 
[7].

Both innate immunity and both functional arms of the 
adaptive immune response are involved in defense against 
COVID-19. The main focus in the study of immunity against 
SARS-CoV-2 has been on neutralizing antibodies, but cel-
lular immunity also plays a critical role in defense against 
SARS-CoV-2 infection [8]. Although escape from cellular 
immunity in SARS-CoV-2 infection also occurs, the main 
focus of the current literature has been on humoral immune 
escape and resistance to neutralization by antibodies, par-
ticularly in the vaccinated population. Therefore, we also 
focus on this area in following section related to the immune 
response resistance.

Changes in nucleic acid sequence are referred to as 
"mutations", and viruses that harbor different sets of muta-
tions in their genome are called "variants". From a public-
health perspective and based on WHO classification, there 
are two important types of SARS-CoV-2 variants: variants 
of concern (VOCs) and variants of interest (VOIs). SARS-
CoV-2 variants with altered phenotypic properties, including 
increased transmissibility or virulence or the ability to evade 
an immune response induced by natural infection or vacci-
nation or to escape neutralization by monoclonal antibodies 
are designated as VOCs. Variants that have been detected in 
several countries and have mutations with phenotypic impli-
cations are called VOIs.

Variants of concern (VOCs)

SARS-CoV-2, like other RNA viruses, undergoes genome 
modifications as a result of virus replication. Although the 
viral RNA-dependent RNA polymerase (RdRP) complex has 
proofreading ability that makes nucleotide substitutions less 
likely than in other RNA viruses, it should be noted that the 
proofreading mechanism does not prevent deletions in the 
viral genome. Furthermore, although coronaviruses have a 
proofreading apparatus, their genomes are still susceptible to 
recombination and other copy-choice transcriptional errors 
[9]. These characteristics, together with the high prevalence 
of the virus in the human population across broad geographi-
cal regions, have led to the emergence of new virus variants 
that differ from the original virus circulating in China since 
December 2019 in terms of transmission, pathogenicity, 
diagnostics, and vaccine effectiveness. With coronaviruses, 
variants are common; however, a variant becomes a VOC 
when its variations have clinical or public-health conse-
quences [10].

In addition to VOCs, the CDC has introduced a differ-
ent classification for the new variants, which includes three 
groups: VOIs, VOCs, and Variants of High Consequence 
(VOHCs) [11]. Based on the CDC’s classification, a variant 
will be declared a VOC when it has some properties such as 
widespread interference with diagnostic test targets, reduced 
susceptibility to one or more therapeutic classes, decreased 
neutralization by antibodies elicited during previous infec-
tion or vaccination, reduced vaccine-induced protection 
from severe disease, or increased transmissibility and dis-
ease severity [11].

The three global VOCs are B.1.1.7 (Alpha), B.1.351 
(Beta), and P.1 (Gamma), which originally emerged in the 
United Kingdom, South Africa, and Brazil, respectively 
[12–14]. B.1.617.2 (Delta), a variant of interest first detected 
in India last year has recently been declared a variant of 
global concern by WHO, with preliminary research find-
ing that it spreads more rapidly than previous variants. This 
fourth variant was classified as a global threat on May 10, 
2021 (Supplementary Table S1) [15].

Other variants of interest, such as B.1.427/B.1.429 in 
the United States, have become prevalent and predominant 
in particular regions and countries and are anticipated to 
become VOCs in the future [16]. The US CDC has classified 
the variants B.1.427 and B.1.429 as VOCs, although WHO 
has not yet classified them as such so far.

B.1.1.7 variant (Alpha)

In mid-September 2020, the first case was found in London 
and Kent, United Kingdom, and in December 2020, 1108 
cases of infection with this variant had been identified in the 
UK. As of March 16, 2021, the Alpha variant had become 
dominant in 21 countries: the United Kingdom, Ireland, Bul-
garia, Slovakia, Israel, Luxembourg, Portugal, Denmark, the 
Netherlands, Norway, Italy, Belgium, France, Austria, Swit-
zerland, Liechtenstein, Germany, Sweden, Spain, Malta, and 
Poland. In the United States, the Alpha variant first appeared 
in November 2020, and the number of cases grew from 76 
cases in 12 states on January 13 to 7501 cases in all 50 states 
by March 23 [17].

On Jan 22, 2021, the UK Government’s New and 
Emerging Respiratory Virus Threats Advisory Group 
(NERVTAG) published that patients infected with the 
Alpha variant showed no significant difference in their 
risk of hospitalization or death (risk ratio [RR] 1.00 [95% 
CI 0·58–1.73]). However, the next cohort study with addi-
tional data showed an RR of 1.65 (1.21–2.25). Addition-
ally, the London School of Hygiene & Tropical Medicine 
and Imperial College London reported a relative hazard of 
death of 1.35 (95% CI 1.08–1.68) and a case fatality rate of 
1.35 (1.18–1.56) [18]. This strain has a significantly higher 
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rate of transmission (R0) and may be higher among chil-
dren, while older people appear to be less affected [19].

Graham and colleagues found that individuals infected 
with the Alpha variant had more variation in their symp-
toms than previous COVID-19 patients and that loss of 
taste and smell was less common among patients with the 
Alpha variant, whereas cough, sore throat, myalgia, and 
fatigue were more frequent [20, 21].

Examination of S gene mutations showed that the muta-
tion N501Y in the receptor-binding domain (RBD) alters 
the affinity of virus binding to ACE2, that the Δ69-70 
deletion in the spike contributes to evasion of the immune 
response, and that P681H affects the furin cleavage site, 
altering the susceptibility of the spike to furin cleavage 
and the infectivity of the virus [22]. Mutations such as 
N501Y in the receptor-binding domain of the spike protein 
possibly affect transmissibility, pathogenicity, and vaccine 
efficacy [22]. A large number of non-synonymous substitu-
tions have been reported for this variant.

