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Abstract: At the end of 2019 a newly emerged betacoronavirus, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), was identified as the cause of an outbreak of severe pneumonia,
subsequently termed COVID-19, in a number of patients in Wuhan, China. Subsequently, SARS-
CoV-2 rapidly spread globally, resulting in a pandemic that has to date infected over 200 million
individuals and resulted in more than 4.3 million deaths. While SARS-CoV-2 results in severe
disease in 13.8%, with increasing frequency of severe disease with age, over 80% of infections are
asymptomatic or mild. The immune response is an important determinant of outcome following
SARS-CoV-2 infection. While B cell and T cell responses are associated with control of infection and
protection against subsequent challenge with SARS-CoV-2, failure to control viral replication and
the resulting hyperinflammation are associated with severe COVID-19. Towards the end of 2020,
several variants of concern emerged that demonstrate increased transmissibility and/or evasion of
immune responses from prior SARS-CoV-2 infection. This article reviews what is known about the
humoral and cellular immune responses to SARS-CoV-2 and how mutation and structural/functional
changes in the emerging variants of concern impact upon the immune protection from prior infection
or vaccination.
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1. Background about COVID-19

In late December 2019, a group of patients with pneumonia-like symptoms of un-
known origin were reported from Wuhan, China. Some of them showed additional respira-
tory symptoms such as acute respiratory distress syndrome (ARDS) and/or severe acute
respiratory failure [1–3]. Soon after, the disease spread from Wuhan to other cities in China
and then to more than 100 countries globally [4]. In March 2020, it was announced as a
pandemic by the World Health Organization (WHO) [5]. The etiologic agent of the disease,
termed COVID-19 by the WHO, was identified as a newly emerged coronavirus, Severe
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) [3].

SARS-CoV-2 belongs to the Coronaviridae family, from which four members (229E,
HKU1, NL63 and OC43) are known to cause respiratory infections, most commonly the com-
mon cold, in humans. Since 2002, three zoonotic coronaviruses have emerged and caused
large epidemics in humans: SARS-CoV in 2002–2004; Middle East Respiratory Syndrome
Coronavirus (MERS-CoV) since 2012; and SARS-CoV-2 since 2019. These zoonotic coron-
aviruses can all cause severe acute respiratory infections and nosocomial outbreaks [6,7].

2. Genome of SARS-CoV-2

The SARS-CoV-2 genome is comprised of 14 open reading frames (ORFs) (Figure 1).
ORF1a and ORF 1b encode 16 non-structural proteins (known as NSP1–16). These NSPs
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comprise the replication–transcription complex (RTC), which includes a Papain-like pro-
tease (PLP), 3CL-protease, RNA-dependent RNA polymerase (RdRp), and RNA helicase.
The remaining ORFs encode accessory proteins and four structural proteins: spike (S),
envelope (E), membrane (M), and nucleocapsid (N). Spike mediates SARS-CoV-2 entry
into host cells (Figure 1) [8]. Interestingly, the SARS-CoV-2 S gene shares only around
75% sequence identity with the SARS-CoV S gene [9], and these differences, in part, have
resulted in the creation of an extended structural loop containing basic amino acids in
SARS-CoV-2, which has been implicated in virus transmissibility [9].
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3. Entry of Virus into Host Cells

The entry of the virus into host cells is mediated through the interaction between
the spike glycoprotein and the host receptors (ACE-2 and CD147); human proteases
act as entry activators [10,11]. The spike protein functions as a trimer [12]. The spike
protein is comprised of 2 main regions, known as S1 and S2. The binding of spike to its
receptor is through the S1 region, which is comprised of 2 domains: the N-terminal domain
(NTD) and the receptor binding domain (RBD). The RBD constantly changes between an
extended conformation, which is utilised for receptor binding, and a drawn-in or contracted
conformation for immune evasion [10]. The S2 region (stalk) mediates viral fusion with the
host cell membrane and subsequent viral entry [11]. Upon binding of RBD to its receptor,
the spike protein is proteolytically activated at the S1/S2 junction, commonly by TMPRSS2,
a cell surface protease, but this cleavage can also take place by other proteases including
furin and cathepsins, lysosomal proteases. The activation of the spike protein results in S1
dissociation and in structural changes in S2, ultimately leading to fusion of the viral and
host cell membranes [10]

4. Adaptive Immune Response: Protection vs. Severe Disease

Following SARS-CoV-2 infection, both innate and adaptive immune systems of the
host respond to the infection. The adaptive immune responses are antigen specific but are
slower than innate responses [13,14]. The adaptive immune response is important in viral
clearance and long-lasting immunological memory to protect the host from SARS-CoV-2
reinfection [15].

One of the cardinal features of the adaptive immune response is the rapid clonal
expansion of antigen-specific T and B lymphocytes. The time needed to produce an
adequate number of adaptive immune cells to control SARS-CoV-2 infection is ~6–10 days
after priming [16]. This can vary among people with different severities of COVID-19.
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The viral load at different phases of infection and the level of immune responses are the
main indicators of COVID-19 symptom severity [16]. Severe COVID-19 and excessive
immune responses are associated with high and persistent viral loads. Failure to control
viral replication early in infection can result in inflammation that can lead to more severe
disease and organ damage [17,18].

Antibodies provide protection against SARS-CoV-2 infection, although a humoral
immune response is not essential for the control of established infection, as demonstrated
in patients with agammaglobulinemia [19]. After infection, SARS-CoV-2-specific B cells
differentiate to plasma cells, which produce antibodies specific to the viral antigens. An
increased number of B cells have been reported during the recovery phase of COVID-19 [20].
Neutralizing antibodies play an important protective role by blocking the virus from
entering the host cells, which limits infection [13].

Neutralizing antibodies are specific to viral epitopes that are predominantly in the
spike protein [21]. More than 90% of COVID-19 patients have detectable neutralizing
antibodies targeting the RBD of the spike protein [16]. Several distinct neutralising epitopes
have been defined in the RBD. Yuan et al. classified the antibody epitopes on the RBD
into six classes: four RBD subsites (A–D), CR3022, and S309 sites [22]. Structural analysis
showed that a large area of the tested antibodies contacted K417, E484 and N501. Most of
subsite A binding antibodies mainly covered and interacted with the K417 and N501. All of
the IGHV1-2 antibodies (one of the two most frequently elicited antibody families, which
can bind to RBD in different modes) bound to the RBS-B epitope and mainly interacted with
K417, E484 or N501. The antibodies contacting subsite C mainly interacted with E484 and
L452, while the subsite D binding antibodies and CR3022 were not actively bound to any
of these residues [22]. In a study by Deshpande, et al., the anti RBD neutralising antibodies
were classified into four structural groups (C1–C4) based on their binding epitopes. The
epitope targeted by C1 antibodies was located on the RBD ACE-2 binding site. C2 binding
antibodies blocked the ACE-2 binding site in both the up and down RBD conformations.
C3 neutralising antibodies bound mainly to the outside of the ACE-2 binding site in both
conformations. The C4 neutralising antibodies bound to an epitope farther from the
ACE-2 binding site, which is only accessible following major conformational change in this
area [23]. These findings are in alignment with those of Barnes et al. who also reported
4 main classes of neutralising antibodies [24]. The first class blocked the ACE-2 binding site
on RBD in its extended position. The second class of antibodies bound to the RBD in both
up and down conformations and bound to residues adjacent to the RBD site. The third
class of neutralising antibodies did not bind to the ACE-2 binding site found on the RBD.
These antibodies recognised the RBD in both up and down conformations. The fourth class
of antibodies bound outside of the ACE-2 binding site but in an up conformation [24].

SARS-CoV-2-specific T cell responses have been detected in almost all COVID-19 pa-
tients, with more prominent CD4+ T cell responses compared to CD8+ T cell responses [16,25].
Virus-specific CD4+ T cells may differentiate into Th1 cells, which produce antiviral cy-
tokines such as interferon-gamma (IFNγ), and T follicular helper cells (Tfh). Tfh cells play
a crucial role in the development of long-term humoral immunity through the germinal
centre reaction, which results in high affinity antibody responses and long-lived plasma
cells and memory B cells [16,26]. Grifoni et al. reported that SARS-CoV-2-specific CD4+ T
cell responses were predominantly against S, with lesser responses against M and then N
proteins [25]. However, in other studies, the CD4+ responses were predominantly directed
against the M protein, followed by S and in lesser degrees to the N protein [15,16]. M and S
reactive CD4+CD154+ T cells were polyfunctional, producing more than one cytokine (in-
cluding IFN-γ, IL-2, and TNF-α), compared to the N reactive CD4+ CD154+ T cells [15,27].
Of note, cross-reactive CD4+ T cell responses, both to spike and non-spike peptides, have
been detected in stored PBMC samples from prior to the pandemic [25]. Prior exposure to
human seasonal coronaviruses (NL63, 229E, HKU1 and OC43) could generate SARS-CoV-2
cross-reactive T cell responses [28].
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CD8+ T cells also play an important role in the clearance of SARS-CoV-2 infection by
secreting cytokines and killing infected cells. SARS-CoV-2 CD8+ T cells specific for a range
of SARS-CoV-2 antigens, such as S, N, M, and ORF3a, have been identified [16,25]. High
expression levels of IFNγ, granzyme B, perforin, and the marker of degranulation, CD107a,
by CD8+ T cells were reported in acute phases of COVID-19 [16,29].

