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Over the past 2 years, the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) caused the coronavirus disease 2019 (COVID-19) and rapidly spread
worldwide. In the process of evolution, new mutations of SARS-CoV-2 began to
appear to be more adaptable to the diverse changes of various cellular environments
and hosts. Generally, the emerging SARS-CoV-2 variants are characterized by high
infectivity, augmented virulence, and fast transmissibility, posing a serious threat to the
prevention and control of the global epidemic. At present, there is a paucity of effective
measurements to cure COVID-19. It is extremely crucial to develop vaccines against
SARS-CoV-2 and emerging variants to enhance individual immunity, but it is not yet
known whether they are approved by the authority. Therefore, we systematically reviewed
the main characteristics of the emerging various variants of SARS-CoV-2, including their
distribution, mutations, transmissibility, severity, and susceptibility to immune responses,
especially the Delta variant and the new emerging Omicron variant. Furthermore, we
overviewed the suitable crowd, the efficacy, and adverse events (AEs) of current vaccines.
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) spreads widely, caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), which led to transmissible acute respiratory contagious
diseases worldwide (1), arousing public concern and global health issues. SARS-CoV-2 exhibited
~79% identity with SARS-CoV and 50% with the Middle East Respiratory Syndrome (MERS)
coronavirus (MERS-CoV) (2). It is a class of RNA viruses, belonging to the lineage of B fCoV,
characterized by positive-sense, single-stranded, and enveloped traits, with the length of 29,903
nucleotides, 11 open reading frames (ORFs), and encoding 27 viral proteins. The ORFla/b is
marked by 21,290 nucleotides in length and encodes 16 non-structural proteins, namely nspl
to nspl6. The last part of the structure of the SARS-CoV-2 genome contains a total of 8,613
nucleotides, which encodes four structural proteins and some accessory proteins. The structural
proteins are spike (S), envelope (E), membrane (M), and nucleocapsid (N) proteins; the accessory
proteins are an array of ORFs, that is, ORF 3, 6, 7a, 7b, 8, and 10 (3). Figure 1 shows the genome
structure of SARS-CoV-2 viruses from 5’'UTR to 3'UTR, covering the regions of ORFla/b, S, E, M,
N, as well as ORF 3, 6, 7a, 7b, 8, 9a, 9b, and 10.
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FIGURE 1 | The genome structure of SARS-CoV-2 viruses. The whole length of SARS-CoV-2 genome is nearly 30 kb, with 11 ORFs and encoding 27 viral proteins. In
general, SARS-CoV-2 genome is capped at the 5’UTR and polyadenylated at the 3'UTR. The S, E, M, and N genes encode structural proteins. While, ORF1a and
ORF1b, occupying approximately the two-thirds of full-length genome, belong to the genes that encode non-structural proteins, containing nsp1 to nsp16. Also, the
rest of the genes encode the accessory proteins. UTR, untranslated regions; ORFs, open reading frames; S, spike; E, envelope; M, membrane; N, nucleocapsid.

It is well-known that mutations easily occur in the gene
sequence of viruses, where SARS-CoV-2 is no exception (4).
Compared to DNA viruses, RNA viruses are less stable for their
single-stranded structure, which is easy to result in fracture
and recombination. Also, due to the instability and low enzyme
activity of RNA to repair the error during the replication process,
the RNA virus easily mutates. Accordingly, RNA viruses are more
likely to cause diseases and are deadly to the hosts. Similar to most
RNA viruses, SARS-CoV-2 tends to evolve into all sorts of novel
variants during transmissible progression. Due to the flexible
adaptability of SARS-CoV-2 in various cellular environments
and diverse hosts, it has rapidly spread among the population
during the COVID-19 pandemic. Meanwhile, genetic sequence
mutations also help SARS-CoV-2 to spread quickly and aggravate
conditions (5, 6). Scientists have found that the S gene possesses
an ability to mutate into a more infectious form, which has
been regarded as a clinical variant of concerns (VOCs) and
appears to be the cause of increased transmissibility and immune
escape for antibodies. Besides, the WHO formally explained that
SARS-CoV-2 VOCs are endowed with higher contagiousness,
quick transmissibility, augmented virulence, and are insensitive
to vaccines (7).

The S glycoprotein is essential for SARS-CoV-2 to promote
combination with receptors and entry into cells (8). The N-
terminal S1 subunit, mediating bonding with angiotensin-
converting enzyme 2 (ACE2) receptors and C-terminal S2
subunit, which is responsible for cellular fusion, is incorporated
into the S glycoprotein (9). Besides, Zhan et al. demonstrated that
the appearance of various unique alleles in S genes than the E, M,
N genes in 3,090 isolates from plenty of countries, implies that the
existence of a large amount of genetic diversity in S gene might
be beneficial for viral survival (10). Since the S glycoprotein of
SARS-CoV-2 is capable of entering into cells by integrating with
ACE2 receptors, once mutations occur in S genes, the affinity
of receptor and immunogenicity of viruses will be altered, and
an immune escape will easily occur (11). To our knowledge, S
glycoprotein alterations in all the variants of SARS-CoV-2 nearly
shared D614G mutation, a nonsynonymous mutation causing
aspartic acid at position 614 to change to glycine (D614G) (12)
among various variants. D614G mutation endowed SARS-CoV-2
to open more than two receptor-binding domains (RBDs), higher
than wild-type D614 protein that opens merely one RBD (13-
15), making it possible for SARS-CoV-2 to rapidly spread (16).
Some researchers (17, 18) demonstrated that D614G mutation

was able to promote the entry of SARS-CoV-2 into cells and
membrane fusion, leading to quick transmissibility of viruses.
Besides, G614 mutation with smaller CT values via RT-qPCR
detection may be germane to higher SARS-CoV-2 viral loads
in the upper respiratory tract of patients (19), but irrelevant to
severity and mortality of COVID-19 (12).

A large quantity of SARS-CoV-2 variants have been recorded
during the period of COVID-19 pandemic (20). For SARS-CoV-
2 viruses, the basic reproduction (RO: the estimated numbers
of susceptible individuals with secondary infections transmitted
by infected subjects) was about 2.50 during the pandemic
period in Wuhan but now the RO has reached as high as
6.10 for the various variants (21, 22). Of note, five significant
variants aroused public extensive attention, including Alpha
(B.1.1.7, Q.1-Q.8) (23), Beta (B.1.351, B.1.351.2, B.1.351.3) (24),
Gamma (P.1, P.1.1, P.1.2) (25), Delta (B.1.617.2 and AY.1
sublineages) (26), and Lambda (C.37) (27) variants. Currently,
up to September 22, 2021, according to the latest report
released by the US governments SARS-CoV-2 Interagency Group
(SIG) [available from: SARS-CoV-2 Variant Classifications and
Definitions (cdc.gov)], it was defined that among a total of
four categories of SARS-CoV-2 variants, that is, VBM, including
Alpha, Beta, B.1.617.3., Gamma, Epsilon (B.1.427 and B.1.429),
Eta (B.1.525), Iota (B.1.526), Kappa (B.1.617.1), Mu (B.1.621,
B.1.621.1), and Zeta (P.2) variants, VOC, only the Delta variant
contained, variant of interest (VOI), and variant of high
consequence (VOHM), where no SARS-CoV-2 variants has been
designated as VOl and VOHM groups. In contrast, till September
22, 2021, WHO has still designated the Alpha, Beta, Gamma,
and Delta variants as VOC. At the same time, the Lambda is
defined as VOI by WHO [available from: Tracking SARS-CoV-2
variants (who.int)]. However, on November 26, 2021, WHO has
designated a new emerging B.1.1.529 variant as a VOC, named
Omicron [available from: Classification of Omicron (B.1.1.529):
SARS-CoV-2 Variant of Concern (who.int)].

For investigating the influence of various emerging variants
on public health, and making more effective strategies to battle
against SARS-CoV-2 and variants, the study aims to summarize
the emerging SARS-CoV-2 variants and their main features, as
well as other current advanced studies on vaccines against them
worldwide. Table 1 summarizes the characteristics of the main
variants of SARS-CoV-2 viruses, including the information of
next strain clade, places first identified, mutations in S protein,
as well as their transmissibility, infectivity, immune escape, etc.
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TABLE 1 | The characteristics of main variants of SARS-CoV-2 viruses.

Variants Nextstrain clade First identified Spike protein mutations Characteristics
Alpha 201/501Y.V1 UK AHB9, AV70, A144, (E484K¥), (S494P*), N501Y, A570D, D614G, Rapid transmissibility and higher
P681H, T7161, S982A, D1118H (K1191N%) infectivity
Beta 20H/501.V2 South Africa D80A, D215G, A241, A242, A243, V367F, P384L, R408I, Higher viral infectivity and immune
K417N, E484K, N501Y, D614G, A701V escape
Gamma 20J/501Y.V3 Japan/Brazil L18F, T20N, P26S, D138Y, R190S, K417T, E484K, N501Y, Augment of viral transmissibility
D614G, H655Y, T10271, V1176F
Delta 21A/S:478K India T19R, (V70F*), T95I, G142D, E156-, F157-, R158G, (A222V%), Most contagious; higher viral replication;
(W258L%), (K417N*), L452R, T478K, D614G, P681R, D950N and leading to severe illness
Delta plus NA India T95I, G142D, R158G, L452R, T478K, K417N Increased transmissibility; high affinity
with pulmonary epithelial cells; and
immune evasion
Omicron 21K South Africa AB7V, AHB9, AVT70, T95I, G142D, AV143, AY144, AY145, Increased viral replication, infectivity and

AN211, 1212l ins214EPE, G339D, S371L, S373P, S375F,

K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S,

Q498R, N501Y, Y505H, T547K, D614G, HG655Y, N679K, P681H,
N764K, D796Y, Q954H, N969K, L981F, and N856K

re-infection; increased transmissibility;
immune escape; recombination with
HCoV-229E viruses

UK, United Kingdom; A, deletion; ins, insertion; *, detected in some sequences but not all; NA, not available. The bold values show the shared mutation in all variants.

PREDOMINANT VARIATIONS OF
SARS-COV-2

There are several main variants of SARS-CoV-2, including the
Alpha, Beta, Gamma, Delta, Delta plus, and Omicron variants.
Figure 2 presents a schematic diagram of the corresponding
mutation sites of predominant variants in the S protein.

Alpha (B.1.1.7 Lineage) Variant
The SARS-CoV-2 variant of B.1.1.7 lineage, also called
20I/501Y.V1 or VOC 202012/01, was recently named as an
Alpha variant by the WHO. It was first discovered in Kent,
UK, becoming the predominant strain of the United Kingdom
and gradually prevailing around Europe (28). The reproduction
number in the Alpha lineage was higher by 43-90% than
the preexisting variants, and the transmission increased in
three countries, including Denmark, Switzerland, and the
United States, fluctuating between 59 and 74% (29). Compared
to the original strains, two-thirds of higher death cases were
observed in patients with the Alpha variant infection in the UK
(30). Up to March 29, 2021, the Alpha variant accounted for
nearly 95% of SARS-CoV-2 infections in the UK and has caused
dissemination in 114 countries (31). Besides, Cetin et al. (2021)
collected the data of 3,700 COVID-19 patients from April 2020
to March 2021 in Tokat, Turkey, of which 30% were infected with
the Alpha variant, increasing the local hospitalization rate (32).
It was reported that the Alpha lineage was characterized by
23 genetic mutations in comparison with previous SARS-CoV-2
strains, and the Alpha variant carried other eight mutations in the
S gene, containing del H69/V70 (AH69/V70), del Y144 (AY144),
N501Y, A570D, P681H, T7161, S982A, and D1118H, besides the
D614G mutation (33) (Figure 2). Especially, the mutations of
AH69/V70, AY144, and N501Y endowed SARS-CoV-2 variant
with rapid transmissibility and high infectivity (34). Spontaneous
deletion of H69/V70 was defined as a double deletion of
histidine 69 and valine 70 at the NTD site (33), which was

related to immune evasion in patients with hypoimmunity and
enhancement of viral infectivity (29). Furthermore, researchers
found that a synergy between AH69/V70 and D614G or N439K
mutations, caused immune escape and infectivity augment (35,
36). The Alpha variant can be effectively neutralized by vaccines
that target RBD-specific regions but a loss of efficacy for NTD-
specific antibodies may be ascribed to AY144 that participates in
neutralization evasion since AH69/V70 alteration alone cannot
make it resistive to antibodies (37). The N501Y mutation referred
to as tyrosine (Y) replacement for asparagine (N) at the 501 site,
is located in the receptor-binding motif (RBM) region of S gene,
and promoted the affinity of the variant with ACE2 receptors
(38-40), enhancing the viral adherence and its subsequent entry
into the host cells. Meanwhile, the Alpha variant harboring
N501Y mutation reduced nearly 9% of affinities apparently to
those neutralizing antibodies than the wild type (WT) (41).
Besides, E484K mutation, vital for immune escape, has been
substantiated that it exerted a crucial impact on the neutralization
of antibodies (42, 43), particularly the simultaneous incidence
of N501Y and K417N mutations (44). SARS-CoV-2 variants,
with the combination of E484K, K417N, and N501Y mutations
made it challenging to perform antibody treatment and abated
the potency of corresponding vaccines (45). Notably, P681H
mutation was proline (P) to histidine (H) mutation in the
furin cleavage position of S protein, then it influenced the
conformational stability of S protein, resulting in the increase
of infectivity in the Alpha variant (46). Based on extensive
researches, the current vaccines for SARS-CoV-2 are effective and
their efficacy against the Alpha variant is unimpaired (43, 47, 48).

Beta (B.1.351 Lineage) Variant

The emergent SARS-CoV-2 variant of B.1.351 lineage (also called
501Y.V2), renamed as the Beta variant by WHO, was first
found in early October 2020, in South Africa (49), triggering the
second wave of SARS-CoV-2 infection. Thus, the Beta variant
spread rapidly across many countries (50) and was detectable

Frontiers in Medicine | www.frontiersin.org

January 2022 | Volume 8 | Article 806641


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Jiang et al.

SARS-CoV-2 Variants and Vaccines

{ Furin cleavage site
D614G
Alpha 13 319 437 508 541 682 912 964 1,163 1213 1,273
(B.1.1.7) @ | Ii ool
“np P681H | | |
Del 69/70 Del 144 N501Y T S982A Dilis
Del 241/242/243 D614G
P384L  N501Y
Beta 13 319 437 Isos 541 | 682 912 964 1,163 1213 1273
(B.1.351) b | e
Gamma 912 964 I'Iyé,3, i 717,213 1273
®.1) | HRI CHR2 | TM
T1027Y
LISF R190S VII76F
H655Y
Del 156-157 D614G
T478K
Delta 319 437 ISOR 541 | 682 912 964 1,163 1213 1,273
(B.1.617.2) FP HRI ‘Rz ™
P68IR DISON
TI9R JRIS8G
G142D R408T
E156G, ~
W258L ol
Delta Plus 319 437 ISOS 541 682 912 964 1,163 1,213 1,273
avy [ I |l FP | HRI ( HR2 TM
P68IR
DISON
Tior |Det 157-158 Kosoam
D614G
v70F |A222v
Delta Plus | 682 912 964 "',6,3,,,','2,'3 1273
F) R CHR2 | TM
(AY.2) B [ | e
P68IR D9SON Vi228L
TI9R Del 157-158
K417N
D614G
Del 144§ A222V T478K
Delta Plus 13 319 437 |508 541 | 682 912 964 1163 1213 1273
(del 144) G w II LR
P68IR D95|(;N
Higg [Pel157:15E L452R
L98IF
Omicron 912 964 | LI(),3, i ,I,'%IB 1273
(B.1.1.529) ¥ | HRI I (HR2 ™
I 969K
N856K
Del 69/70 ins2 Q954H
L2121
Del 143-145
S1 subunit S2 subunit
FIGURE 2 | The schematic diagram of the corresponding mutation sites of
predominant variants in S protein. The red D614G mutation is shared by these
main variants. The rest of the mutations labeled red belong to key mutations in
the respective variants. NTD, N-terminal domain; RBD, receptor binding
domain; RBM, receptor-binding motif; FP, fusion peptide; HR1, heptad repeat
1; HR2, heptad repeat 2; TM, transmembrane region; del, deletion; ins,
insertion.

soon (24, 51, 52). Pearson et al. forecast the transmissible speed
of the Beta strains, nearly 1.5 times (95% CI: 1.20-2.13) than
the previous circulating SARS-CoV-2 strains (53). The Beta

variant caused reinfection for patients infected with COVID-
19, and also contributed to infection among healthy subjects
who were inoculated with the first dose of ChAdOx1 vaccine,
a recombinant adenoviral vector targeting the S protein of
SARS-CoV-2, in Dhaka, Bangladesh (54). At present, there are
insufficient pieces of evidence for the impact of the Beta variant
based on the severity of the condition.

The mutations of the Beta variant are shown in Figure 2,
covering the main K417N, E484K, N501Y, and D614G mutations,
as well as other mutations, such as D80A, D215G, del 241 (A241),
del 242 (A242), del 243 (A243), V367E P384L, R408I, D6101G,
and A5101V. The Beta variant harboring N501Y, K417N, and
E484K mutations caused resistance to the antibody therapy
(52, 55), among which E484K mutation was able to decrease
the variants’ susceptibility to the potency of antibodies (44),
triggering immune escape (Figure 2). Besides, K417N and E484K
mutations were able to induce conformational alterations of S
protein, which were crucial for binding to ACE2 receptors and
participating in the recognition of antibodies (56), consequently
resulting in the enhancement of viral infectivity (57). It is worth
noting that the nucleotide substitution of G23012A in the Beta
variant participated in the E484K mutation, considered to involve
in altering viral antigenicity and in turn causing low efficacy of
vaccines (44, 47, 48). Although there is resistance to antibodies
neutralization in the Alpha and Beta variants, vaccines can still
generate protection against SARS-CoV-2 to a certain degree in
the population who receive vaccination (58-61).