A deletion at positions 69 and 70 of the spike pro-
tein (Δ69–70), which is associated with diagnostic real-
time PCR failure (S gene target failure: SGTF), has been 
reported to be a marker for the Alpha variant, which was 

given the name VOC 202012/01 by Public Health England 
(PHE) [23, 24].

On 2 February 2021, Public Health England had detected 
a number of Alpha VOC-202012/01 genomes with the 
E484K mutation, which was called Variant of Concern 
202102/02 (VOC-202102/02) [25].

N501Y, a change from asparagine (N) to tyrosine (Y) in 
the RBD, can increase ACE2 binding affinity and lead to 
the virus becoming more infectious [26]. Position 501 is 
in the interior of the spike protein and affects the efficacy 
of neutralization of virus, but there are currently no neu-
tralization data on N501Y available using polyclonal sera 
from natural infections. The 69–70 deletion has eluded the 
immune response in some immunocompromised patients 
and is associated with other changes in the RBD.

Other mutations, including T1001I, A1708D, I2230T, 
and del3675–3677SGF in the ORF1ab gene, del69–70HV, 
del144Y, N501Y, A570D, D614G, P681H, T761I, S982A, 
and D1118H in the S gene, Q27stop, R52I, and Y73C 
in ORF8, and D3L and S235F in the N gene have been 
reported, but their effect is not known (Fig. 1, Tables 1, 2) 
[27].

The ChAdOx1 nCoV-19 vaccine (developed by the Uni-
versity of Oxford and AstraZeneca) showed approximately 

Fig. 1   Schematic view of mutations in four VOCs. The start and end positions of the mutated genes are indicated.
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75% efficacy against the Alpha variant, compared with 
84% against other lineages [20].

The ORF8 protein is an immunoglobulin-like protein 
that modulates pathogenesis, mediates degradation of 
major histocompatibility complex I (MHC-I), and sup-
presses the type I interferon (IFN)-mediated antiviral 
response. Genetic sequencing of VOC-202012/01 has 
shown the presence of a Q27stop mutation that inactivates 
the ORF8 protein, and this mutation is associated with 
symptoms and disease outcome [28, 29].

B.1.351 variant (Beta)

In early October 2020, the Beta variant emerged in Nelson 
Mandela Bay (a metropolitan area of the Eastern Cape 
province of South Africa). The new variant, named 501Y.
V2, is also known as the B.1.351 lineage, or 20H/501Y.
V2 Next strain clade. By December 2020, it had spread to 
Botswana, France, Scotland, South Korea, Sweden, Swit-
zerland, and the UK [30].

Table 1   Full list of nomenclature, origin, and mutations in the spike gene of VOCs/VOIs

The symbols * and del indicate a stop mutation and a deletion, respectively [127, 128]
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The Beta variant is 50% more transmissible than the 
variants that were circulating previously in South Africa, 
and this resulted in a change in disease severity. Beta vari-
ant mutations did not impact the sensitivity of a real-time 
reverse transcription polymerase chain reaction (RT-PCR) 
assay targeting the RdRp, Nsp2, E, and N genes [31].

The potential for reinfection with the Beta variant is 
relatively high because mutations in the Beta variant allow 
escape from neutralizing antibodies in COVID-19 conva-
lescent plasma [32].

The Beta variant contains nine spike mutations: L18F, 
D80A, D614G, 242–244del, and R246I in the ??N-terminal 
domain?? (NTD), K417N, E484K, and N501Y in the RBD, 
and A701V near the S2 subunit furin cleavage site (Fig. 1, 
Table 2) [33].

Three of the mutations in the spike region, K417N, 
E484K, and N501Y, are more important than the other five. 
All three are in the RBD and help the virus to attach more 
easily to human cells and increase the binding affinity for 
the ACE2 receptor [34].

P.1 variant (Gamma)

Lineage P.1, also known as 20J/501Y.V3, Variant of Con-
cern 202101/02 (VOC-202101/02), or the Brazilian variant, 
was first detected on 6 January 2021 by the National Institute 
of Infectious Diseases (NIID), Japan, in people who had 
arrived in Tokyo having visited Amazonas, Brazil. It caused 
widespread infection in the city of Manaus [35]. The Gamma 
variant caused higher viral loads and showed 1.4–2.2 times 
higher transmissibility than earlier strains, especially in 
young patients (no gender differential) [36].

The Brazil–United Kingdom CADDE Centre on 12 Janu-
ary 2021 confirmed the presence of the Gamma variant in 
Manaus, Amazonas State [35]. Two distinct sub-variants 
of the Gamma variant, 28-AM-1 and 28-AM-2, carry the 
K417T, E484K, N501Y mutations, and both originated in 
Brazil [37].

The Gamma variant contains 10 mutations in the spike 
(L18F, T20N, P26S, D138Y, R190S, K417T, E484K, 
N501Y, H655Y, and T1027I) in addition to D614G. K417T, 
E484K, and N501Y are in the RBD; L18F, T20N, P26S, 
D138Y, and R190S are in the NTD; and H655Y is near the 
furin cleavage site (Fig. 1, Table 2) [38, 39]. The K417T and 
N501Y mutations are present in both the Alpha and Beta 
variants and help the virus to attach tightly to human cells. 
E484K can help the virus evade antibodies. A deletion in 
the orf1b protein (del11288-11296 [3675-3677 SGF]) has 
been reported [37].

The Gamma variant is different from the other Brazilian 
lineage P.2 ('B.1.1.28.2' or 'VUI-202101/01'). P.2 only has 
the E484K mutation in the RBD but neither the N501Y nor 
the K417T mutation [40].

The novel P.2 lineage was first detected by genome 
sequencing in October 2020, and during October and 
November 2020, the E484K mutation was found in all P.2 
samples [41]. The P.2-specific mutations are E484K in the 
S gene, A119S in the N gene, 5’UTR C100U, and L3468V 
and synC11824U in the ORF1ab gene. Other mutations 
include 3’UTR C29754U, F120F (synC28253U) in ORF8, 
M234I in the N gene, and L3930F and synA12964G in 
ORF1ab [14, 42].