In the study by Mazzoni et al., a significant correlation between the levels of SARS-CoV-
2-specific IgA, IgM, and IgG antibodies and the frequency of virus-reactive CD4+CD154+
T cells was reported [15]. The correlation between the antibodies and antiviral CD4+ have
also been reported in other studies [25,30,31].

5. Adaptive Immune Responses in Asymptomatic, Mild, and Severe Cases of
COVID-19

COVID-19 displays a wide spectrum of clinical presentations ranging from mild
to severe. If the early host immune response cannot clear and control the virus, the
disease will progress toward a secondary phase, which is characterized by an uncontrolled
host inflammatory response. This can result in end organ damage [15]. Antigen-specific
adaptive immune responses have been reported in both asymptomatic and symptomatic
SARS-CoV-2 patients, with a positive correlation between the humoral immune response,
and in some but not all studies T cell immune memory, and disease severity [16].

Antibodies against SARS-CoV-2 are detectable in almost all patients after infection. A
study by Liu, et al. on 52 convalescent patients over a course of 6 months post symptom
onset, reported that anti-S IgG remained detectable in more than 90% of patients [32]. In
another study by Whitcombe et al., convalescent sera from patients with mild to moderate
COVID-19 were collected up to 8 months post symptom onset [33]. It also showed that
after 4 to 8 months 99% of the tested sera contained IgG antibodies against RBD and that
96% showed detectable titres of anti-S IgG [33]. Lee et al. reported a significant increase in
neutralising antibody levels which reached its peak 31–35 days post symptom onset [34].

The humoral immune response differs with disease severity. While patients with mild
or moderate symptoms had an increased frequency of circulating Tfh CD4+ T cells and
germinal centre B cells, in patients with severe disease there was a profound reduction
of circulating CD4+ T cells and B cell lymphopenia [14]. Consistent with this, Peng et al.
reported a negative correlation between the size of the total circulating CD4+ T popula-
tion and the COVID-19 severity [35]. Despite this, higher levels of B cell receptor clonal
expansion and B cell activation have been detected in patients with severe COVID-19, indi-
cating that there is a robust humoral immune response in patients with severe infection [1].
Plasma from people previously infected with SARS-CoV-2 was shown to contain higher
titres of antibodies against SARS-CoV-2 after severe infection [36]. Significantly higher
levels of antibodies specific for spike, RBD, and N proteins were reported in severe cases
compared to the mild cases of COVID-19 [35]. Similarly, Zhang et al. found that the levels
of anti-SARS-CoV-2 antibodies were higher in severe cases compared to mild cases and
that the ratio of IgA and IgG to IgD + IgM positively correlated with disease severity [27].

SARS-CoV-2-specific T cells appear to play a protective role against severe disease.
In mild disease, rapid induction of SARS-CoV-2-specific CD4+ T cells was seen and was
associated with accelerated viral clearance [37]. Strong memory T-cell responses were
seen in convalescent patients [38]. While Peng et al. reported higher overall SARS-CoV-
2-specific T cell responses in severe cases compared to patients with mild COVID-19, in
patients with mild disease, a larger proportion of the T cell responses to spike protein and
M and N were contributed by CD8+ T cells compared with those patients with severe
COVID-19 [35]. In severe or fatal COVID-19 patients more than 22 days post-symptom
onset, an extended absence of SARS-CoV-2-specific CD4+ T cells was reported [39,40]. In
contrast, Mazzoni et al. showed a reduced frequency of polyfunctional M-reactive CD4+ T
cells in asymptomatic patients compared with symptomatic COVID-19 [15].
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6. Recent Emergence of Variants and the Theories around the Emergence of
New Variants

The SARS-CoV-2 virus has been notable for the large number and variety of genomic
variations recorded since the onset of the pandemic [41]. This variation has produced a
large number of changes in all the structural proteins which, through natural selection,
has resulted in the production of variants with improved transmission and replication
ability [42]. In the case of coronavirus, the major cause of its extensive variability is thought
to be due to its notable potential for recombination [43]. Replication errors occur that
stem from the coronavirus RNA dependent RNA polymerase but these are reduced, when
compared to other RNA viruses, because of its proofreading capability [43].

Since the emergence of SARS-CoV-2 in December 2019 till July 2021, 3945 variants
have been reported in Nextstrain. Based on this data, the predicted mutation rate is
25.048 substitutions/year (Figure 2). The number of mutations varies among the different
reported variants. As of this writing, the largest number of mutations (n = 57) has been
reported in variant USA/LA-EVTL2800/2021, which was isolated from a patient in the
USA. This is a variant of B.1.1.7 strain and most of the new mutations in this variant
occurred in the S gene.
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During uncontrolled viral replication, as found in a large pandemic, viral variants can
emerge if they provide either increased infectivity, immune escape, or both. The variants of
concern (VOCs) of SARS-CoV-2 described to date contain clustering of non-synonymous
mutations in the S gene and have displayed both of these features.

www.nextstrain.org
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Some aspects of the theory behind the rapid emergence of new variants are contro-
versial. The remarkably high number of mutations in the S gene, the array of mutations
in the non-Spike genes, and the high sequence coverage suggest that the new variants
have not emerged through gradual accumulation of mutations. It is also unlikely that
vaccination has yet exerted sufficient selection pressure to explain the emergence of these
variants, although is likely to be a significant factor as vaccine coverage increases. One
possible explanation for the emergence of variants is rare prolonged SARS-CoV-2 infection
in individual patients who are immunocompromised. It is postulated that a prolonged
infection in an immunocompromised host would offer a greater opportunity for mutations
and recombination to develop under immune selection pressure through multiple viral
replication cycles [44]. Previous studies have reported prolonged infection with SARS-CoV-
2 in immunocompromised patients despite receiving convalescent plasma treatment [45,46].
For instance, a 45-year-old immunocompromised patient with a SARS-CoV-2 infection
lasting over 5 months has been reported. Genetic analysis of the SARS-CoV-2 samples
isolated from this patient over the course of 152 days showed rapid viral evolution, pre-
dominantly in the S gene (with 13% of these mutations leading to amino acid changes in the
S1 protein) [47,48]. In another immunosuppressed patient, persistent SARS-CoV-2 infection
over 4 months was demonstrated [49]. Sequencing of multiple samples over time showed
that 18 mutations in the S gene accumulated at a rate of 1.67E-3 mutations/nucleotide/year,
which is higher than the average rate of SARS-CoV-2 evolution; initial evolutionary stud-
ies reported a mutation rate of ~1E-3 mutations/nucleotide/year [49,50]. The reported
mutations in this case caused changes in the spike protein, including in the neutralising an-
tibody epitopes in RBD. The abundance of nonsynonymous mutations in new SARS-CoV-2
variants may also reflect escape from CD8+ T cell epitopes [49].

Another factor that facilities the rapid genetic divergence in SARS-CoV-2 is recom-
bination, which occurs at higher frequency in positive sense RNA viruses, including
SARS-CoV-2 [51,52]. The S gene of coronaviruses has been reported as a recombination
hot spot [53]. The putative recombination region is detected in the RBD of S protein [54].
Recombination could happen in a new host or in the same host with prolonged infection
or could happen when there is a co-infection with different SARS-CoV-2 variants, which
could lead to the emergence of more virulent variants [55].

7. SARS-CoV-2 Variants of Concern (VOC)

A variant that shows a higher rate of transmissibility, more severe disease followed
by higher rate of hospitalisations or death, a significant reduction in neutralisation by
antibodies, reduced effectiveness of treatments or vaccines, or failure to be detected in
diagnostics assays is considered to be a variant of concern (CDC: https://www.cdc.gov/
coronavirus/2019-ncov/variants/variant-info.html, accessed on 8 September 2021, Con-
cern and WHO: https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/,
accessed on 8 September 2021). These variants contain important mutations and are classi-
fied generally by those changes that are located within ORF1a, 1b and the S protein [56].
Four notable variants of concern have been described to date, including the alpha variant
(also known as B.1.1.7, 20I/501Y.V1, VOC 202012/01, or the UK variant), the beta variant
(also known as B.1.351, 20H/501Y.V2, or the South African variant), the gamma variant
(also known as P.1, GR/501Y.V3 or the Brazilian variant), and the delta variant (also known
as B.1.671.2, G/478K.V1 or the Indian variant (Tables 1 and 2).

https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-info.html
https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-info.html
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/
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Table 1. List of the current SARS-CoV-2 variants of interest.

