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Abstract
An ongoing pandemic of newly emerged SARS-CoV-2 has puzzled many scientists and health care policymakers around 
the globe. The appearance of the virus was accompanied by several distinct antigenic changes, specifically spike protein 
which is a key element for host cell entry of virus and major target of currently developing vaccines. Some of these muta-
tions enable the virus to attach to receptors more firmly and easily. Moreover, a growing number of trials are demonstrating 
higher transmissibility and, in some of them, potentially more serious forms of illness related to novel variants. Some of 
these lineages, especially the Beta variant of concern, were reported to diminish the neutralizing activity of monoclonal and 
polyclonal antibodies present in both convalescent and vaccine sera. This could imply that these independently emerged 
variants could make antiviral strategies prone to serious threats. The rapid changes in the mutational profile of new clades, 
especially escape mutations, suggest the convergent evolution of the virus due to immune pressure. Nevertheless, great 
international efforts have been dedicated to producing efficacious vaccines with cutting-edge technologies. Despite the 
partial decrease in vaccines efficacy against worrisome clades, most current vaccines are still effective at preventing mild to 
severe forms of disease and hospital admission or death due to coronavirus disease 2019 (COVID-19). Here, we summarize 
existing evidence about newly emerged variants of SARS-CoV-2 and, notably, how well vaccines work against targeting new 
variants and modifications of highly flexible mRNA vaccines that might be required in the future.
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Abbreviations
ACE2  Angiotensin-converting enzyme 2
ELISA  Enzyme-linked immunosorbent assay

ERGIC  Endoplasmic reticulum–Golgi intermedi-
ate compartment

HIV  Human immunodeficiency virus
ICU  Intensive care unit,
MAb  Monoclonal antibody
mACE2  Murine angiotensin- converting enzyme 2
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MERS-CoV  Middle East Respiratory Syndrome 
Coronavirus

Mpro  Main protease, mRNA: Messenger ribonu-
cleic acid

COVID-19  Coronavirus disease 2019
NTD  N-terminal domain
ORF  Open reading frame
PLpro  Papain-like protease
RBD  Receptor-binding domain
RdRp  RNA-dependent RNA polymerase
RNA  Ribonucleic acid
RNP  Ribonucleoprotein
SARS-CoV  Severe acute respiratory syndrome 

coronavirus
SARS-CoV-2  Severe acute respiratory syndrome corona-

virus 2
TMPRSS2  Transmembrane serine protease 2
UCSF  University of California San Francisco
VDB  Variant database
VLP  Virus-like particle
WHO  World health organization

Background

The severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) pandemic has become the most concerning 
issue in the world, causing rapid growth in the number of 
cases. Coronaviruses belong to the family called Coronaviri-
dae, responsible for a variety of acute and chronic diseases 
in humans and other animals [1]. Among this family, sev-
eral coronaviruses can infect humans, and four of them—
HKU-1, NL63, OC43, and 229E—cause common colds and 
mild respiratory infections in patients with healthy immune 
responses [2]. There are three strains capable of initiating 
outbreaks. SARS-CoV and MERS-CoV are causative agents 
of severe acute respiratory syndrome outbreaks with mani-
festations of atypical pneumonia in China and the Middle 
East, dating back to 2002 and 2013, respectively [3–5]. A 
novel coronavirus with a gene sequence 96% similar to a 
bat coronavirus has emerged since December 2019, with 
the presentation of pneumonia linked to the seafood market 
in Wuhan, China. The infectious agent is called 2019-novel 
coronavirus (2019-nCoV) or severe acute respiratory coro-
navirus 2, SARS-CoV-2 [6, 7]. Until the end of 2021, over 
280 million cases and more than 5.4 million fatalities related 
to COVID-19 were reported, according to World Health 
Organization, WHO [8].

Since the emergence of SARS-CoV-2 in December 
2019 [6], many molecular variants have been found related 
to the spike (S) glycoprotein, which enables the virus to 
enter the host cell more effectively. D614G was the first 
notable variation found in April 2020 and dominated the 

wild type of virus found in Wuhan, China [9]. This shift 
stabilized S protein and made it more transmissible than 
the wild type. Following the D614G shift, there have been 
several distinct variants, including Alpha (B.1.1.7), Beta 
(B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron 
(B.1.1.529) variants raising concerns about more fatal 
and rapid-spreading variants [10–13]. Data are revealing 
that some of these escape mutations, especially E484K, 
have emerged as converging evolution, and there might be 
similar independent arising mutations [14]. To cope with 
hazards of novel viruses and worrisome variants emerg-
ing, international collaborations pointed the efforts toward 
producing efficacious vaccines and therapeutics. Although 
many other mutations occurred in the path of viral evo-
lution, we will highlight variants with more important 
antigenic modifications and their respective locations 
they are involved. Furthermore, we will discuss evidence 
of immune evasion by variants of concern and currently 
available vaccines' potential to prevent disease caused by 
SARS-CoV-2. This review aims to classify different novel 
variants of SARS-CoV-2 based on their antigenic proper-
ties, especially variants of concern that may hinder efforts 
to tackle ongoing pandemic, exploring evidence of escap-
ing from the immune system and assessing current con-
ditions vaccine efficacy against these emerging lineages.

SARS-CoV-2 is an enveloped positive-sense single-
stranded RNA virus with a genome of around 30 kb [6]. The 
viral genome comprises several distinct regions responsible 
for encoding virus components. These areas include multiple 
open reading frames (ORF), spike surface glycoprotein (S), 
membrane (M), nucleocapsid protein (N), and envelope (E) 
[15].

The majority of genome sequence pertains to ORFs spe-
cifically two overlapping ORF1a and ORF1b. These 2 ORFs 
encode for polypeptides cleaved by viral proteases (Mpro 
and PLpro) into 16 nonstructural proteins [16]. Envelope, 
nucleocapsid, and membrane are structural proteins essential 
for the assembly and morphological characteristics of the 
virus. Nucleocapsid acts as a package for viral RNA and 
ribonucleoprotein (RNP) complex [17]. In SARS-CoV-2, N 
protein is necessary for viral RNA replication and also raised 
hopes for its potential to be the target of new drugs due to its 
high immunogenicity [18]. Envelope of coronaviruses pro-
motes pathogenicity by making cation channels, budding of 
the virus, and mediating releasing from host cell’s Endoplas-
mic reticulum-Golgi intermediate compartment (ERGIC) 
[19]. For assembling virus particles, membrane protein is 
the key to interacting with other structural proteins [20]. 
Spike glycoprotein has a pivotal role for SARS-CoV-2 entry 
to cells and transmissibility. Thus, we cover mutations and 
structural changes in S protein with corresponding extended 
effects on escaping from the immune system or antiviral 
therapies and their potential for reinfection.
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Mutations are the inevitable byproducts of viral replica-
tions [21], and there are several mechanisms to trim these 
errors. Coronaviruses encode enzymes responsible for RNA 
proofreading and capping, including 3′-5′ exoribonucle-
ase (ExoN), an endoribonuclease (NendoU), and capping 
enzymes in the nonstructural proteins (NSPs) region of the 
genome. [22]. Despite these inherent abilities, vaccination 
may hamper the diversity of escape mutations [23], whereas 
convalescent plasma therapy of immunocompetent individu-
als with chronic infection may be attributed to the emergence 
of new mutants with resistance to the neutralizing antibodies 
[24].

Classification of variants

It is crucial to understand the specific definitions and crite-
ria for the variants classification system currently used for 
SARS-CoV-2, which includes variants of concern (VOC), 
variants of interest (VOI), and variants under monitoring 
(VUM), before delineating their features. Using classifica-
tion methods for distinct clades, leading public health organ-
izations can address current and unforeseen issues provoked 
by these variants. Since May 31, 2021, the WHO has labeled 
each variant with the Greek Alphabet letters to avoid stig-
matizing and be more convenient to use [25].

According to the WHO and Centers for Disease Control 
and Prevention (CDC), the VOC is designated as a variant 
responsible for (1) increased transmissibility or impacting 
the COVID-19 epidemiology or (2) more severe disease 
manifestations or higher virulence or 3) Causing drop in the 
effectiveness of preventive, diagnostic, or therapeutic tools 
[26, 27]. This classification is dynamic based on current 
evidence of posing a threat to public health. As of Septem-
ber 27, 2021, there are four VOCs considered by WHO: 
(1) Alpha variant (B.1.1.7), (2) Beta variant (B.1.351), (3) 
Gamma variant (P.1), and (4) Delta variant (B.1.617.2) [26].

The criteria required to be fit as VOI are (1) Genome 
changes associated with the viral transmissibility, diseases 
severity, resistance to neutralizing antibodies, diagnostic or 
treatment approaches, and (2) evidence of causing a high 
number of infection or outbreak clusters in countries with 
increasing relative prevalence or identified as an emerging 
threat to global public health [26, 27]. Currently, two vari-
ants fall under the category of VOI by WHO as of September 
27, 2021: (1) Lambda variant (C.37) and (2) Mu variant 
(B.1621) [26]. For VOCs and VOIs, CDC classification may 
differ from those of WHO due to different COVID-19 situ-
ations in other regions [27].

Besides VOC and VOI, the term variants under monitor-
ing (VUM) is applied to the emerged strains with the spec-
ulation of initiating public health threats; however, current 
evidence is not sufficient around the epidemiological risk 

of new genetic changes until the mounting data reveal the 
possible dangerous characteristics. Hence, this category is 
highly dynamic that even former VOCs or VOIs may fall 
under this classification for a specific period [26].