B.1.617.2 variant (Delta)

On May 10, 2021, WHO declared the B.1.617 lineage, 
originally identified in India, the fourth global VOC. This 
lineage has three sublineages: B.1.617.1, B.1.617.2, and 
B.1.617.3. There are two signature mutations for the Delta 
variant in the spike protein, at position 452 in the RBD 
region and position 681 in the furin cleavage site between 
S1 and S2, together with the primary D614G mutation. 
The Delta variant is an exception in the B.1.617 lineage 
and does not have a substitution at residue 484 (Fig. 1, 
Table 2) [43, 44]. On June 1, 2021, WHO reported that 
only the B.1.617.2 sublineage, which was designated the 
Delta variant, remained a VOC, and sublineage B.1.617.1 
was designated the Kappa variant and was classified as a 
VOI. B.1.617.3 was neither labeled nor reclassified [45].

In comparison to the first wave, other reports indicate 
that case numbers grew more quickly during the most 
recent surge when Alpha and Delta variants were circu-
lating (February 11, 2021). Preliminary data and estimates 
revealed very high test positivity rates (TPRs) and rising 
case fatality rates (CFRs) in the second surge of COVID-
19, with Alpha and Delta variants circulating in India [46]. 
The Delta variant affects serological neutralization and 
transmissibility, as explained below.

There is a Delta plus variant, which has an additional 
K417N mutation that allows the virus to better attack lung 
cells and potentially escape vaccine protection. The Delta 
plus variant is rapidly spreading in India, the UK, and 
other countries [47].

Features of VOCs

The emergence of a VOC indicates that increased spread 
or pathogenicity of the virus and increased mortality due 
to COVID-19 must be seriously considered. Mutations 
accumulate in the viral genome as a result of free circula-
tion of SARS-CoV-2 in communities, which could influ-
ence viral transmission, mortality, detection, and immune 
escape [48].
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Transmissibility

The accumulation of silent mutations in the SARS-CoV-2 
genome provided a selective advantage in which the Alpha 
variant rapidly replaced common non-VOCs during autumn 
2020 in the UK. Remarkably, as of 27 July 2021, this vari-
ant has been reported in 182 countries (Fig. 2) [1, 48–50].

Before the spread of the Delta variant in the UK, SGTF 
data showed that the Alpha variant, due to increased viral 
loads, had higher transmissibility than non-VOC lineages in 
all regions of England and that it was the dominant strain 
[48, 51].

Using multiple models, the Alpha variant in the UK was 
found to have a higher reproduction number, R, than other 
strains. Similar increases were reported in Switzerland, 
Denmark, and the United States [48, 52]. The transmissi-
bility of the Alpha variant has been estimated in various 
modeling studies. Rates of 68%, 75%, 56%, 40%, and 36% 
were reported by Vöhringer et al., Leung et al., Davies et al., 
Tuite et al., and a study from Denmark, respectively [49, 
53, 54]. Davies et al. suggested a relationship between the 
Alpha variant and more-severe illness compared to previous 
circulating SARS-CoV-2 variants [54]. After adjustment for 
confounding factors, Frampton and colleagues found that 
patients with Alpha and non-Alpha infections showed similar 

disease severity and clinical outcomes [51]. Some research-
ers have suggested that the increased transmissibility of the 
variant is related to increased stability in the environment. 
However, Schuit and colleagues reported that the stability of 
the Alpha variant in aerosols is similar to that of the earlier 
isolates, and therefore, the increased transmissibility of the 
Alpha variant is not associated with increased virus survival 
in the environment [55]. Spike mutations, including N501Y, 
P681H, and 69–70del, are key factors in the increased trans-
missibility of the B.1.1.7 variant. N501Y, which also is pre-
sent in the Beta and Gamma variants, increases the affinity 
of the RBD for ACE2. Experimental studies have shown 
that N501Y increases the rate of virus replication in both 
cell culture (human upper airway cells) and animal models 
(the upper respiratory tracts of hamsters) [56]. The P681H 
mutation, which is close to the S1/S2 furin cleavage site, 
increases transmissibility by increasing the efficiency of S1/
S2 cleavage in human airway epithelial cells [57, 58].

The rapid transmission observed with the Gamma variant 
results in a higher estimated R value for this lineage than 
for other common circulating lineages (non-VOCs), and this 
is associated with higher viral loads [59]. In a comparison 
of Gamma variant infections with non-Gamma infections, 
Naveca et al. showed that Gamma variant infections were 
significantly associated with lower Ct values, ~ 10-fold 

Fig. 2   The global prevalence of the VOCs Alpha, Beta, Gamma, and Delta. The colors indicate % of prevalence as shown below the figure
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higher viral loads, and equal levels of infectivity for individ-
uals >18 years old [60]. Phylodynamic modeling revealed 
that the Gamma variant could be 2.2-2.5 times more trans-
missible than the circulating parental lineage, with a prob-
ability of reinfection of 6.4% (CI 5.7–7.1%) and a 25-61% 
higher probability of evading protective immunity. By 27 
July 2021, this variant had been reported in 81 countries 
(Fig. 2) [1, 50, 59, 61, 62].

Preliminary results suggest that the Beta variant, with 
several mutations in the RBD site of the S gene (includ-
ing E484K and N501Y), is probably 50% more transmis-
sible and capable of immune escape than a co-circulating 
virus in South Africa. As of 27 July 2021, 131 countries 
have reported detection of this variant (Fig. 2) [1, 49–51]. 
Increased transmissibility and immune escape give the 
501Y.V2 variant a selective advantage to outcompete other 
circulating SARS-CoV-2 variants by both rapid expansion 
and possible reinfection. Substitutions in the RBD of the 
spike protein (E484K, K417N, and N501Y) in the 501Y.
V2 variant are associated with enhanced binding affinity to 
human ACE2, which may increase viral transmissibility. As 
a result of the selective advantage of 501Y.V2, the other cir-
culating lineages in South Africa are rapidly being replaced 
by this variant [30]. In addition to N501Y, the Gamma and 
Beta variants have mutations that enhance transmissibility, 
such as E484K. Similar to N501Y, E484K increases binding 
affinity to the ACE-2 receptor [63].