WHO
Label Variants GSAID

Lineage
Nextstrain

Clade

Date of
Designa-

tion

Estimated
Date of

Emergence

Location
of Emer-

gence

Mutations
(https://covdb.stanford.edu/page/mutation-
viewer/#sec_alpha; accessed on 1 July 2021)

Alpha

20I/501Y.V1,
VOC

202012/01,
or B.1.1.7

GRY
(formerly

GR/501Y.V1)
20I (V1) December

2020
September

2020
United

Kingdom

ORF1a: T183I (PLpro), A890D (PLpro),
I1412T (PLpro), ∆106–108 (nsp6), P323L

(RdRP)
Spike: ∆69–70, ∆144, N501Y, D614G, P681H,

T716I, S982A, D1118H
ORF8: insQ27, R52I, Y73C

N: D3L, 235F

Beta 20H/501Y.V2
or B.1.351 GH/501Y.V2 20H(V2) December

2020 May 2020 South
Africa

ORF1: T85I (nsp2), K837N (PLpro),
H26Y(nsp4), S137L (nsp4), K90R (3CL),
∆106–108 (nsp6), D135Y (RdRP), P323L

(RdRP), T588I (nsp3)
Spike: L18F, D80A, D215G, ∆242–244, R246I,

K417N, E484K, N501Y, D614G, A701V
ORF3a: Q57H, 171L

E: P71L,
N: T205I

Gamma P.1 GR/501Y.V3 20J (V3) January
2021

November
2020 Brazil

ORF1: S70L (PLpro), K977Q (PLpro),
∆106–108 (nsp6), P323L (PdRP), E341D

(nsp13)
Spike: L18F, T20N, P26S, D138Y, R190S,

K417T, E484K, N501Y, D614G, H655Y, T1027I,
V1176F

ORF3a: S253P
ORF8: 92K

N: P80R, R203K, G204R

Delta B.1.617.2 G/478K.V1 21A
May

2021(VOI:
Apr 2021)

October 2020 India

ORF1: A488S (PLpro), P1228 (PLpro), P1469S
(PLpro), V167L (nsp4), T492I (nsp4), T77A
(nsp6), P323L (RdRP), G671S (RdRP), P77L

(nsp13), A394V (nsp14)
Spike: T19R, ∆157–158, L452R, T478K,

D614G, P681R, D950N
ORF3: S26L

M: I82T
ORF7a: T120I, V82a

ORF7b: T40I
ORF8: ∆119–120

N: D63G, R203M, N377Y

Table 2. The transmissibly and immune evasion in variants of concern.

VOC Transmissibility Immune Evasiveness

Alpha

75% (95% CI: 70–80%) more transmissible than the pre-existing
variants from October 2020–November 2020 [57].

Estimated to be 50% more transmissible in Switzerland (report,
https://ispmbern.github.io/covid-19/variants/ accessed on 18

June 2021)
An estimated 29% increase in transmissibility [58].

43–90% more transmissible than previous circulating strains.
Increased transmissibility of 40–42% across the US [59].

Enhanced innate immune evasion [60]. May be due to
the mutations in nsp14 [61].

Mutations in NTD and N501 are associated with virus
escape from neutralising antibodies [62,63].

Reduced potency of neutralising antibodies reported.
Escape from mainly NTD-specific antibodies [64,65]

No significant difference to 4.5-fold reduction in
neutralisation of alpha variant and the ancestral strain

by convalescent plasma [66–70]
No significant difference to a 2.6-fold reduction in

neutralisation of alpha variant and the ancestral strain
by post vaccination (BNT162b2) sera [66,67,69,71,72].

No significant difference to a 1.8-fold reduction in
neutralisation of alpha variant and the ancestral strain

by post vaccination (mRNA-1273) sera [66,70,73].
Reduced (8.9 fold) ability of post-vaccination

(ChAdOx1) sera to neutralise [74].

https://covdb.stanford.edu/page/mutation-viewer/#sec_alpha
https://covdb.stanford.edu/page/mutation-viewer/#sec_alpha
https://ispmbern.github.io/covid-19/variants/
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Table 2. Cont.

VOC Transmissibility Immune Evasiveness

Beta
Estimated to be 1.5 times more transmissible than the previous

variants [75].
An estimated 25% increase in transmissibility [58].

Resistance to antibody mainly due to RBD mutations
(K417N, E484K, N501Y) [76].

Reduced (7.9 to 13.3-fold) neutralisation of beta variant
compared with the ancestral strains by convalescent

plasma [65,67,68,77–79].
Reduced ability (4.9 to 16-fold) of post-vaccination

(BNT162b2) sera to neutralise [64,65,67,68,80].
Reduced ability (12.4-fold) of post-vaccination

(mRNA-1273) sera to neutralise [65,73].
Reduced (9 fold to undetectable) ability of

post-vaccination (ChAdOx1) sera to neutralise
[64,68,79,81].

Reduced ability (9.7- and 14.5-fold reduction) of
post-vaccination (mRNA-1273 or NVX-CoV2373

respectively) sera to neutralise [82].

Gamma

An estimated 38% increase in transmissibility [58].
Between 1.7 to 2.4 times more transmissible than the earlier

circulating variants [83].
Could be more transmissible due to the higher viral load in the

upper respiratory tract compared to prior circulating variants [84].

Resistance to antibody mainly due to RBD mutations
(K417N, E484K, N501Y) [76]

Reduced (3.1 to 8.2-fold) neutralisation of gamma
variant compared with the ancestral strains by

convalescent plasma [68,85,86].
Reduced ability (2.6 to 5.1-fold) of post-vaccination

(BNT162b2) sera to neutralise [68,85–87].
Reduced ability (4.8-fold) of post-vaccination

(mRNA-1273) sera to neutralise [73,86].
Reduced (2.9-fold to undetectable) ability of

post-vaccination (ChAdOx1) sera to neutralise [68,87].

Delta An estimated 97% increase in transmissibility compared to
non-VOCs [58].

Escape due to the combination of RBD mutations
(L452R, T478K) and NTD mutations [64,76]

Reduced (2.4 to 6-fold) neutralisation of delta variant
compared with the ancestral strains by convalescent

plasma [64,68,88].
Reduced ability (2.5 to 11.3-fold) of post-vaccination

(BNT162b2) sera to neutralise [64,68,72,80,88].
Reduced ability (3-fold) of post-vaccination

(mRNA-1273) sera to neutralise [88].
Reduced (4.3 to 5-fold) ability of post-vaccination

(ChAdOx1) sera to neutralise [64,68].

The alpha variant was first isolated in December 2020 in the United Kingdom. It has
been reported that the transmission rate of this variant is 71% higher than the ancestral
strain originally isolated in Wuhan (Kidd et al., 2021). In addition, there is a significantly
higher viral load in infections with this variant [89]. Distributed through the ORF1a, ORF1b
and S genes, the alpha variant carries 14 non-synonymous mutations and three deletions,
including N501Y which changes the confirmation of RBD. Another significant mutation
in this variant is the deletion at position 69/70 of spike (Figures 3 and 4). This mutation
results in false negative results in a diagnostic RT-PCR assay targeting the S gene [90].

Around October 2020, after the second wave of COVID-19, a new variant of SARS-
CoV-2 was reported in major metropolitan areas in South Africa. This new variant, named
as the beta variant or B.1.351, has multiple mutations in the S gene resulting in amino acid
changes in spike protein. The beta variant showed three mutations in RBD (K417, E484K
and N501) (Figures 3 and 4) [76]. This new variant has been reported in 113 countries and
is important due to the ability of the virus to escape neutralising antibodies [76].

The gamma (P.1) variant was first detected in travelers from Brazil who arrived in
Japan in early 2021. The variant carries mutations that result in 17 unique mutations
including: three deletions, four synonymous mutations, and a 4-nucleotide insertion. This
variant contains three mutations in RBD of the spike protein: K417T, E484K, and N501Y [91]
(Figures 3 and 4).
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In May 2021 the delta variant (B.1.617.2) emerged in India, where it is now the most
frequent strain, with a reported 97% increase in transmissibility (Table 2). The delta variant
spike carries seven nucleotide changes and deletions compared to the spike of the ancestral
Wuhan variant. Two of these mutations are in the NTD motif of the spike protein (T19R
and del 157-8), two in the RBD (L452R and T478k), and three more outside these regions
(D614G, P681R and D950N). One mutation is located close to the furin cleavage site (P681R)
and the D950N mutation is in the S2 motif of the protein [64] (Figures 3 and 4).
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8. The Effect of the Mutations on the Structure and Function of the SARS-CoV-2
Spike Protein

The evolution of SARS-CoV-2 is moulded by functional constraints and pressure to
evade the immune response. The mutations, especially in the VOCs, play important roles in
transmissibility and viral escape from neutralising antibodies. Amongst all the mutations,
those on spike protein play a particularly crucial role due to the spike protein’s role in virus
entry to the host cell and because it is the target of most protective antibody responses.