Gamma (P.1 Lineage) Variant

The B.1.1.28.1 linage, known as P.1, 20J/501Y.V3 or Gamma
variant, was first detected in four travelers who took a trip from
Brazil to Tokyo, during a routine screening in the airport of
Tokyo, Japan, in January 2021 (62, 63). Viral loads were nearly ten
folds higher in the Gamma variant infections than in the non-P.1
strains (64); hence patients infected with the Gamma variant are
more contagious (65, 66). Until February 2021, more than 51.1%
of cases suffered from SARS-CoV-2 P.1 variant in all COVID-
19 patients who were identified in Umbria, Italy (67). And the
Gamma variant began to emerge in more than 45 countries until
March 30, 2021, according to the release of the epidemiological
information by WHO, including the United States (68), Spain
(69), Bangladesh (70), Uruguay (71), Italy (72), etc.

The Gamma variant had 12 mutations in S Protein, namely
L18F, T20N, P26S, D138Y, R190S, K417T, E484K, N501Y, D614G,
H655Y, T10271, and V1176F substitutions (62) (Figure 2). The
mutations of K417T, E484K, and N501Y might facilitate affinity
with ACE2 receptors and immune escape (73, 74). The increasing
affinity of the Gamma variant binding to ACE2 to some extent is
equal to the Beta but stronger than the Alpha, which rendered
the augmentation of viral transmissibility and enabled them to
become primary strains in the areas where they arrived (75, 76).
Remarkably, the Gamma appeared to be not as resistant as
the Beta but similar to the Alpha in antibody responses that
were acquired naturally or generated by vaccines (75), owing to
RBD alterations that influence antibodies neutralization (73). The
antibodies produced by convalescent patients previously infected
with original SARS-CoV-2 cannot effectively neutralize the Alpha
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and Gamma variants, but antibodies induced by vaccines can
defend against these strains up to a point (77-79).

Delta (B.1.617.2 Lineage) Variant

The most concerned SARS-CoV-2 mutant is the B.1.617.2 that
was first uncovered in India (80), and then, it was named as the
Delta variant by the WHO. The Delta variant was the prime cause
of the second wave of fatal COVID-19 infection in India in April
2021. Before that, the variant was first detected in March 2021 in
the USA; then the Delta variant raised to prevalent strains in the
next several weeks. In addition, the genome sequencing of the
Nanjing COVID-19 cases showed that the origin of the SARS-
CoV-2 virus was a Delta variant. By spreading to multitudes
of countries around the world, the Delta variant has gradually
become a global epidemic strain. The Delta variant carried double
mutations (L452R and E484Q) in S protein (81, 82), which caused
its stronger transmission, higher viral loads, shorter infection
incubation, a longer period of viral shedding in pharyngeal swab
specimens, and higher danger of exacerbation to critical status
in patients infected with SARS-CoV-2 viruses. Also, the Delta
variant presented a lower speed of viral clearance in comparison
with WT strains (83). Meanwhile, the Delta plus variant (also
called AY.1 or B.1.617.2.1) also deserves public attention. The
Delta plus variant further underwent evolution but not as a
simple mutation (K417N) of the Delta variant, which was first
found in India and spread to a multitude of countries (84).
The three worrying hallmarks of the Delta plus variant include
increased transmissibility, powerful combination with receptors
of pulmonary epithelial cells, and abatement of interaction with
monoclonal antibodies [available from: Delta plus Covid variant:
Here’s what you need to know (cnbc.com)].

Centers for Disease and Control Prevention (CDC) proposed
that the RO of the Delta variant fluctuates from 5 to 9.5 (85),
with transmissibility faster than MERS and SARS, smallpox,
common cold, Spanish flu, and Ebola. The Delta variant now
is more transmissible 1.1-1.4-fold than the previous strains
(86). Meanwhile, it is possible for the Delta variant to spread
so fast, which is mainly attributed to viral loads in patients
infected with the Delta variant being roughly 1,000 times more
than the original strains (87). It is reported that the Delta
variant is adapting more to human bronchial epithelial cells, has
significantly higher viral replication and easier transmissibility
(86), and has a 60% more increased risk rate in the aspect of
household transmission than the Alpha variant (88).

Indeed, the Delta variant was capable of causing more serious
illness than the Alpha variant or ancestral strains. In Canada, the
Delta strains brought about higher hospitalization [adjusted odds
ratio (aOR): 2.08, 95%CI: 1.80-2.38)], ICU admission (aOR: 3.34,
95%CI: 2.64-4.31), and death (aOR: 2.32, 95%Cl: 1.47-3.30) (89).
And in Singapore, the Delta variant was pertinent to the higher
oxygen demand, ICU admission, or death (aOR: 4-90, 95% CI:
1.43-30.78), as well as pneumonia (aOR: 1.88, 95% CI: 0.95-
3.76) (90). While, in Scotland, the risk of hospitalization driven
by the Delta VOC also escalated, with a hazard ratio (HR) of 1.85
(95% CI: 1.39-2.47) (91). Therefore, the Delta variant can cause
a higher hospitalization rate than the Alpha variant or original
viruses (89, 91).

Many pieces of evidence show that the Delta variant can lead
to the appearance of more severe diseases than ancestral viruses
among unvaccinated subjects (90). First, the infection rate of
the Delta variant significantly increased in the young population
who are not inoculated with vaccines (92). In the earlier local
transmission of the Delta variant in Guangzhou, a large number
of infected cases was young individuals aged <18 years who
achieved quick transmissibility by three ways, namely short-
distance touch, household, and community spread (83). Second,
the Delta variant is more liable to infect and transmit viruses
among those who were unvaccinated, which is the potential
risk of widespread transmission. Third, the amount of Delta
variant viruses in fully immunized individuals goes down quicker
than that in the unvaccinated population (93). Nevertheless,
what is worrying is that the vaccinated rate of the population
from numerous Asian countries seems to be far from enough
(82). Owing to uneven vaccination status in some developing
countries, such as Japan, Indonesia, Iraq, and Vietnam (82),
the Delta viruses confronted immune pressure to some degree,
whereas this insufficient immunization enabled the variants to
be more transmissible. Also, the low coverage of vaccination in
numerous communities drives rapid and dramatic emergence of
cases infected with the Delta variant (86), which may increase the
opportunities for viral variation.

As is known, the S protein can interact with ACE2 and
TMPRSS2 (58), then mediate cellular entry and affect the viral
infectivity. It is reported that the Delta lineage harbors several
mutations in S protein, containing distinctive mutations, namely
T19R, del 157/158 (A157-158), L452R, T478K, D614G, P68IR,
D950N (94), and other mutations, i.e., G142D, T95I, and R158G
(Figure 2) (95). Intriguingly, L452R and T478K, the specific
mutations of the Delta variant (81), as well as deletions at the
N-terminal region, may exert influence on immune responses
targeting crucial antigen site of receptors (96). Especially, L452R
and T478K mutations obviously stabilized the structure of RBD-
ACE2 complex. Besides, P681R mutation occurs in the cleavage
site of the S1-S2 subunits, promoting interactions with furin,
driving membrane fusion, facilitating viral transmissibility (81),
and increasing the virus replication thus contributing to higher
SARS-CoV?2 viral loads (97).

Besides, compared to the Delta variant, the Delta plus variant
possesses six crucial mutations, namely T95I, G142D, R158G,
L452R, T478K, and K417N, rather than only owning a K417N
mutation. Figure 2 depicts the main mutations in S protein of
the Delta plus variants, including the delta AY.1, delta AY.2, and
delta A144 (98). It is noteworthy that the K417N mutation seems
to cause immune evasion by losing K417 interaction with Y52,
thus reducing antibodies binding to S protein (84).

Some studies revealed that the vaccine efficacy (VE) modestly
reduced with the extension of inoculation time, especially in the
aged adults. The VE against the Delta variant in England and
the United States was 88% (99) and 66% (100), respectively, but
an apprehensive report by the Israeli Health Ministry suggested
that Pfizer mRNA vaccines had only 39% protection against
symptomatic COVID-19 disease caused by the Delta variant
in Israel on July 23, 2021. In essence, some research also
elucidated that neutralization of antibodies from the serum of
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convalescent COVID-19 and antibodies induced by Covaxin
vaccines against the Delta variant showed a reduction of 4.6
and 2.7 times, respectively (101). However, Pfizer-BioNTech
BNT162b2 or AstraZeneca-Oxford ChAdOx1 nCoV-19 vaccines,
are also capable of defending against the Delta variant (85,
99, 102, 103), lowering 50-60% the infection rate of the Delta
variant, once the subjects received two doses of vaccines (102).
Additionally, it was observed that Delta plus, Lambda, and
other variants failed to escape neutralization of vaccine-elicited
antibodies although the presence of antigenic alterations was
observed (98). Consequently, it is imperative to popularize
vaccines worldwide to effectively prohibit public infection with
various SARS-CoV-2 variants.

Omicron (B.1.1.529 Lineage) Variant

On November 24, 2021, a novel B.1.1.529 variant has emerged
and was first reported in South Africa. It was designated as a
VOC and named Omicron variant by the WHO on November
26, 2021 [available from: Classification of Omicron (B.1.1.529):
SARS-CoV-2 Variant of Concern (who.int)]. The epidemiological
report indicated that infections caused by B.1.1.529 variant
in reported cases have increased sharply in the recent weeks.
Based on a recent study, researchers described the epidemiology
of Omicron strain and pointed out that the Omicron variant
was unable to increase and even reduced the risk of primary
infection in the population, but it increased the hazard of
reinfection. Furthermore, in the second and third waves of
SARS-CoV-2 infections dominated by Beta and Delta strains,
the HR of reinfections were found to be 0.75 (95%CI: 0.59-
0.97) and 0.71 (95%CI: 0.56-0.92), respectively. In contrast,
for wave 4 SARS-CoV-2 infections dominated by the Omicron
variant in South Africa, the HR of reinfections rose to 2.39
(95%CI: 1.88-3.11) (104). In addition, researchers discovered
roughly 37 predominant alterations to S protein in the Omicron
variant (105) (Figure 2, not yet peer-reviewed), where K417N,
S477N, Q498R, E484A, and N501Y mutations can help viruses
dodge antibody neutralization; thus, the immune escape caused
by the Omicron variant may be more obvious, while some
mutations occurring in the Furin site, namely H655Y, N679K,
and P681H, allow for the entry of viruses into cells and enhance
the viral replication and infectivity [available from: Omicron
variant may spread more easily than other COVID versions
because it contains a piece of common cold virus, scientists say
(granthshala.com)]. Of note, the insertion mutation (ins214EPE)
that was expressed in seasonal coronaviruses (e.g., HCoV-229E)
was first identified in the Omicron variant without being found in
any SARS-CoV-2 strains previously. Single cell RNA-sequencing
indicated that the hosts respiratory and gastrointestinal cells
coexisted with the Omicron strain and HCoV-229E, which might
create the conditions for the recombination of these two viruses
[available from: OSF Preprints | Omicron variant of SARS-CoV-2
harbors a unique insertion mutation of putative viral or human
genomic origin]. Although the Omicron variant is characterized
by the potentiality of super strains, it deserves not to be panicking
at present and it is recommended to accelerate vaccination in the
weak areas of the world as soon as possible for the prevention

of the reemergence of “super strains” [available from: Heavily
mutated Omicron variant puts scientists on alert (nature.com)].

OTHER SARS-COV-2 VARIANTS

The VOIs have caused COVID-19 clusters or considerable
community transmission, with a gradual growing prevalence
over time, posing an emerging threat to public health (106). Up
to September 22, 2021, according to the newest classification
by the WHO [available from: Tracking SARS-CoV-2 variants
(who.int)], two SARS-CoV-2 variants are defined as VOIs,
namely Lambda (also known as B.1.1.1 or C.37 lineage) and Mu
(B.1.621 lineage). Also, it is reported that the first patients with
the Lambda variant dated to August 2020, in Peru, according to
a weekly epidemiological report from the WHO (107). The data
from WHO implied that 81% of new cases in Peru derived from
Lambda variant infections during April-June 2021 (107, 108),
and the per-capita mortality rate of COVID-19 soared to the
highest in the world. And there is an expanding trend for the
Lambda variant and it has been detected in many countries (109).
There are several mutations, mainly containing G75V, T76],
del 246-252 (A246-252), L452Q, F490S, D614G, and T859N.
Two novel mutations of Lambda variant, such as 1L452Q and
F490S, enabled the Lambda strains to be resistant to antibodies
neutralization. Of note, when the L452Q mutation enhanced the
affinity of Lambda variant with ACE2 receptors, then infectivity
increased roughly to two-fold (110).

The Mu variant was first detected and became sporadic in
Colombia in January 2021 [available from: SARS-CoV-2 variants
of concern as of 16 September 2021 (europa.eu)]. It belongs
to B.1 lineage descendants with high mutations, encompassing
the insertion of 146N (ins 146N) and mutations in S protein
(Y144T, Y145S, R346K, E484K, N501Y, and P681H). To date,
the Mu variant travels across nearly eight countries, containing
Colombia, United States, Spain, Netherlands, Denmark, Mexico,
Germany, and Curacao. The enhancement of SARS-COV-2
genomic surveillance for the third peak of the COVID-19
pandemic in Colombia is responsible for the high frequent
emergence of the Mu variant (111). However, the neutralization
of serum antibodies derived from individuals vaccinated with two
doses of BNT162b2 vaccine to the Mu variant is still robust and
potent, even though the neutralization is lower than other B.1
lineages of SARS-CoV-2 (112).

Recently, the WHO proposed a percept of variants under
monitoring (VUM), referring to variants with several inheritable
changes that are speculated to influence viral traits and may pose
a threat to the public in the future. Nevertheless, since there is an
absence of adequate evidence on phenotypic or epidemiological
marKkers, it is needed to be monitored and evaluated based on the
pending novel evidence [available from: Tracking SARS-CoV-2
variants (who.int)]. Here we discuss four VUMs, including Kappa
(113), Iota (114), Eta (115), and Epsilon variants.

Both the Kappa variant, which is first identified in India in
December 2021, and the Delta variant belong to one of the
subspecies of Indian strains. The mutations (L452R, T478K,
E484Q, D614G, and P681R) in S protein make the Kappa
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variant, similar to the Delta virus, but more susceptible to infect
cells and the escape antibodies response of the immune system
(81). Owing to the Kappa variant attenuating susceptibility to
neutralization of antibodies, this variant more readily lowers the
VE and increases the chance of reinfection (116). Nevertheless,
studies indicated that RBD immune sera (117) and BNT162b2
induced sera (118), or mRNA-1273 elicited sera (113) were
still efficacious against the Kappa variant, although both L452R
and E484Q mutations (119) drive the Kappa variant to become
resistant to antibodies neutralization (120-122).

Eta and Iota (123) variants were first uncovered in New
York, in November 2020 (38). The Eta variant carrying a single
mutation (either N501Y or E484K) increased the affinity of RBD
with ACE2 receptors (124), thus resulting in a conformational
change that made it possible for the Eta variant to be better
neutralized by antibodies via exposure of the functional epitope
(79). Besides, it was reported that the transmissibility and fatality
caused by the Iota variant remarkably improved. Compared to
other variants, from November 2020 to April 2021, the mortality
of people aged 45-65, 65-74, and more than 75, who were
infected by the Iota variant, increased to 46, 82, and 62%,
respectively (125). The E484K mutation enables the Iota variant
to spread and rise sharply, replacing previous epidemic variants
in New York (123). Whereas, preliminary clinical data implied
that the Iota variant, even though it harbors E484K mutation, was
unable to cause severe illness (114).

The Epsilon (B.1.427/B.1.429) variant first occurred in Los
Angeles County in July 2020, and subsequently began to prevail
in California on January 22, 2021 (126). At first, the proportion
of Epsilon variants carrying L452R mutation was 24.8% of all
COVID-19 cases in December 2020; thereafter, the incidence of
this variant increased to 62.5% in March 2021 (127). Besides, the
viral loads of the Epsilon variants derived from swab samples
are approximately higher by two-fold than the non-Epsilon
strains, with an underlying increase in the transmissibility
of viruses. Meanwhile, the Epsilon variants were found to
be resistant to neutralization of antibodies from convalescent
patients and vaccine recipients in vitro (128). A study delineated
that the Epsilon variants reduced the susceptibility to antibodies
induced by Moderna mRNA1273 and BNT162b2 vaccines,
mainly ascribing to the appearance of S13I and W152C mutations
that resulted in immune escape (129).

CURRENT VACCINES

Given that there are no specific drugs to cure COVID-19, it
is extremely imperative to establish an effective immunologic
barrier of the population via vaccination to fight against various
SARS-CoV-2 and variants. Here, we summarized the best clinical
and therapeutic approaches for COVID-19 illness (Table 2).
Recently, some vaccines have been developed against SARS-
CoV-2 and their variants, encompassing Pfizer/BioNTech mRNA
vaccine, Moderna mRNA vaccine, AstraZeneca-Oxford vaccine,
CoronaVac, DNA vaccine, Beijing Institute of Biological Products
inactivated vaccine (BBIBP-CorV), Zhifei Longcom recombinant
protein vaccine (ZF2001), protein subunits vaccines, and so on.

Nowadays, there is a lack of sufficient evidence about the VE
for the Omicron variant, but BNT162b2 and mRNA-1273 mRNA
vaccines are proved to be effective for the Beta variant that is more
likely to cause immune evasion (146). Therefore, current vaccines
may be efficacious for the new emergence of the Omicron variant,
and there is a need to require a large number of studies to verify
the VE against the Omicron strain.

However, an article showed that anti-RBD neutralizing
antibodies against the K417N/E484K/N501Y mutations were
inclined to reduce antibodies neutralization, in which E484K
accounted for the main cause (147). The E484K mutation
participates in immune evasion and is responsible for reduced
titers (134). Several lines of evidence implied that neutralization
of antibodies induced by two doses of vaccines is potent for most
of the variants (59, 148, 149), including the current expanding
Delta variant (99). For healthcare workers, a reduction in the
occurrence of COVID-19 disease was observed after completing
the vaccination (150).

Besides, considering that the elderly are a fragile population,
more than 40% of the death of COVID-19 infected victims
were elderly people in a sanatorium or other long-term nursing
facilities in the United States. At the same time, breakthrough
infections often appear in the population aged more than 60
years old. Recent studies based on senior citizens over 80
years old, discovered that the immune response of the elderly
was vulnerable but still neutralized VOCs after two doses of
vaccines (151). A study suggested that over 75-year-old adults
receiving one or two doses of vaccines can resist viral infections,
reducing COVID-19-related death cases in Brazil (152). As a
result, it is necessary to take effective measures to boost their
immune reactions.