The Delta variant quickly became the dominant strain 
of SARS-CoV-2 in India during the first half of 2021. As 
of 27 July, 2021, the Delta variant has been reported in 132 
countries (Fig. 2) [1]. The spike protein of the Delta variant 
contains three key mutations: L452R, E484Q, and P681R. 
These mutations can result in resistance to neutralizing 
monoclonal antibodies, favor antibody escape, and increase 
transmissibility by increasing the viral load, respectively 
[64]. It has been estimated recently that the Delta variant is 
41% more transmissible than the Alpha variant. In a previous 
report, this value was overestimated (60% and 50%) [65]. In 
addition, the Delta variant carries a higher risk of hospitali-
zation than the Alpha variant.

According to the COVID-19 Weekly Epidemiological 
Update, the reproduction number relative to non-VOCs was 
estimated to be 43–93% (95% CI 38–130%), 36% (95% CI 
32–40%), and 11% (95% CI 7–16%) for the Alpha vari-
ant [66]. The Scientific Advisory Group for Emergencies 
(SAGE) estimated the R value to be 40–80% higher for the 
Delta variant than for the Alpha variant, using multiple mod-
eling [65].

The B.1.427 and B.1.429 (West Coast) variants were 
first reported in the US state of California, with a similar 
20% increased transmissibility compared to circulating non-
B.1.427/B.1.429 lineages. The increased transmissibility 
may be due to a twofold higher viral load, detected in both 

infected patients and in in vitro experiments. There are no 
data about the transmissibility of the B.1.525 (UK and Nige-
ria) and B.1.1.207 (Nigeria) variants [30, 67, 68].

Pereira reported that SARS-CoV-2 variants combining 
spike mutations with a lack of ORF8 may be associated 
with a prolonged infection period, increased virus trans-
missibility, and less-severe disease [28]. There have been 
several studies suggesting that the ORF8 protein is involved 
in immune evasion. There have also been several studies 
showing that the E484K mutation may be linked to resist-
ance to neutralization by antibodies [30].

The spike protein of B.1.617 contains L452R and E484Q 
mutations in the RBD region and a P681R mutation in the 
polybasic cleavage site [69, 70], which may accelerate the 
spread of the B.1.617 lineage worldwide. The mutation in 
the furin cleavage site (P681R) can enhance transmissibil-
ity due to an increased rate of membrane fusion and viral 
entry [43].

Based on epidemiological and modeling data, the Delta 
variant seems to have a transmission advantage over previ-
ously circulating variants [69, 71].

Immune escape

As the infection spreads and the number of immune people 
grows, the virus gains the ability to evade naturally induced 
immunity, having a chance to reinfect people [72]. Monitor-
ing of escape mutations should be considered a public health 
priority. At first, sequencing can be used, but once a variant 
is recognized as being "of concern", a PCR-based assay or 
other screening method should be immediately designed, 
validated, and made accessible globally for efficient real-
time monitoring of the variant's distribution [72].

Past serological studies have shown that a typical indi-
vidual is infected once every 2-4 years with one of the four 
common cold coronaviruses – HCoV-NL63, HCoV-229E, 
HCoV-OC43, or HCoV-HKU1. This indicates that while 
reinfection occurs at a low rate, immunity against common 
cold coronaviruses is not highly durable [73, 74].

Deletions in the SARS-CoV-2 spike protein frequently 
occur in so-called recurrent deletion regions (RDRs), which 
affect epitopes for antibodies. Ninety percent of RDRs are 
in one of four discrete sites within the NTD, numbered 1 
to 4 from the 5' to the 3' end of the S gene. Some SARS-
CoV-2 variants are RDR variants, including mink cluster 5 
Δ69–70, Alpha variant Δ69–70, Δ144/145, and Beta variant 
Δ242–244. These RDRs confer resistance to neutralizing 
antibodies [75].

Regarding the D614G variant, in contrast to previous 
studies with convalescent sera that showed slightly increased 
neutralization of the D614G variant versus wild-type fol-
lowing natural infection [76], Garcia-Beltran et al. dem-
onstrated that, in individuals who were administered two 
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doses of either BNT162b2 or mRNA-1273 vaccines, D614G 
pseudovirus neutralization was comparable to that of the WT 
form, with a 1.2-fold decrease for both two-dose vaccines 
[77]. This discrepancy might be due to the fact that most 
of the convalescent patients in previous studies were prob-
ably infected with the globally dominant D614G variant at 
that time, while the vaccines contain the wild-type spike 
sequence. A 1.4- to 2-fold mean reduction in neutralization 
titer for the B.1.429 variant was also observed in individu-
als who received two full doses of either a BNT162b2 or an 
mRNA-1273 vaccine [77].

A recent study revealed that the Alpha variant remains 
sensitive to neutralization, albeit at moderately reduced lev-
els (~twofold), by serum samples from convalescent indi-
viduals and recipients of an mRNA-1273 vaccine (Moderna) 
and a protein nanoparticle NVXCoV2373 vaccine (Novavax) 
[78]. These results are in line with others indicating the com-
parable neutralization capacity of serum panels obtained 
from convalescent patients and vaccinated individuals 
against the Alpha variant [77, 79, 80]. Taken together, these 
recent data revealed that pre-existing immunity against the 
wild-type spike protein of SARS-CoV-2, either through nat-
ural infection or vaccination, provides adequate protection 
against the Alpha, B.1.429, and B.1.1.298 variants.