Generally, the mutations on the spike protein can be classified in three major classes.
The first class of mutations is in the RBD [92]. These mutations can result in immune
escape from neutralising antibodies and changes in viral fitness. Mutations in RBD can
reduce the neutralisation potency of sera from both vaccinated and naturally infected
individuals [86,93]. As discussed above, most neutralising anti-SARS-CoV-2 antibodies
target the RBD of the spike protein, and escape mutations have generally been reported in
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the antibody-RBD interface. A study by Starr et al., mapped the mutations that allow the
virus to escape from monoclonal antibodies used to treat COVID-19 [94]. Interestingly, not
all the mutations located on the antibody contact residues cause viral escape. Conversely,
several mutations of residues not in contact with neutralising antibodies (e.g., E406W) have
been reported to be important in immune evasion of the virus [94]. The E484K mutation,
which has been reported in beta and gamma variants and has now been identified in a
new alpha variant (B.1.1.7 + E484K variant), is an escape mutation which requires higher
titres of antibodies to neutralise the virus in vitro [95]. E484K has been linked to cases of
reinfection in Brazilian patients who had previously been infected with B.1.1.33 variant
(E484) and were reinfected with variant B.1.1.28, which contains the E484K mutation [96,97].
Another important RBD mutation is the N501Y mutation that has been reported in alpha,
beta, gamma, and other variants such as theta (P.3), B.1.x, B1.621 and A.27 variants. The
N501Y mutation, also known as a mutation of major concern, has not been found in the
delta variant [98,99]. The 501 residue is one of six RBD contact residues with the ACE-2
receptor. The N501Y mutation permits the variant to be more transmissible, by increasing
the affinity of spike protein for its receptor, ACE2 [62,100]. The N501Y mutation improves
the viral fitness in the upper airway, likely by enabling a Pi-Pi interaction between spike
501Y and ACE2 41Y residues [101].

The second class of mutations is located in the NTD. There is evidence for immune
selection in this region and preliminary evidence that at least one of these changes,
delH69/delV70, could improve the viral fitness [102]. The mutations in the NTD are
also important because of the presence of a site that is recognised by all NTD-specific
neutralising antibodies [103]. This site is called the “supersite” and comprises of three
regions: spike residues 14–20, 140–158 and 245–264 and it is both glycan free and elec-
tropositive [103,104]. Mutations in this site have been reported in all VOC. The R246A
mutation in the NTD reduces binding by monoclonal antibodies targeting the NTD [103].
In addition, the H146Y mutation in NTD was associated with reduced antibody detection
by the majority of antibodies tested by McCallum et al. However neither the 69/70 deletion
nor the A222V substitution affect the efficiency of antibody binding [103]. In the study by
Cerutti, et al., the escape of the alpha variant from NTD-specific antibodies was shown
to be due to the deletions of 69/70 and 144/145. The escape of the beta variant from
NTD-specific antibodies was due to the deletion 242/244 and the R246I mutation [104].

The third class of mutations are those near the furin cleavage site (FCS). The presence
of FCS, which is absent in the spike proteins of other lineages of β-coronaviruses, includ-
ing SARS-CoV, contributes to SARS-CoV-2′s high infectivity and transmissibility [105].
Mutations near the FCS influence the refolding of the 6-helix bundle [101]. An exam-
ple of this class of mutation is P681H/R (presents in alpha and delta variants), which
is immediately adjacent to the FCS. This mutation provides a better conformation for
hydrolysis by TMPRSS2 (a serine protease) and thus augments viral fusion with the host
cell membrane [98]. SARS-CoV-2 entry to the target cells is dependent upon both ACE-2
and TMPRSS2. The virus engages ACE-2 as the entry receptor and employs the cellular
serine protease TMPRSS2 for S protein priming [85].

In contrast to B cell epitopes, T cell responses to SARS-CoV-2 appear to be relatively
intact [86]. While some T cell epitopes may be lost [86], the breadth of the T cell responses
ensures ongoing T cell recognition.

9. Efficacy of Immunity from Prior Infection against SARS-CoV-2 Variants of Concern

There are few little data about the effect that the VOCs have on the risk of reinfection
with SARS-CoV-2. Immune responses following infection with SARS-CoV-2 provide
protection against reinfection in the majority of patients for months [106]. The risk of
reinfection is reduced by 83% for at least 5 months [107]. While VOCs carry mutations
which elude neutralisation by the antibodies and there are reports of reinfections with the
VOCs, it is unclear whether the risk of reinfection is increased. A study by the Public Health
England reported that 0.06% of cases (44 out of 6614) represented probable reinfections
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over a time period of 5 months (June–November 2020) [106,108]. In a study from the UK
from September 2020 to December 2020, 0.7% of tested individuals became reinfected.
However, the rate of reinfection in different regions did not correlate with the proportion of
infections in those regions caused by the alpha variant, suggesting the alpha variant does
not have a major effect on the risk of reinfection [109]. Another example is the emergence
of the gamma variant in Manaus, Brazil, in a population with high rates of prior SARS-
CoV-2 infection based on seroprevalence studies [110]. A longitudinal serological study
of unvaccinated repeat blood donors in Manaus showed that following the emergence
of the gamma variant 16.9% of presumed infections had serological evidence of previous
infection with SARS-CoV-2 [111].

10. Currently Available Vaccines and Their Efficacy

Despite being little more than 18 months into the pandemic, there are already four vac-
cines available that have been approved and widely used around the world: Pfizer/BioNtech’s
BNT162b2, Moderna’s mRNA-1273, AstraZeneca’s ChAdOx1, and Janssen’s Ad26.COV2S.
The Pfizer/BioNtech, Moderna and Janssen vaccines have been given emergency use autho-
rization by the FDA (https://www.cdc.gov/coronavirus/2019-ncov/vaccines/different-
vaccines.html, accessed on 10 July 2021) and the AstraZeneca vaccine is widely approved
outside of the US. Other vaccines in use include: Gamaleya’s Gam-COVID-Vac (Sputnik V),
SinoVac’s CoronaVac, and Sinopharm’s BBIBP-CorV [112]. Noavax’s NVX-CoV237 has
completed phase three trials and is awaiting regulatory approval. With the exception of
the inactivated vaccines, all the vaccines utilise spike as the antigen.

Different vaccines have shown varying efficacy in clinical trials. CoronaVac and
BBIBP-CorV are SARS-CoV-2 inactivated vaccines and it is reported that CoronaVac has
an efficacy of 83.5% [113] and Sinopharm 73–78% 14 days post vaccination [114]. Among
the viral vectored vaccines, Gam-COVID-Vac (Sputnik V) has an efficacy rate of ~91%
seven days after the second dose [112,115], Ad26.COV2S, which is currently a single dose
vaccine, has an efficacy of 66.9% in preventing moderate to severe COVID-19 2 weeks
post-vaccination [116], and ChAdOx1 showed 70.4% efficacy 14 days after the second
dose [117].

The mRNA vaccines BNT162b2 and mRNA-1273 have been shown to be highly
efficacious. BNT162b2 vaccine showed 95% efficacy from 7 days after the second dose [118].
This was confirmed in a post-implementation study in Israel where the effectiveness of
the vaccine was reported to be 92% after seven days [119]. In a study by Sahin et al.,
the BNT162b2 vaccine induced neutralising antibodies and poly specific CD4+ T cell
responses in 100% of tested individuals and CD8+ T cell responses in 90% of tested
individuals [120]. mRNA-1273 showed 94% efficacy in preventing COVID-19 14 days post
vaccination [121,122]. The efficacy of the vaccine after first dose was 80% [123]. mRNA-
1273 vaccine induced both humoral and cellular anti-SARS-CoV-2 immune responses, with
the titre of anti-SARS-CoV-2 antibodies induced by the vaccine being much higher than
convalescent serum over the course of 100 days [122].

NVX-CoV2373 (Noavax) is currently the only SARS-CoV-2 protein-based vaccine
that has completed clinical trials, although it has yet to receive regulatory approval. This
vaccine is made of SARS-CoV-2 trimeric spike protein and Matrix-M1 adjuvant. An efficacy
greater that 95.6% was reported against the original B1 viral strain. CD4+ responses were
also detected in individuals vaccinated with NVX-CoV2373 [124].

11. The Efficacy and Effectiveness of the Vaccines against Variants of Concern

While the effectiveness of vaccines at protecting against symptomatic infection with
VOCs may be decreased, the data to date suggests that they remain effective at preventing
severe disease, hospitalisation, and death. It is currently unclear whether variant-specific
boosters will be required in the future.

There are limited data available about the efficacy of the vaccines against VOCs. In
a trial in South Africa, the efficacy of ChAdOx1 against the beta variant was very low

https://www.cdc.gov/coronavirus/2019-ncov/vaccines/different-vaccines.html
https://www.cdc.gov/coronavirus/2019-ncov/vaccines/different-vaccines.html
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(10.5–22%) [81]. In a trial in the UK, the efficacy of ChAdOx1 was reported to be higher
against the alpha variant at 70.4% [74]. NVX-CoV2373 showed 86% and 60% efficacy
against the alpha and beta variants respectively [124]. An efficacy of 51% against the
beta variant for NVX-CoV2373 was also reported by Shinde et al. [125]. The efficacy of
Ad26.COV2S was 52% at least 14 days post vaccination and 64% at least 28 days post
vaccination against moderate to severe COVID-19 in South Africa, where ~94% of cases
were infected with the beta variant [116].