However, children have become the dominant affected
population by COVID-19 in the United States, and up to
September 16, 2021, a total of 5,518,815 children infected with
SARS-CoV-2 were reported, among which a proportion of
15.7% of children was infected with COVID-19 [available from:
Children and COVID-19: State-Level Data Report (aap.org)].
However, from the perspective of the long run, it is unclear
about the impact of the COVID-19 pandemic on children, and
viruses may injure the health and influence the mood and the
mental status of the affected children. Based on the CDC data,
from late June to mid-August 2021, the hospitalization rates of
children and adolescents related to COVID-19 caused by the
Delta variant increased approximately five times. Meanwhile, the
hospitalization rates among unvaccinated adolescents were ten-
fold than those fully vaccinated (153). Thus, some clinical doctors
urge children who are >12 years old and adolescents who are
12-17 years old to be inoculated with vaccines to fight against
COVID-19 illness.

Remarkably, in the light of CDC documents, disease
incidence, hospitalization, and death incidence of COVID-19
markedly reduced among the vaccinated population than the
unvaccinated population. Furthermore, VE against symptomatic
diseases and hospitalization due to infection by the Delta variant
were 88% (99) and 96% (154), respectively. Consequently, there is
no doubt that vaccination among the public is impending. Also,
based on the newest research, the VE against the Delta variant
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TABLE 2 | The best clinical and therapeutic approaches for COVID-19.

Therapeutic type Drugs Severity of illness Suitable patients Effect References
Antiviral therapies Remdesivir Mild-to-severe Adults and children (age Little or no effect (130-133)
>12 years, weight > 40kg)
Anti-SARS-CoV-2 Convalescent plasma Severe life-threatening COVID-19 Effective: Alpha variant; (134-137)
neutralizing antibody Resistance: Beta variant
products
REGN-COV2 Mild-to-moderate Non hospitalized patients Reduced viral load and 70% (138)
with COVID-19 (age >12 hospitalization or death rate
years, weight > 40kg)
Bamlanivimab and Mild-to-moderate Adults Reduced viral load and 87% (134, 139)
Etesevimab (LY-CoV555 hospitalization or death rate
or LY3819253 and
LY-CoV016 or
LY3832479)
Sotrovimab (VIR-7831) Mild-to-moderate High-risk non hospitalized Reduced 85% hospitalization or (140)
patients death risk
Immunomodulatory Corticosteroids NA Hospitalized patients Lower 28-day mortality for (141)
agents without age limitation; patients receiving invasive
pregnant or breast-feeding mechanical ventilation or oxygen
women support
JAK inhibitors Baricitinib NA Hospitalized adult patients Improved the clinical symptoms; (142)
reduced 2-week mortality rate
and recovery time
Ruxolitinib Severe Adults (age range: 18-75 The improvement of chest C.T. (143)
years) and faster recovery from
lymphopenia
Tofacitinib NA Adults Reduced the risk of respiratory (144)
failure or death
BTK inhibitors Severe Adults (age range: 45-84 Improved oxygenation; (145)

(acalabrutinib)

years)

normalized the CRP, IL-6 and

lymphopenia

JAK, Janus kinase; BTK, Bruton’s tyrosine kinase; CRF, C-reactive protein.

was more than 90%, demonstrating that current vaccines are still
potent for the prevailing Delta variant. This threw light on the
fact that if there exists sufficient evidence to introduce boosters,
it is appropriate for some special populations (155). Table 3
summarizes the basic clinical characteristics of current vaccines,
including vaccine type, antigens of the vaccines, target variants,
suitable population, efficacy, serious adverse events (SAEs), the
immune type generated by bodies, and the phase of trials.

Immune Responses for SARS-CoV-2 and

Variants
Individuals can benefit from these vaccines generating humoral
and cellular immunity.

First, viruses enter the cells via the viral S protein recognizing
and binding to the ACE2 receptor on the host cells. In general,
viral RNA itself can act as mRNA, hijack the ribosome of
host cells, and thereby complete the process of replication and
translation in the host cells. Next, they can produce RNA
polymerase and various assembly proteins, making the virus
reassemble and release in large quantities. Second, antigen
presenting cells (APCs) in the host can usually identify the
virus, and present the viral peptides to the T-help cells that are
able to stimulate and activate the killer T cells, and then kill

the virus-infected cells (cellular immunity). More importantly,
viruses are also capable of stimulating the proliferation of B cells,
generating neutralizing antibodies, and ultimately eliminating
the viruses (humoral immunity). Figure 3 shows the induced
immune responses after the infection of viruses or inoculation
of vaccines against SARS-CoV-2 or variants.

Pfizer/BioNTech mRNA Vaccine

The BNT162b2 that belongs to the mRNA vaccine can transcribe
and translate the full-length S protein, reaching 95% efficacy
against COVID-19 (156). Although the mRNA sequence of
BNT162b2 is developed based on the original virus-isolated
strains (180), several studies adumbrated that serum-induced
by BNT162b2 vaccine still maintained antibodies neutralization
against some variants (Figure 3), such as Alpha, Alpha with
E484K, Beta, Iota, B.1.617, and Gamma strains (61, 79, 118,
120, 181, 182). Some studies showed that human serum
from BTN162b2-immunized individuals was able to effectively
neutralize the Delta plus variants (delta AY.1, delta AY.2, and
delta A144) with modestly reduced neutralization, as well as
Lambda and B.1.1.519 variants, and similar neutralization to WT
strains (98). In addition, based on a phase 3 placebo-controlled,
randomized trial for 44,000 participants, individuals receiving
two doses of the BNT162b2 mRNA vaccine can achieve 95%
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TABLE 3 | The basic clinical characteristics of current vaccines.

Vaccines Target variants Antigens Population Efficacy SAEs Immune type Phase
Pfizer/BioNTech mRNA  Alpha, Alpha with Full-length S Adults; children  95% (156); 89.5-93.7% Lessthan 2%  Humoral Phase 3 trial
vaccine E484K, Beta, B.1.526,  protein (5-11 years (Alpha) (99, 157); 76-100% immunity (adults); Phase
B.1.617, Gamma, Delta, old); pregnant  (Beta) (59, 158); 52.4-88% 2/3 trial (children)
Delta plus, Lambda and women (Delta) (99, 159); 22.5%
B.1.1.519 lineages (Omicron);89-96% (for
pregnant women) (160)
Moderna vaccine SARS-CoV-2 or variants  Segments of  Adults 94.1% (161); 96.4% (Beta) 2.9% (one Humoral and Phase 3 trial
SARS-CoV-2 (162); 89% (Alpha); 85% dose)—15.8%  cellular
hereditary (Beta, Gamma, B.1.617) (two dose); immunity
material (146); 50.6% (Delta) (159)
AstraZeneca-Oxford SARS-CoV-2 or variants  Whole-length  Adults 62.1-79% (78, 163); 61.1% More Cellular Phase 3 trial
vaccine S protein (Beta); 10.4% (Beta; thrombotic immunity

HIV-negative) (164); 74.5%  diseases
(Alpha); 67% (Delta) (99)

ChAdOx1 nCoV-19/ SARS-CoV-2 Full-length S Adults 91.6% (165) No Cellular and Phase 2 trial
BNT162b2 mRNA protein humoral
prime-boost immunity
vaccination
CoronaVac vaccine Ancestral strains, Inactivated Adults; the 83.5% (166); 50.65% No Humoral Phase 3 trial
D614G strains, Alpha, whole elderly aged (Brazil); 91.25% (Turkey) immunity
B.1.429, B.1.526, SARS-CoV-2 >70 years; (167); 75-88.1% (Alpha),
B1.351 and Gamma virus healthcare 64.2-70% (Beta), 88.1%
variants workers (Gamma), 48.33-78.6%
(Delta) (seropositivity rate)
(168, 169)
DNA vaccines G614, Alpha, Beta Plasmid DNA  Adults 33.33-100% No Humoral and Phase 1/2 trial
variants carrying (seroconversion rate) (170) cellular
spike-S gene immunity
of
SARS-CoV-2
virus
NVX CoV-2373 vaccine Beta variant SARS-CoV-2S  Adults 86.3% (Alpha) (171); 49.4% Rare Humoral NA
protein (Beta); 60.1% (HIV-negative) immunity
(172); 43% (Beta, Gamma,
B.1.617) (146)
BBIBP-CorV vaccine SARS-CoV-2 viruses SARS-CoV-2S Adults; children  78.1-79.34% (167, 173); No Humoral Phase 1/2 trial
protein and 91-96% for adults immunity
adolescents (seroconversion rate) (174);
99-100% for children and
adolescents
(seroconversion rate) (175)
ZF2001 vaccine SARS-CoV-2 viruses Dimeric Adults 72-97% (seroconversion 0.83% Humoral and Phase 1/2 trial
RBD-related rate) (176) cellular
protein immunity
SCB-2019 vaccine SARS-CoV-2 viruses S-Trimer Younger adults  86-100% (seroconversion 1.4% Humoral and Phase 1 trial
protein (aged 18-54 rate) (177) cellular
years) and older immunity
adults (aged
55-75 years)
Ad26.COV2.S vaccine  D614G, Beta, P2 Whole S Adults 66.9-76.7% (14 days); No Humoraland ~ Phase 1/2a trial;
lineage protein of 66.1-85.4% (28 days) cellular Phase 3 trial
SARS-CoV-2 (178, 179); 72% (Alpha); immunity
57% (Beta, Gamma,
B.1.617) (146)

SAEs, serious adverse events, NA, not available.

efficacy against SARS-CoV-2 infections (156). It is noted that As is known, the safety of vaccines is of the greatest concern
the potency of BNT162b2 vaccine slightly reduced infection  for the public. Polack et al. reported that <2% SAEs occurred
against the Delta variant, with a VE of 88% after completing two  in the recipients of BNT162b2 mRNA vaccine for either dose,
doses (99). apart from fatigue (3.8%) and headache (2.0%) for the second
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FIGURE 3 | The process of viral infection and induced bodies to generate immune responses after infection or inoculation of vaccines. First, SARS-CoV-2 viruses
enter into cells via binding to ACE2 receptors, then they release their genetic materials, accomplish replicate, translate RNA into proteins, assemble viruses, and finally
release a multitude of viruses. Second, individuals also harbor unique immune mechanism to fight against SARS-CoV-2 infection. When viruses enter into cells, APCs
will ingest viruses and initiate immune responses via the recognition of viral peptide by MCH molecules. APCs can present the information of viral antigens to Th cells.
Subsequently, Th cells are capable of activating humoral immunity to generate antibodies and cell-mediated immunity to lyse and kill viruses. Third, when individuals
are inoculated with vaccines, such as weakened or inactivated viruses, viral vector, nucleic acid (DNA or RNA), and protein-based (protein subunits or VLP) vaccines,
they can produce effective immune responses to defend infection against SARS-CoV-2 and its variants. Th, T-helper; APC, antigen presenting cells; CTL, cytotoxic T

cell; Ab, antibodies; VLP, virus-like particles.

dose (156). Also, according to a study on August 25, 2021, in
Israel, the researchers detected the occurrence of myocarditis
in nearly 1-5 per 100,000 cases in BNT162b2 mRNA vaccine
recipients, but other risks were obviously lower than COVID-19,
and they illuminated the potent protection of this mRNA vaccine
for healthy population (183).

Nevertheless, due to special circumstances related to pregnant
women, most countries regarded them as contraindications of
vaccination (184). A study on 10,861 pregnant women receiving
BNT162b2 mRNA vaccine in Israel implied that this mRNA
vaccine was potent for deterring the SARS-CoV-2 infection
with VE of 96% and protecting the participants from severe
COVID-19 illness (VE: 89%) (160). Likewise, Shimabukuro et al.
conducted a retrospective study on the safety of mRNA vaccines
for vaccinating 35,691 pregnant women aged 16-54, and they
observed that mRNA vaccines did not increase the risk of adverse
pregnancy and the neonatal outcome and mRNA vaccines are
safe among the pregnant population (185). Therefore, pregnant
individuals are expected to be vaccinated against SARS-CoV-2
and variants in the near future.

To our delight, on September 20, 2021, Pfizer and BioNTech
released results from a phase 2/3 trial among 2,268 children
aged 5-11 years old after vaccinating two doses of 10 ug

BNT162b2 mRNA vaccine, demonstrating that these children
can generate sufficient antibodies elicited by 10 pg vaccine,
with high neutralization titers, comparable to those produced
by individuals of 16-25 years of age vaccinated with 30 pg
vaccine. Most importantly, this vaccine was also proven to
be of well tolerance and safety for children (available from:
Pfizer and BioNTech Announce Positive Topline Results From
Pivotal Trial of COVID-19 Vaccine in Children 5 to 11
Years|Pfizer). Consequently, the BNT162b2 vaccine cooperates
with the existing public hygiene and health measures, which
can help the public to reduce the global catastrophe caused by
the expansion of COVID-19. Also, it is urgent to encourage
the public to vaccinate with the BNT162b2 vaccine to impede
the transmission of current variants and prevent the occurrence
of novel variants; then the COVID-19 pandemic is hopeful to
be terminated.

Moderna Vaccine

Moderna mRNA-1273, an mRNA vaccine, utilizes the segments
of SARS-CoV-2 hereditary material, to stimulate the body
response to the SARS-CoV-2, rather than in a form of weakened
or inactivated viruses (Figure 3). The potency of the mRNA-
1273 vaccine was proved to be 94.1% for COVID-19 disease,
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even severe illness, in a phase 3 trial (161), then mRNA-
1273 vaccine has been approved for use by the Emergency
Use Authorization (EUA). Participants who were vaccinated
with two doses of mRNA-1273 vaccine can generate effective
antibodies to neutralize SARS-CoV-2 or variants (162, 186-
188), but mutations in RBD do reduce the efficacy of antibodies
neutralization (47, 55, 189). The latest study elucidated that a
low dose (25 pg) mRNA-1273 vaccine can trigger long-lasting
antibodies, memory CD4™ T cells, including T follicular helper
(Tpu) and IFNy-expressing cells, and CD8™ T cells, reinforcing
humoral and cellular immunity (190).

There is no doubt that any vaccine may inevitably generate
AEs, and a phase 3 trial also revealed that Grade 3 side
effects of the mRNA-1273 vaccine were 2.9% after receiving the
first dose and 15.8% after the second dose (161). Besides, the
occurrence rate of venous thrombotic events (VTEs) and arterial
thrombotic events (ATEs) for Moderna vaccine recipients were
0.075 and 0.13 cases per 1 million individuals, respectively (191).
In addition, AEs generated by the mRNA-1273 vaccine were
only mild to moderate in the older population (192). Recently,
a novel study including more than 6.2 million participants from
the Vaccine Safety Datalink that reported the safety of mRNA
vaccines, included only either BNT162b2 (Pfizer-BioNTech) or
mRNA-1273 (Moderna) vaccines, against SARS-CoV-2, from
December 14, 2020 to June 26, 2021. It is reported that the
main vaccinated population are young adults aged 18-49, and no
serious AEs related to BNT162b2 or mRNA 1273 vaccines were
found, except myocarditis/pericarditis occurring in the young
population (193), which ease the anxiety and worry about mRNA
vaccines against SARS-CoV-2. Thus, it is efficacious and relatively
safe to vaccinate mRNA vaccines for the public.

Oxford-AstraZeneca Vaccine
The Oxford-AstraZeneca vaccine (AZD1222) is a replication-
deficient chimpanzee DNA viral vector ChAdOx1 vaccine that
possesses the whole-length S protein of SARS-CoV-2 (194),
which can assist the immune system in the battle against
viral infection (Figure 3). The effectiveness after two doses of
AZD1222 was merely 62.1% in a phase 3 trial of 23,000 subjects
(78), inferior to BNT162b2 (95%) (156) and mRNA-1273 (94.1%)
(161) vaccines. Additionally, AZD1222 is the third approved
vaccine by the Medicines and Healthcare Products Regulatory
Agency (MHRA) of the UK and other agencies in the world (195).
Intriguingly, the interval time of the second dose inoculation is
associated with VE. A study found that the effectiveness can reach
82.4% after 12 weeks interval of two doses of vaccines, whereas
VE reduced to 54.9% after <6 weeks apart two doses (196).
Nevertheless, the side effects of the Oxford-AstraZeneca
cannot be overlooked, such as thrombotic
thrombocytopenia (197-199) that usually occurred in young
population, thromboembolism (191, 200), thrombotic adverse
(201), skin rash (202) or necrosis (203), psoriasis (204), etc.,
where most of AEs may ascribe to autoimmune pathological
responses after inoculated with vaccines. Madhi et al. (164)
performed a multicenter, double-blind, and a randomized
controlled trial and they concluded that a two-dose regimen of
AZD1222 vaccination cannot provide sufficient protection for

vaccine

mild-to-moderate COVID-19 subjects against the Beta variant
infection. Furthermore, a recent study revealed that the efficacy
of recipients with two doses of the ChAdOx1 nCoV-19 vaccine
only reached 67% against the prevalent Delta variant (99).
Therefore, both the efficacy and safety of vaccines deserve to be
taken into consideration during the construction of the herd
immunity. However, AZD1222 is an ideal vaccine for some
resource-limited low- and middle-income nations (205).

Nowadays, a heterologous prime-boost vaccination is
emerging, referring to ChAdOx1 nCoV-19 vaccine as prime
and BNT162b2 mRNA vaccine as boost vaccination, where
combining these two vaccines boost the cellular and humoral
immunity to some point. Based on a study of heterologous prime-
boost schedule with ChAd/BNT vaccines, researchers found that
the schedule owned adequate immunogenicity and was capable
of stimulating bodies to generate robust immune responses with
a VE of 91.6%, which was higher than ChAd/ChAd vaccine
schedule (165). Additionally, in a study on the heterologous
vaccination in Germany, the neutralization activity elicited by
heterologous regimen (ChAd/BNT) strikingly rose, compared
to homologous strategies (ChAd/ChAd or BNT/BNT) (206).
Also, in a multicenter, open-label, randomized, phase 2 trial,
ChAd/BNT prime-boost scheme significantly elevated the
antibodies titers, and no severe AEs were observed in this
regimen (207).