Hoffmann et al. showed that soluble ACE2 (sACE2), 
membrane fusion inhibitors, and TMPRSS2 inhibitors are 
effective against SARS-CoV-2 and its important variants 
of concern, particularly the Alpha, Beta, and Gamma vari-
ants [81]. However, in the case of antibody therapy, broad 
cross-neutralization was not always observed. While all of 
the antibodies evaluated, including casirivimab, imdevimab, 
and bamlanivimab, inhibited entry and blocked wild-type 
SARS-CoV-2 infection, only imdevimab showed the same 
level of inhibition of cell entry driven by the S proteins of 
the Beta and Gamma variants. In fact, the Beta and Gamma 
variants showed partial and complete resistance to casiriv-
imab and bamlanivimab, respectively. However, a cocktail 
of monoclonal antibodies called REGN-COV-2, consisting 
of casirivimab and imdevimab, efficiently blocked all of the 
variants tested [81]. On the other hand, sera from convales-
cent patients and individuals who received a BNT162b2 vac-
cine showed full protection against wild-type SARS-CoV-2 
and slightly less protection against the Alpha variant. Thus, 
the BNT162b2 vaccine may provide less-reliable protection 
against infection by the Beta and Gamma variants [81].

Interestingly, Edara et al. reported that despite a few-fold 
reduction, most infected individuals still had binding and 
neutralizing antibodies against the Beta variant 8 months 
after infection. Furthermore, all Moderna mRNA-1273-vac-
cinated individuals produced neutralizing antibodies against 
the Beta variant [82]. In contrast, 36.7% and 42.9% of indi-
viduals who received two doses of BNT162b2 and mRNA-
1273, respectively, had no detectable neutralization against 

the Beta variant. A lack of neutralization of the Beta variant 
was more likely when only one dose of the mRNA vac-
cine had been administered [77]. Therefore, a single dose 
of the current mRNA vaccines might be insufficient to elicit 
a cross-neutralizing antibody response in previously unin-
fected individuals.

In another study, in comparison to the Victoria isolate, a 
Wuhan-related isolate, neutralization titers against the Beta 
variant were 13.3-fold lower in early convalescent samples. 
However, when sera from patients infected with the Alpha 
variant were tested, there was a 3.1-fold difference in neu-
tralization titer between the Victoria isolate and the Beta 
variant [83]. The neutralization titers of sera from individu-
als vaccinated with either the Pfizer-BioNTech BNT162b2 
or the AstraZeneca/Oxford AZD1222 vaccine were also 
tested, and the results showed a 7.6- and 9-fold lower geo-
metric mean titer, respectively, for the Beta variant than for 
the Victoria isolate, [83]. Two of two monoclonal antibody 
(MAbs) cocktails, one containing MAbs REGN10933 and 
REGN10987, and one containing MAbs AZD1061 and 
AZD8895, from Regeneron and AstraZeneca, respectively, 
were tested against the Beta variant, and it was found that 
the mutations in the Beta variant had no impact on neu-
tralization by REGN10987, but they negatively impacted 
neutralization by REGN10933 (773-fold). In contrast, no 
difference was observed with AZD1061 and AZD8895 [83]. 
The AZD7442 cocktail, which targets the RBD region, is a 
combination of two long-acting antibodies (LAABs) gener-
ated from B cells from convalescent patients: tixagevimab 
(AZD8895) and cilgavimab (AZD1061) [84]. Consistent 
with these data, several other studies have shown a reduction 
in cross-neutralization of the Beta variant by convalescent 
and vaccinated sera [77, 80, 85, 86].

A neutralization test using the B.1.427/B.1.429 variant 
revealed a 4.0- to 6.7-fold reduction in neutralizing titers 
in sera obtained from convalescent patients in comparison 
to wild-type pseudoviruses, while a 2.0-fold reduction was 
observed in mRNA vaccine recipients [16]. This is inconsist-
ent with other studies that showed a reduction in the neutrali-
zation titer against the B.1.427/B.1.429 variant [87–89]. In 
the receptor-binding motif (RBM) of the spike protein, the 
B.1.427/B.1.429 (CAL.20C) and CAL.20A variants have an 
L452R substitution. According to one study, 36% of people 
who tested positive for SARS-CoV-2 after one or two doses 
of mRNA vaccine were positive for the L452R mutation, 
suggesting infection by the B.1.427 or B.1.429 variant [90]. 
Although vaccination resulted in better protection against 
the B.1.427 and B.1.429 variants than did natural infection, 
neither vaccination nor natural infection could confer com-
plete protection against these variants. Presumably, due to 
the rapid changes occurring in the SARS-CoV-2 spike pro-
tein, this protection will be too weak to be protective in the 
future.
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Regarding ACE2 mimics, the B.1.427 and B.1.429 vari-
ants showed moderate resistance to peptide-based inhibitors 
such as LCB1, and since the L452R mutation is located near 
the ACE2-LCB1 interface, it might affect the binding affinity 
of LCB1 [87, 91]. In addition, due to an S13I mutation in the 
signal peptide cleavage site that causes a significant struc-
tural rearrangement of the NTD antigenic supersite, a com-
plete loss of B.1.427/B.1.429 neutralization was observed 
with a panel of mAbs targeting the NTD [87].

Another investigation showed that despite the B.1.617.1 
variant being 6.8-fold more resistant to neutralization by sera 
from Moderna- and Pfizer-vaccinated subjects, the B.1.617.1 
variant was neutralized by the majority of sera from con-
valescent patients and all sera from vaccinated individuals 
[92]. Despite in vitro data showing only a small decrease 
in neutralization against B.1.617 with the Covaxin vaccine, 
another study demonstrated vaccine breakthrough in health-
care workers who were fully vaccinated with the ChAdOx-1 
vaccine [69, 93].

Regarding vaccine effectiveness (VE) of available vac-
cines against VOCs, NVX-CoV2373 has shown 86%, and 
60% efficacy against Alpha and Beta, respectively [94]. The 
VE of AZD1222 was 70% against Alpha [95]. The VE after 
two doses of BNT162b2 mRNA vaccine was estimated to 
be 89% against Alpha [96], 86% against severe infection 
with Beta [97], 84% against Beta and Gamma [96], and 
87% against Delta [96]. However, the VE after two doses 
of mRNA-1273 mRNA vaccine was 92% and 96.4% against 
Alpha [96] and Beta [98], respectively. Another study esti-
mated the VE of full vaccination with the BNT162b2 mRNA 
vaccine to be around 84.4%, for Alpha and 64.6% for Delta 
in Norway [99]. Another study showed the VE of the Gam-
COVID-Vac (Sputnik V) vaccine to be 78.6% in elderly 
people in Argentina for preventing confirmed infections 
and 87.6% and 84.8% for reduction in hospitalizations and 
deaths, respectively [100].