The first notable mutation that appeared in April 2020 
in Wuhan was the D614G mutation. It was identified by 
carrying a single amino acid substitution in spike protein 
at residue 614 from an aspartic acid (D) to glycine (G) 
(D614G). This G-form is now the globally prevalent form 
and is potentially more transmissible [28]. The S protein of 
SARS-CoV-2 consists of two subunits S1, S2. S1 subunit, 
which harbors the RBD, interacts with ACE2 (angiotensin-
converting enzyme 2) of the host cell. S2 subunit, on the 
other hand, acts as a fusion machine by forming a six-
helical bundle via heptad repeat domains 1 and 2 (HR1 
and HR2) [29].

Current evolving ideas around better fitness acquired 
by D614G substitution could be categorized into claims 
about cleavage efficiency, more open conformation, higher 
density, and stabilization of the S protein conferred by this 
mutation [30].

The crucial step before the membrane fusion of the S2 
subunit is the cleavage of the S protein at the furin cleav-
age site at the S1/S2 junction. This process is mediated 
by furin protease and with the aid of a cellular enzyme 
called transmembrane protease serine 2 (TMPRSS2) [31]. 
In addition to the surface protease of TMPRSS2, another 
crucial activator of the spike protein is cathepsin l (CTSL) 
[32]. This lysosomal protease has been shown to medi-
ate the cleavage of the spike protein of SARS-CoV and 
MERS-CoV [33, 34]. Cathepsin L acts in the endosomal 
pathway of viral entry and discloses the fusion peptide of 
the S2 subunit, following the cleavage of the spike protein 
into two subunits [35]. This enzymatic activity leads to the 
release of viral genome content into the host cell by viral 
membrane fusion, while infection with SARS-CoV-2 is 
also reported to enhance CTSL gene expression [36]; thus, 
targeting this pathway might confer new insights into the 
treatment of COVID-19 even though viral entry might not 
be blocked entirely [32].

Some studies, including both in silico and in vitro, have 
analyzed the cleavage modifications after D614G mutation 
and revealed that it might improve the furin cleavage capa-
bility and also its binding to the S protein [37–39], while one 
study reported lower cleavage potency after the acquisition 
of D614G mutation [40].

Regarding conformational alterations subsequent to 
D614G mutation, one comprehensive study demonstrated 
that this substitution turned interactions between the spike 
protomers more symmetrical and exhibited more open 
conformation for RBD of the spike (75:25 ratio of open 
states to closed ones). These findings may imply that more 
exposed RBDs are accessible for antibody epitopes; thus, the 
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mutation may sensitize the virus to neutralizing antibodies 
[38, 41, 42].

Studies on the spike density changes related to this muta-
tion revealed that using virus-like particles (VLPs) harbor-
ing D614G mutation, the total amount of virion spike protein 
and S1:S2 ratio was substantially higher compared to the 
original type (D614) [30, 41].

It was previously thought that with changing one letter 
in the RNA sequence for the D614G variant, the S protein 
has a more open conformation and better ACE2 affinity [9]. 
However, newer studies suggest that it does not contribute 
to an increase in cell binding affinity or being resistant to 
neutralizing antibodies [42]. The D614G substitution made 
the virion produce more S protein and less shedding of the 
S1 subunit. Additionally, the considerable decrease in S1 
subunit shedding is shown to link with viral entry enhance-
ment [30, 41]. This may partly explain why the chance of 
infection might have increased over time [41].

One critical substitution from C to U at site 14408 in 
RNA-dependent RNA polymerase gene (RdRp P323L) 
showed an association with higher infectivity in the D614G 
variant [9, 43]. These modifications in the genome result in 
a fitter variant with more negligible founder effect or genetic 
drift. Clinical findings are suggestive that D614G mutation 
is responsible for higher viral load in the upper respiratory 
tract but not disease severity [44]. Following the D614G 
change, several SARS-CoV-2 variants have emerged, threat-
ening health care resources and spreading more efficiently.

Alpha variant (B.1.1.7)

In September 2020, a highly transmissible variant of 
SARS-CoV-2, B.1.1.7 also referred to as VOC 202,012/01, 
20I/501Y.Y1, and Alpha variant by WHO on May 31, 2021 
[26] was reported in the United Kingdom [10]. The high 
number of mutations associated with B.1.1.7, including 14 
amino acid altering non-synonymous mutations and 3 dele-
tions, was unprecedented. Most of the mutations occurred 
to the S protein, including 69-70 del, Y144 del, N501Y, 
A570D, P681H, T716I, S982A, and D1118H (Fig. 1) [45]. 
N501Y took place in motif 501 of RBD, while asparagine 
(N) residue was substituted with tyrosine (Y). N501 forms 
part of the binding loop in the contact region of ACE2, form-
ing a hydrogen bond with Y41 in ACE2. Tyrosine residue 
at this position makes interaction with intramolecular salt 
bridges on ACE2, thus stabilizing the spike-ACE2 complex 
[46, 47]. Following the small structural changes, N501Y 
gained the advantage of higher affinity, but it can still be 
neutralized by antibodies [48, 49]. In P681H, the change 
occurred to the furin cleavage site between the S1 and S2 
subunits. These areas are crucial for attaching and fusion to 
host cells and viral replication. The amount of viral replica-
tion and its respective pathogenesis was weakened based on 

animal models and human cells for analyzing the impact of 
cleavage site deletion on viral replication [50]. The cleavage 
site between S1 and S2 is essential for the virus to infect the 
cell as it separates two subunits and enables S1 and S2 to 
function properly. Therefore, P681H mutation could have a 
potential impact on virus infectivity. This mutation has also 
been observed several times in the past [51]. Deletion 69–70 
is another change in a sequence that has occurred multiple 
times previously, especially in Denmark's mink cluster V 
variant. It is created by deletion of 6 bases coding for histi-
dine and valine at positions 69 and 70 in the N-terminal of 
viral S protein [52]. Currently, del 69–70 and N501Y are the 
two mutations causing significant concerns among scientists 
since clinical data del 69–70 was shown to minimize vulner-
ability to neutralization against polyclonal antibodies present 
in convalescent sera [53]. Also, N501Y was described to 
augment-binding affinity to ACE2 [54]. There is evidence 
that N501Y causes up to 56% higher transmissibility in 
individuals [55]. Based on an analysis of community cases 
affected by the B.1.1.7 variant in England, it is estimated that 
this lineage is 61% more lethal than wild strain and could 
explain more severe diseases and health hazards associated 
with this particular lineage [56].

Beta variant (B.1.351)

This variant has appeared first in South Africa and was 
detected in isolates as early as October 2020 and since 
then has raised concerns for health care and policymakers 
around the world [11]. This variant was also labeled the 
Beta variant by WHO on May 31, 2021 [26]. B.1.351 is 
known for its extensive number of mutations in different 
parts of the virus ranging from ORFs to envelop protein. 
This variant emerged independently from the Alpha vari-
ant (B.1.1.7) and does not contain del 69-70 mutation. 
The key feature of B.1.351 is E484K non-synonymous 
mutation in spike protein which alters RBD conforma-
tion. E484K was shown to reduce neutralization against 
numbers of sera [57]. Alongside E484K, there are several 
mutations like L18F, D80A, D215G, L242-244del, R246I, 
D614G, and A701V with K417N and N501Y, which also 
occurred in the RBD of spike protein (Fig. 1) [11, 58]. The 
variant gathered much attention through its capability to 
potentially limit therapeutic effectiveness, and also, there 
is evidence that it causes more severe disease [59]. K417N 
is also described to enhance antibody neutralizing capaci-
ties, but it has minimal impact on binding affinity to ACE2 
[60]. K417 is a notable residue forming salt bridge inter-
action with the region in ACE2 called D30 and enhances 
the affinity of binding RBD to its target [48]. Given the 
mutations that occurred in the RBD of the Beta variant 
(N501Y, E484K, and K417T), the potential cross-species 
transmissibility of this clade was reflected by the study of 
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Pan et al. in wild-type mouse infection. They indicated that 
B.1.351 could infect the mice directly with a high bind-
ing affinity to mouse ACE2 (mACE2), and also infected 
mice were able to infect other mice via close contact [61]. 

Additionally, N501Y alone may contribute to the increased 
infectivity in murine models [62], and other RBD muta-
tions in the Beta variant have an additive effect in the viru-
lence [63–65].

Fig. 1  a SARS-CoV-2 structure and RNA genome encoding for dif-
ferent structural and nonstructural protein constituents. b Spike muta-
tional profile for variants of concern (VOCs). Note that all VOCs con-
tain D614G substitution and, N501Y is present in all of them except 
the Delta variant. Substitutions in the Beta and Gamma variants are 
highly similar, especially escape mutations of E484K and K417N/T 
with the evidence of immune evasion. The Delta variant with L452R 

mutation inside the RBD region shares similar features to the Beta 
and Gamma variant in the context of increased transmissibility and 
immune escape. The Omicron variant is the latest VOC as of Decem-
ber 2021 and harbors many mutations at the spike; with 15 mutations 
in RBD, Omicron is a highly contagious variant with threatening 
immune evasion capabilities
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Gamma variant (P.1)

In mid-November 2020, a new variant was detected in 
Manaus, Brazil. The P.1 lineage contains three mutations 
localized in RBD of the spike protein: K417T, E484K, and 
N501Y (Fig. 1) [12]. The new variant, also known as the 
Gamma variant by WHO on May 31, 2021 [26], accounted 
for 42% of isolates found in Manaus and was also distinct 
enough in the manner of mutations to fit within the criteria 
of the new clade from B.1.1.28. The cluster of mutations laid 
within the mutational profile of P.1 comprises 17 substitu-
tions and 3 deletions [12]. P.1 variant has some mutations 
in common with B.1.1.7 and B.1.351 variants by E484K, 
N501Y, and K417N, but they happened independently from 
each other, the process called convergent molecular adap-
tation [12]. Similar to the Beta variant, E484K, which is 
located in RBD, it can potentially create an obstacle in the 
path of targeting the spike protein through polyclonal anti-
bodies in convalescent sera [66]. The panel of RBD muta-
tions (K417T, E484K, and N501Y) in the Gamma variant 
transformed it into the clade with the cross-species trans-
mission with virulence toward mice and roughly four times 
greater affinity to the mACE2 than the 614G mutant, the 
same phenomenon as the Beta variant [61, 64].