CoronaVac Vaccine

CoronaVac, a chemosynthetic inactivated vaccine, is developed
for defending the SARS-CoV-2 strains (208, 209). The CoronaVac
vaccine is of safety and well tolerance in the elderly aged more
than 60 years and can induce bodies to generate sufficient
neutralizing antibodies titers against the COVID-19 illness in
phase 1/2 clinical trials (209) (Figure 3). Besides, in a phase 3
trial, among 10,218 volunteers aged 18-59 years old in Turkey
from September 14, 2020 to Jan 5, 2021, the VE of CoronaVac
was 83.5% (95% CI: 65.4-92.1%) without fatalities or severe AEs
(166). Under the circumstance of the Gamma variant expanding,
the CoronaVac vaccine, administered to the elderly aged more
than 70 years, has decreased the incidence of symptomatic
COVID-109, hospitalization, and death cases in Brazil (210).

The efficacy pertinence to the CoronaVac vaccine was rather
high (211), and AEs mainly concentrated on mild-to-moderate
degree; no overtly serious or life-threatening AEs were observed
in Turkey and China (212-214), which laid a foundation for
providing highly effective and safe vaccines for the public.
More specifically, in a phase 1/2 clinical trial, researchers
explored the immunogenicity, tolerability, and safety of the
inactivated CoronaVac vaccine in 550 young participants aged
3-17 years in Zanhuang (Hebei, China); then they concluded
that CoronaVac vaccine was indeed safe and well-tolerated,
capable of inducing humoral responses and generating higher
neutralizing antibody titers elicited by 3.0 pg dose, which
provides new insight into vaccination using two doses of 3.0 g
regimen for children and adolescents (215). Besides, the mortality
rate of healthcare workers who were fully vaccinated with
the CoronaVac vaccine declined (216). In addition, circulating
neutralizing antibody responses can be markedly boosted among
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previously seropositive participants after achieving vaccination
of two doses of CoronaVac vaccine or one dose of BNT162b2
mRNA vaccine, indicating robust induction of CoronaVac
vaccine for memory B cell (217). A single-center study in
Ankara, Turkey, revealed that most of the healthcare workers
fully immunized using the CoronaVac vaccine accomplished
seroconversion, and the younger healthcare workers presented
higher IgG levels against SARS-CoV-2 (218).

Current serum elicited by the CoronaVac vaccine can
neutralize ancestral strains, D614G strains, Alpha, and Epsilon
variants, but reduced neutralization against the Eta and Beta
variants (219). Therefore, the CoronaVac vaccine is also a
promising choice for the public to vaccinate, and it is necessary
for high-risk populations, such as healthcare workers, the elderly
as well as individuals with chronic diseases, to perform a booster
dose after two doses of vaccines (218).

DNA Vaccines

DNA vaccines are vaccines directly introduced to the plasmid
DNA that encode the immunogen for the acquirement of
immune response in situ target immunogen (Figure 3). On one
hand, stable plasmid DNA is convenient as it can be stored
and easily delivered in the setting of room temperature without
the cold chain. On the other hand, DNA vaccines are free
from forming not only anti-vector immunity but also off-target
adaptive immunity to DNA, which is safe for DNA vaccines
construction and production (220).

Phase 1 trial of INO-4800 demonstrated that this DNA vaccine
was well immunogenic in all 38 vaccinated participants, who
generated efficacious humoral and Th1 cell-mediated immunity
(221). Furthermore, serum acquired by the INO-4800 vaccine has
robust humoral responses against G614 and the Alpha strains
but has lower antibodies neutralization against the Beta variants
(222). Besides, in phase 1/2 clinical trials via intracutaneous
injection for healthy Indians, the DNA vaccine (ZyCoV-D)
developed by India achieved seroconversion for those who
received vaccination and was proved to be safe (170). In
consequence, the data support the development of DNA vaccines
for defending global public crisis.

Other Vaccines

NVX CoV-2373 vaccine refers to a recombinant nanoparticle
targeting SARS-CoV-2 S protein, where postvaccination serum
has the potentiality of neutralizing the Beta variant, with VE of
49.4% (172). BBIBP-CorV and ZF2001 vaccines are developed
by China against SARS-CoV-2 infections. BBIBP-CorV endows
sufficient productivity and excellent hereditary stability in
terms of vaccine manufacturing, which exhibits a promising
prospective (223). In addition, a double-blind, randomized phase
1/2 trial illuminated that the BBIBP-CorV vaccine that was
well-tolerated and safe, enabled bodies to generate immunized
antibodies against SARS-CoV-2 strains (174). Xia et al. evaluated
the immunogenicity and safety of the BBIBP-CorV vaccine in
children and adolescents aged 3-17 years in a phase 1/2 trial
and delineated that the inactivated BBIBP-CorV vaccine was able
to induce potent humoral immunity for defending COVID-19
illness, with safety and tolerance (175). Regarding the ZF2001

vaccine, it is a reconstructed dimeric RBD-related protein vaccine
that is at phase 3 trial and has been approved for emergency
use in China and Uzbekistan (176, 224). A phase 1/2 trial
elucidated that the ZF2001 protein vaccine was characterized by
immunogenic and easily tolerated traits, and this vaccine was
able to induce moderate levels of cellular immunity and potent
humoral immunity (176). Furthermore, another protein subunit
vaccine, called SCB-2019 vaccine that is composed of S-Trimer
protein, can trigger strong humoral and cell-mediated immunity
for defending SARS-CoV-2, based on a phase 1, double-blind,
randomization trial (177).

Adenovirus type 26 vectors (Ad26.COV2.S, Janssen), a
recombinant but replication-incompetent Ad26, encode the
whole S protein of SARS-CoV-2. A multicenter, phase 1/2a trial
indicated that stable antibodies titers still existed and robust T-
cell responses were observed in subjects inoculated with one
(cohort 1, aged 18-55 years) or two (cohort 3, aged > 65
years) doses of Ad26.COV2.S vaccine (225). Also, FDA reported
a multi-national double-blind, phase 3 randomized trial for
40,000 adult participants receiving Ad26.COV2.S vaccine, which
emphasized that VE were 66.9% (95%CI: 59.0-73.4%) for onset
at >14 days after the admission of one dose vaccine and 66.1%
(95%CI: 55.0-74.8%) for the onset at >28 days after vaccination
(178). Likewise, Sadoff et al. conducted an international, double-
blind RCT, and they confirmed that Ad26.COV2.S shielded
participants from moderate to severe COVID-19 illness, and VEs
against critical COVID-19 disease were higher at least 14 days
(76.7%) and 28 days (85.4%) after vaccination (179).

CONCLUSIONS AND
RECOMMENDATIONS

Over the past 2 years, the COVID-19 pandemic has been
ongoing. With the expansion of SARS-CoV-2, novel variants are
emerging. A broad array of variants was extensively identified
in the United Kingdom, South Africa, Brazil, India, and
Peru, based on their respective characterizes, containing higher
infectivity, immune escape, increased severity of illness, and
hospitalization. Recently, the Delta variant that arouses the
greatest concern of the public has been prevailing worldwide,
with more contagious and rapidly spreading characteristics.
However, numerous studies denoted that current vaccines still
have the tremendous potentiality of preventing SARS-CoV-2 and
variants, including the Delta variant. Nevertheless, on November
26, 2021, with the appearance of the Omicron variant, there is a
growing concern about its transmissibility, virulence, infectivity,
immune responses, etc. Currently, it remains unclear whether the
Omicron variant will become as prevailing as the Delta variant.
Generally, three tricks are utilized by SARS-CoV-2 viruses to
enhance viral capability to spread, such as ameliorating the
process of gateway to the host’s cells, enriching the number
of microbes in the host’s body for spreading more viruses
by breathing, coughing or talking, and facilitating the longer
survival of the virus in the non-host environment (167).

In reality, at present, there is a paucity of curative treatments
to cure COVID-19 illness. Nevertheless, there are several
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measures to prevent the public from the infection of SARS-CoV-
2 and its variants. First, it is necessary to avoid short-distance
contact, keep a certain social distance, reduce social activities,
wear surgical or N95 facial masks, and cordon communities
where positive cases live or visit when the potentially fast
extensive spreading of COVID-19 appears. Second, massive
citywide viral RNA screening tests were also essential once
the local outbreak of COVID-19 occurred for recognizing
unidentified potential cases. Third, the development of big
data for real-time surveillance and the management of close
contacts with confirmed COVID-19 cases is conducive to
epidemiological investigation. Last but not the least, the public
also needs immune responses elicited by vaccines to fight
against current SARS-CoV-2 and various variants. In spite of the
emergence of variants accompanying a multitude of mutations,
including E484K, K417N, N501Y, P681R, L452R, T478K, etc.,
taking positive and effective measures and accomplishment of
two doses of vaccination will help prevent the public from
the infection against SARS-CoV-2 and its variants, where the
vaccines can induce abundant humoral or cellular immune
responses and are also potent against its variants to some extent.
As a consequence, it is extremely urgent to encourage the
public to be inoculated with two doses of vaccines, especially
the special populations, such as the elderly, pregnant women,
adolescents, and children over 12 years old, if the policy
allows. Nowadays, vaccines approved or currently available are
effective tools to protect the population from the COVID-
19, and vaccination for as many individuals as possible
should be given more importance by the administration and
authority all over the world. Although the VEs will decrease
with the prolonged vaccination time, the severe cases and
deaths of COVID-19 patients vaccinated before infection will
significantly reduce. Besides, it is necessary to vaccinate the public
with boosters.

Mahmud et al. (167) used a mathematical model to investigate
the pandemic scenario in California and the entire United States

REFERENCES

1. Hu B, Guo H, Zhou P, Shi ZL. Characteristics of SARS-CoV-2 and
COVID-19. Nat Rev Microbiol. (2021) 19:141-54. doi: 10.1038/s41579-020-
00459-7

2. Lu R, Zhao X, Li ], Niu P, Yang B, Wu H, et al. Genomic characterisation
and epidemiology of 2019 novel implications  for
virus origins and receptor binding. Lancet. (2020) 395:565-74.
doi: 10.1016/50140-6736(20)30251-8

3. Nagy A, Alhatlani B. An overview of current COVID-19 vaccine

platforms.  Comput  Struct  Biotechnol ] (2021)  19:2508-17.
doi: 10.1016/j.csbj.2021.04.061

. Almubaid Z, Al-Mubaid H. Analysis and comparison of genetic variants

and mutations of the novel coronavirus SARS-CoV-2. Gene Rep. (2021)
23:101064. doi: 10.1016/j.genrep.2021.101064

5. Chakraborty S. Evolutionary and structural analysis elucidates
mutations on SARS-CoV2 spike protein with altered human ACE2
binding affinity. Biochem Biophys Res Commun. (2021) 534:374-80.
doi: 10.1016/j.bbrc.2020.11.075

6. Hou YJ, Chiba S, Halfmann P, Ehre C, Kuroda M, Dinnon KH,
3rd, et al. SARS-CoV-2 D614G variant exhibits efficient replication

coronavirus:

from the day of starting the vaccination program, and they
observed that wave peaks will decrease as time goes by, and the
epidemic also will be controlled by the middle of 2023. At the
same time, the total fatality and recovery rates of the SARS-CoV-
2 pandemic in California will be 1.697 and 98.30%, respectively.
This phenomenon shows that effective vaccination will prevent
and control the SARS-CoV-2 pandemic by developing immunity
against viruses.

Moreover, with more and more understanding of the
pathological mechanisms of SARS-CoV-2 and variants, and the
development of powerful vaccine regimens, the formal guidelines
will be more refined. Consequently, we are convinced that the
fighting will be a victory and the COVID-19 will be conquered in
the future via joint effort worldwide.

AUTHOR CONTRIBUTIONS

Y] and CY designed and conceived the study. YJ and
QW performed literature research and drew the figures and
tables. Y] drafted the manuscript. CY and PS critically
revised the manuscript. All authors read and approved the
final manuscript.

FUNDING

This work was supported by the Cuiying Scientific and
Technological Program of Lanzhou University Second Hospital
(CY2018-MS10) and the project of Lanzhou Science and
Technology Bureau (2019-ZD-67).

ACKNOWLEDGMENTS

We thank the Global Initiative on Sharing Avian Influenza Data
(GISAID), the WHO, and the Centers for Disease and Control
Prevention (CDC) for providing sufficient data and information
about SARS-CoV-2 and its variants.

ex vivo and transmission in vivo. Science. (2020) 370:1464-8.
doi: 10.1126/science.abe8499

7. WHO. COVID-19 Weekly Epidemiological Update: Proposed Working
Definitions of SARS-CoV-2 Variants of Interest and Variants of Concern.
Geneva: WHO (2021).

8. Delmas B, Laude H. Assembly of coronavirus spike protein into
trimers and its role in epitope expression. J Virol (1990) 64:5367-75.
doi: 10.1128/jvi.64.11.5367-5375.1990

9. Fehr AR, Perlman §S. Coronaviruses: an overview of their

replication and pathogenesis. Methods Mol Biol. (2015) 1282:1-23.

doi: 10.1007/978-1-4939-2438-7_1

Zhan X-Y, Zhang Y, Zhou X, Huang K, Qian Y, Leng Y, et al. Molecular

evolution of SARS-CoV-2 structural genes: evidence of positive selection in

spike glycoprotein. bioRxiv. (2020). doi: 10.1101/2020.06.25.170688

. Watanabe Y, Berndsen ZT, Raghwani J, Seabright GE, Allen JD,

Pybus OG, et al. Vulnerabilities in coronavirus glycan shields

despite extensive glycosylation. Nat Commun. (2020) 11:2688.

doi: 10.1038/s41467-020-16567-0

Volz E, Hill V, McCrone JT, Price A, Jorgensen D, O'Toole A, et al. Evaluating

the effects of SARS-CoV-2 spike mutation D614G on transmissibility and

pathogenicity. Cell. (2021) 184:64-75.e11. doi: 10.1016/j.cell.2020.11.020

Frontiers in Medicine | www.frontiersin.org

13

January 2022 | Volume 8 | Article 806641


https://doi.org/10.1038/s41579-020-00459-7
https://doi.org/10.1016/s0140-6736(20)30251-8
https://doi.org/10.1016/j.csbj.2021.04.061
https://doi.org/10.1016/j.genrep.2021.101064
https://doi.org/10.1016/j.bbrc.2020.11.075
https://doi.org/10.1126/science.abe8499
https://doi.org/10.1128/jvi.64.11.5367-5375.1990
https://doi.org/10.1007/978-1-4939-2438-7_1
https://doi.org/10.1101/2020.06.25.170688
https://doi.org/10.1038/s41467-020-16567-0
https://doi.org/10.1016/j.cell.2020.11.020
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Jiang et al.

SARS-CoV-2 Variants and Vaccines

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Yurkovetskiy L, Wang X, Pascal KE, Tomkins-Tinch C, Nyalile TP, Wang
Y, et al. Structural and functional analysis of the D614G SARS-CoV-2 spike
protein variant. Cell. (2020) 183:739-51.e8. doi: 10.1016/j.cell.2020.09.032
Zhang J, Cai Y, Xiao T, Lu ], Peng H, Sterling SM, et al. Structural impact on
SARS-CoV-2 spike protein by D614G substitution. Science. (2021) 372:525-
30. doi: 10.1126/science.abf2303

Omotuyi 10, Nash O, Ajiboye OB, Iwegbulam CG, Oyinloye EB, Oyedeji
OA, et al. Atomistic simulation reveals structural mechanisms underlying
D614G spike glycoprotein-enhanced fitness in SARS-COV-2. ] Comput
Chem. (2020) 41:2158-61. doi: 10.1002/jcc.26383

Winger A, Caspari T. The spike of concern-the novel variants of SARS-CoV-
2. Viruses. (2021) 13:1002. doi: 10.3390/v13061002

Jiang X, Zhang Z, Wang C, Ren H, Gao L, Peng H, et al. Bimodular effects
of D614G mutation on the spike glycoprotein of SARS-CoV-2 enhance
protein processing, membrane fusion, and viral infectivity. Sign Transd
Target Therapy. (2020) 5:268. doi: 10.1038/s41392-020-00392-4

Daniloski Z, Jordan TX, Ilmain JK, Guo X, Bhabha G, tenOever BR, et al. The
Spike D614G mutation increases SARS-CoV-2 infection of multiple human
cell types. eLife. (2021) 10:¢65365. doi: 10.7554/eLife.65365

Korber B, Fischer WM, Gnanakaran S, Yoon H, Theiler ], Abfalterer
W, et al. Tracking changes in SARS-CoV-2 Spike: evidence that D614G
increases infectivity of the COVID-19 virus. Cell. (2020) 182:812-27.e19.
doi: 10.1016/j.cell.2020.06.043

Burki T. Understanding variants of SARS-CoV-2. Lancet. (2021) 397:462.
doi: 10.1016/s0140-6736(21)00298-1

Ke R, Romero-Severson E, Sanche S, Hengartner N. Estimating the
reproductive number R(0) of SARS-CoV-2 in the United States and eight
European countries and implications for vaccination. J Theor Biol. (2021)
517:110621. doi: 10.1016/j.jtbi.2021.110621

WHO. Report of the WHO-China Joint Mission on Coronavirus Disease 2019
(COVID-19). (2020). Available online at: https://www.who.int/docs/default-
source/coronaviruse/who-china-joint- mission-on-covid- 19-final-report.
pdf (accessed September 22, 2021).