A series of studies demonstrated that the monoclonal 
antibodies LY15 CoV555, CB6, REGN10989, REGN10933, 
and REGN10987 provided a high potency of neutralization 
against the Alpha variant (IC50, 0.0001-0.0401 μg/mL) but 
LY-CoV555, CB6, REGN10989, and REGN10933 could not 
neutralize the Beta variant (IC50 >10 μg/mL) [85, 101, 102]. 
In a study measuring levels of IgA and IgG in vaccinated 
and convalescent saliva samples, convalescent individu-
als had significantly higher levels of IgA than vaccinated 
individuals (P = 0.03). Conversely, the IgG response in the 
saliva of vaccinated individuals was significantly higher than 
in saliva from convalescent individuals (P < 0.0001) [103].

Once selective pressure is exerted in the context of drug 
treatment, any drug resistance becomes more evident. Sev-
eral lines of evidence strongly support the idea that cocktail 
therapy may be a powerful tool for controlling SARS-CoV-2 
mutational escape, particularly when two antibodies bind to 

distinct and non-overlapping regions of the viral target, such 
as the RBD, making it unlikely that simultaneous mutations 
at two different genetic sites will allow viral escape. As a 
consequence, a therapeutic antibody cocktail may not only 
treat the disease but also protect against the development of 
resistance to antibody treatment [102].

L452R and E484Q are mutations in the receptor-binding 
domain of the spike, which not only binds ACE2 but also 
serves as a target for neutralizing antibodies. Pseudotyped 
viruses containing spike proteins of the B1.617.1 sublin-
eage with three signature mutations (L452R, E484Q, and 
P681R) exhibited moderately decreased sensitivity to anti-
bodies elicited by BNT162b2 mRNA vaccine, comparable 
to the loss of sensitivity conferred by L452R or E484Q alone 
[69]. In India, several people who were vaccinated with the 
Covishield vaccine were infected with the B.1.617 variant. 
Neutralizing antibodies elicited by natural infection or as a 
result of vaccination were found to be less effective against 
the B.1.617 variant [69, 104].

The N501Y and E484K mutations, which have been 
reported recently in VOCs, are located within the RBD. 
The N501Y mutation, which is present in nearly all of the 
major circulating VOCs (i.e., the Alpha, Beta, and Gamma 
variants), has no adverse effect on the neutralizing ability 
of sera from either naturally infected or mRNA-1273-vacci-
nated individuals [57, 82, 105, 106]. In contrast, the E484K 
substitution, which is present in the Beta and Gamma vari-
ants, is associated with resistance to convalescent sera [86, 
106–108]. Reinfection with SARS-CoV-2 has also been 
correlated with the E484K mutation [109–111], which can 
help the virus to evade polyclonal antibody responses [112]. 
Some research has also shown the K417N mutation to play a 
role in immune escape, especially in evading neutralization 
by a class of VH3-53/66 antibodies (Table 3) [86].

N439K is a mutation that can help the virus to evade 
antibody-mediated immunity while maintaining fitness in 
comparison to WT. The N439K RBD retains high-affinity 
interactions with the hACE2 receptor, and viruses contain-
ing the N439K mutation replicate efficiently in cultured 
cells. Furthermore, no difference in disease severity has 
been associated with this mutation. Evasion of antibody-
mediated immunity was assessed by testing the recognition 
of N439K RBD by mAbs and polyclonal sera from 442 con-
valescent patients [113].

The second arm of the immune response is cellular 
immunity. T cell epitope substitutions may impair cyto-
toxic T lymphocyte or T helper recognition, resulting in 
delayed elimination of infected cells or suboptimal B cell 
and antibody response assistance. T cell epitopes, unlike 
neutralizing antibody epitopes, are found in the entirety of 
the spike protein. It is not yet clear how mutations affect 
T cell responses or lead to T cell escape variants. How-
ever, the polyclonal response of T cells targeting several 



337SARS-CoV-2 Variants of Concern (VOCs)

1 3

regions of the S protein of SARS-Co-V-2 might limit 
the influence of mutations on cellular immunity [114]. 
Furthermore, for circulating variants such as Beta and 
Gamma, it is reasonable to predict that T-cell-mediated 
immunity elicited by infection would be protective. Moto-
zono and colleagues found that the L452R and Y453F 
mutations in the B.1.427/B.1.429 and B.1.298 variants 
contribute to escape from HLA-A24-medicated cellular 
immunity [115]. This implies a role of CTL responses 
in the control and evolution of SARS-CoV-2 and vice 
versa. Another study showed no difference in CD4+ T 
cell activation in response to the Alpha and Beta variants 
[116]. Furthermore, the presence of SARS-CoV-2-spe-
cific memory T cells has been detected 10 months after 
infection [115, 117].

There are also different strategies that SARS-CoV-2 
uses to escape the innate immune response [118]. It has 
been demonstrated that SARS-CoV-2 is sensed by innate 
immune sensors such as TLR-3 and TLR-7 [119, 120] 
and that the Nsp8, ORF9b, N, and M proteins of SARS-
CoV-2 are involved in escape from innate immune sen-
sors. Nsp8 suppresses the MDA5-dependent IFN sign-
aling pathway by direct binding to MDA5 CARD and 
blocking K63-linked polyubiquitination [121]. ORF9b 
antagonizes the type I IFN pathway via association with 
translocator of outer membrane 70 (TOM70), a critical 
mitochondrial import receptor regulating IFN responses 
[122]. A recent study showed that SARS-CoV-2 N sup-
presses the phosphorylation and nuclear translocation of 
STAT1 and STAT2, thus interfering with the IFN signal-
ing pathway [123]. Moreover, another study has shown 
that the SARS-CoV-2 M protein suppresses type I and 
III IFN production. SARS-CoV-2 M binds directly to 
essential molecules of the cytosolic viral RNA sensing 
pathway, such as RIG-I, MDA5, MAVS, and TBK1, and 
prevents their interaction [124].