Multiple studies have now assessed the effectiveness of vaccines against VOCs. The
effectiveness of single dose vaccination against symptomatic infection with the alpha
variant was higher in individuals vaccinated with mRNA-1273 (83%) compared to those
vaccinated with BNT162b2 (66%) or ChAdOx1 (64%). The effectiveness increased after
the second dose of vaccination (effectiveness of 89% for BNT162b2 and 92% for mRNA-
1273) [126]. Similarly, in a study by Hall et al., the effectiveness of BNT162b2 against
symptomatic infection with the alpha variant was 70% from 21 days after the first dose and
85% from 7 days after the second dose [127]. In another study in Qatar, the effectiveness of
BNT162b2 against documented COVID-19 cases with alpha and beta variants was 89.5%
and 75%, respectively [128]. Several studies have shown that a single dose of BNT162b2 has
reduced effectiveness against alpha, beta, and delta variants [128–130]. The effectiveness
of a single dose of mRNA-1273 (77%) against symptomatic infection by beta or gamma
variants was higher compared to BNT162b2 (60%) and ChAdOx1 (48%) [126]. Amongst
health care workers in Manaus, Brazil, who had received at least one dose of CoronaVac,
the vaccine was 49.6% effective at preventing symptomatic SARS-CoV-2 infection at a time
when the gamma variant was prevalent [131]. A recent study showed that a single dose of
BNT162b2 vaccine and ChAdOx1 was only 36% and 30% effective against the delta variant,
while with two doses the efficacy increased to 87.9% and 66.1% respectively [129]. In a
study in Canada, it was reported that the effectiveness of single dose vaccination with
BNT162b2 (56%) or mRNA-1273 (72%) against the delta variant was lower than against the
other variants, while the effectiveness of a single dose of ChAdOx1 (67%) against the delta
variant was similar to the effectiveness against the alpha variant (64%). In fully vaccinated
individuals the effectiveness of BNT162b2 against the delta variant increased to 87%, while
the effectiveness against the delta variant of two doses of mRNA-1273 or ChAdOx1 was
not reported [126].

Effectiveness against VOCs may wane with time since vaccination. A recent study
in Israel reported an increase in breakthrough infections in those who had been vacci-
nated early (January 2021) with BNT162b2 compared to those who had been vaccinated
more recently (April 2021). In June and July 2021, the risk of breakthrough infection in
completely vaccinated individuals was increased 2.26 fold in early vaccinees compared
to those vaccinated more recently. During the study period, the delta variant was the
dominant circulating strain in Israel [132]. On the 30 July 2021, a third dose of BNT162b2
was approved in Israel for people over 60 years old who had been vaccinated at least
5 months previously. In an analysis of data to the 24 August 2021, increased short term
protection against confirmed infection and severe disease was reported with the third
dose [133]. Further follow-up is required to determine whether a third dose increases
vaccine effectiveness long term.

12. The Neutralising Activity of Post-Vaccine Sera against VOCs

While only a small decrease in vaccine effectiveness has been reported, due to the
presence of mutations in spike in neutralising antibody epitopes, a decrease in the ability
of post-vaccine sera to neutralise VOCs in vitro has been seen (Table 2). Tauzin (2021)
found no neutralising activity against the beta variant in plasma from SARS-CoV-2 naive
individuals who had been vaccinated with BNT162b2 vaccine. In contrast, strong antibody-
dependent cellular cytotoxicity (ADCC) was reported. In comparison, previously infected
individuals who were subsequently vaccinated showed a significant increase in pre-existing
ADCC and neutralising antibodies against the beta variant [134]. A study by Edara et al.
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on convalescent and post-vaccination (mRNA-1273 or BNT162b2) sera, reported that the
majority (79%) of convalescent sera and all post-vaccination sera were able to neutralise
the B.1.617.1 variant. However, this neutralising activity was 6.8 fold less than against
the ancestral Wuhan strain [88]. Wang et al. reported similar neutralising antibody lev-
els following vaccination (mRNA1273 or BNT162b2) or natural infection. RBD-binding
monoclonal antibodies were generated from both vaccinees and convalescent patients;
monoclonal antibodies from both groups bound to similar epitopes and most had reduced
or no ability to neutralise pseudoviruses with K417N, E484K or N501Y mutations [135].
In another study, sera from individuals vaccinated with BNT162b2 or ChAdOx1 showed
a 3- to 5-fold reduction in antibody neutralisation against the delta variant compared to
the alpha variant [64]. These findings align with those of Madhi et al., who showed the
reduced ability of post-vaccination (ChAdOx1) sera to neutralise the beta variant in both
pseudovirus and live virus assays [81]. A study using post-vaccination sera from the phase
one trial of mRNA-1273 showed no significant change in neutralising activity against
the alpha variant compared with ancestral SARS-CoV-2 in a pseudovirus neutralisation
assay [73]. In the same study, a 6.4-fold reduction in the ability of post-vaccination sera to
neutralise beta variant was reported [73]. These results align with the study by Shen et al.,
who studied the neutralising ability of post-vaccination sera of individuals vaccinated
with mRNA-1273 or NVX-CoV2373. In a pseudovirus neutralisation assay, they found
a 2- and 2.5-fold reduction in the neutralisation of epsilon (B.1.429) variant by sera post
vaccination with mRNA-1273 or NVX-CoV2373, respectively, compared with an ancestral
variant containing D614G. In contrast, a 9.7- and 14.5-reduction in the neutralisation of the
beta variant was reported by sera post vaccination with mRNA-1273 or NVX-CoV2373,
respectively [82]. Lustig et al. examined the ability of sera from convalescent COVID-19
patients who had subsequently been given one dose of BNT162b2 to neutralise the original
B.1 virus, and the alpha, beta, and gamma variants in live virus neutralisation assays. Com-
pared to pre-vaccination levels, neutralising antibody titres 1–2 weeks post-vaccination
were 114, 203, 81, and 228 times higher against B.1 and alpha, gamma, and beta variants
respectively [136].

13. Heterologous Prime-Boost Vaccination and Variants of Concern

Heterologous prime-boost vaccination could be a strategy to address variants of
concern that carry immune escape mutations. Heterologous boosters (using either a
different vaccine type, a variant antigen, or both) could potentially increase protection
against variants of concern by increasing the magnitude of humoral and cellular immune
responses and/or by increasing the breadth of those responses [137–140]. Booster vaccines
could either use the spike protein from the original Wuhan strain of SARS-CoV-2 or the
spike protein from a variant of concern. Most research on heterologous prime-boost
vaccination strategies is at an early stage. To date, these strategies appear to be safe and
immunogenic. However, data on the impact on neutralisation of variants of concern are
only available from a few studies.

The ongoing Com-COV study [141] is comparing homologous and heterologous prime-
boost vaccination with BNT162b2 and ChAdOx1. When boosted at 28 days, higher levels of
antibodies and T cell responses were reported in individuals who were primed with ChA-
dOx1 and boosted with BNT162b2 compared to those who were primed with BNT162b2
and boosted with ChAdOx1 [141]. The heterologous schedules induced higher levels of
antibodies than a homologous prime-boost with ChAdOx1 but not with BNT162b2 [141].
The strongest T cell responses were seen in individuals primed with ChAdOx1 and boosted
with BNT162b2 [141]. In the ongoing Com-COV2 study, participants who have been primed
with ChAdOx1 or BNT162b2 will be boosted with mRNA-1273 or NVX-CoV2373 [142].

In a Spanish study, adults aged 18 to 60 years were primed with a single dose of
ChAdOx1 and boosted after 28 days with BNT162b2 [143]. Fourteen days post boost, the
geometric mean titres of anti-RBD IgG, anti-spike IgG, and neutralising antibodies were
77.7-, 36.4-, and 45.6-fold higher, respectively, in those who were boosted with BNT162b2
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than in those who were not. Similar boosting of T cell responses was seen 14 days post
boost, with a 4.2-fold increase in IFN-γ production in response to pools of peptides from
the SARS-CoV-2 spike in those who had received the booster [143].

In healthcare workers in Germany, Hillus et al. compared the immunogenicity of
homologous (BNT162b2: 3-week interval; ChAdOx1: 10–12 week interval) and heterolo-
gous (ChAdOx1 prime/ BNT162b2 boost: 10–12 week interval) prime-boost regimens [144].
Compared to the groups that received homologous BNT162b2 or ChAdOx1 regimens,
the group who received the heterologous boost showed higher humoral (anti-RBD: no
difference; anti-S1-IgG avidity: median relative avidity index 93.6% with heterologous
boost versus 73.9% with BNT162b2 and 71.7% with ChAdOx1 respectively; surrogate virus
neutralisation titre: 97.1% with heterologous boost vs 92.4% for ChAdOx1) and cellular
immune responses (IFN-γ production in response to SARS-CoV-2 S1 peptide pools: 2.4-fold
and 4.5-fold higher respectively). Importantly, priming with ChAdOx1 and boosting with
BNT162b led to increased serum neutralising activity against the alpha (2.6-fold and 4.5-
fold higher than BNT162b2 and ChAdOx1 respectively) and beta variants (5.8-fold and
8.6-fold higher than BNT162b2 and ChAdOx1 respectively) [144].