Delta variant (B.1.617.2)

Emerging from India in December 2020, B.1.617.2 led to 
an emergency situation by causing rapid outbreaks in more 
than 160 countries with over 1.3 million cases as of Sep-
tember 26, 2021, worldwide [13, 67, 68]. It is categorized 
as the subclade of B.1.617 variant with its sister variants 
of B.1.617.1 and B.1617.3. This lineage was labeled Delta 
variant by WHO on May 31, 2021, and assigned as a variant 
of concern (VOC) on May 11, 2021 [26]. Prominent spike 
mutations that took place in the Delta variant are L452R, 
T478K, P681R [69] along with T19R, T95I, G142D, del 
156, del 157, R158G, D614G, and D950N [70] (Fig. 1). 
One study predicted that by acquiring K417N mutation in 
some isolates, RBD conformation was destabilized, and the 
local protein flexibility increased, which may be translated 
to increased binding affinity to ACE2 [71]. However, other 
studies demonstrated that K417N mutation attenuated the 
ACE-binding affinity, despite its immune evasion capabili-
ties [60, 72, 73]. Using in silico method, L452R and T478K 
substitutions exhibited more positively charged RBD; thus, 
more binding affinity toward ACE2 and a more stable RBD-
Spike complex are expected. This may partly explain the 
delta variant's higher transmissibility and an unexpected 
surge in cases in India peaking in May 2021 [71, 74]. For 
disease severity, a large cohort study illustrated that the 
patients with the Delta variant were more than two times at 
risk of hospitalization compared to the Alpha variant [75]. 

Together, these findings indicate that additional danger-
ous mutations may accumulate in this strain despite lack-
ing E484Q. The appearance of the highly infectious Delta 
variant reflects that more dangerous and threatening vari-
ants may emerge as the infection rates elevate and bolds the 
necessity of widespread vaccination across the world.

Omicron variant (B.1.1.529)

A new variant with a high number of spike mutations was 
first identified in South Africa and Botswana in November 
2021. While known by the Pango lineage of B.1.1.529, it 
elevated the concerns so high that WHO designated it as 
VOC and named it Omicron on November 26, 2021 [76]. 
With over 30 mutations in the spike and multiple ones in 
the ORFs and nucleocapsid (N), a possible new threat has 
been investigated since the early days, and as of December 
22, 2021, it had been detected in all 6 WHO regions [77]. 
Spike mutations are in NTD: (A67V, 69-70 del, T95I, 142-
144 del, Y145D, 211 del, L212I, and ins214EPE), RBD: 
(G339D, S371L, S373P, S375F, K417N, N440K, G446S, 
S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, 
and Y505H), T547K, D614G, H655Y, N679K, P681H, and 
S2 subunit: (N764K, D796Y, N856K, Q954H, N969K, and 
L981F). Several notable mutations of Omicron are present 
in previous VOCs, including 69–70 del, K417N, T478K, 
N501Y, D614G, and P681H, while there are highly similar 
ones, such as E484A [78].

The mutations at the furin cleavage site are critical for 
evaluating the changes in transmissibility of different strains 
[79], while Omicron is accompanied by a collection of muta-
tions at this site (H655Y, N679K, and P681H) (Fig. 1). 
Studies have shown that the Omicron transmissibility is 
remarkably superior to the Delta variant, possibly due to 
spike structural changes conferred by S371L, S373P, S375F, 
T478K, Q493R, Q498R, and N501Y mutations [80]. Also, 
the extended number of mutations in the RBD increased the 
positive electrostatic potential of the RBD interface, which 
interacts with the negatively charged surface of ACE2, there-
fore, yields to a higher affinity toward ACE2 and more infec-
tivity [81]. However, there is speculation that the ACE2-
binding affinity of Omicron RBD is similar to the Delta and 
Beta variants, suggesting that non-RBD mutations might 
play a role in increased transmissibility and enhanced cell 
entry of the Omicron [82].

Besides infectivity, the immune escape capability of Omi-
cron has also been concerning since it may elevate reinfec-
tion rates and be less sensitive to neutralizing antibodies 
[83–85]. It was shown to evade the immunity conferred 
by previous VOC and VOI infections [84]. In one study, 
Omicron significantly impacted most of the neutralizing 
potency of therapeutic monoclonal antibodies (mAb), and 
nearly diminished the neutralization activity of BNT162b2 
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and AstraZeneca convalescent sera, 5 months after the two-
dose vaccination. However, prior infection or a booster dose 
of BNT162b2, 8 months after the first dose, triggered strong 
immunity against Omicron [86]. Along with the immune 
escape of Omicron in other vaccines, the neutralization 
sensitivity decline of Omicron is considerably higher than 
previous VOCs [87]. Nevertheless, evidence of preserved 
CD8+ T-cell immunity against this variant opens the win-
dow of hope for current vaccines [88].

Early data regarding Omicron-related disease severity 
indicated that it probably leads to less severe disease than 
the Delta variant based on hospitalization and death rates; 
however, more evidence is required in more aspects of dis-
ease severity [89–91]. Omicron’s milder clinical manifesta-
tions versus the Delta might be related to its less efficient 
intracellular replication in TMPRSS2-rich cells, including 
lung cells [92].

Like the Beta and Gamma variant, Omicron may have 
acquired potential cross-species transmissibility due to 
Q493R mutation [93], which resembles Q493K mutation 
evolved in the study of SARS-CoV-2 adaptation in the 
mouse model [94].

Variants of interest

Lambda variant (C.37)

In August 2020, the earliest samples belonging to GISAID 
clade GR/452Q.V1 were detected in Peru [10]. It sub-
sequently termed C.37 and quickly spread to Chile, the 
United States, Argentina, Ecuador [95]. On June 14, 2021, 
C.37 was assigned as a VOI and labeled Lambda variant by 
WHO [26]. It has now been detected in more than 37 coun-
tries, with over 7500 cases worldwide as of October 2021 
[96]. Several notable mutations of spike and ORF1a have 
occurred in the Lambda variant, including seven amino acid 
deletion in the spike (del 246-252), G75V, T76I, L452Q, 
F490S, D614G, and T859N. The major alteration of ORF1a 
is del 3675-3677, which has also occurred in the Alpha, 
Beta, and Gamma variants [97].

Both L452Q and F490S are within the RBD of the spike; 
hence careful monitoring of the immune escaping potential 
of these mutations is required. L452Q is similar to L452R, 
which is present in Epsilon, Delta, and Iota variants and 
also associated with resistance to neutralizing antibodies 
[98, 99]. A study by Acevedo et al. on plasma samples from 
CoronaVac vaccines suggested that L452Q projects a simi-
lar immune escape pattern to L452R and reported higher 
infectivity and decreased neutralization for Lambda variant 
compared to wild type, Alpha, and Gamma variants [100]. 
Data on Lambda’s neutralization susceptibility to antibod-
ies elicited by mRNA vaccines indicate that the variant is 

partially resistant to vaccine-elicited and convalescent sera 
neutralizing antibodies. The resistance was attributed to 
L452Q and F490S mutations, and the extent of the impact by 
L452Q was similar to that of L452R. In parallel to L452Q, 
F490S also caused a 2–3-fold decline in neutralizing activ-
ity of sera; however, the antibody titers remained sufficient 
to protect against infection caused by the Lambda variant 
[101]. Another feature of L452Q that resembles the L452R 
is in ACE2-binding affinity. It was documented that L452Q 
caused a three-fold increase in ACE2-binding affinity using 
pseudotyped virions, a pattern similar to N501Y and L452R 
that might contribute to higher transmission [101].

Mu variant (B.1.621)

The earliest document on the emergence of a novel vari-
ant belonging to B.1.621 lineage returns to January 2021 
in Columbia. The variant is a descendent of B.1 clade and 
has been frequently observed later in Columbia during the 
third peak of the outbreak [102]. The highest prevalences 
of B.1621 variant have been reported in the United States, 
Columbia, Chile, Spain, and Mexico [103].

The variant was labeled with the Greek alphabet of Mu 
and subsequently classified as VOI by WHO on August 30, 
2021 [26]. As of October 2021, over 11,000 cases in over 
54 countries have been identified with lineages related to 
the Mu variant [104]. The accumulation of mutations shared 
with VOCs has raised concerns on potential more virulent 
disease and vaccine breakthrough infections. The spike 
mutational profile of the Mu variant includes T95I, Y144T, 
Y145S, Y144S, Y145N, R346K, E484K, N501Y, D614G, 
P681H, D950N [105]. Among spike mutations, E484K and 
N501Y have been associated with partial resistance to neu-
tralizing and monoclonal antibodies, particularly E484K 
[64, 66, 106, 107]. Nevertheless, reports on the potency of 
vaccine-elicited neutralizing antibodies against the Mu vari-
ant indicate that current mRNA vaccines are still adequately 
neutralizing the variant [108, 109].