Volz E, Mishra S, Chand M, Barrett JC, Johnson R, Geidelberg L, et al.
Assessing transmissibility of SARS-CoV-2 lineage B117 in England. Nature.
(2021) 593:266-9. doi: 10.1038/s41586-021-03470-x

Mwenda M, Saasa N, Sinyange N, Busby G, Chipimo PJ, Hendry
J, et al. Detection of B.1.351 SARS-CoV-2 variant strain—Zambia,
December 2020. MMWR Morbid Mortal Week Rep. (2021) 70:280-2.
doi: 10.15585/mmwr.mm7008e2

Hirotsu Y, Omata M. Discovery of a SARS-CoV-2 variant from the P1 lineage
harboring K417T/E484K/N501Y mutations in Kofu, Japan. J Infect. (2021)
82:276-316. doi: 10.1016/.jinf.2021.03.013

Hetemiki I, Kadridinen S, Alho P, Mikkola J, Savolainen-Kopra C, Ikonen N,
et al. An outbreak caused by the SARS-CoV-2 Delta variant (B.1.617.2) in a
secondary care hospital in Finland, May 2021. Euro Surv. (2021) 26:2100636.
doi: 10.2807/1560-7917.Es.2021.26.30.2100636

Padilla-Rojas C, Jimenez-Vasquez V, Hurtado V, Mestanza O, Molina IS,
Barcena L, et al. Genomic analysis reveals a rapid spread and predominance
of Lambda (C.37) SARS-COV-2 lineage in Peru despite circulation of
variants of concern. ] Med Virol. (2021) 93:6845-49. doi: 10.1002/jmv.27261
ECDC. SARS-CoV-2—Increased Circulation of Variants of Concern and
Vaccine Rollout in the EU/EEA,14th update. Solna: ECDC (2021)

Davies NG, Abbott S, Barnard RC, Jarvis CI, Kucharski AJ, Munday JD, et
al. Estimated transmissibility and impact of SARS-CoV-2 lineage B.1.1.7 in
England. Science. (2021) 372:6538. doi: 10.1126/science.abg3055

Grint DJ, Wing K, Williamson E, McDonald HI, Bhaskaran K, Evans D,
et al. Case fatality risk of the SARS-CoV-2 variant of concern B.1.1.7
in England, 16 November to 5 February. Euro Surv. (2021) 26:210056.
doi: 10.2807/1560-7917.Es.2021.26.11.2100256

O’Toole A, Hill V, Pybus OG, Watts A. Bogoch, II, Khan K, et al. Tracking
the international spread of SARS-CoV-2 lineages B117 and B1351/501Y-V2.
Wellcome Open Res. (2021) 6:121. doi: 10.12688/wellcomeopenres.16661.1
Cetin M, Balci PO, Sivgin H, Cetin S, Ulgen A, Dértok Demir H, et al. Alpha
variant (B.1.1.7) of SARS-CoV-2 increases fatality-rate for patients under age
of 70 years and hospitalization risk overall. Acta Microbiol Immunol Hung.
(2021) 68:153-61. doi: 10.1556/030.2021.01524

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Yang T7J, Yu. PY, Chang YC, Liang KH, Tso HC, Ho MR, et al. Effect of SARS-
CoV-2 B117 mutations on spike protein structure and function. Nat Struct
Mol Biol. (2021) 28:731-9. doi: 10.1038/s41594-021-00652-z

Janik E, Niemcewicz M, Podogrocki M, Majsterek I, Bijak M. The emerging
concern and interest SARS-CoV-2 variants. Pathogens. (2021) 10:633.
doi: 10.3390/pathogens10060633

Meng B, Kemp SA, Papa G, Datir R, Ferreira I, Marelli S, et al. Recurrent
emergence of SARS-CoV-2 spike deletion H69/V70 and its role in the Alpha
variant B117. Cell Rep. (2021) 35:109292. doi: 10.1016/j.celrep.2021.109292
Thomson EC, Rosen LE, Shepherd JG, Spreafico R, da Silva Filipe A,
Wojcechowskyj JA, et al. Circulating SARS-CoV-2 spike N439K variants
maintain fitness while evading antibody-mediated immunity. Cell. (2021)
184:1171-87.€20. doi: 10.1016/j.cell.2021.01.037

Graham C, Seow ], Huettner I, Khan H, Kouphou N, Acors S, et al
Neutralization potency of monoclonal antibodies recognizing dominant and
subdominant epitopes on SARS-CoV-2 Spike is impacted by the B.1.1.7
variant. Immunity. (2021) 54:1276-89.e6. doi: 10.1016/j.immuni.2021.03.023
Aleem A, Akbar Samad AB, Slenker AK. Emerging Variants of SARS-
CoV-2 And Novel Therapeutics Against Coronavirus (COVID-19). StatPearls.
Treasure Island (FL): StatPearls Publishing (2021)

Zhu X, Mannar D, Srivastava SS, Berezuk AM, Demers JP, Saville JW, et
al. Cryo-electron microscopy structures of the N501Y SARS-CoV-2 spike
protein in complex with ACE2 and 2 potent neutralizing antibodies. PLoS
Biol. (2021) 19:¢3001237. doi: 10.1371/journal.pbio.3001237

Liu Y, Liu J, Plante KS, Plante JA, Xie X, Zhang X, et al. The N501Y
spike substitution enhances SARS-CoV-2 transmission. bioRxiv. (2021).
doi: 10.1101/2021.03.08.434499

Quinonez E, Vahed M, Hashemi Shahraki A, Mirsaeidi M. Structural analysis
of the novel variants of SARS-CoV-2 and forecasting in North America.
Viruses. (2021) 13:930. doi: 10.3390/v13050930

Weisblum Y, Schmidt F, Zhang E DaSilva ], Poston D, Lorenzi JC, et al.
Escape from neutralizing antibodies by SARS-CoV-2 spike protein variants.
eLife. (2020) 9:e61312. doi: 10.7554/eLife.61312

Collier DA, De Marco A, Ferreira I, Meng B, Datir RP, Walls AC, et
al. Sensitivity of SARS-CoV-2 B117 to mRNA vaccine-elicited antibodies.
Nature. (2021) 593:136-41. doi: 10.1038/s41586-021-03412-7

Greaney AJ, Loes AN, Crawford KHD, Starr TN, Malone KD, Chu HY, et al.
Comprehensive mapping of mutations in the SARS-CoV-2 receptor-binding
domain that affect recognition by polyclonal human plasma antibodies. Cell
Host Microbe. (2021) 29:463-76.¢6. doi: 10.1016/j.chom.2021.02.003

Nelson G, Buzko O, Spilman PR, Niazi K, Rabizadeh S, Soon-Shiong PR.
Molecular dynamic simulation reveals E484K mutation enhances spike
RBD-ACE2 affinity and the combination of E484K, K417N and N501Y
mutations (501Y. V2 variant) induces conformational change greater than
N501Y mutant alone, potentially resulting in an escape mutant. bioRxiv.
(2021). doi: 10.1101/2021.01.13.426558v1

Mohammad A, Abubaker J, Al-Mulla F. Structural modelling of SARS-CoV-
2 alpha variant (B117) suggests enhanced furin binding and infectivity. Virus
Res. (2021) 303:198522. doi: 10.1016/j.virusres.2021.198522

Wu K, Werner AP, Moliva JI, Koch M, Choi A, Stewart-Jones GBE,
et al. mRNA-1273 vaccine induces neutralizing antibodies against
spike mutants from global SARS-CoV-2 variants. bioRxiv. (2021).
doi: 10.1101/2021.01.25.427948

Muik A, Wallisch AK, Singer B, Swanson KA, Mihl J, Chen W,
et al. Neutralization of SARS-CoV-2 lineage B117 pseudovirus by
BNT162b2 vaccine-elicited human sera. (2021) 371:1152-3.
doi: 10.1126/science.abg6105

Tegally H, Wilkinson E, Giovanetti M, Iranzadeh A, Fonseca V, Giandhari J,
et al. Detection of a SARS-CoV-2 variant of concern in South Africa. Nature.
(2021) 592:438-43. doi: 10.1038/s41586-021-03402-9

Teyssou E, Soulie C, Visseaux B, Lambert-Niclot S, Ferre V, Marot §,
et al. The 501YV2 SARS-CoV-2 variant has an intermediate viral load
between the 501YV1 and the historical variants in nasopharyngeal samples
from newly diagnosed COVID-19 patients. ] Infect. (2021) 83:119-45.
doi: 10.1016/j.jinf.2021.04.023

Slavov SN, Patané JSL, Bezerra RDS, Giovanetti M, Fonseca V, Martins AJ,
et al. Genomic monitoring unveil the early detection of the SARS-CoV-2

Science.

Frontiers in Medicine | www.frontiersin.org

14

January 2022 | Volume 8 | Article 806641


https://doi.org/10.1016/j.cell.2020.09.032
https://doi.org/10.1126/science.abf2303
https://doi.org/10.1002/jcc.26383
https://doi.org/10.3390/v13061002
https://doi.org/10.1038/s41392-020-00392-4
https://doi.org/10.7554/eLife.65365
https://doi.org/10.1016/j.cell.2020.06.043
https://doi.org/10.1016/s0140-6736(21)00298-1
https://doi.org/10.1016/j.jtbi.2021.110621
https://www.who.int/docs/default-source/coronaviruse/who-china-joint-mission-on-covid-19-final-report.pdf
https://www.who.int/docs/default-source/coronaviruse/who-china-joint-mission-on-covid-19-final-report.pdf
https://www.who.int/docs/default-source/coronaviruse/who-china-joint-mission-on-covid-19-final-report.pdf
https://doi.org/10.1038/s41586-021-03470-x
https://doi.org/10.15585/mmwr.mm7008e2
https://doi.org/10.1016/j.jinf.2021.03.013
https://doi.org/10.2807/1560-7917.Es.2021.26.30.2100636
https://doi.org/10.1002/jmv.27261
https://doi.org/10.1126/science.abg3055
https://doi.org/10.2807/1560-7917.Es.2021.26.11.2100256
https://doi.org/10.12688/wellcomeopenres.16661.1
https://doi.org/10.1556/030.2021.01524
https://doi.org/10.1038/s41594-021-00652-z
https://doi.org/10.3390/pathogens10060633
https://doi.org/10.1016/j.celrep.2021.109292
https://doi.org/10.1016/j.cell.2021.01.037
https://doi.org/10.1016/j.immuni.2021.03.023
https://doi.org/10.1371/journal.pbio.3001237
https://doi.org/10.1101/2021.03.08.434499
https://doi.org/10.3390/v13050930
https://doi.org/10.7554/eLife.61312
https://doi.org/10.1038/s41586-021-03412-7
https://doi.org/10.1016/j.chom.2021.02.003
https://doi.org/10.1101/2021.01.13.426558v1
https://doi.org/10.1016/j.virusres.2021.198522
https://doi.org/10.1101/2021.01.25.427948
https://doi.org/10.1126/science.abg6105
https://doi.org/10.1038/s41586-021-03402-9
https://doi.org/10.1016/j.jinf.2021.04.023
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Jiang et al.

SARS-CoV-2 Variants and Vaccines

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

B.1.351 (beta) variant (20H/501Y.V2) in Brazil. ] Med Virol. (2021) 93:6782-
7. doi: 10.1002/jmv.27190

Cheng MH, Krieger JM, Kaynak B, Arditi M, Bahar I. Impact of
South African 501.V2 variant on SARS-CoV-2 spike infectivity and
neutralization: a structure-based computational assessment. bioRxiv. (2021).
doi: 10.1101/2021.01.10.426143

Pearson CA, Russell TW, group. C-w, Davies NG, W.J. E, RM. E, et al.
Estimates of severity and transmissibility of novel South Africa SARS-CoV-2
variant 501Y.V2. (2021)

Saha S, Tanmoy AM, Hooda Y, Tanni AA, Goswami S, Sium SMA,
et al. COVID-19 rise in Bangladesh correlates with increasing
detection of B.1.351 variant. BMJ] Global Health. (2021) 6:€006012.
doi: 10.1136/bmjgh-2021-006012

Wang Z, Schmidt F Weisblum Y, Muecksch F, Barnes CO, Finkin
S, et al. mRNA vaccine-elicited antibodies to SARS-CoV-2 and
circulating variants. Nature. (2021) 592:616-22. doi: 10.1038/s41586-021-0
3324-6

Wilton T, Bujaki E, Klapsa D, Majumdar M, Zambon M, Fritzsche M, et al.
Rapid increase of SARS-CoV-2 Variant B.1.1.7 detected in sewage samples
from England between October 2020 and January 2021. mSystems. (2021)
6:¢0035321. doi: 10.1128/mSystems.00353-21

Kim YJ, Jang US, Soh SM, Lee JY, Lee HR. The impact on infectivity
and neutralization efficiency of SARS-CoV-2 lineage B.1.351 pseudovirus.
Viruses. (2021) 13:633. doi: 10.3390/v13040633

Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, Erichsen
S, et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is
blocked by a clinically proven protease inhibitor. Cell. (2020) 181:271-80 e8.
doi: 10.1016/j.cell.2020.02.052

Abu-Raddad L], Chemaitelly H. Butt AA. Effectiveness of the BNT162b2
Covid-19 vaccine against the B117 and B1351 variants. N Engl ] Med. (2021)
385:187-9. doi: 10.1056/NEJMc2104974

Haas EJ, Angulo F], McLaughlin JM, Anis E, Singer SR, Khan E
et al. Impact and effectiveness of mRNA BNT162b2 vaccine against
SARS-CoV-2 infections and COVID-19 cases, hospitalisations, and deaths
following a nationwide vaccination campaign in Israel: an observational
study using national surveillance data. Lancet. (2021) 397:1819-29.
doi: 10.1016/s0140-6736(21)00947-8

Xie X, Liu Y, Liu J, Zhang X, Zou ], Fontes-Garfias CR, et al.
Neutralization of SARS-CoV-2 spike 69/70 deletion, E484K and N501Y
variants by BNT162b2 vaccine-elicited sera. Nat Med. (2021) 27:620-1.
doi: 10.1038/s41591-021-01270-4

National Institute of Infectious Diseases. Brief report: New Variant Strain
of SARS-CoV-2 Identified in Travelers from Brazil. National Institute of
Infectious Diseases (2021)

Fujino T, Nomoto H, Kutsuna S, Ujiie M, Suzuki T, Sato R, et al. Novel SARS-
CoV-2 variant in travelers from Brazil to Japan. Emerg Infect Dis. (2021)
27:1243-5. doi: 10.3201/eid2704.210138

Naveca FG, Nascimento V, de Souza VC, Corado AL, Nascimento E, Silva
G, et al. COVID-19 in Amazonas, Brazil, was driven by the persistence
of endemic lineages and P1 emergence. Nat Med. (2021) 27:1230-8.
doi: 10.1038/s41591-021-01378-7

Faria NR, Mellan TA, Whittaker C, Claro IM, Candido DDS, Mishra S, et
al. Genomics and epidemiology of the P1 SARS-CoV-2 lineage in Manaus,
Brazil. Science. (2021) 372:815-21. doi: 10.1126/science.abh2644

Coutinho RM, Marquitti FMD, Ferreira LS, Borges ME. Model-based
estimation of transmissibility and reinfection of SARS-CoV-2 P.1 variant.
medRxiv. (2021). doi: 10.1101/2021.03.03.21252706v3

Sanita IS. Prevalenza delle varianti VOC 202012/01 (lineage B.1.1.7), P.1, e
501.V2 (lineage B.1.351) in Italia Indagine del 18 febbraio 2021 (2021).
Firestone MJ, Lorentz AJ, Meyer S, Wang X, Como-Sabetti K, Vetter S, et
al. First Identified Cases of SARS-CoV-2 Variant P.1 in the United States—
Minnesota, January 2021. MMWR Morb Mortal Weekly Rep. (2021) 70:346-
7. doi: 10.15585/mmwr.mm7010el

Campoy PJS, Buenestado-Serrano S, Pérez-Lago L, Rodriguez-Grande C,
Cataldn P, Andrés-Zayas C, et al. First importations of SARS-CoV-2 P.1
and P.2 variants from Brazil to Spain and early community transmission.
Enfermed Infec Microbiol Clin. (2021). doi: 10.1016/j.eimc.2021.05.008

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Sarkar MMH, Rabbi MFA, Akter S, Banu TA, Goswami B, Jahan I, et al.
Genome sequence of a SARS-CoV-2 P1 variant of concern (20J/501YV3)
from Bangladesh. Microbiol Resource Announc. (2021) 10:¢0052421.
doi: 10.1128/mra.00524-21

Panzera Y, Goni N, Calleros L, Ramos N, Frabasile S, Marandino A, et
al. Genome Sequences of SARS-CoV-2 P1 (Variant of Concern) and P2
(Variant of Interest) identified in Uruguay. Microbiol Resour Announc.
(2021) 10:€0041021. doi: 10.1128/mra.00410-21

Di Giallonardo E Puglia I, Curini V, Camma C, Mangone I, Calistri P, et
al. Emergence and Spread of SARS-CoV-2 Lineages B.1.1.7 and P.1 in Italy.
Viruses. (2021) 13:794. doi: 10.3390/v13050794

Dejnirattisai W, Zhou D, Supasa P, Liu C, Mentzer AJ, Ginn HM, et al.
Antibody evasion by the P.1 strain of SARS-CoV-2. Cell. (2021) 184:2939-
54.€9. doi: 10.1016/j.cell.2021.03.055

Dejnirattisai W, Zhou D, Ginn HM, Duyvesteyn HME, Supasa P, Case JB,
et al. The antigenic anatomy of SARS-CoV-2 receptor binding domain. Cell.
(2021) 184:2183-200.€22. doi: 10.1016/j.cell.2021.02.032

Zhou D, Dejnirattisai W, Supasa P, Liu C, Mentzer AJ, Ginn HM, et al.
Evidence of escape of SARS-CoV-2 variant B.1.351 from natural and vaccine-
induced sera. Cell. (2021) 184:2348-61.e6. doi: 10.1016/j.cell.2021.02.037
Supasa P, Zhou D, Dejnirattisai W, Liu C, Mentzer AJ, Ginn HM, et al.
Reduced neutralization of SARS-CoV-2 B.1.1.7 variant by convalescent and
vaccine sera. Cell. (2021) 184:2201-11.e7. doi: 10.1016/j.cell.2021.02.033
Gidari A, Sabbatini S, Bastianelli S, Pierucci S, Busti C, Monari C,
et al. Cross-neutralization of SARS-CoV-2 B.1.1.7 and P.1 variants in
vaccinated, convalescent and P.1 infected. J Infect. (2021) 83:467-72.
doi: 10.1016/}.jinf.2021.07.019

Voysey M, Clemens SAC, Madhi SA, Weckx LY, Folegatti PM, Aley PK,
et al. Safety and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222)
against SARS-CoV-2: an interim analysis of four randomised controlled
trials in Brazil, South Africa, and the UK. Lancet. (2021) 397:99-111.
doi: 10.1016/s0140-6736(20)32661-1

Zani A, Caccuri F, Messali S, Bonfanti C. Caruso A. Serosurvey in BNT162b2
vaccine-elicited neutralizing antibodies against authentic B1, B117, B1351,
B1525 and P1 SARS-CoV-2 variants. Emerg Microbes Infect. (2021) 10:1241-
3. doi: 10.1080/22221751.2021.1940305

Novelli G, Colona VL, Pandolfi PP. A focus on the spread of the
delta variant of SARS-CoV-2 in India. Indian ] Med Res. (2021).
doi: 10.4103/ijmr.ijmr_1353_21

Cherian S, Potdar V, Jadhav S, Yadav P, Gupta N, Das M, et al. SARS-CoV-
2 Spike Mutations, L452R, T478K, E484Q and P68IR, in the Second Wave
of COVID-19 in Maharashtra, India. Microorganisms. (2021) 9:9071542.
doi: 10.3390/microorganisms9071542

Dyer O. Covid-19: Indonesia becomes Asia’s new pandemic epicentre as delta
variant spreads. BM]J. (2021) 374:n1815. doi: 10.1136/bm;j.n1815

Wang Y, Chen R, Hu E Lan Y, Yang Z, Zhan C, et al. Transmission,
viral kinetics and clinical characteristics of the emergent SARS-CoV-
2 Delta VOC in Guangzhou, China. EClin Med. (2021) 40:101129.
doi: 10.1016/j.eclinm.2021.101129

Kannan SR, Spratt AN, Cohen AR, Naqvi SH, Chand HS, Quinn TP, et al.
Evolutionary analysis of the Delta and Delta Plus variants of the SARS-CoV-2
viruses. ] Autoimmun. (2021) 124:102715. doi: 10.1016/j.jaut.2021.102715
Del Rio C, Malani PN, Omer SB. Confronting the delta variant of SARS-CoV-
2, summer 2021. JAMA. (2021). doi: 10.1001/jama.2021.14811

Mlcochova P, Kemp S, Dhar S. SARS-CoV-2 B.1.617.2 Delta Variant
Emergence and Vaccine Breakthrough. Durham, NC: Research Square
Platform LLC (2021).