An ongoing phase two study by Moderna is investigating the effect of a booster dose
of mRNA-1273, mRNA-1273.351 (which encodes for the S protein of the beta variant), or
mRNA-1273.211 (a 1:1 mix of mRNA-1273.351 and mRNA-1273) in individuals who have
previously received two doses of mRNA-1273 [145]. Preliminary results for the mRNA-1273
and mRNA-1273.351 boosters demonstrated that two weeks after receiving the booster,
neutralising antibody titres against the wild-type (Wuhan with D614G mutation), beta, and
gamma variants increased to a similar or higher levels as reported following the primary
vaccine series. Individuals who received the heterologous mRNA-1273.351 boost showed
increased neutralising antibody titres (ID50) against the beta variant (geometric mean titre
1400 vs 864) but not the gamma variant (geometric mean titre 1272 vs 1308) or the wild
type (geometric mean titre 3703 vs. 4588), when compared to those who received the
homologous mRNA-1273 boost.

The Moderna beta-variant-specific vaccines, mRNA-1273.351 and mRNA-1273.211,
have also been tested in mice [146]. Compared with mRNA-1273, a primary two-dose vac-
cination course with mRNA-1273.351 resulted in a small (1.4-fold) increase in neutralising
antibody tires against the beta variant but a 6.1-fold decrease in neutralising antibody titres
against the wild-type (Wuhan with D614G mutation), a 2.6-fold decrease against the gamma
variant, and a 3.8 fold decrease against B.1.427/B.1.429. In contrast, a primary vaccination
course with the mixed vaccine mRNA-1273.211 resulted in relatively preserved neutralis-
ing antibody titres against the wild-type (0.9-fold), gamma (1.3-fold), and B.1.427/B.1.429
(0.6-fold) variants and increased titres against the beta variant (2.4 fold) and compared
to mRNA-1273. When mice previously vaccinated with two doses of mRNA-1273 were
boosted on day 213 with mRNA-1273.351, a 4.5-fold increase in neutralising antibody titres
was seen against the wild-type virus and 15-fold against the beta variant [146].

In another preclinical study from China, the immunogenicity of a range of heterolo-
gous prime-boost regimens was assessed in mice [147]. Four different types of vaccines
(Sinopharm’s BBIBP-CorV inactivated virus vaccine, CanSino’s Ad5-nCoV adenovirus
vector vaccine, Anhui Zhufeu Longcom’s ZF2001 recombinant RBD vaccine, and the Peo-
ple’s Liberation Army Academy of Military Sciences/Walvax Biotech’s ARcoVax mRNA
vaccine), which were developed and manufactured in China, were tested on BALB/c mice.
Their results showed that the order of vaccination is an important determinant of the level
of neutralising antibody production. In mice that were primed with inactivated virus
(BBIBP-CorV) followed by the adenovirus vector (Ad5-nCoV), a 6.7-fold higher level of
anti-S-IgG was seen than in those primed with Ad5-nCoV and boosted with BBIBP-CorV.
Both of these schedules showed significantly higher neutralising antibody titres com-
pared to homologous prime-boost vaccination with either BBIBP-CorV or Ad5-nCoV [147].
Comparing to all heterologous vaccine combinations, priming with the adenovirus vector
vaccine and boosting with either the inactivated virus, recombinant RBD, or mRNA vac-
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cines resulted in the highest titres of neutralising antibodies. In contrast, the strongest T
cells responses (S-antigen-specific IFN-γ production by T cells) were seen in mice primed
with recombinant RBD followed by boosting with the adenovirus vector vaccine [147].
Neutralisation of variants of concern was not assessed.

14. Conclusions

There is evidence that variants, especially VOCs, have developed various levels of
escape from neutralising antibodies through mutation. Nonetheless, cellular immune
responses remain largely preserved. There is a lack of clinical data about the risk of
reinfection with VOCs. Vaccine effectiveness is generally reasonably well preserved, but
two doses may be required. Importantly, vaccines seem to continue to protect against severe
disease. Therefore, current vaccines may be sufficient to provide individual protection
against severe disease, but there may be a reduction in protection against infection and
transmission to others, and hence community protection (herd immunity). It remains to be
seen whether the spike protein is able to mutate further to escape immune responses while
maintaining high levels of infectivity. Along with the kinetics of immune responses and
post vaccine effectiveness, the ability of SARS-CoV-2 to mutate will determine whether
updated vaccines or boosters will ultimately be required, and if so at what frequency.

Author Contributions: Conceptualization, J.E.U. and E.T.; structural analysis, E.T. and K.L.K.;
writing—original draft preparation, E.T. and J.E.U.; writing—review and editing, E.T., K.L.K., and
J.E.U. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Muralidar, S.; Ambi, S.V.; Sekaran, S.; Krishnan, U.M. The emergence of COVID-19 as a global pandemic: Understanding the

epidemiology, immune response and potential therapeutic targets of SARS-CoV-2. Biochimie 2020, 179, 85–100. [CrossRef]
2. Dos Santos, W.G. Natural history of COVID-19 and current knowledge on treatment therapeutic options. Biomed. Pharmacother.

2020, 129, 110493. [CrossRef]
3. Zhu, N.; Zhang, D.; Wang, W.; Li, X.; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R.; et al. A Novel Coronavirus from

Patients with Pneumonia in China, 2019. N. Engl. J. Med. 2020, 382, 727–733. [CrossRef] [PubMed]
4. WHO. Report of the WHO-China Joint Mission on Coronavirus Disease 2019 (COVID-19). Available online: https://www.who.

int/docs/default-source/coronaviruse/who-china-joint-mission-on-covid-19-final-report.pdf (accessed on 12 May 2021).
5. WHO Director-General’s Opening Remarks at the Media Briefing on COVID-19—11. Available online: https://www.who.int/

director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-
2020 (accessed on 30 March 2021).

6. Alanagreh, L.; Alzoughool, F.; Atoum, M. The Human Coronavirus Disease COVID-19: Its Origin, Characteristics, and Insights
into Potential Drugs and Its Mechanisms. Pathogens 2020, 9, 331. [CrossRef] [PubMed]

7. Bulut, C.; Kato, Y. Epidemiology of COVID-19. Turk. J. Med. Sci. 2020, 50, 563–570. [CrossRef] [PubMed]
8. Casalino, L.; Gaieb, Z.; Goldsmith, J.A.; Hjorth, C.K.; Dommer, A.C.; Harbison, A.M.; Fogarty, C.A.; Barros, E.P.; Taylor, B.C.;

McLellan, J.S.; et al. Shielding and Beyond: The Roles of Glycans in SARS-CoV-2 Spike Protein. ACS Cent. Sci. 2020, 6, 1722–1734.
[CrossRef]

9. Jaimes, J.A.; Andre, N.M.; Chappie, J.S.; Millet, J.K.; Whittaker, G.R. Phylogenetic Analysis and Structural Modeling of SARS-CoV-
2 Spike Protein Reveals an Evolutionary Distinct and Proteolytically Sensitive Activation Loop. J. Mol. Biol. 2020, 432, 3309–3325.
[CrossRef]

10. Shang, J.; Wan, Y.; Luo, C.; Ye, G.; Geng, Q.; Auerbach, A.; Li, F. Cell entry mechanisms of SARS-CoV-2. Proc. Natl. Acad. Sci. USA
2020, 117, 11727–11734. [CrossRef]

11. Taefehshokr, N.; Taefehshokr, S.; Hemmat, N.; Heit, B. Covid-19: Perspectives on Innate Immune Evasion. Front. Immunol. 2020,
11, 580641. [CrossRef]

12. Ke, Z.; Oton, J.; Qu, K.; Cortese, M.; Zila, V.; McKeane, L.; Nakane, T.; Zivanov, J.; Neufeldt, C.J.; Cerikan, B.; et al. Structures and
distributions of SARS-CoV-2 spike proteins on intact virions. Nature 2020, 588, 498–502. [CrossRef]

http://doi.org/10.1016/j.biochi.2020.09.018
http://doi.org/10.1016/j.biopha.2020.110493
http://doi.org/10.1056/NEJMoa2001017
http://www.ncbi.nlm.nih.gov/pubmed/31978945
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/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
http://doi.org/10.3390/pathogens9050331
http://www.ncbi.nlm.nih.gov/pubmed/32365466
http://doi.org/10.3906/sag-2004-172
http://www.ncbi.nlm.nih.gov/pubmed/32299206
http://doi.org/10.1021/acscentsci.0c01056
http://doi.org/10.1016/j.jmb.2020.04.009
http://doi.org/10.1073/pnas.2003138117
http://doi.org/10.3389/fimmu.2020.580641
http://doi.org/10.1038/s41586-020-2665-2


Viruses 2021, 13, 1911 17 of 22

13. Chowdhury, M.A.; Hossain, N.; Kashem, M.A.; Shahid, M.A.; Alam, A. Immune response in COVID-19: A review. J. Infect. Public
Health 2020, 13, 1619–1629. [CrossRef]

14. Yang, X.; Dai, T.; Zhou, X.; Qian, H.; Guo, R.; Lei, L.; Zhang, X.; Zhang, D.; Shi, L.; Cheng, Y.; et al. Naturally activated adaptive
immunity in COVID-19 patients. J. Cell Mol. Med. 2020, 24, 12457–12463. [CrossRef]

15. Mazzoni, A.; Maggi, L.; Capone, M.; Spinicci, M.; Salvati, L.; Colao, M.G.; Vanni, A.; Kiros, S.T.; Mencarini, J.; Zammarchi, L.;
et al. Cell-mediated and humoral adaptive immune responses to SARS-CoV-2 are lower in asymptomatic than symptomatic
COVID-19 patients. Eur. J. Immunol. 2020, 50, 2013–2024. [CrossRef] [PubMed]

16. Sette, A.; Crotty, S. Adaptive immunity to SARS-CoV-2 and COVID-19. Cell 2021, 184, 861–880. [CrossRef] [PubMed]
17. Cevik, M.; Kuppalli, K.; Kindrachuk, J.; Peiris, M. Virology, transmission, and pathogenesis of SARS-CoV-2. BMJ 2020, 371, m3862.