To get a better overview, the timeline of the emergence 
of VOCs and VOIs is depicted in Fig. 2.

Miscellaneous variants

Since its appearance, SARS-CoV-2 has undergone many 
changes in its mutational profile with a diverse family of 
variants. Some of them arose independently from each 
other and contained concerning mutations. Nevertheless, 
some clades of minor concern reside in this family that 
may not greatly impact strategies coping with the virus, 
and some of them might not be present in current viral 
circulation, while others have alarming mutations with 
unknown biological significance. European variants of 
20A.EU1 (also referred to as lineage B.1.177) and 20A.
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EU2 accounted for multiple epidemics across Europe in 
early summer 2020. 20A.EU1 attracted attention with 
spike mutation of A222V. Although A222V had slightly 
elevated viral titers than those without mutation by an 
average of 1.3-fold, it is not comparable to D614G for 
increasing fitness of virus [110]. The other variant of 20A.
EU2 contained a notable mutation in the spike that was 
S477N and was previously discussed to be beneficial for 
viral entry [60]. Together, these variants had not reached 
the level of prevalence to illustrate a great effect on disease 
rates and shift in the distribution of confirmed cases [110].

Epsilon variant (B.1.427/B.1.429)

First discovered in an isolate from Southern California in 
July 2020, CAL.20C was responsible for an outbreak in 
California initiated in October 2020 that later spread to 
other countries [111]. The Pango lineage of this variant is 
B.1.427/B.1.429 and harbors non-synonymous L452R muta-
tion while accounting for more than half of the cases in the 
US by early 2021 [98]. This variant was designated Epsilon 
variant by WHO on May 31, 2021, and subsequently deesca-
lated from VOI to the Variant Under Monitoring (VUM) 

Fig. 2  a Timeline of the emergence of SARS-CoV-2 VOCs and VOIs. b Countries of origin for SARS-CoV-2 VOCs and VOIs
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on July 6, 2021, due to lack of evidence for epidemiologi-
cal impact [26] and recognized by five notable mutations 
that include: ORF1a: 14205V, ORF1b: D1183Y; S: S13I; 
W152C; L452R [111].

L452R occurred at one of the RBD motifs replacing 
amino acid leucine with arginine. The residues in this area 
have direct contact with ACE2, and by substitution arginine, 
the changes in charge interactions made it easier for RBD to 
fit with its receptor and improve the affinity, thus defining 
its more transmissibility [66, 112]. There are mounting con-
cerns about how contagious and lethal this variant may be 
in normal and immunocompromised populations. According 
to one study conducted by colleagues at the University of 
California, San Francisco (UCSF), sequencing 2172 viral 
genomes across California state revealed that 466 (21.5%) 
genomes belonged to the B.1.427/B.1.429 variant [98]. The 
viral RNA loads found in nasal/nasopharyngeal swabs from 
samples infected with B.1.427/B.1.429 were roughly twice 
as high as other examinees, and the observed resistance to 
neutralizing antibodies conferred by prior infection and vac-
cination were 4.0 to 6.7-fold and 2-fold, respectively [98].

Eta variant (B.1.525)

This lineage arose first in December 2020 and spread across 
Europe, North America, Asia, and Africa, with the most 
prevalence in Denmark and UK. The variant labeled Eta by 
WHO on May 31, 2021 [26] holds some worrisome muta-
tions shared with clades of concern B.1.351 and B.1.1.7, 
including E484K and del 69–70, and also mutations like 
Q677H, F888L in spike protein which can pose a threat to 
vaccine development and therapeutics according to cov-
lineages.org [113, 114].

Iota variant (B.1.526)

First appeared in samples dating back to November 2020, 
a new lineage of the virus has been identified using a soft-
ware tool named Variant Database (VDB) novel variant 
termed B.1.526, and by WHO Iota on May 31, 2021 [26] 
and as of February 2021, the so-called variant was present 
in 25% of viral genome sequencing isolates from New York. 
The finding was based on recognizing clusters with shared 
mutations in the spike [115]. The novel clade harbors muta-
tions in common with previous types, including L5F, T95I, 
N501Y, E484K, or S477N, D253G, D614G, and A701V 
[115, 116]. The viral isolates are divided into two major 
branches containing either E484K, or S477N [115]. E484K 
substitution similar to that of Beta (B.1.351) and Gamma 
(P.1) and N501Y as of Alpha (B.1.1.7) have previously been 
discussed to benefit virus with higher binding affinity to cells 
by altering RBD conformation. The worrisome mutations in 
New York’s lineage are S477N and D253G. S477 is adjacent 

to RBD and has been investigated in European outbreaks 
several times. The resulting modest increase in binding affin-
ity with ACE2 could explain the higher infectivity of this 
mutation [60, 117]. The pattern of mutations and prevalence 
of changes in S477 with multiple lineages containing the 
mutation might be the consequence of immune pressure 
from host immune responses [110, 115]. D253G has a dif-
ferent feature as it occurred in the supersite or N5 loop of 
NTD and contributes to one of the most interactions with 
neutralizing antibodies [107, 118]. The presence of A701V 
has been observed previously in B.1.351 lineage and placed 
adjacent to the  S2 cleavage site of the nearby protomer of 
the spike trimer [11].

Variants of B.1.617.1/Kappa variant and B.1.617.3

First cases of distinct clade from other circulating variants 
around India were detected in October 2020, and WHO 
announced it as a variant of interest on April 4th [26]. The 
variant was labeled by Pango lineage B.1.617, and as of 6 
May 2021, it was identified in 28 countries, predominantly 
India and the united kingdom [119]. The variant encom-
passes three sub-lineages of B.1.617.1 or Kappa, B.1.617.2 
or Delta (now considered as VOC) that both labeled Greek 
letters by WHO on May 31, 2021 [26], and B.1.617.3 of 
which contained similar mutations and appeared in close 
intervals. Concerning mutations regarding the variant are 
the spike mutations of E484Q, L452R in RBD, and P681R 
in the furin cleavage site, which appears to be the outcome 
of convergent evolution. Due to locating at the furin cleav-
age site, P681R may enable the virus to fuse with the host 
cell membrane more efficiently thus, heightens viral load 
and improves viral transmissibility [69, 120]. E484Q and 
L452R are present in other variants and reported to weaken 
the antibody-mediated responses to the viral infection [64].

The notable mutations of the spike that occurred in 
B.1.617.1 are G142D, E154K, L452R, E484Q, D614G, 
P681R, and Q1071H [69, 121]. However, E484Q is not pre-
sent in B.1.617.2, and besides common mutations with its 
sister lineage B.1.617.1, new substitutions were detected in 
this sublineage, including R158G, T478K, and D950N. Of 
B.1.617.3, the major differences are the presence of E484Q 
and the absence of R158G, with the remaining mutations 
being in common [122].

Cluster V (Y453F)

In November 2020, 240 cases of COVID-19 were reported 
related to mink farms. The new variant, in most cases, had 
Y453F mutation in the RBD of spike protein [123]. This 
potentially allowed the virus to penetrate the cells more 
easily resulted in altered tropism. However, in 11 cases, 3 
additional mutations in a spike also located in RBD were 



88 Medical Microbiology and Immunology (2022) 211:79–103

1 3

found (del69-70, I629V, M1229I). This variant is termed 
Cluster V and a reduction in antibody-mediated response 
was detected for an average of 3.58 folds (1–13.5) [124]. 
These findings indicate that there could be a potential impact 
on antibody-mediated immunity provided by SARS-CoV-2 
infection or vaccines [123]. The evolution of SARS-CoV-2 
in minks has concerned health care workers, and many 
countries have raised surveillance levels, and the selective 
slaughter of minks was implemented. Since November 19th, 
2020, cluster V has not been observed and may have become 
extinct [125].

B.1.2 lineage

20G: S677H Robin 1 was first identified in the US isolates 
from southern states in October 2020; the variant harbors 
important Q677P spike mutation. Similar to 677H, 677P 
showed equal significance as the place of substitution near 
the S1/S2 cleavage site may impose increased spread and 
could be the sign of simultaneous convergent evolution 
[126–128].

Consequences of evading immune 
responses

As SARS-CoV-2 keeps mutating over time, the host immu-
nity and monoclonal antibodies against novel variants spike 
glycoprotein may be less effective [129]. However, new data 
suggest that the combination of multiple antibodies with dif-
ferent affinities may be helpful in antiviral strategies [130].

RBD of S protein is the primary target for neutralizing 
antibodies by being immunodominant and holding 90% of 
serum neutralizing activity [131]. However, it does not indi-
cate that all escape mutations are necessarily at the RBD 
domain, which contacts antibodies. Several notable muta-
tions occur at residues that are not located in RBD or anti-
body-mediated regions [132].

There are four main classes of neutralizing antibodies 
with distinct patterns of targeting the epitopes. Class 1 anti-
bodies block ACE2 and only interact with the upstate of 
RBD, and the VH3-53 gene segment encodes these antibod-
ies. Similar to class 1, class 2 antibodies block ACE2, but 
in addition to binding to more open structure RBDs, they 
can contact RBDs with more compact conformations and 
adjacent RBDs with longer loops. The majority of neutral-
izing antibodies comprise classes 1 and 2. Class 3 and 4 
recognize outside of ACE2 sites and interact with RBD with 
less significance [107, 130].

Alongside RBD, at the S1 subunit of spike protein, the 
N-terminal domain (NTD) has also been impacted by escape 
mutations. There are three loops involved in NTD, with all 
of them belonging to one immunodominant region of NTD: 

N-1, N-3, N-5 loops [107]. In terms of vulnerability to neu-
tralizing antibodies, some mutations enabled the virus to 
evade the immune system more efficiently, known as escape 
mutations. On the other hand, there are subsets of mutations 
conferring more susceptibility to neutralizing antibodies.