Risk of hospitalization and mortality

VOCs can spread quickly in communities, leading to an 
increased number of COVID-19 patients, a higher hospi-
talization rate, increased pressure on healthcare systems, 
and higher mortality rates, mainly in older individuals with 
comorbidities [49]. A matched cohort study was performed 
in the UK by Challen et al. to evaluate changes in mortal-
ity rates related to the Alpha variant. The mortality haz-
ard ratio was estimated to be 1.64 (95% CI 1.32–2.04) in 
patients who tested positive for novel variants, with 2.5–4.1 
deaths per 1000 confirmed cases [66]. Davis et al. estimated 
a 61% higher mortality rate for B.1.1.7 than for the previous 
variants [125]. Furthermore, B.1.1.7 was associated with a 
??relative risk?? (RR) of hospital admission of 1.42 (95% 
CI 1.25–1.60; p < 0·0001) in Denmark. Moreover, the in-
hospital mortality risk was estimated to be 20% higher for 
the Beta variant (adjusted OR: 1.2, 95% CI 1.2–1.3) [50].

A meta-analysis data showed a strong correlation between 
age and infection fatality rate (IFR) in COVID-19 cases. The 
age-specific IFR was estimated to be 0.002%, 0.01%, 0.4%, 
1.4%, 4.6%, and 15% at the age of 10, 25, 55, 65, 75, and 85, 
respectively [126]. There are also differences in mortality 
among different racial and ethnic groups. For instance, an 
analysis of the COVID-19 mortality cumulative incidence 
(CmI) demonstrated that Blacks/African Americans have 
34% of the total mortality in the United States despite rep-
resenting only 13% of the population. The COVID-19 CFR 
was also higher among Blacks/African Americans relative 
to Whites [127]. No peer-reviewed articles are available for 
the CFR of the Delta variant.

A higher hospitalization risk was observed in American 
patients infected with Gamma (HR 3.17, 95% CI 2.15–4.67), 
Beta (HR: 2.97, 95% CI 1.65–5.35), Delta (HR: 2.30, 95% 
CI 1.69–3.15), and Alpha (HR 1.59, 95% CI 1.26–1.99) 
than in those infected with a non-VOC lineage [128]. The 

Table 3   The signature mutations of VOCs and their functional characteristics

Signature mutation Region Function Ref.

HV69/70del NTD May affect recognition by antibodies, located in a “recurrent deletion region”, diagnostic real-
time PCR detection failure

[24, 78, 156]

k417N RBD May escape antibody binding and decrease ACE2 binding [157, 158]
L452R RBD May augment ACE2 binding, increase antibody neutralization, and permit cellular immunity 

escape
[159, 160]

S477N RBD May increase ACE2 binding and reduce neutralization by antibodies and convalescent sera [161, 162]
E484K RBD May reduce convalescent serum neutralization (immune escape) and increase ACE2 binding. It 

has been associated with reinfection.
[64, 163–165]

N501Y RBD May increase ACE2 binding and antibody recognition [64]
D614G Spike May increase infectivity [163]
P681H Spike May reduce antibody recognition, be important for immune recognition, and increase the rate of 

S1-S2 cleavage
[159, 159, 159]
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hospitalization risk after infection with the Delta variant has 
also been reported for a cohort in Scotland (HR 1.85, 95% CI 
1.39–2.47) [129] and England (HR 2.61, 95% CI 1.56–4.36) 
[130]. In a study conducted in Singapore, the Delta vari-
ant was associated with indicators of higher disease sever-
ity, such as oxygen requirement, ICU admission, or death 
(adjusted odds ratio (AOR) 4.90, [95% CI 1.43–30.78]) 
[131].

Diagnostics

Specific detection of variants is done by various methods 
[132]. Laboratories may choose one or more methods based 
on the facilities and technology available, their contacts with 
partner laboratories, and the number of trained specialists, as 
well as their epidemiological goals, such as disease control 
and monitoring [30, 133, 134]. These methods include com-
plete sequencing of the viral genome, partial gene sequenc-
ing, and real-time-PCR-based screening techniques [135]. 
Sequencing is the gold standard and is a reliable and accu-
rate method for identifying variants. In this case, the whole 
viral genome is sequenced by a tailed-amplicon approach or 
shotgun sequencing, and the results are compared with other 
data in SARS-CoV-2 databases [136]. This method can be 
used as a reference method without prior knowledge of spe-
cific mutations in the viral genome. Partial next-generation 
sequencing or Sanger sequencing is an alternative way to 
identify VOCs [137] by limiting sequencing to the S gene. 
Although this technique shares the disadvantages of whole-
genome sequencing in terms of high cost and the need for 
sophisticated bioinformatics analysis and advanced equip-
ment, it can be done more quickly. Several multiplex and 
allele-specific real-time-PCR-based techniques have been 
proposed for screening variants [135]. In the spike Δ69-70 
screening test, S gene target failure (SGTF) is seen with 
some VOCs (such as the Alpha variant) due to the deletion 
[136]. The TaqPath commercial multiplex real-time PCR kit, 
which simultaneously identifies three genes – N, ORF1ab, 
and S – is affected by SGFT but can still be used to screen 
for variant B1.1.7 [138]. It should be noted that SGFT is 
observed not only with the B1.1.7 variant but with other 
variants as well.