[CrossRef] [PubMed]
18. Dhochak, N.; Singhal, T.; Kabra, S.K.; Lodha, R. Pathophysiology of COVID-19: Why Children Fare Better than Adults? Indian J.

Pediatr. 2020, 87, 537–546. [CrossRef]
19. Cohen, M.S.; Nirula, A.; Mulligan, M.J.; Novak, R.M.; Marovich, M.; Yen, C.; Stemer, A.; Mayer, S.M.; Wohl, D.; Brengle, B.; et al.

Effect of Bamlanivimab vs Placebo on Incidence of COVID-19 Among Residents and Staff of Skilled Nursing and Assisted Living
Facilities: A Randomized Clinical Trial. JAMA 2021, 326, 46–55. [CrossRef]

20. Quast, I.; Tarlinton, D. B cell memory: Understanding COVID-19. Immunity 2021, 54, 205–210. [CrossRef]
21. Brouwer, P.J.M.; Caniels, T.G.; van der Straten, K.; Snitselaar, J.L.; Aldon, Y.; Bangaru, S.; Torres, J.L.; Okba, N.M.A.; Claireaux, M.;

Kerster, G.; et al. Potent neutralizing antibodies from COVID-19 patients define multiple targets of vulnerability. Science 2020,
369, 643–650. [CrossRef]

22. Yuan, M.; Huang, D.; Lee, C.D.; Wu, N.C.; Jackson, A.M.; Zhu, X.; Liu, H.; Peng, L.; van Gils, M.J.; Sanders, R.W.; et al. Structural
and functional ramifications of antigenic drift in recent SARS-CoV-2 variants. Science 2021, 373, 818–823. [CrossRef]

23. Deshpande, A.; Harris, B.D.; Martinez-Sobrido, L.; Kobie, J.J.; Walter, M.R. Epitope Classification and RBD Binding Properties of
Neutralizing Antibodies Against SARS-CoV-2 Variants of Concern. Front. Immunol. 2021, 12, 691715. [CrossRef] [PubMed]

24. Barnes, C.O.; Jette, C.A.; Abernathy, M.E.; Dam, K.A.; Esswein, S.R.; Gristick, H.B.; Malyutin, A.G.; Sharaf, N.G.; Huey-
Tubman, K.E.; Lee, Y.E.; et al. SARS-CoV-2 neutralizing antibody structures inform therapeutic strategies. Nature 2020, 588,
682–687. [CrossRef] [PubMed]

25. Grifoni, A.; Weiskopf, D.; Ramirez, S.I.; Mateus, J.; Dan, J.M.; Moderbacher, C.R.; Rawlings, S.A.; Sutherland, A.; Premkumar, L.;
Jadi, R.S.; et al. Targets of T Cell Responses to SARS-CoV-2 Coronavirus in Humans with COVID-19 Disease and Unexposed
Individuals. Cell 2020, 181, 1489–1501. [CrossRef] [PubMed]

26. Koutsakos, M.; Nguyen, T.H.O.; Kedzierska, K. With a Little Help from T Follicular Helper Friends: Humoral Immunity to
Influenza Vaccination. J. Immunol. 2019, 202, 360–367. [CrossRef]

27. Zhang, F.; Gan, R.; Zhen, Z.; Hu, X.; Li, X.; Zhou, F.; Liu, Y.; Chen, C.; Xie, S.; Zhang, B.; et al. Adaptive immune responses to
SARS-CoV-2 infection in severe versus mild individuals. Signal Transduct. Target. Ther. 2020, 5, 156. [CrossRef]

28. Ogbe, A.; Kronsteiner, B.; Skelly, D.T.; Pace, M.; Brown, A.; Adland, E.; Adair, K.; Akhter, H.D.; Ali, M.; Ali, S.E.; et al. T cell
assays differentiate clinical and subclinical SARS-CoV-2 infections from cross-reactive antiviral responses. Nat. Commun. 2021,
12, 2055. [CrossRef]

29. Sekine, T.; Perez-Potti, A.; Rivera-Ballesteros, O.; Stralin, K.; Gorin, J.B.; Olsson, A.; Llewellyn-Lacey, S.; Kamal, H.; Bogdanovic, G.;
Muschiol, S.; et al. Robust T Cell Immunity in Convalescent Individuals with Asymptomatic or Mild COVID-19. Cell 2020, 183,
158–168. [CrossRef]

30. Koblischke, M.; Traugott, M.T.; Medits, I.; Spitzer, F.S.; Zoufaly, A.; Weseslindtner, L.; Simonitsch, C.; Seitz, T.; Hoepler, W.;
Puchhammer-Stockl, E.; et al. Dynamics of CD4 T Cell and Antibody Responses in COVID-19 Patients with Different Disease
Severity. Front. Med. 2020, 7, 592629. [CrossRef]

31. Ni, L.; Ye, F.; Cheng, M.L.; Feng, Y.; Deng, Y.Q.; Zhao, H.; Wei, P.; Ge, J.; Gou, M.; Li, X.; et al. Detection of SARS-CoV-2-Specific
Humoral and Cellular Immunity in COVID-19 Convalescent Individuals. Immunity 2020, 52, 971–977. [CrossRef]

32. Liu, C.; Yu, X.; Gao, C.; Zhang, L.; Zhai, H.; Hu, Y.; Liu, E.; Wang, Q.; Gao, Y.; Wei, D.; et al. Characterization of antibody responses
to SARS-CoV-2 in convalescent COVID-19 patients. J. Med. Virol. 2021, 93, 2227–2233. [CrossRef]

33. Whitcombe, A.L.; McGregor, R.; Craigie, A.; James, A.; Charlewood, R.; Lorenz, N.; Dickson, J.M.; Sheen, C.R.; Koch, B.;
Fox-Lewis, S.; et al. Comprehensive analysis of SARS-CoV-2 antibody dynamics in New Zealand. Clin. Transl. Immunol. 2021,
10, e1261. [CrossRef]

34. Lee, W.T.; Girardin, R.C.; Dupuis, A.P.; Kulas, K.E.; Payne, A.F.; Wong, S.J.; Arinsburg, S.; Nguyen, F.T.; Mendu, D.R.; Firpo-
Betancourt, A.; et al. Neutralizing Antibody Responses in COVID-19 Convalescent Sera. J. Infect. Dis. 2021, 223, 47–55. [CrossRef]
[PubMed]

35. Peng, Y.; Mentzer, A.J.; Liu, G.; Yao, X.; Yin, Z.; Dong, D.; Dejnirattisai, W.; Rostron, T.; Supasa, P.; Liu, C.; et al. Broad and strong
memory CD4(+) and CD8(+) T cells induced by SARS-CoV-2 in UK convalescent individuals following COVID-19. Nat. Immunol.
2020, 21, 1336–1345. [CrossRef]

36. Malani, A.N.; Sherbeck, J.P.; Malani, P.N. Convalescent Plasma and COVID-19. JAMA 2020, 324, 524. [CrossRef] [PubMed]
37. Tan, A.T.; Linster, M.; Tan, C.W.; Le Bert, N.; Chia, W.N.; Kunasegaran, K.; Zhuang, Y.; Tham, C.Y.L.; Chia, A.; Smith, G.J.D.; et al.