D614G mutation has been present in most current vari-
ants since its emergence early in the pandemic. Although the 
substitution did not occur at RBD, it favored the virus with 
higher transmissibility and spike density due to the allosteric 
effect [9, 41]. In D614, two conformations of spike with their 
RBD state “1-up” and “3-down” exist [133]. The ratio of the 
two states substantially differs in D614 and 614G variants. 
With cryo-electron microscopy data, the “1-up” state signifi-
cantly outnumbered the “3-down” state in 614G (89% versus 
18%) compared to D614, which two states had a roughly 
same population (54% “3-down” versus 46% “1-up”) [37, 
134]. Alteration of “1-up” RBD state population in 614G 
shifts S protein to ACE2-competing state [134], and by more 
open conformation site it makes RBD more prone to neutral-
izing antibodies through extra exposing RBD residues [28].

In B.1.1.7 lineage, despite its rapid growth over 40 coun-
tries and bearing 8 spike mutations with key changes, data 
revealed a modest reduction in neutralization with sera fol-
lowing the first dose of mRNA vaccine (BNT162b2) admin-
istration. A similar outcome was observed using a panel of 
convalescent sera against pseudovirus with eight amino acid 
changes in spike protein found in B.1.1.7 clade. The most 
pronounced effect on neutralization was reported from sam-
ples containing monoclonal antibodies (mAbs) against the 
NTD domain (nine out of ten) of the spike. In contrast, there 
was no reduction in neutralization activity in “out of RBD” 
regions by mAbs [106].

The key mutations impacting neutralization include 
N501Y, del 69–70, and P681H. N501Y substitution features 
a critical amino acid change due to its location in RBD and 
has also been described in newer variants. With 20 human 
vaccine-elicited sera by BNT162b2 mRNA vaccine trial 
against 501Y, there was no indication of diminished neu-
tralizing activity against N501Y spike mutation [135, 136]. 
There is a slight reduction in sensitivity of B.1.1.7 clade 
harboring these mutational profiles against neutralizing 
mAbs and convalescent sera [136]. There is no evidence 
of a higher reinfection rate related to B.1.1.7 compared to 
previous strains [137]. However, when N501Y and E484K 
are both present in the spike as detected in samples iso-
lated from the number of B.1.1.7-infected patients and in 
all of B.1.351 viral sequences, it resulted in significant loss 
of neutralization (19 out of 31) against both convalescent 
and sera obtained after the first and second dose of mRNA 
vaccination [106].

Findings indicate that E484K, present in B.1.351 and 
P.1 clades, could potentially impair the neutralization 
response elicited by both vaccine and convalescent sera but 
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not thoroughly reduce the effect [106, 138]. Marked muta-
tions in B.1.351 South African lineage comprise N501Y, 
E484K, and K417N in RBD and a cluster in NTD (e.g., 
del 242–244, R2461) [11, 136]. The magnitude of the drop 
in neutralization of sera was the highest when these RBD 
triple mutants coexist in the viral sample, with 27% of 
total sera samples losing all their activity against RBD 
with these three substitutions [107]. For polyclonal neu-
tralization assays, a significant decrease in neutralization 
was observed in the presence of E484K and N501Y simul-
taneously, not individually; thus, B.1.351 may compromise 
immune responses greatly [64]. K417N alone is reported 
to abolish some of the most potent mAbs relating to VH3-
53/66 germline (class 1 and 2) and recently approved 
therapeutic mAbs like LY-CoV016 [136, 139]. However, 
K417N shows increased sensitivity to polyclonal antibod-
ies [64]. There are some reports regarding alarmingly high 
resistance of P.1 clade to both convalescent (3.4-fold) and 
vaccine sera (3.8–4.8-fold) for the original virus [140]. 
Regarding Y453F and N439K, which occurred in Cluster 
V, data suggest that they potentially exhibit partial resist-
ance to some mAbs but not to a great extent; therefore, this 
variant may not be the clade concern [66, 141, 142]. The 
other mutations with the evidence of impacting neutraliz-
ing antibodies targeting RBD are E484Q and L452R, with 
L452R presenting in both Indian variants of B.1.617 and 
California’s B.1.427/B.1.429 lineage [99, 120]. However, 
data from 1 study of 12 patients with B.1.617 from India 
indicated that convalescent sera from patients contracted 
with COVID-19 and vaccinee sera of BBV152 (Covaxin) 
provided neutralization against B.1.617 [121]. A study by 
Planas et al. [143] revealed that delta variant (B.1.617.2) 
strongly impacted the natural immunity against the previ-
ous viral strains, which reflected in four times lower anti-
body titers in convalescent sera compared to the Alpha 
variant, and also some monoclonal antibodies were lost 
their potency to neutralize this variant [143, 144]. It is also 
consistent with the reduced effectiveness of both single 
and two doses regimen of BNT162b2 (35.6–88% effective-
ness rate) and ChAdOx1 nCoV-19 (30–67% effectiveness 
rate) vaccines against highly infectious delta variant com-
pared to alpha variant [145].

Ultimately, the most threatening mutation to immune eva-
sion is E484K, shared by both Beta (B.1.351) and Gamma 
(P.1) variants. Recent studies demonstrate compelling evi-
dence that E484K noticeably diminished sera neutralization 
activity from class 1 and 2 mAbs up to 10 folds [66]. The 
amino acid change at the immunodominant sidechain of 
RBD alters the charges and electrostatic interactions needed 
for antibody binding to the RBD epitope [146]. Therefore, 
the large drop in neutralization activity of sera but not infec-
tivity conferred by notable E484K mutation strongly projects 
that both Beta (B.1.351) and Gamma (P.1) variants could 

pose a threat to the efficacy of neutralizing antibodies and 
vaccines targeting highly immunogenic epitopes [64].

The immune evasion capability of the Omicron dramati-
cally reduced sensitivity to the neutralizing antibodies. One 
study found that Omicron had 8.4-fold lower neutralizing 
titters than D614G mutant when tested against convalescent 
sera for original strain infection [84]. The main culprit for 
this escape is likely the synergistic effect of RBD mutations 
found in Alpha, Beta, Gamma, and Delta, including K417N, 
E484A (similar to E484K), T478K, and N501Y [58, 64, 
147]. Besides, E484A and Y505H are in antibody-interfer-
ing locations that may lead to antibody resistance [148], and 
many new mutations at RBD could reduce neutralizing sen-
sitivity due to conformational change [80, 82]. Despite the 
impacted humoral response, T-cell immunity by CD8+ cells 
is likely preserved against this variant, implying that vac-
cines may still be effective [88].

Current vaccine efficacy

Since the outbreak of novel coronavirus, the race for vaccine 
developments by large multinational companies has taken 
at unprecedented and lightning speed. Many vaccine can-
didates have established robust clinical trials with efficacy 
studies. According to WHO, as of September 2021, there 
are 121 vaccines at clinical development and 194 at the pre-
clinical stage [149]. Different ranges of platforms for vac-
cine production are used, including RNA-based, viral vector, 
inactivated viral particle, to name a few. The cutting-edge 
technology used for manufacturing RNA-based vaccines has 
captured much attention, since it can deliver new therapeutic 
approaches with more flexibility in a seemingly short period. 
Two vaccines initiatives using new RNA-based technology 
are Pfizer/ BioNTech BNT162b2 and Moderna’s mRNA-
1273. Other vaccines of different platforms are ChAdOx1 
AstraZeneca (AZD1222) in the form of an adenoviral-
vector vaccine, CoronaVac (Sinovac COVID-19 vaccine), 
BBIBP-CorV (Sinopharm COVID-19 vaccine), and Cov-
axin (BBV152) inactivated-virus-based vaccines, Janssen 
JNJ-78436735 non-replicating viral vector, and some other 
developed vaccines with similar platforms. As of Decem-
ber 2021, 31 COVID-19 vaccines have been approved in at 
least 1 country worldwide, with 10 issued by WHO emer-
gency use listing (EUL) [150]. The major vaccine platforms 
include mRNA-based, inactivated virus-based, replication 
incompetent viral vector, and recombinant spike protein 
subunit vaccines (Fig. 3).

Pfizer-BioNTech BNT162b2 vaccine comprises lipid 
nanoparticle encircling mRNA intended to deliver the 
information needed to produce the spike protein of SARS-
CoV-2 [151], because the primary target for most SARS-
CoV-2 vaccine candidates is the virus’s spike protein [152]. 
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Following phase 3 clinical trial for BNT162b2, data indi-
cated that the vaccine efficacy rate are 95% in individuals 
who had or did not have prior exposure to the virus [153]. 
Studies performed in the United States and Germany 
revealed a robust immune response with high titers of neu-
tralizing antibodies and T-cell defense after administrating 
two 30 µg doses of BNT162b2 [154]. Even a single dose of 
vaccine in a community-tested study was shown to prevent 
46% of catching the infection, 74% of hospitalizations, and 
72% of death after 14–20 days [155].