Graham F. Daily briefing: why the Delta variant spreads so fast. Nature.
(2021) 2021: covidwho-1400605. doi: 10.1038/d41586-021-02032-5

Mahase E. Delta variant: What is happening with transmission,

hospital ~admissions, and restrictions? BMJ. (2021) 373:n1513.
doi: 10.1136/bmj.n1513
Fisman DN, Tuite AR. Progressive Increase in Virulence of

Novel SARS-CoV-2 Variants in Ontario, Canada. medRxiv. (2021).
doi: 10.1101/2021.07.05.21260050v3

Ong SWX, Chiew CJ, Ang LW, Mak TM, Cui L, Toh M, et al. Clinical and
Virological Features of SARS-CoV-2 Variants of Concern: A Retrospective

Frontiers in Medicine | www.frontiersin.org

15

January 2022 | Volume 8 | Article 806641


https://doi.org/10.1002/jmv.27190
https://doi.org/10.1101/2021.01.10.426143
https://doi.org/10.1136/bmjgh-2021-006012
https://doi.org/10.1038/s41586-021-03324-6
https://doi.org/10.1128/mSystems.00353-21
https://doi.org/10.3390/v13040633
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1056/NEJMc2104974
https://doi.org/10.1016/s0140-6736(21)00947-8
https://doi.org/10.1038/s41591-021-01270-4
https://doi.org/10.3201/eid2704.210138
https://doi.org/10.1038/s41591-021-01378-7
https://doi.org/10.1126/science.abh2644
https://doi.org/10.1101/2021.03.03.21252706v3
https://doi.org/10.15585/mmwr.mm7010e1
https://doi.org/10.1016/j.eimc.2021.05.008
https://doi.org/10.1128/mra.00524-21
https://doi.org/10.1128/mra.00410-21
https://doi.org/10.3390/v13050794
https://doi.org/10.1016/j.cell.2021.03.055
https://doi.org/10.1016/j.cell.2021.02.032
https://doi.org/10.1016/j.cell.2021.02.037
https://doi.org/10.1016/j.cell.2021.02.033
https://doi.org/10.1016/j.jinf.2021.07.019
https://doi.org/10.1016/s0140-6736(20)32661-1
https://doi.org/10.1080/22221751.2021.1940305
https://doi.org/10.4103/ijmr.ijmr_1353_21
https://doi.org/10.3390/microorganisms9071542
https://doi.org/10.1136/bmj.n1815
https://doi.org/10.1016/j.eclinm.2021.101129
https://doi.org/10.1016/j.jaut.2021.102715
https://doi.org/10.1001/jama.2021.14811
https://doi.org/10.1038/d41586-021-02032-5
https://doi.org/10.1136/bmj.n1513
https://doi.org/10.1101/2021.07.05.21260050v3
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Jiang et al.

SARS-CoV-2 Variants and Vaccines

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Cohort Study Comparing B.1.1.7 (Alpha), B.1.315 (Beta), and B.1.617.2
(Delta). Clin Infect Dis. (2021) ciab721. doi: 10.1093/cid/ciab721

Sheikh A, McMenamin J, Taylor B, Robertson C. SARS-CoV-
2 Delta VOC in Scotland: demographics, risk of hospital
admission, and vaccine effectiveness. Lancet. (2021) 397:2461-2.

doi: 10.1016/s0140-6736(21)01358-1

O’Dowd A. Covid-19: cases of delta variant rise by 79%, but rate of growth
slows. BMJ. (2021) 373:n1596. doi: 10.1136/bm;j.n1596

Chia PY, Ong SWX, Chiew CJ. Virological and serological kinetics of SARS-
CoV-2 Delta variant vaccine-breakthrough infections: a multi-center cohort
study. Clin Microbiol Infect. (2021). doi: 10.1101/2021.07.28.21261295
ECDC. Threat Assessment Brief: Emergence of SARS-CoV-2 B.1.617 Variants
in India and Situation in the EU/EEA. (2021). Available online at: https://
www.ecdc.europa.eu/en/publications- data/threat- assessment-emergence-
sars-cov-2-b1617-variants (accessed August 20, 2021).

CDC. SARS-CoV-2 Variant Classifications and Definitions. Available online
at: https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-info.html
(accessed August 21, 2021).

Li Q, Wu J, Nie J, Zhang L, Hao H, Liu S, et al. The impact of mutations
in SARS-CoV-2 spike on viral infectivity and antigenicity. Cell. (2020)
182:1284-94.€9. doi: 10.1016/j.cell.2020.07.012

Johnson BA, Xie X, Kalveram B, Lokugamage KG, Muruato A, Zou J, et al.
Furin Cleavage Site Is Key to SARS-CoV-2 Pathogenesis. bioRxiv. (2020).
doi: 10.1101/2020.08.26.268854

LiuJ, Liu Y, Xia H, Zou J, Weaver SC, Swanson KA, et al. BNT162b2-elicited
neutralization of delta plus, lambda, and other variants. bioRxiv. (2021).
doi: 10.1101/2021.09.13.460163v1.abstract

Lopez Bernal J, Andrews N, Gower C, Gallagher E, Simmons R, Thelwall S,
et al. Effectiveness of Covid-19 vaccines against the B16172 (Delta) variant.
N Engl ] Med. (2021) 385:585-94. doi: 10.1056/NEJM0a2108891

Fowlkes A, Gaglani M, Groover K, Thiese MS, Tyner H, Ellingson K.
Effectiveness of COVID-19 vaccines in preventing SARS-CoV-2 infection
among frontline workers before and during B.1.617.2 (Delta) variant
predominance - eight U.S. locations, December 2020-August 2021. MMWR
Morb Mortal Week Rep. (2021) 70:1167-9. doi: 10.15585/mmwr.mm7034e4
Yadav PD, Sapkal GN, Ella R, Sahay RR, Nyayanit DA, Patil DY,
et al. Neutralization against B.1.351 and B.1.617.2 with sera of
COVID-19 recovered cases and vaccinees of BBV152. bioRxiv. (2021).
doi: 10.1101/2021.06.05.447177v1

Baraniuk C. Covid-19: how effective are vaccines against the delta variant?
BM]J. (2021) 374:n1960. doi: 10.1136/bmj.n1960

Tacobucci G. Covid-19: single vaccine dose is 33% effective against variant
from India, data show. BMJ. (2021) 373:n1346. doi: 10.1136/bmj.n1346
Pulliam JRC, van Schalkwyk C, Govender N, von Gottberg A, Cohen C,
Groome M], et al. Increased risk of SARS-CoV-2 reinfection associated
with emergence of the Omicron variant in South Africa. medRxiv. (2021).
doi: 10.1101/2021.11.11.21266068

Sarkar R, Lo M, Saha R, Dutta S, Chawla-Sarkar MS. S-Glycoprotein diversity
of the Omicron Variant. medRxiv. (2021). doi: 10.1101/2021.12.04.21267284
WHO. COVID-19 Weekly Epidemiological Update. Tracking SARS-CoV-2
variants: SARS-CoV-2 Variants, Working Definitions and Actions Taken.
(2021). Available online at: https://www.who.int/en/activities/tracking-
SARS-CoV-2-variants/ (accessed September 22, 2021)

WHO. COVID-19 Weekly Epidemiological Update. (2021). Available online
at: https://www.who.int/publications/m/item/weekly-epidemiological-
update-on-covid-19-15-june-2021 (accessed August 25, 2021).

Salud PMd. Peru Ministerio de Salud: Instituto Nacional de Salud. INS
confirma presencia de variante C-37 del coronavirus en Perti, 25 Mayo 2021.
(2021). Available online at: https://web.ins.gob.pe/index.php/es/prensa/
noticia/minsa-ins- confirma- presencia- de- variante- c- 37- del- coronavirus-
en-peru (accessed September 8, 2021).

Romero PE, Ddvila-Barclay A, Gonzédles L, Salvatierra G, Cuicapuza
D, Solis L, et al. C.37: Novel lineage expanding in Peru and Chile,
with a convergent deletion in the ORFla gene (A3675-3677) and a
novel deletion in the Spike gene (A246-252, G75V, T76l, L452Q, F490S,
T859N). (2021)

Tada T, Zhou H, Samanovic MI, Dcosta BM, Cornelius A, Mulligan M]J,
et al. Comparison of neutralizing antibody titers elicited by mrna and

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

adenoviral vector vaccine against SARS-CoV-2 variants. bioRxiv. (2021).
doi: 10.1101/2021.07.19.452771

Laiton-Donato K, Franco-Mufioz C, Alvarez-Diaz DA, Ruiz-Moreno HA,
Usme-Ciro JA, Prada DA, et al. Characterization of the emerging B1621
variant of interest of SARS-CoV-2. Infect Genet Evol. (2021) 95:105038.
doi: 10.1016/j.meegid.2021.105038

Messali S, Bertelli A, Campisi G, Zani A, Ciccozzi M, Caruso A, et al. A
cluster of the new SARS-CoV-2 B.1.621 lineage in Italy and sensitivity of
the viral isolate to the BNT162b2 vaccine. ] Med Virol. (2021) 93:6468-70.
doi: 10.1002/jmv.27247

Edara VV, Lai L, Sahoo MK, Floyd K, Sibai M, Solis D, et al. Infection
and vaccine-induced neutralizing antibody responses to the SARS-CoV-2
B.1.617.1 variant. bioRxiv. (2021). doi: 10.1101/2021.05.09.443299
Thompson CN, Hughes S, Ngai S, Baumgartner J, Wang JC, McGibbon
E, et al. Rapid Emergence and Epidemiologic Characteristics of the
SARS-CoV-2 B.1.526 Variant—New York City, New York, January 1-
April 5, 2021. MMWR Morb Mortal Week Rep. (2021) 70:712-6.
doi: 10.15585/mmwr.mm7019el

Pereira F, Tosta S, Lima MM, Reboredo de. Oliveira da Silva L, Nardy VB,
Gomez MKA, et al. Genomic surveillance activities unveil the introduction
of the SARS-CoV-2 B1525 variant of interest in Brazil: case report. ] Med
Virol. (2021) 93:5523-6. doi: 10.1002/jmv.27086

Chen LL, Lu L, Choi CY, Cai JP, Tsoi HW, Chu AW, et al. Impact of SARS-
CoV-2 variant-associated RBD mutations on the susceptibility to serum
antibodies elicited by COVID-19 infection or vaccination. Clin Infect Dis.
(2021) 2021:covidwho-1324612. doi: 10.1093/cid/ciab656

Yang Y, Zang ], Xu S, Zhang X, Yuan S, Wang H, et al. Elicitation of broadly
neutralizing antibodies against B.1.1.7, B.1.351, and B.1.617.1 SARS-CoV-
2 variants by three prototype strain-derived recombinant protein vaccines.
Viruses. (2021) 13:1421. doi: 10.3390/v13081421

Liu J, Liu Y, Xia H, Zou ], Weaver SC, Swanson KA, et al. BNT162b2-elicited
neutralization of B1617 and other SARS-CoV-2 variants. Nature. (2021)
596:273-5. doi: 10.1038/s41586-021-03693-y

Pascarella S, Ciccozzi M, Zella D, Bianchi M, Benedetti F, Benvenuto D, et
al. SARS-CoV-2 B.1.617 Indian variants: are electrostatic potential changes
responsible for a higher transmission rate? ] Med Virol. (2021) 93:6551-6.
doi: 10.1002/jmv.27210

Chen RE, Zhang X, Case JB, Winkler ES, Liu Y, VanBlargan LA, et
al. Resistance of SARS-CoV-2 variants to neutralization by monoclonal
and serum-derived polyclonal antibodies. Nat Med. (2021) 27:717-26.
doi: 10.1038/s41591-021-01294-w

Tchesnokova V, Kulakesara H, Larson L, Bowers V, Rechkina E, Kisiela D, et
al. Acquisition of the L452R mutation in the ACE2-binding interface of Spike
protein triggers recent massive expansion of SARS-Cov-2 variants. bioRxiv.
(2021). doi: 10.1101/2021.02.22.432189

Ku Z, Xie X, Davidson E, Ye X, Su H, Menachery VD, et al. Molecular
determinants and mechanism for antibody cocktail preventing SARS-
CoV-2 escape. Nat Commun. (2021) 12:469. doi: 10.1038/s41467-020-20
789-7

Annavajhala MK, Mohri H, Wang P, Nair M, Zucker JE, Sheng Z, et al. A
novel and expanding SARS-CoV-2 variant, B.1.526, Identified in New York.
medRxiv. (2021). doi: 10.1101/2021.02.23.21252259

Nelson G, Buzko O, Spilman P, Niazi K, Rabizadeh S, Soon-Shiong P.
Molecular dynamic simulation reveals E484K mutation enhances spike
RBD-ACE2 affinity and the combination of E484K, K417N and N501Y
mutations (501Y.V2 variant) induces conformational change greater than
N501Y mutant alone, potentially resulting in an escape mutant. bioRxiv.
(2021). doi: 10.1101/2021.01.13.426558

Yang W, Greene SK, Peterson ER, Li. W, Mathes R, Graf L, et al
Epidemiological characteristics of the B1526 SARS-CoV-2 variant. medRxiv.
(2021). doi: 10.1101/2021.08.04.21261596

Zhang W, Davis BD, Chen SS, Sincuir Martinez JM, Plummer JT, Vail E.
Emergence of a Novel SARS-CoV-2 Variant in Southern California. JAMA.
(2021) 325:1324-6. doi: 10.1001/jama.2021.1612

Wang H, Miller JA, Verghese M, Sibai M, Solis D, Mfuh KO, et al. Multiplex
SARS-CoV-2 genotyping reverse transcriptase PCR for population-level
variant screening and epidemiologic surveillance. J Clin Microbiol. (2021)
59:€0085921. doi: 10.1128/jcm.00859-21

Frontiers in Medicine | www.frontiersin.org

January 2022 | Volume 8 | Article 806641


https://doi.org/10.1093/cid/ciab721
https://doi.org/10.1016/s0140-6736(21)01358-1
https://doi.org/10.1136/bmj.n1596
https://doi.org/10.1101/2021.07.28.21261295
https://www.ecdc.europa.eu/en/publications-data/threat-assessment-emergence-sars-cov-2-b1617-variants
https://www.ecdc.europa.eu/en/publications-data/threat-assessment-emergence-sars-cov-2-b1617-variants
https://www.ecdc.europa.eu/en/publications-data/threat-assessment-emergence-sars-cov-2-b1617-variants
https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-info.html
https://doi.org/10.1016/j.cell.2020.07.012
https://doi.org/10.1101/2020.08.26.268854
https://doi.org/10.1101/2021.09.13.460163v1.abstract
https://doi.org/10.1056/NEJMoa2108891
https://doi.org/10.15585/mmwr.mm7034e4
https://doi.org/10.1101/2021.06.05.447177v1
https://doi.org/10.1136/bmj.n1960
https://doi.org/10.1136/bmj.n1346
https://doi.org/10.1101/2021.11.11.21266068
https://doi.org/10.1101/2021.12.04.21267284
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/
https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19-15-june-2021
https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19-15-june-2021
https://web.ins.gob.pe/index.php/es/prensa/noticia/minsa-ins-confirma-presencia-de-variante-c-37-del-coronavirus-en-peru
https://web.ins.gob.pe/index.php/es/prensa/noticia/minsa-ins-confirma-presencia-de-variante-c-37-del-coronavirus-en-peru
https://web.ins.gob.pe/index.php/es/prensa/noticia/minsa-ins-confirma-presencia-de-variante-c-37-del-coronavirus-en-peru
https://doi.org/10.1101/2021.07.19.452771
https://doi.org/10.1016/j.meegid.2021.105038
https://doi.org/10.1002/jmv.27247
https://doi.org/10.1101/2021.05.09.443299
https://doi.org/10.15585/mmwr.mm7019e1
https://doi.org/10.1002/jmv.27086
https://doi.org/10.1093/cid/ciab656
https://doi.org/10.3390/v13081421
https://doi.org/10.1038/s41586-021-03693-y
https://doi.org/10.1002/jmv.27210
https://doi.org/10.1038/s41591-021-01294-w
https://doi.org/10.1101/2021.02.22.432189
https://doi.org/10.1038/s41467-020-20789-7
https://doi.org/10.1101/2021.02.23.21252259
https://doi.org/10.1101/2021.01.13.426558
https://doi.org/10.1101/2021.08.04.21261596
https://doi.org/10.1001/jama.2021.1612
https://doi.org/10.1128/jcm.00859-21
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Jiang et al.