As an alternative to sequencing, mutation screening tests 
have been developed. For example, Vogels et al. designed 
a screening test for the Alpha, Beta, and Gamma variants 
in which two distinct regions including Δ3675-3677 of 
ORF1ab and Δ69-70 of S are targeted in a real-time-PCR-
based assay [139]. The ORF1ab gene deletion is seen in all 
three of the above-mentioned VOCs, whereas the 69-70 gene 
deletion is seen only in the UK variant.

Multiplex S gene Δ69-70 and N501Y real-time PCR is 
also used as a practical test to screen for VOCs. The dif-
ference between this method and the test described above 

is that N501Y has been selected as a common target in the 
Alpha, Beta, and Gamma VOCs [140]. The N501Y screen-
ing test detects N501Y in three variants of concern by allele-
specific PCR [141]. In the N501Y and A570D screening 
test, A570D is present only in the Alpha variant, whereas 
N501Y is present in the Alpha, Beta, and Gamma variants 
[142]. An E484K screening test is designed to detect the 
E484K amino acid change in the P1 and B1.135 variants and 
in some B1.1.7 variants that also have this mutation [143]. 
In addition, some commercial screening kits detect variants 
by analyzing all of the significant mutations using real-time 
PCR followed by melting curve analysis [144].

Conclusions

Theoretically, variants can arise by intra-host evolution in 
immunocompromised individuals (quasispecies evolution) 
or by antigenic evolution under selective pressure in immu-
nocompetent individuals [30]. Since only a small fraction of 
all SARS-CoV-2-confirmed specimens have been sequenced, 
the data favoring one or the other of these hypotheses might 
be strongly influenced by sampling bias [145].

To estimate the impact of a new variant on clinical pres-
entation, patient prognosis, and mortality rates, it is impor-
tant to control for all potential sources of bias (confounding 
factors), including time of sampling, age, sex, geographical 
location, ethnicity, and other factors [51, 66]. Relaxation of 
social distancing provides an opportunity for SARS-CoV-2 
to circulate freely in the population, increasing the chance 
of the emergence of novel and highly transmissible VOCs 
[52, 59]. Changes in symptoms associated with novel vari-
ants might require changes in the testing and surveillance 
infrastructure.

Currently, randomized experimental studies to evaluate 
the effect of mutations on SARS-CoV-2 transmissibility are 
not possible, so we must rely on evidence from observational 
studies. Furthermore, accurate contact tracing and outbreak-
reported data are essential for obtaining precise information 
about the relative transmissibility of VOCs [48, 146, 147]. 
Finally, the appearance of several new mutations over a short 
period is expected [67]. Particular mutations in the RBM of 
the spike have been reported to affect infectivity, transmis-
sibility, pathogenesis, and immune evasion [43]. Hence, an 
agile and robust broad-based global genomic surveillance 
network for monitoring multiple emerging VOC lineages is 
needed to guide efficient management of possible outbreaks. 
SARS-CoV-2 circulates freely in communities, increasing 
the chance for new variants with increased transmissibility 
to emerge that will threaten the success of vaccination pro-
grams for controlling the pandemic. Any significant muta-
tion that changes the structure of the spike can potentially 
affect adaptation of the virus to human hosts and lead to 
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vaccine resistance and reinfection. Therefore, to stop the 
emergence of new VOCs, a robust worldwide vaccination 
program is essential.

A problematic issue is the accumulation of changes in 
surface glycoproteins of coronaviruses, which may be called 
antigenic evolution, which can result in reduced neutraliza-
tion of the virus over time. Antigenic evolution of the viral 
spike in human coronavirus 229E, especially in the receptor-
binding domain, is responsible for the decreased neutraliza-
tion of "future" viruses. If it is possible to extrapolate these 
findings to other coronaviruses such as SARS-CoV-2, it may 
be necessary to update SARS-CoV-2 vaccines on a regular 
basis [148].

The use of replication-competent chimeric viruses based 
on vesicular stomatitis virus (VSV) is another issue that 
needs to be addressed. Experiments on escape mutants 
selected in the presence of monoclonal antibodies in vitro 
are not representative of what actually happens in the SARS-
CoV-2 life cycle, since SARS-CoV-2 has a proofreading 
enzyme complex, whereas VSV does not have proofreading 
ability [149].

In general, available, accessible, and affordable vaccines 
should be a top priority all over the world. Some high-
income countries have pre-ordered up to nine doses per 
person, while resource-limited countries might have to wait 
until 2023 or 2024 for vaccination. This unbalanced distribu-
tion of vaccines will result in the establishment of vaccinated 
populations in some geographical regions and unvaccinated 
populations in others, and this lack of immunization of peo-
ple in low-income countries will continue to result in the 
generation of novel immune-escape variants, which will ulti-
mately circulate in the international population and reinfect 
vaccinated individuals in developed countries. Indeed, this 
phenomenon is already being observed [150, 151].

It is reasonable to assume that there is a limit to the num-
ber of possible SARS-CoV-2 mutations and new variants, 
but no one knows exactly what this limit is. If a single-
stranded RNA has 10,000 base pairs, 45000 different genome 
sequences are theoretically possible. If we extrapolate this to 
the SARS-CoV-2 genome, which is around 30 kb in length, 
414,941 different sequences are possible [152]. Furthermore, 
when deletions and insertions are also considered, the num-
ber of further possibilities increases enormously. However, 
most of these theoretical combinations would not be viable, 
and many individual changes might be neutral in their effect 
on viral properties.

Since we are unable to predict future mutations and 
emerging variants of SARS-CoV-2, all we can do is con-
tinue surveillance of existing variants. SARS-CoV-2 is 
under strong selective pressure from two directions: immune 
responses and treatments. Both natural infection and vac-
cination can result in an effective immune response, but 
protection by neutralizing antibodies may be diminished 

with new vaccination-escape variants [153]. Strong selec-
tive pressure can suppress virus replication, whereas weak 
selective pressure can give the virus a chance to replicate 
freely. The situation becomes worse when an inadequate 
neutralizing antibody response is elicited by weak vaccines 
or there is an extended time between doses of the vaccine. 
Such conditions favor the emergence of new variants of 
SARS-CoV-2.
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