Regarding the neutralizing potency of antibodies elic-
ited by BNT162b2 on Alpha, Beta, and Gamma variants, 
a study using recombinant viruses representing these lin-
eages revealed that vaccinee sera with full immunization 
effectively neutralized all three recombinant variants. How-
ever, neutralization of Beta variant was lower to Alpha and 
Gamma variants despite being robust, meaning vaccine is 
still protective against these variants [156]. Similarly, to 
determine neutralizing antibody activity from BNT162b2 
vaccination against Alpha, Beta, and Delta variants, Wall 

Fig. 3  a COVID-19 vaccines with different platforms. b mRNA-based vaccines. c Inactivated-virus vaccines. d Replication-incompetent viral 
vector vaccines. e Recombinant spike protein subunit vaccines. f Other vaccine platforms
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et al. found that neutralizing antibody titers reduced 5.8-
fold against Delta, 4.9-fold against Beta, and 2.6-fold against 
Alpha variants relative to the wild type [157].

In respect to immunity persistence conferred by 
BNT162b2, evidence from a large retrospective cohort study 
in the US presented the effectiveness of 97% (95CI: 95–99) 
against infection of non-Delta variants after the first month 
of full vaccination that declined to 67% (95CI: 45-80) after 
4–5 months. For the Delta variant, the results were 93% 
(95CI: 85–97) and 53% (95CI: 39–65), respectively. Also, 
the vaccine effectiveness against hospital admission was 
93% (95CI: 84–96) for the Delta variant. Together, these 
data provide strong support for mass vaccination since the 
vaccine is still highly protective, and waning immunity with 
time is probably the culprit for effectiveness decline rather 
than Delta variant immune escape [158].

Consistent with these findings, a test-negative case–con-
trol study by Bernal et al. evaluated the partial and full vac-
cination effectiveness of BNT162b2 against the Alpha and 
Delta variants. One dose of the vaccine showed the effective-
ness of 35.6% (95CI: 22.7–46.4) against the Delta variant 
for symptomatic disease, and for two doses, the estimate was 
88% (95CI: 85.3–90.1). The results for the Alpha variant 
were 47.5% (95CI: 41.6–52.8) and 93.7% (95CI: 91.6–95.3), 
respectively [145]. Regarding the highly transmissible vari-
ant of Omicron, vaccine effectiveness after the first month of 
primary inoculation was significantly lower than the Delta 
in the Danish Cohort study and was reported to be 55.2% 
(95CI: 23.5–73.7) [159]. Even though it largely escapes the 
immunity by two-dose vaccination with BNT162b2 [160, 
161], multiple studies suggest that the booster dose could 
improve the protection against this variant [162, 163].

On February 25th, 2021, Pfizer and BioNTech announced 
that they are considering booster shots to participants drawn 
from phase 1 study, 6–12 months after receiving their two-
dose regimen to evaluate the effectiveness of the third dose 
against new evolving variants [164]. The booster shot has 
been evaluated safe and efficacious at the rate of 95.6% 
(95CI: 89.3–98.6) against the symptomatic disease in 
10,000 individuals over 16 years of age [165]. Moreover, 
in December 2021, Food and Drug Administration (FDA) 
extended the authorization of the booster dose of BNT162b2 
to individuals over 16 years of age that completed primary 
vaccination with FDA-authorized or approved COVID-19 
vaccines [166].

Moderna’s 1273 mRNA vaccine projected promising 
anti-SARS-CoV-2 immune response in phase 1 of clinical 
trials by analyzing antibody responses with enzyme-link 
immunosorbent assay (ELISA) following injection of three 
different dosages of vaccine to three groups of healthy adults 
between the age of 18 and 55 years, 28 days apart [167]. 
Also, preliminary results for the 1273 mRNA phase 2 trial 
with two-dose regimens of 50 and 100 µg of the vaccine 

were indicated to be effective with the significant immune 
response [168]. Phase 3 consisted of a double-blinded, ran-
domized, and placebo-controlled study with 30,420 volun-
teers randomly assigned into two groups. Most of the par-
ticipants received two doses of vaccine, and results were 
conclusive that the vaccine is effective at the rate of 94.1% 
(p < 0.001) [169]. Single-dose administration of the vaccine 
in individuals with prior exposure to the virus seems to be as 
effective or more beneficial than two-dose regimen in terms 
of the level of protection [170].

Data on whether 1273 mRNA can trigger an adequate 
immune response to tackle new variants or not were ana-
lyzed using a pseudovirus-based model bearing a range of 
spike mutations present in new emerging variants. The test 
was performed based on mutations from D614G, B.1.1.7, 
B.1.351, 20E(EU1), 20A.EU2, N439K-D614G, and cluster 
V lineages. The drop in neutralization against both full and 
partial subset of mutations in B.1.1.7 by serum from par-
ticipants in phase 1 was insignificant. On the other hand, 
assays for the partial panel of mutations related to B.1.351 
resulted in 2.4 folds, and for the whole set, 6.4 folds of 
reduction in neutralization activity elicited by the vaccine. 
Notably, the serum samples' concentration neutralized the 
pseudotype virus was low; therefore, the vaccine’s efficacy 
against B.1.351 is not conclusive and needs further investi-
gation. Neutralizing activity of vaccine against 20E (EU1), 
20A.EU2, N439K-D614G, and cluster V clades equal the 
D614G isolate. Thus, the vaccine coverage for these variants 
remains no place for concern [171]. Likewise, B.1.351, P.1, 
and each strain carrying these E484K, K417N/T, or N501Y 
substitutions together have also been demonstrated with the 
pseudotyped virus to compromise the efficacy of mRNA 
vaccines like Moderna’s 1273 mRNA vaccine [64].

To further evaluate neutralizing capacity elicited by full 
immunization with mRNA-1273, a study by Choi et al. 
using recombinant spike-pseudotyped variants showed that 
neutralizing titers against the Alpha variant were minimally 
different from those of the D614G mutant. Neutralization 
titers for other variants, including Delta and Gamma, were 
compromised by the decline range from 2.1-fold to 8.4-fold, 
with the greatest observed in the Beta variant. Nevertheless, 
the study implied that all variants remained susceptible to 
neutralizing antibodies induced by mRNA-1273 [172]. The 
greatest dip in vaccine neutralization potency was observed 
in Omicron with 49–84-fold less sensitivity to neutralizing 
antibodies than the D614G variant, 4 weeks after primary 
vaccination [173]. In parallel, vaccine efficacy dropped to 
36.7% (95CI:  -69.9-76.4) in a cohort study in Denmark 
[159]; however, similar to BNT162b2, a booster dose of vac-
cine could confer proper response against this variant [173].

The company announced its plan in February 2021 to 
address SARS-CoV-2 variants of concern, including a var-
iant-specific booster shot named mRNA-1273.351 and two 
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other similar approaches [122]. In November 2021, the FDA 
authorized a single booster dose of mRNA-1273 for indi-
viduals over 18 years of age who completed primary vacci-
nation of authorized or approved COVID-19 vaccines [174].

The next vaccine we are dealing with is ChAdOx1 Astra-
Zeneca (AZD1222) vaccine. It is fundamentally different 
from the two previous vaccines as it is an adenovirus vec-
tor vaccine. With phase 1/2 trial (registered at clinicaltrial.
gov NCT04324606) and phase 2/3 (NCT04400838), the 
vaccine is gaining more upcoming data, including its better 
tolerance in older adults [175]. Large-scale randomized and 
controlled phase 3 carried in UK, Brazil and South Africa 
between April 23 and November 4 showed an overall effi-
cacy of 70.4%. The 23,848 participants were divided into 
two groups in which one group received a half dose of vac-
cine at the first shot and the original dose for the second, and 
the other group received the original dose both times. The 
efficacy for the group who received the half dose first was 
90% and for the two original dose groups was 62.1% [176]. 
Even single-dose administration of vaccine was reported to 
confer good immunity against the virus for 90 days, and if 
the interval between first and second shot is prolonged to 
12 weeks instead of 6 weeks, it can boost antibody responses 
[176]. The vaccine potency to deliver a sufficient immune 
response against B.1.1.7 is equal to other clades based on 
a recent trial [177]. However, it projected disappointing 
results against B.1.351 and did not confer immunity against 
mild and moderate disease cases due to B.1.351. The safety 
efficacy was tested with two-dose regimens of vaccine or 
placebo with the interval of 21–35 days. Both pseudotyped 
and live virus neutralization assays showed the efficacy of 
10.4% against the Beta (B.1.351) variant [178]. An explora-
tory analysis of ChAdOx1 efficacy at phase 3 of the trial 
in Brazil depicted that after 2 doses, the efficacy against 
the Gamma variant for the symptomatic disease was 64% 
(95CI: 2-87). The study also pointed to the maintained pro-
tection of ChAdOx1 against the Gamma variant despite a dip 
in efficacy compared to other variants. However, the conclu-
sion was unpowered due to the limited cases and wide con-
fidence interval [179]. On ChAdOx1 effectiveness against 
Delta variant, Bernal et al. [145] estimated one dose effec-
tiveness against the symptomatic disease of 30.7% (95CI: 
25.2–35.7) and 67% (95CI: 61.3–71.8) for two doses. Data 
around vaccine neutralization activity against the Omicron 
variant exhibited minimal activity after 5 months of two-
dose immunization [86]. Also, no efficacy was yielded by 
the heterologous regimen of BNT162b2/ChAdOx1 against 
this mutant; however, a significant increase in neutralization 
titers was observed in the BNT162b2-boosted heterologous 
regimen [83].