SARS-CoV-2 Variants and Vaccines

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Deng X, Garcia-Knight MA, Khalid MM, Servellita V, Wang C, Morris MK,
et al. Transmission, infectivity, and neutralization of a spike L452R SARS-
CoV-2 variant. Cell. (2021) 184:3426-37.e8. doi: 10.1016/j.cell.2021.04.025
McCallum M, Bassi ], De Marco A, Chen A, Walls AC, Di Iulio J, et al. SARS-
CoV-2 immune evasion by the B1427/B1429 variant of concern. Science.
(2021) 373:648-54. doi: 10.1126/science.abi7994

Beigel JH, Tomashek KM, Dodd LE, Mehta AK, Zingman BS, Kalil AC, et al.
Remdesivir for the treatment of Covid-19—final report. N Engl ] Med. (2020)
383:1813-26. doi: 10.1056/NEJM0a2007764

Goldman JD, Lye DCB, Hui DS, Marks KM, Bruno R, Montejano R, et al.
Remdesivir for 5 or 10 days in patients with severe Covid-19. N Engl ] Med.
(2020) 383:1827-37. doi: 10.1056/NEJM0a2015301

Spinner CD, Gottlieb RL, Criner GJ, Arribas Lopez JR, Cattelan AM, Soriano
Viladomiu A, et al. Effect of remdesivir vs standard care on clinical status
at 11 days in patients with moderate COVID-19: a randomized clinical trial.
JAMA. (2020) 324:1048-57. doi: 10.1001/jama.2020.16349

Zhang R, Mylonakis E. In inpatients with COVID-19, none of remdesivir,
hydroxychloroquine, lopinavir, or interferon p-la differed from standard
care for in-hospital mortality. Ann Intern Med. (2021) 174:Jcl7.
doi: 10.7326/acpj202102160-017

Wang P, Nair MS, Liu L, Iketani S, Luo Y, Guo Y, et al. Antibody
resistance of SARS-CoV-2 variants B1351 and B117. Nature. (2021) 593:130—
5. doi: 10.1038/s41586-021-03398-2

Joyner MJ, Senefeld JW, Klassen SA, Mills JR, Johnson PW, Theel ES,
et al. Effect of convalescent plasma on mortality among hospitalized
patients with COVID-19: initial three-month experience. medRxiv. (2020).
doi: 10.1101/2020.08.12.20169359

Joyner M]J, Bruno KA, Klassen SA, Kunze KL, Johnson PW,
Lesser ER, et al. Safety update: COVID-19 convalescent plasma in
20,000 hospitalized patients. Mayo Clinic Proc. (2020) 95:1888-97.
doi: 10.1016/j.mayocp.2020.06.028

Wibmer CK, Ayres E Hermanus T, Madzivhandila M, Kgagudi P,
QOosthuysen B, et al. SARS-CoV-2 501YV2 escapes neutralization by
South African COVID-19 donor plasma. Nat Med. (2021) 27:622-5.
doi: 10.1038/s41591-021-01285-x

Weinreich DM, Sivapalasingam S, Norton T, Ali S, Gao H, Bhore R, et al.
REGN-COV2, a neutralizing antibody cocktail, in outpatients with Covid-
19. N Engl ] Med. (2021) 384:238-51. doi: 10.1056/NEJM0a2035002
Gottlieb RL, Nirula A, Chen P, Boscia J, Heller B, Morris J, et al. Effect of
bamlanivimab as monotherapy or in combination with etesevimab on viral
load in patients with mild to moderate COVID-19: a randomized clinical
trial. JAMA. (2021) 325:632-44. doi: 10.1001/jama.2021.0202

Gupta A, Gonzalez-Rojas Y, Juarez E, Crespo Casal M, Moya ],
Falci DR, et al. Early treatment for Covid-19 with SARS-CoV-2
neutralizing antibody sotrovimab. N Engl ] Med. (2021) 385:1941-50.
doi: 10.1056/NEJMo0a2107934

Horby P, Lim WS, Emberson JR, Mafham M, Bell JL, Linsell L, et al.
Dexamethasone in hospitalized patients with Covid-19. N Engl ] Med. (2021)
384:693-704. doi: 10.1056/NEJM0a2021436

Kalil AC, Patterson TE, Mehta AK, Tomashek KM, Wolfe CR, Ghazaryan
V, et al. Baricitinib plus remdesivir for hospitalized adults with Covid-19. N
Engl ] Med. (2021) 384:795-807. doi: 10.1056/NEJM0a2031994

Cao Y, Wei ], Zou L, Jiang T, Wang G, Chen L, et al. Ruxolitinib in treatment
of severe coronavirus disease 2019 (COVID-19): a multicenter, single-blind,
randomized controlled trial. J Allergy Clin Immunol. (2020) 146:137-46.e3.
doi: 10.1016/j.jaci.2020.05.019

Guimaries PO, Quirk D, Furtado RH, Maia LN, Saraiva JE, Antunes MO, et
al. Tofacitinib in Patients Hospitalized with Covid-19 Pneumonia. N Engl |
Med. (2021) 385:406-15. doi: 10.1056/NEJMo0a2101643

Roschewski M, Lionakis MS, Sharman JP, Roswarski J, Goy A, Monticelli
MA, et al. Inhibition of Bruton tyrosine kinase in patients with severe
COVID-19. Sci Immunol. (2020) 5:48. doi: 10.1126/sciimmunol.abd0110
Kandikattu HK, Yadavalli CS, Venkateshaiah SU, Mishra A. Vaccine efficacy
in mutant SARS-CoV-2 variants. Int. J. Cell Biol. Physiol. (2021) 4:1-12

Cao Y, Yisimayi A, Bai Y, Huang W, Li X, Zhang Z, et al. Humoral
immune response to circulating SARS-CoV-2 variants elicited by
inactivated and RBD-subunit vaccines. Cell Res. (2021) 31:732-41.
doi: 10.1038/s41422-021-00514-9

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Lopez Bernal J, Andrews N, Gower C, Robertson C, Stowe J, Tessier E, et
al. Effectiveness of the Pfizer-BioNTech and Oxford-AstraZeneca vaccines
on covid-19 related symptoms, hospital admissions, and mortality in older
adults in England: test negative case-control study. BMJ. (2021) 373:n1088.
doi: 10.1136/bm;j.n1088

Sansone E, Sala E, Tiraboschi M, Albini E, Lombardo M, Indelicato A, et al.
Effectiveness of BNT162b2 vaccine against SARS-CoV-2 among healthcare
workers. Med Lav. (2021) 112:250-5. doi: 10.23749/mdl.v112i3.11747
Toniasso SCC, Fernandes FS, Joveleviths D, Filho FFD, Takahasi AY, Baldin
CP, et al. Reduction in COVID-19 prevalence in healthcare workers in a
university hospital in southern Brazil after the start of vaccination. Int ] Infect
Dis. (2021) 109:283-5. doi: 10.1016/j.ijid.2021.07.025

Collier DA, Ferreira I, Kotagiri P, Datir RP, Lim EY, Touizer E, et al. Age-
related immune response heterogeneity to SARS-CoV-2 vaccine BNT162b2.
Nature. (2021) 596:417-22. doi: 10.1038/s41586-021-03739-1

Alencar CH, Cavalcanti LPG, Almeida MM, Barbosa PPL, Cavalcante KKS,
Melo DN, et al. High effectiveness of SARS-CoV-2 vaccines in reducing
COVID-19-related deaths in over 75-year-olds, Ceara State, Brazil. Trop Med
Infect Dis. (2021) 6:129. doi: 10.3390/tropicalmed6030129

CDC. Hospitalizations Associated with COVID-19 Among Children and
Adolescents — COVID-NET, 14 States, March 1, 2020-August 14, 2021.
MMWR Early Release. (2021) 70:1255-60. doi: 10.15585/mmwr.mm7036e2
Stowe J, Andrews N, Gower C, Gallagher E. Effectiveness of COVID-19
vaccines against hospital admission with the Delta (B.1.617.2) variant. (2021)
Krause PR, Fleming TR, Peto R, Longini IM, Figueroa JP, Sterne JAC, et al.
Considerations in boosting COVID-19 vaccine immune responses. Lancet.
(2021) 398:1377-80. doi: 10.1016/s0140-6736(21)02046-8

Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al.
Safety and efficacy of the BNT162b2 mRNA Covid-19 vaccine. N Engl ] Med.
(2020) 383:2603-15. doi: 10.1056/NEJMoa2034577

Abu-Raddad L], Chemaitelly H, Yassine HM, Benslimane FM, Al Khatib
HA, Tang P, et al. Pfizer-BioNTech mRNA BNT162b2 Covid-19 vaccine
protection against variants of concern after one versus two doses. J Travel
Med. (2021) 28:taab083. doi: 10.1093/jtm/taab083

Thomas SJ, Moreira ED. Jr., Kitchin N, Absalon J, Gurtman A, Lockhart S, et
al. Safety and efficacy of the BNT162b2 mRNA Covid-19 vaccine through
6 months. N Engl ] Med. (2021) 385:1761-73. doi: 10.1056/NEJMoa2l
10345

Nanduri S, Pilishvili T, Derado G, Soe MM, Dollard P, Wu H, et al.
Effectiveness of Pfizer-BioNTech and moderna vaccines in preventing
SARS-CoV-2 infection among nursing home residents before and during
widespread circulation of the SARS-CoV-2 B.1.617.2 (Delta) Variant—
National Healthcare Safety Network, March 1-August 1, 2021. MMWR
Morb Mortal Weekly Rep. (2021) 70:1163-6. doi: 10.15585/mmwr.mm
7034e3

Dagan N, Barda N, Biron-Shental T, Makov-Assif M, Key C, Kohane IS, et al.
Effectiveness of the BNT162b2 mRNA COVID-19 vaccine in pregnancy. Nat
Med. (2021). doi: 10.1038/s41591-021-01490-8

Baden LR, El Sahly HM, Essink B, Kotloff K, Frey S, Novak R, et al. Efficacy
and safety of the mRNA-1273 SARS-CoV-2 vaccine. N Engl ] Med. (2021)
384:403-16. doi: 10.1056/NEJM0a2035389

Chemaitelly H, Yassine HM, Benslimane FM, Al Khatib HA, Tang P, Hasan
MR, et al. mRNA-1273 COVID-19 vaccine effectiveness against the B.1.1.7
and B.1.351 variants and severe COVID-19 disease in Qatar. Nat Med. (2021)
27:1614-21. doi: 10.1038/s41591-021-01446-y

Callaway E, Mallapaty S. Latest results put Oxford-AstraZeneca
COVID vaccine back on track. Nature. (2021) 2021:covidwho-1152825.
doi: 10.1038/d41586-021-00836-z

Madhi SA, Baillie V, Cutland CL, Voysey M, Koen AL, Fairlie L, et
al. Efficacy of the ChAdOxl nCoV-19 Covid-19 vaccine against the
B1351 variant. N Engl ] Med. (2021) 384:1885-98. doi: 10.1056/NEJMoa21
02214

Liu X, Shaw RH, Stuart ASV, Greenland M, Aley PK, Andrews NJ,
et al. Safety and immunogenicity of heterologous versus homologous
prime-boost  schedules with an adenoviral vectored and mRNA
COVID-19 vaccine (Com-COV): a single-blind, randomised, non-
inferiority trial. Lancet. (2021) 398:856-69. doi: 10.1016/s0140-6736(21)01
694-9

Frontiers in Medicine | www.frontiersin.org

January 2022 | Volume 8 | Article 806641


https://doi.org/10.1016/j.cell.2021.04.025
https://doi.org/10.1126/science.abi7994
https://doi.org/10.1056/NEJMoa2007764
https://doi.org/10.1056/NEJMoa2015301
https://doi.org/10.1001/jama.2020.16349
https://doi.org/10.7326/acpj202102160-017
https://doi.org/10.1038/s41586-021-03398-2
https://doi.org/10.1101/2020.08.12.20169359
https://doi.org/10.1016/j.mayocp.2020.06.028
https://doi.org/10.1038/s41591-021-01285-x
https://doi.org/10.1056/NEJMoa2035002
https://doi.org/10.1001/jama.2021.0202
https://doi.org/10.1056/NEJMoa2107934
https://doi.org/10.1056/NEJMoa2021436
https://doi.org/10.1056/NEJMoa2031994
https://doi.org/10.1016/j.jaci.2020.05.019
https://doi.org/10.1056/NEJMoa2101643
https://doi.org/10.1126/sciimmunol.abd0110
https://doi.org/10.1038/s41422-021-00514-9
https://doi.org/10.1136/bmj.n1088
https://doi.org/10.23749/mdl.v112i3.11747
https://doi.org/10.1016/j.ijid.2021.07.025
https://doi.org/10.1038/s41586-021-03739-1
https://doi.org/10.3390/tropicalmed6030129
https://doi.org/10.15585/mmwr.mm7036e2
https://doi.org/10.1016/s0140-6736(21)02046-8
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1093/jtm/taab083
https://doi.org/10.1056/NEJMoa2110345
https://doi.org/10.15585/mmwr.mm7034e3
https://doi.org/10.1038/s41591-021-01490-8
https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.1038/s41591-021-01446-y
https://doi.org/10.1038/d41586-021-00836-z
https://doi.org/10.1056/NEJMoa2102214
https://doi.org/10.1016/s0140-6736(21)01694-9
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Jiang et al.