Janssen JNJ-78436735 or Ad26.COV2.S vaccine is 
an adenovirus serotype 26 vaccine that encodes the full-
length spike protein of SARS-CoV-2. In randomly assigned, 

placebo-controlled phase 1 and 2 trials of the vaccine, 
29 days following the first vaccine dose, 90% of participants 
were detected with neutralizing antibody in their sera, and 
after 57 days, all the participants showed even increased 
titers of neutralizing antibody [180]. In phase 3 of the study, 
43,783 participants over the age of 18 were examined 14 and 
28 days after single-dose administration, and data revealed 
that the vaccine are effective at preventing moderate-to-
severe forms of the disease at the rate of 66.9% (95CI: 
59.0–73.4) at least 14 days after administration and 66.1% 
(95CI: 55.0–74.8) at least 28 days after receiving the vac-
cine. It was also effective for preventing hospitalization, with 
the efficacy of 93.1% (95CI: 72.2–99.2) and 100% (95CI: 
74.3–100) in a similar timeline. The data also suggest that 
the vaccine efficacy reached 72% (95CI: 58.2–81.7) in the 
United States and 64% (95CI: 41.2–78.7) in South Africa 
against moderate-to-severe disease, with at least 28 days 
after receiving the vaccine. [181]. With the predominancy 
of the Beta variant at the phase 3 trial in South Africa, the 
vaccine efficacy remained high at preventing moderate-to-
severe disease and hospitalization [181].

A study by Barouch et  al., evaluated the antibody 
responses against VOC in the subjects receiving Ad26.
COV2.S vaccine in 29 and 239 days after inoculation. The 
greatest impact was reported against the Beta variant on 
day 29, with over 13-fold reduction in neutralizing antibody 
titers than wild strain; however, the decrease was moder-
ate with over 3-fold on day 239. Other variants, including 
Alpha, Gamma, and Delta, had higher titers and showed 
increased neutralization titers over time, suggesting a dura-
ble immunity induced by Ad26.COV2.S vaccine [182]. 
However, Ad26.COV2.S showed almost no antiviral activity 
against the Omicron variant in the pseudovirus assay study 
[93].

As of December 2021, among 137 SARS-CoV-2 vac-
cine candidates in the clinical studies, protein subunit (PS) 
vaccines account for 36% of all platforms [183]. Currently, 
11 PS vaccines have been approved by at least one country 
[150]. Here, we discuss Novavax NVX-CoV2373, Zifivax 
ZF2001, EpiVacCorona, Abdala CIGB-66, and COVAX-19.

Novavax NVX-CoV2373 is a developing vaccine con-
sisting of recombinant spike protein with Matrix-M1 adju-
vant, which is encapsulated by the nanoparticle. Preliminary 
data with post hoc analysis from phase 3 clinical trials from 
15,000 individuals in the UK showed that by full immuni-
zation, it is 96.4% (95CI: 73.8–99.4) effective at prevent-
ing the symptomatic disease caused by non-alpha variants, 
predominantly the wild type; however, it was efficacious 
at the rate of 86.3% (95CI: 71.3–93.5) against the Alpha 
variant’s symptomatic disease. The overall efficacy for pro-
tecting against SARS-CoV-2 infection was 89.7% (95CI: 
80.2–94.6) [184]. Similar to other vaccines, B.1.351 has 
also impacted NVX-CoV2373 efficacy. The trial conducted 
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in South Africa resulted in 60.1% (95CI: 19.9–80.1) efficacy 
in HIV-negative subjects and 49.4% (95CI: 6.1–72.8) for 
all participants where the majority of the cases (25 of 27) 
were involved with B.1.351 (Table 1) [185, 186]. Regarding 
the Omicron and Delta variants, Novavax announced cross-
reactive immune responses for primary two-dose and strong 
immune response with the third dose after 6 months of the 
second dose [187].

Zifivax vaccine, also named ZF2001, is a three-dose 
dimeric RBD-based vaccine developed by Anhui Zhifei 
Longcom Biopharmaceutical. In phases 1 and 2 of rand-
omized placebo-controlled trials in China, both two-dose 
and three-dose regimens have been evaluated for safety and 
immunogenicity. The interval between intramuscular doses 
was 30 days in either two- or three-dose regimen of 25 or 
50 µg groups and the placebo group. In phase 2, on a two-
dose schedule, the seroconversion rate for the 25 µg group 
was 76% and 72% for the 50 µg group, 14 days after the sec-
ond dose. The results for the three-dose regimen were 97% 
and 93% for the two groups, respectively, and the three-dose 
25 µg regimen vaccine was reported to be safe and immu-
nogenic [188]. The vaccine is currently in phase 3 that has 
extended outside China, including Ecuador, Indonesia, Paki-
stan, and Uzbekistan. The neutralization capacity of ZF2001 
was evaluated against 4 VOCs (Alpha, Beta, Gamma, and 
Delta) in the study of Zhao et al. The results indicated that 
sera neutralization activity was retained against all four 
VOCs despite the decrease in neutralizing titers [189]. These 
findings are consistent with another study that examined 
the neutralizing titers of ZF2001 vaccinee sera against the 
Beta variant. The study exhibited no evidence of immune 
escape by Beta variant against ZF2001 even though the 
titers declined 1.59-fold compared to the wild strain [190]. 
Against the Omicron variant, neutralizing antibody titer 
of three-dose (0–1–5) ZF2001 was reduced 3.1-fold com-
pared to the prototype virus, and neutralizing antibodies 
were found in all study participants. Thus, it induced proper 
immunity against this heavily mutated variant [191]. The 
results of the third-dose vaccination by ZF2001 in individu-
als with primary vaccination of inactivated vaccines also 
showed that it could boost the neutralization titers against 
the Omicron [192].

EpiVacCorona or Aurora-CoV is another protein subu-
nit vaccine developed by Russia's Vektor center of virology 
and biotechnology. It is based on the synthetic immunogenic 
peptide representing viral spike antigens conjugated to a pro-
tein carrier with aluminum hydroxide adjuvant. It is admin-
istered intramuscularly in two doses, 14 days apart, and was 
reported to be safe and immunogenic in the preclinical study 
[193]. Phases 1 and 2 of the trial were conducted in Russia 
and demonstrated the seroconversion rate of 100% in par-
ticipants after 42 days from the first injection [194]. Phase 
3 was initiated in November 2020 with 3000 participants to 

evaluate the vaccine’s efficacy (NCT04780035); however, 
no data on this phase, along with the vaccine’s neutralizing 
potency against the VOCs, has been published.

Two other protein subunit vaccines approved by at least 
one country are CIGB-66 (monomeric RBD-based three-
dose vaccine developed by the center for genetic engineer-
ing and biotechnology, Cuba) and COVAX-19 (recombinant 
protein subunit two-dose vaccine developed by CinnaGen 
institute, Iran, and Vaxine company, Australia). These vac-
cines exhibited antigenicity and safety in preclinical studies 
[195, 196]; however, for more detailed data around vaccine 
efficacy and protection against VOCs, results of clinical tri-
als are pending.

Regarding inactivated-virus-based COVID-19 vaccines, 
results of the clinical trials highlight the safety and high 
immunogenicity of these vaccines. BBIBP-CorV, a two-dose 
regimen vaccine developed by Sinopharm’s Beijing institute 
of biological products (BIBP), was safe and well-tolerated 
alongside inducing a proper humoral response in all partici-
pants at phases 1 and 2 of its trial [197]. Phase 3 of a large 
randomized double-blinded controlled trial in Bahrain and 
the United Arab Emirates demonstrated that the BBIBP-
CorV effectively prevents 78.2% (95CI 64.8–86.3%) against 
symptomatic disease and 100% against severe disease 
14 days following the injection of the second dose [198].

For assessing the antibody responses conferred by 
BBIBP-CorV against novel variants, a study by Jeewandara 
et al. comprehensively evaluated neutralizing antibody levels 
against RBD of the Alpha (B.1.1.7), Beta (B.1.351), Delta 
(B.1.617.2), and wild strains. Although the vaccine exhib-
ited high seroconversion rates among participants, it was 
shown that the Alpha, Beta, and Delta variants had impacted 
anti-RBD antibody levels compared to the wild strain with 
the reduction of 1.1-fold, 10-fold, and 1.38-fold in titers, 
respectively [199]. Also, the vaccine is considered to confer 
immunity against the Beta and Delta variants to the same 
extent as natural infection [199]. For assessing protection 
against the Omicron variant, a study from China found that 
two-dose vaccination with BBIBP-CorV provides a weak 
immune response 8 months after the prime vaccination. 
However, a booster dose enhanced the neutralizing antibody 
titers against the Omicron despite showing partial loss of 
sensitivity to neutralization provided by booster [200].

CoronaVac (Sinovac COVID-19 vaccine) is another 
inactivated whole-virion vaccine that presented promis-
ing results in experimental and real-world situations. The 
seroconversion of neutralizing antibodies against SARS-
CoV-2 in phases 1 and 2 of its trial in China varied by dif-
ferent doses of 3 and 6 µg and vaccine schedules of 14 and 
28 days after receiving the first dose. Phase 2 showed a 
higher immune response with the seroconversion of over 
90% at both 3 and 6 µg groups [201]. The CoronaVac was 
evaluated as a safe, highly tolerable, and protective vaccine 
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by inducing humoral responses against in both 18–59 and 
over 60 years [201, 202].

A phase 3 trial of the CoronaVac was conducted in 
Turkey, with the primary outcome of preventing sympto-
matic diseases at least 14 days following the second dose. 
The results indicated the vaccine efficacy of 83.5% (95CI: 
65.4–92.1) and prevented hospitalization and death by 100% 
[203]. Also, phase 3 of the trial in Brazil on healthcare pro-
fessionals with the interval of 14 days between two doses 
revealed 50.7% (95CI: 36.0–62.0) efficacy against sympto-
matic disease, 83.7% (95CI: 58.0–93.7) against cases that 
required medical assistance, and 100% (95CI: 56.4–100.0) 
against severe disease [204]. A real-world study involving 
10.2 million subjects in Chile demonstrated the effective-
ness of full immunization with CoronaVac against symp-
tomatic disease by 65.9% (95CI: 65.2–66.6), 87.5% (95CI: 
86.7–88.2) against hospitalization, 90.3% (95CI: 89.1–91.4) 
against ICU admission, and 86.3% (95CI: 84.5–87.9) against 
death [205].

The impact of variants on CoronaVac efficacy or neu-
tralizing antibody titers has been reported for Alpha, Beta, 
Gamma, and Delta variants. A recent study found that 
CoronaVac elicits lower neutralizing antibody titers against 
Alpha, Beta, and Delta variants than natural infection [206]. 
An estimate by a negative case–control study on healthcare 
workers in Manaus, Brazil, with the dominance of Gamma 
variant in late 2020, showed the efficacy of 49.6% (95CI: 
11.3–71.4) 14 days following single-dose and paradoxically 
36.8% (95CI: 54.9–74.2) for two doses against symptomatic 
disease [207]. Consistently, a significant reduction in the 
neutralizing capacity of CoronaVac-elicited antibodies has 
been reported for the Gamma variant compared to a B.1 line-
age isolate [208]. For the Delta variant, a study from China 
evaluated the efficacy of single-dose and complete vaccina-
tion, and the adjusted efficacy of full immunization against 
pneumonia was 69.5% (95CI: 42.8–96.3), and it was 100% 
efficacious at preventing severe disease [209]. Against the 
Omicron variant, CoronaVac conferred no detectable neu-
tralizing antibodies 56 days after the first administration of 
prime vaccination in the recipient of a study in Hong Kong 
[160].

Covaxin (BBV152), developed by Bharat Biotech, har-
bors inactivated whole-virion technology similar to BBIBP-
CorV and CoronaVac. Also, it contains a Toll-like receptor 
7/8 agonist molecule as an adjuvant [210]. In phase 1 of 
the randomized controlled trial on 375 participants with 
three vaccine formulations administered 2 weeks apart, the 
seroconversion rates in all groups were over 80%, and in 
two groups, 16 participants showed proper T-cell responses. 
Results of phase 1 indicated the safety, tolerability, and 
immunogenicity of the vaccine [210]. In phase 2, with a 
schedule of 4 weeks between doses, seroconversion rates 
and T-cell responses were more robust than phase 1, at days Ta

bl
e 

1 
 (c

on
tin

ue
d)

Li
ne

ag
e 

na
m

e
M

ut
at

io
ns

 re
la

te
d 

to
 sp

ik
e 

pr
ot

ei
n

Fi
rs

t d
et

ec
te

d
Tr

an
sm

is
si

bi
lit

y/
di

se
as

e 
se

ve
rit

y
Va

cc
in

es
’ e

ffi
ca

cy
/e

ffe
ct

iv
en

es
s

B
.1

.1
.5

29
 (O

m
ic

ro
n)

A
67

V,
 d

el
69

-7
0,

 T
95

I, 
14

2-
14

4 
de

l, 
Y

14
5D

, 
21

1 
de

l, 
L2

12
I, 

in
s2

14
EP

E,
 G

33
9D

, 
S3

71
L,

 S
37

3P
, S

37
5F

, K
41

7N
, N

44
0K

, 
G

44
6S

, S
47

7N
, T

47
8K

, E
48

4A
, Q

49
3R

, 
G

49
6S

, Q
49

8R
, N

50
1Y

, Y
50

5H
, T

54
7K

, 
D

61
4G

, H
65

5Y
, N

67
9K

, P
68

1H
, N

76
4K

, 
D

79
6Y

, N
85

6K
, Q

95
4H

, N
96

9K
, L

98
1F

N
ov

em
be

r 2
02

1,
 S

ou
th

 
A

fr
ic

a 
an

d 
B

ot
sw

an
a

In
cr

ea
se

d 
tra

ns
m

is
si

bi
lit

y 
an

d 
pr

ob
ab

le
 le

ss
 

ris
k 

fo
r s

er
io

us
 il

ln
es

s [
80

, 8
1,

 8
9–

91
]

A
ll 

stu
di

ed
 v

ac
ci

ne
s h

av
e 

be
en

 im
pa

ct
ed

 a
s 

th
is

 v
ar

ia
nt

 sh
ow

ed
 se

ve
re

 im
m

un
e 

ev
as

io
n 

an
d 

el
ev

at
ed

 ri
sk

 o
f r

ei
nf

ec
tio

n 
[7

7]
B

oo
ste

r d
os

es
 o

f s
tu

di
ed

 v
ac

ci
ne

s e
nh

an
ce

d 
ne

ut
ra

liz
at

io
n 

tit
er

s a
ga

in
st 

th
is

 v
ar

ia
nt

 [8
3,

 
16

2,
 1

63
, 1

87
, 1

92
, 2

00
]



96 Medical Microbiology and Immunology (2022) 211:79–103

1 3

56 and 42 after the first injection, respectively. Also, the 
follow-up of samples at phase 1, 3 months after receiving the 
second dose, showed that neutralizing antibodies remained 
elevated in all participants [211].

Phase 3 of the trial analyzed the efficacy, immunogenic-
ity, and safety of BBV152 on healthy adults 18–98 years old, 
14 days after the second dose. The vaccine presented the 
efficacy of 63.6% (95CI: 29.0–82.4) against asymptomatic 
disease and 93.4% (95CI: 57.1–99.8) against severe disease. 
The study also evaluated the protection of BBV152 against 
the Delta variant (B.1.617.2) by 65.2% (95CI: 33.1–83.0) 
[212]. Data on vaccine efficacy against Alpha, Beta, and 
Delta variants indicate that BBV152 could effectively neu-
tralize the Alpha variant [213], and despite impacting the 
neutralization titer by the Beta and Delta variants, the vac-
cine still protects against two variants [214, 215].

Conclusion

Large-scale genomic data and surveillances of the SARS-
CoV-2 genome mainly contribute to spike glycoprotein. 
This region of the virus is the key to entering and invad-
ing the host cells, and it is a major target for neutralizing 
antibodies. Emerging new variants of SARS-CoV-2 have 
risen transmissibility and overall fitness and encouraged 
scientists worldwide to come up with new strategies against 
viral infection. This review covered the most notable vari-
ants and their mutations, enabling them to attach to the host 
cells faster and more efficiently. Large-scale genomic data 
and surveillances of the SARS-CoV-2 genome mainly con-
tribute to spike glycoprotein. This viral component is the 
key to entering and invading the host cells and a central 
target for neutralizing antibodies. Emerging new variants of 
SARS-CoV-2 have risen transmissibility and overall fitness 
and encouraged scientists worldwide to develop new strate-
gies against viral infection. This review covered the most 
notable variants and their mutations, enabling them to attach 
to the host cells faster and more efficiently. Furthermore, we 
pointed to the efficacy and neutralizing potency of currently 
developed vaccines against the concerning clades. The evo-
lutionary pathway of the virus has led to the evasion of host 
immune response by emerging new mutants. Escape muta-
tions could also ignite breakthrough infections and threaten 
global vaccination efforts. Nevertheless, current vaccines 
are still highly effective at preventing hospitalization and 
death by COVID-19.

While the virus keeps constantly mutating as it repli-
cates in the large population, novel changes to the spike 
protein impact protection conferred by the vaccines, as seen 
in the variants of concern, especially Omicron. Thus, new 
approaches for developing universal vaccines seem sensi-
ble to tackle future variants by targeting shared features of 

coronaviruses. The ideal and desirable properties of univer-
sal coronavirus vaccines and critical research questions are 
reflected by Morens et al. Indeed, animal and clinical studies 
should aim to build vaccines with broad and long-lasting 
immunity against SARS-CoV-2 and optimally against all 
coronaviruses [216].

The past influenza pandemics and current HIV pandemic 
could hint us to prioritize addressing technical and real-
world challenges of universal vaccines. Lessons from the 
universal vaccine for rapidly mutating influenza virus sug-
gest that targeting conserved epitopes with sufficient immu-
nogenicity and cross-reactivity may be a possible approach 
despite difficulties in development [217]. Candidates might 
be among proteins pivotal for coronaviral replication, of 
which mRNA codes could be added to the current mRNA-
based vaccines [218]. Therefore, more profound knowledge 
around SARS-CoV-2 replication and related pathways are 
essential for accelerating universal vaccines.

Recent advancements in gene-editing tools, including 
CRISPER engineering, enabled scientists to propose a ver-
satile phage-based vaccine platform that triggers robust 
humoral and T-cell responses against diverse epitopes of 
SARS-CoV-2 antigens [219]. This new delivery route for 
antigens is easy to update according to emerging variants. 
Another way the phage-based vaccines can be adapted is to 
insert a mixture of conserved epitopes into the phage [220]; 
therefore, exploring preserved immunogenic epitopes of 
SARS-CoV-2 and novel routes for exposing antigens poten-
tially helps develop more protective vaccines. The concept 
of targeting conserved epitopes could also help prepare 
universal vaccines against other rapidly mutating viruses, 
including HIV-1 [221–223].

Collectively, the behavior of the coronaviruses signals us 
to shed light on shared characteristics and detailed replica-
tion pathways of this family. In parallel, we should gain a 
broader understanding of how mutations might affect the 
endemic transition of the SARS-CoV-2 pandemic as a pos-
sible scenario since the emergence of a highly contagious 
but less lethal variant of Omicron. To be optimistic about 
the future of the current pandemic and prevent the next ones, 
one game-changing prevention measure for global collabora-
tion could be focusing on mass vaccination programs and the 
insight for robust universal coronavirus vaccines.
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