SARS-CoV-2 Variants and Vaccines

166. Tanriover MD, Doganay HL, Akova M, Giiner HR, Azap A, Akhan 182. Zou], Xie X, Fontes-Garfias CR, Swanson KA, Kanevsky I, Tompkins K, et al.
S, et al. Efficacy and safety of an inactivated whole-virion SARS-CoV- The effect of SARS-CoV-2 D614G mutation on BNT162b2 vaccine-elicited
2 vaccine (CoronaVac): interim results of a double-blind, randomised, neutralization. NPJ Vaccines. (2021) 6:44. doi: 10.1038/s41541-021-00313-8
placebo-controlled, phase 3 trial in Turkey. Lancet. (2021) 398:213-22. 183. Barda N, Dagan N, Ben-Shlomo Y, Kepten E, Waxman J, Ohana R, et al.
doi: 10.1016/s0140-6736(21)01429-x Safety of the BNT162b2 mRNA Covid-19 vaccine in a nationwide setting. N
167. Mahmud MS, Kamrujjaman M, Adan MMY, Hossain MA, Rahman MM, Engl ] Med. (2021) 385:1078-90. doi: 10.1056/NEJM0a2110475
Islam MS, et al. Vaccine efficacy and SARS-CoV-2 control in California and 184. Rubin R. Pregnant people’s paradox-excluded from vaccine trials despite
U.S. during the session 2020-2026: a modeling study. Infect Dis Model. (2022) having a higher risk of COVID-19 complications. JAMA. (2021) 325:1027-8.
7:62-81. doi: 10.1016/j.idm.2021.11.002 doi: 10.1001/jama.2021.2264
168. Melo-Gonzilez F, Soto JA, Gonzalez LA, Fernandez J, Duarte LE, Schultz BM, 185. Shimabukuro TT, Kim SY, Myers TR, Moro PL, Oduyebo T,
et al. Recognition of variants of concern by antibodies and T cells induced Panagiotakopoulos L, et al. Preliminary Findings of mRNA Covid-19
by a SARS-CoV-2 inactivated vaccine. Front Immunol. (2021) 12:747830. vaccine safety in pregnant persons. N Engl ] Med. (2021) 384:2273-82.
doi: 10.3389/fimmu.2021.747830 doi: 10.1056/NEJMo0a2104983
169. Vacharathit V, Aiewsakun P, Manopwisedjaroen S, Srisaowakarn C, 186. Widge AT, Rouphael NG, Jackson LA, Anderson EJ, Roberts PC, Makhene M,
Laopanupong T, Ludowyke N, et al. CoronaVac induces lower neutralising et al. Durability of Responses after SARS-CoV-2 mRNA-1273 Vaccination. N
activity against variants of concern than natural infection. Lancet Infect Dis. Engl ] Med. (2021) 384:80-2. doi: 10.1056/NEJMc2032195
(2021) 21:1352-4. doi: 10.1016/s1473-3099(21)00568-5 187. Jackson LA, Anderson EJ, Rouphael NG, Roberts PC, Makhene M, Coler RN,
170. Momin T, Kansagra K, Patel H, Sharma S, Sharma B, Patel J, et al. Safety et al. An mRNA vaccine against SARS-CoV-2—preliminary report. N Engl |
and immunogenicity of a DNA SARS-CoV-2 vaccine (ZyCoV-D): results Med. (2020) 383:1920-31. doi: 10.1056/NEJMo0a2022483
of an open-label, non-randomized phase I part of phase I/II clinical study 188. Edara VV, Floyd K, Lai L, Gardner M, Hudson W, Piantadosi A, et al.
by intradermal route in healthy subjects in India. EClinicalMedicine. (2021) Infection and mRNA-1273 vaccine antibodies neutralize SARS-CoV-2 UK
38:101020. doi: 10.1016/j.eclinm.2021.101020 variant. medRxiv. (2021). doi: 10.1101/2021.02.02.21250799
171. Heath PT, Galiza EP, Baxter DN, Boffito M, Browne D, Burns E, et al. Safety 189. Greaney AJ, Loes AN, Gentles LE, Crawford KHD, Starr TN, Malone KD,
and efficacy of NVX-CoV2373 Covid-19 vaccine. N Engl ] Med. (2021) et al. Antibodies elicited by mRNA-1273 vaccination bind more broadly to
385:1172-83. doi: 10.1056/NEJMo0a2107659 the receptor binding domain than do those from SARS-CoV-2 infection. Sci
172. Shinde V, Bhikha S, Hoosain Z, Archary M, Bhorat Q, Fairlie L, et al. Efficacy Transl Med. (2021) 13:600. doi: 10.1126/scitranslmed.abi9915
of NVX-CoV2373 Covid-19 vaccine against the B.1.351 variant. N Engl | 190. Mateus J, Dan JM, Zhang Z, Rydyznski Moderbacher C, Lammers M,
Med. (2021) 384:1899-909. doi: 10.1056/NEJMo0a2103055 Goodwin B, et al. Low-dose mRNA-1273 COVID-19 vaccine generates
173. Al Kaabi N, Zhang Y, Xia S, Yang Y, Al Qahtani MM, Abdulrazzaq N, et durable memory enhanced by cross-reactive T cells. Science. (2021)
al. Effect of 2 inactivated SARS-CoV-2 vaccines on symptomatic COVID- 2021:eabj9853. doi: 10.1126/science.abj9853
19 infection in adults: a randomized clinical trial. JAMA. (2021) 326:35-45. 191. Smadja DM, Yue QY, Chocron R, Sanchez O, Lillo-Le Louet A.
doi: 10.1001/jama.2021.8565 Vaccination against COVID-19: insight from arterial and venous thrombosis
174. Xia S, Zhang Y, Wang Y, Wang H, Yang Y, Gao GE et al. Safety and occurrence using data from VigiBase. Eur Resp J. (2021) 58: 2100956.
immunogenicity of an inactivated SARS-CoV-2 vaccine, BBIBP-CorV: a doi: 10.1183/13993003.00956-2021
randomised, double-blind, placebo-controlled, phase 1/2 trial. Lancet Infect 192. Anderson EJ, Rouphael NG, Widge AT, Jackson LA, Roberts PC,
Dis. (2021) 21:39-51. doi: 10.1016/s1473-3099(20)30831-8 Makhene M, et al. Safety and immunogenicity of SARS-CoV-2 mRNA-
175. Xia S, Zhang Y, Wang Y, Wang H, Yang Y, Gao GE et al. Safety and 1273 vaccine in older adults. N Engl ] Med. (2020) 383:2427-38.
immunogenicity of an inactivated COVID-19 vaccine, BBIBP-CorV, in doi: 10.1056/NEJM0a2028436
people younger than 18 years: a randomised, double-blind, controlled, phase 193. Klein NP, Lewis N, Goddard K, Fireman B, Zerbo O, Hanson KE, et al.
1/2 trial. Lancet Infect Dis. (2021) doi: 10.1016/s1473-3099(21)00462-x Surveillance for adverse events after COVID-19 mRNA vaccination. JAMA.
176. Yang S, Li Y, Dai L, Wang J, He P, Li C, et al. Safety and immunogenicity of (2021) 326:1390-99. doi: 10.1001/jama.2021.15072
a recombinant tandem-repeat dimeric RBD-based protein subunit vaccine 194. Watanabe Y, Mendonga L, Allen ER, Howe A, Lee M, Allen JD, et al.
(ZF2001) against COVID-19 in adults: two randomised, double-blind, Native-like SARS-CoV-2 spike glycoprotein expressed by ChAdOx1
placebo-controlled, phase 1 and 2 trials. Lancet Infect Dis. (2021) 21:1107-19. nCoV-19/AZD1222 vaccine. ACS Central Sci. (2021) 7:594-602.
doi: 10.1016/s1473-3099(21)00127-4 doi: 10.1021/acscentsci.1c00080
177. Richmond P, Hatchuel L, Dong M, Ma B, Hu B, Smolenov I, et 195. Cabanillas B, Novak N. Allergy to COVID-19 vaccines: a current update.
al. Safety and immunogenicity of S-Trimer (SCB-2019), a protein Allergol Int. (2021) 70:313-8. doi: 10.1016/j.alit.2021.04.003
subunit vaccine candidate for COVID-19 in healthy adults: a phase 1, 196. Wise J. Covid-19: new data on Oxford AstraZeneca vaccine backs 12 week
randomised, double-blind, placebo-controlled trial. Lancet. (2021) 397:682—- dosing interval. BMJ. (2021) 372:n326. doi: 10.1136/bm;j.n326
94. doi: 10.1016/s0140-6736(21)00241-5 197. Al-Ahmad M, Al-Rasheed M, Shalaby NAB. Acquired thrombotic
178. Document FB. Janssen Ad26.COV2.S vaccine for the prevention of thrombocytopenic purpura with possible association with AstraZeneca-
COVID-19. In: Vaccines and related biological products advisory Oxford COVID-19 vaccine. EJHaem. (2021). doi: 10.1002/jha2.219
committee FDA Briefing Document. Janssen Ad26.COV2.S vaccine for 198. Ryan E, Benjamin D, McDonald I, Barrett A, McHugh J, Ryan K,
the prevention COVID-19. In: Vaccines and related biological products et al. AZDI1222 vaccine-related coagulopathy and thrombocytopenia
advisory committee meeting. Available online at: https://www.fda.gov/ without thrombosis in a young female. Br ] Haematol. (2021) 194:553-6.
media/146217/downloadCOVID-19 (accessed August 27, 2021) (2021) doi: 10.1111/bjh.17530
179. Sadoff ], Gray G, Vandebosch A, Cérdenas V, Shukarev G, Grinsztejn 199. Tolbell Serensen AL, Rolland M, Hartmann J, Harboe ZB, Roed C, Jensen T,
B, et al. Safety and efficacy of single-dose Ad26COV2S vaccine against etal. A case of thrombocytopenia and multiple thromboses after vaccination
Covid-19. N Engl ] Med. (2021) 384:2187-201. doi: 10.1056/NEJMoa2 with ChAdOx1 nCoV-19 against SARS-CoV-2. Blood Adyv. (2021) 5:2569-74.
101544 doi: 10.1182/bloodadvances.2021004904
180. Vogel AB, Kanevsky I, Che Y, Swanson KA, Muik A, Vormehr M, et al. 200. Almufty HB, Mohammed SA, Abdullah AM, Merza MA. Potential adverse
BNT162b vaccines protect rhesus macaques from SARS-CoV-2. Nature. effects of COVID19 vaccines among Iragi population; a comparison between
(2021) 592:283-9. doi: 10.1038/s41586-021-03275-y the three available vaccines in Iraq; a retrospective cross-sectional study. Diab
181. Liu Y, Liu J, Xia H, Zhang X, Fontes-Garfias CR, Swanson Metab Syndr. (2021) 15:102207. doi: 10.1016/j.dsx.2021.102207
KA, et al. Neutralizing activity of BNT162b2-elicited serum. 201. Tobaiqy M, Elkout H, MacLure K. Analysis of thrombotic adverse reactions
N Engl ] Med (2021) 384:1466-8. doi: 10.1056/NEJMc21 of COVID-19 AstraZeneca vaccine reported to eudravigilance database.
02017 Vaccines. (2021) 9:393. doi: 10.3390/vaccines9040393
Frontiers in Medicine | www.frontiersin.org 18 January 2022 | Volume 8 | Article 806641


https://doi.org/10.1016/s0140-6736(21)01429-x
https://doi.org/10.1016/j.idm.2021.11.002
https://doi.org/10.3389/fimmu.2021.747830
https://doi.org/10.1016/s1473-3099(21)00568-5
https://doi.org/10.1016/j.eclinm.2021.101020
https://doi.org/10.1056/NEJMoa2107659
https://doi.org/10.1056/NEJMoa2103055
https://doi.org/10.1001/jama.2021.8565
https://doi.org/10.1016/s1473-3099(20)30831-8
https://doi.org/10.1016/s1473-3099(21)00462-x
https://doi.org/10.1016/s1473-3099(21)00127-4
https://doi.org/10.1016/s0140-6736(21)00241-5
https://www.fda.gov/media/146217/downloadCOVID-19
https://www.fda.gov/media/146217/downloadCOVID-19
https://doi.org/10.1056/NEJMoa2101544
https://doi.org/10.1038/s41586-021-03275-y
https://doi.org/10.1056/NEJMc2102017
https://doi.org/10.1038/s41541-021-00313-8
https://doi.org/10.1056/NEJMoa2110475
https://doi.org/10.1001/jama.2021.2264
https://doi.org/10.1056/NEJMoa2104983
https://doi.org/10.1056/NEJMc2032195
https://doi.org/10.1056/NEJMoa2022483
https://doi.org/10.1101/2021.02.02.21250799
https://doi.org/10.1126/scitranslmed.abi9915
https://doi.org/10.1126/science.abj9853
https://doi.org/10.1183/13993003.00956-2021
https://doi.org/10.1056/NEJMoa2028436
https://doi.org/10.1001/jama.2021.15072
https://doi.org/10.1021/acscentsci.1c00080
https://doi.org/10.1016/j.alit.2021.04.003
https://doi.org/10.1136/bmj.n326
https://doi.org/10.1002/jha2.219
https://doi.org/10.1111/bjh.17530
https://doi.org/10.1182/bloodadvances.2021004904
https://doi.org/10.1016/j.dsx.2021.102207
https://doi.org/10.3390/vaccines9040393
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Jiang et al.

SARS-CoV-2 Variants and Vaccines

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

213.

214.

215.

Capassoni M, Ketabchi S, Cassisa A, Caramelli R, Molinu AA, Galluccio F,
et al. AstraZeneca (AZD1222) COVID-19 vaccine-associated adverse drug
event: a case report. ] Med Virol. (2021) 93:5718-20. doi: 10.1002/jmv.27175
Ramessur R, Saffar N, Czako B, Agarwal A, Batta K. Cutaneous thrombosis
associated with skin necrosis following Oxford-AstraZeneca COVID-
19 vaccination. Clin Exp Dermatol. (2021) 46:1610-12. doi: 10.1111/
ced.14819

Nagrani P, Jindal R, Goyal D. Onset/flare of psoriasis following the ChAdOx1
nCoV-19 Corona virus vaccine (Oxford-AstraZeneca/Covishield): report of
two cases. Dermatol Therapy. (2021) 2021:¢15085. doi: 10.1111/dth.15085
Sharun K, Singh R, Dhama K. Oxford-AstraZeneca COVID-19 vaccine
(AZD1222) is ideal for resource-constrained low- and middle-income
countries. Ann Med Surg. (2021) 65:102264. doi: 10.1016/j.amsu.2021.102264
Tenbusch M, Schumacher S, Vogel E, Priller A, Held J, Steininger
P, et al. Heterologous prime-boost vaccination with ChAdOxI
nCoV-19 and BNTI162b2. Lancet Infect Dis. (2021) 21:1212-3.
doi: 10.1016/s1473-3099(21)00420-5

Borobia AM, Carcas AJ, Pérez-Olmeda M, Castafio L, Bertran MJ, Garcia-
Pérez ], et al. Immunogenicity and reactogenicity of BNT162b2 booster
in ChAdOx1-S-primed participants (CombiVacS): a multicentre, open-
label, randomised, controlled, phase 2 trial. Lancet. (2021) 398:121-30.
doi: 10.1016/s0140-6736(21)01420-3

Gao Q, Bao L, Mao H, Wang L, Xu K, Yang M, et al. Development of an
inactivated vaccine candidate for SARS-CoV-2. Science. (2020) 369:77-81.
doi: 10.1126/science.abc1932

Wu Z, Hu Y, Xu M, Chen Z, Yang W, Jiang Z, et al. Safety, tolerability,
and immunogenicity of an inactivated SARS-CoV-2 vaccine (CoronaVac) in
healthy adults aged 60 years and older: a randomised, double-blind, placebo-
controlled, phase 1/2 clinical trial. Lancet Infect Dis. (2021) 21:803-12.
doi: 10.1016/s1473-3099(20)30987-7

Ranzani OT, Hitchings MDT, Dorion M, D’Agostini TL, de Paula RC, de
Paula OFP, et al. Effectiveness of the CoronaVac vaccine in older adults
during a gamma variant associated epidemic of covid-19 in Brazil: test
negative case-control study. BMJ. (2021) 374:n2015. doi: 10.1136/bmj.n2015
Bayram A, Demirbakan H, Giinel Karadeniz P, Erdogan M, Koger I.
Quantitation of antibodies against SARS-CoV-2 spike protein after two
doses of CoronaVac in healthcare workers. ] Med Virol. (2021) 93:5560-7.
doi: 10.1002/jmv.27098

. Riad A, Sagiroglu D, Ustiin B, Pokorna A, Klugarova J, Attia S, et al.

Prevalence and risk factors of coronavac side effects: an independent cross-
sectional study among healthcare workers in Turkey. J Clin Med. (2021)
10:2629. doi: 10.3390/jcm10122629

Zhang MX, Zhang TT, Shi GE, Cheng FM, Zheng YM, Tung TH, et al. Safety
of an inactivated SARS-CoV-2 vaccine among healthcare workers in China.
Exp Rev Vacc. (2021) 2021:1-8. doi: 10.1080/14760584.2021.1925112

Kaya E Pirincci E. Determining the frequency of serious adverse
reactions of inactive SARS-COV-2 vaccine. Work. (2021) 69:735-9.
doi: 10.3233/wor-210473

Han B, Song Y, Li C, Yang W, Ma Q, Jiang Z, et al. Safety, tolerability, and
immunogenicity of an inactivated SARS-CoV-2 vaccine (CoronaVac)
in healthy children and adolescents: a double-blind, randomised,
controlled, phase 1/2 clinical trial. Lancet Infect Dis. (2021) 21:1645-53.
doi: 10.1016/51473-3099(21)00319-4

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

Akpolat T, Uzun O. Reduced mortality rate after coronavac vaccine among
healthcare workers. ] Infect. (2021) 83:e20-el. doi: 10.1016/j.jinf.2021.06.005
Muena NA, Garcia-Salum T, Pardo-Roa C, Serrano EF Levican J,
Avendaiio M]J, et al. Long-lasting neutralizing antibody responses
in SARS-CoV-2 individuals are robustly boosted by
immunization with the CoronaVac and BNT162b2 vaccines. medRxiv.
(2021). doi: 10.1101/2021.05.17.21257197

Yigit M, Ozkaya-Parlakay A, Cosgun Y, Ince YE, Bulut YE, Senel E. Should
a third booster dose be scheduled after two doses of CoronaVac? A single-
center experience. ] Med Virol. (2021) 94:287-90. doi: 10.1002/jmv.27318
Chen Y, Shen H, Huang R, Tong X, Wu C. Serum neutralising activity
against SARS-CoV-2 variants elicited by CoronaVac. Lancet Infect Dis. (2021)
21:1071-2. doi: 10.1016/s1473-3099(21)00287-5

WHO. Guidelines for Assuring the Quality, Safety, and Efficacy of Plasmid
DNA Vaccines—Post ECBS Version. (2021). Available online at: https://cdn.
who.int/media/docs/default- source/biologicals/ecbs/dna-post-ecbs-1-sept-
2020.pdf?sfvrsn=3fa9aceb_2&download=true (accessed September 1, 2020)
Tebas P, Yang S, Boyer JD, Reuschel EL, Patel A, Christensen-Quick
A, et al. Safety and immunogenicity of INO-4800 DNA vaccine against
SARS-CoV-2: A preliminary report of an open-label, Phase 1 clinical trial.
EClinicalMedicine. (2021) 31:100689. doi: 10.1016/j.eclinm.2020.100689
Riddell S, Goldie S, McAuley AJ, Kuiper MJ, Durr PA, Blasdell KR, et
al. Live virus neutralisation of the 501Y.V1 and 501Y.V2 SARS-CoV-2
variants following INO-4800 vaccination of ferrets. Front Immunol. (2021)
12:694857. doi: 10.3389/fimmu.2021.694857

Wang H, Zhang Y, Huang B, Deng W, Quan Y, Wang W, et
al. Development of an inactivated vaccine candidate, BBIBP-CorV,
with potent protection against SARS-CoV-2. Cell. (2020) 182:713-21.e9.
doi: 10.1016/j.cell.2020.06.008

Dai L, Zheng T, Xu K, Han Y, Xu L, Huang E, et al. A universal design of
betacoronavirus vaccines against COVID-19, MERS, and SARS. Cell. (2020)
182:722-33.e11. doi: 10.1016/j.cell.2020.06.035

Sadoft J, Le Gars M, Shukarev G, Heerwegh D, Truyers C, de Groot AM, et
al. Interim results of a phase 1-2a trial of Ad26COV2S Covid-19 vaccine. N
Engl ] Med. (2021) 384:1824-35. doi: 10.1056/NEJMo0a2034201

seropositive

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Jiang, Wu, Song and You. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org

19

January 2022 | Volume 8 | Article 806641


https://doi.org/10.1002/jmv.27175
https://doi.org/10.1111/ced.14819
https://doi.org/10.1111/dth.15085
https://doi.org/10.1016/j.amsu.2021.102264
https://doi.org/10.1016/s1473-3099(21)00420-5
https://doi.org/10.1016/s0140-6736(21)01420-3
https://doi.org/10.1126/science.abc1932
https://doi.org/10.1016/s1473-3099(20)30987-7
https://doi.org/10.1136/bmj.n2015
https://doi.org/10.1002/jmv.27098
https://doi.org/10.3390/jcm10122629
https://doi.org/10.1080/14760584.2021.1925112
https://doi.org/10.3233/wor-210473
https://doi.org/10.1016/s1473-3099(21)00319-4
https://doi.org/10.1016/j.jinf.2021.06.005
https://doi.org/10.1101/2021.05.17.21257197
https://doi.org/10.1002/jmv.27318
https://doi.org/10.1016/s1473-3099(21)00287-5
https://cdn.who.int/media/docs/default-source/biologicals/ecbs/dna-post-ecbs-1-sept-2020.pdf?sfvrsn=3fa9aceb_2&download=true
https://cdn.who.int/media/docs/default-source/biologicals/ecbs/dna-post-ecbs-1-sept-2020.pdf?sfvrsn=3fa9aceb_2&download=true
https://cdn.who.int/media/docs/default-source/biologicals/ecbs/dna-post-ecbs-1-sept-2020.pdf?sfvrsn=3fa9aceb_2&download=true
https://doi.org/10.1016/j.eclinm.2020.100689
https://doi.org/10.3389/fimmu.2021.694857
https://doi.org/10.1016/j.cell.2020.06.008
https://doi.org/10.1016/j.cell.2020.06.035
https://doi.org/10.1056/NEJMoa2034201
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	The Variation of SARS-CoV-2 and Advanced Research on Current Vaccines
	Introduction
	Predominant Variations of SARS-CoV-2
	Alpha (B.1.1.7 Lineage) Variant
	Beta (B.1.351 Lineage) Variant
	Gamma (P.1 Lineage) Variant
	Delta (B.1.617.2 Lineage) Variant
	Omicron (B.1.1.529 Lineage) Variant

	Other SARS-COV-2 Variants
	Current Vaccines
	Immune Responses for SARS-CoV-2 and Variants
	Pfizer/BioNTech mRNA Vaccine
	Moderna Vaccine
	Oxford-AstraZeneca Vaccine
	CoronaVac Vaccine
	DNA Vaccines
	Other Vaccines

	Conclusions and Recommendations
	Author Contributions
	Funding
	Acknowledgments
	References