Early induction of functional SARS-CoV-2-specific T cells associates with rapid viral clearance and mild disease in COVID-19
patients. Cell Rep. 2021, 34, 108728. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jiph.2020.07.001
http://doi.org/10.1111/jcmm.15771
http://doi.org/10.1002/eji.202048915
http://www.ncbi.nlm.nih.gov/pubmed/33080068
http://doi.org/10.1016/j.cell.2021.01.007
http://www.ncbi.nlm.nih.gov/pubmed/33497610
http://doi.org/10.1136/bmj.m3862
http://www.ncbi.nlm.nih.gov/pubmed/33097561
http://doi.org/10.1007/s12098-020-03322-y
http://doi.org/10.1001/jama.2021.8828
http://doi.org/10.1016/j.immuni.2021.01.014
http://doi.org/10.1126/science.abc5902
http://doi.org/10.1126/science.abh1139
http://doi.org/10.3389/fimmu.2021.691715
http://www.ncbi.nlm.nih.gov/pubmed/34149735
http://doi.org/10.1038/s41586-020-2852-1
http://www.ncbi.nlm.nih.gov/pubmed/33045718
http://doi.org/10.1016/j.cell.2020.05.015
http://www.ncbi.nlm.nih.gov/pubmed/32473127
http://doi.org/10.4049/jimmunol.1800986
http://doi.org/10.1038/s41392-020-00263-y
http://doi.org/10.1038/s41467-021-21856-3
http://doi.org/10.1016/j.cell.2020.08.017
http://doi.org/10.3389/fmed.2020.592629
http://doi.org/10.1016/j.immuni.2020.04.023
http://doi.org/10.1002/jmv.26646
http://doi.org/10.1002/cti2.1261
http://doi.org/10.1093/infdis/jiaa673
http://www.ncbi.nlm.nih.gov/pubmed/33104179
http://doi.org/10.1038/s41590-020-0782-6
http://doi.org/10.1001/jama.2020.10699
http://www.ncbi.nlm.nih.gov/pubmed/32530454
http://doi.org/10.1016/j.celrep.2021.108728
http://www.ncbi.nlm.nih.gov/pubmed/33516277


Viruses 2021, 13, 1911 18 of 22

38. Jung, J.H.; Rha, M.S.; Sa, M.; Choi, H.K.; Jeon, J.H.; Seok, H.; Park, D.W.; Park, S.H.; Jeong, H.W.; Choi, W.S.; et al. SARS-CoV-
2-specific T cell memory is sustained in COVID-19 convalescent patients for 10 months with successful development of stem
cell-like memory T cells. Nat. Commun. 2021, 12, 4043. [CrossRef]

39. Moderbacher, C.R.; Ramirez, S.I.; Dan, J.M.; Grifoni, A.; Hastie, K.M.; Weiskopf, D.; Belanger, S.; Abbott, R.K.; Kim, C.; Choi, J.;
et al. Antigen-Specific Adaptive Immunity to SARS-CoV-2 in Acute COVID-19 and Associations with Age and Disease Severity.
Cell 2020, 183, 996–1012. [CrossRef] [PubMed]

40. Braun, J.; Loyal, L.; Frentsch, M.; Wendisch, D.; Georg, P.; Kurth, F.; Hippenstiel, S.; Dingeldey, M.; Kruse, B.; Fauchere, F.; et al.
SARS-CoV-2-reactive T cells in healthy donors and patients with COVID-19. Nature 2020, 587, 270–274. [CrossRef]

41. Lauring, A.S.; Hodcroft, E.B. Genetic Variants of SARS-CoV-2-What Do They Mean? JAMA 2021, 325, 529–531. [CrossRef]
42. Dimonte, S.; Babakir-Mina, M.; Hama-Soor, T.; Ali, S. Genetic Variation and Evolution of the 2019 Novel Coronavirus. Public

Health Genom. 2021, 24, 54–66. [CrossRef]
43. Koma, T.; Adachi, S.; Doi, N.; Adachi, A.; Nomaguchi, M. Toward Understanding Molecular Bases for Biological Diversification

of Human Coronaviruses: Present Status and Future Perspectives. Front. Microbiol. 2020, 11, 2016. [CrossRef] [PubMed]
44. Khatamzas, E.; Rehn, A.; Muenchhoff, M.; Hellmuth, J.; Gaitzsch, E.; Weiglein, T.; Georgi, E.; Scherer, C.; Stecher, S.; Weigert, O.;

et al. Emergence of multiple SARS-CoV-2 mutations in an immunocompromised host. medRxiv 2021. [CrossRef]
45. Avanzato, V.A.; Matson, M.J.; Seifert, S.N.; Pryce, R.; Williamson, B.N.; Anzick, S.L.; Barbian, K.; Judson, S.D.; Fischer, E.R.;

Martens, C.; et al. Case Study: Prolonged Infectious SARS-CoV-2 Shedding from an Asymptomatic Immunocompromised
Individual with Cancer. Cell 2020, 183, 1901–1912. [CrossRef]

46. Borges, V.; Isidro, J.; Cunha, M.; Cochicho, D.; Martins, L.; Banha, L.; Figueiredo, M.; Rebelo, L.; Trindade, M.C.; Duarte, S. Long-
term evolution of SARS-CoV-2 in an immunocompromised patient with non-Hodgkin lymphoma. mSphere 2021, 28, e0024421.

47. Choi, B.; Choudhary, M.C.; Regan, J.; Sparks, J.A.; Padera, R.F.; Qiu, X.; Solomon, I.H.; Kuo, H.H.; Boucau, J.; Bowman, K.; et al.
Persistence and Evolution of SARS-CoV-2 in an Immunocompromised Host. N. Engl. J. Med. 2020, 383, 2291–2293. [CrossRef]

48. Jungreis, I.; Sealfon, R.; Kellis, M. SARS-CoV-2 gene content and COVID-19 mutation impact by comparing 44 Sarbecovirus
genomes. Res. Sq. 2020. [CrossRef]

49. Bazykin, G.A.; Stanevich, O.; Danilenko, D.; Fadeev, A.; Komissarova, K.; Ivanova, A.; Sergeeva, M.; Safina, K.; Nabieva, E.;
Klink, G.; et al. Emergence of Y453F and ∆69-70HV Mutations in a Lymphoma Patient with Long-Term COVID-19. Available
online: https://virological.org/t/emergence-of-y453f-and-469-470hv-mutations-in-a-lymphoma-patient-with-long-term-covid-
419/580 (accessed on 20 April 2021).

50. Dearlove, B.; Lewitus, E.; Bai, H.; Li, Y.; Reeves, D.B.; Joyce, M.G.; Scott, P.T.; Amare, M.F.; Vasan, S.; Michael, N.L.; et al. A
SARS-CoV-2 vaccine candidate would likely match all currently circulating variants. Proc. Natl. Acad. Sci. USA 2020, 117,
23652–23662. [CrossRef]

51. Goldstein, S.A.; Brown, J.; Pedersen, B.S.; Quinlan, A.R.; Elde, N.C. Extensive recombination-driven coronavirus diversification
expands the pool of potential pandemic pathogens. bioRxiv 2021. [CrossRef]

52. Li, X.; Giorgi, E.E.; Marichannegowda, M.H.; Foley, B.; Xiao, C.; Kong, X.P.; Chen, Y.; Gnanakaran, S.; Korber, B.; Gao, F. Emergence
of SARS-CoV-2 through recombination and strong purifying selection. Sci. Adv. 2020, 6, eabb9153. [CrossRef] [PubMed]

53. Graham, R.L.; Baric, R.S. Recombination, reservoirs, and the modular spike: Mechanisms of coronavirus cross-species transmis-
sion. J. Virol. 2010, 84, 3134–3146. [CrossRef] [PubMed]

54. Zhu, Z.; Meng, K.; Meng, G. Genomic recombination events may reveal the evolution of coronavirus and the origin of SARS-CoV-2.
Sci. Rep. 2020, 10, 21617. [CrossRef]

55. Haddad, D.; John, S.E.; Mohammad, A.; Hammad, M.M.; Hebbar, P.; Channanath, A.; Nizam, R.; Al-Qabandi, S.; Al Madhoun, A.;
Alshukry, A.; et al. SARS-CoV-2: Possible recombination and emergence of potentially more virulent strains. PLoS ONE 2021,
16, e0251368. [CrossRef] [PubMed]

56. Latif, A.A.; Mullen, J.L.; Alkuzweny, M.; Tsueng, G.; Cano, M.; Haag, E.; Zhou, J.; Zeller, M.; Hufbauer, E.; Matteson, N.; et al.
Center for Viral Systems Biology. Available online: https://outbreak.info/compare-lineages (accessed on 2 August 2021).

57. Leung, K.; Shum, M.H.; Leung, G.M.; Lam, T.T.; Wu, J.T. Early transmissibility assessment of the N501Y mutant strains of
SARS-CoV-2 in the United Kingdom, October to November 2020. Euro. Surveill. 2021, 26, 2002106. [CrossRef]

58. Campbell, F.; Archer, B.; Laurenson-Schafer, H.; Jinnai, Y.; Konings, F.; Batra, N.; Pavlin, B.; Vandemaele, K.; Van Kerkhove, M.D.;
Jombart, T.; et al. Increased transmissibility and global spread of SARS-CoV-2 variants of concern as at June 2021. Eurosurveillance
2021, 26, 2100509. [CrossRef] [PubMed]

59. Washington, N.L.; Gangavarapu, K.; Zeller, M.; Bolze, A.; Cirulli, E.T.; Schiabor Barrett, K.M.; Larsen, B.B.; Anderson, C.; White, S.;
Cassens, T.; et al. Emergence and rapid transmission of SARS-CoV-2 B.1.1.7 in the United States. Cell 2021, 184, 2587–2594.
[CrossRef] [PubMed]

60. Thorne, L.G.; Bouhaddou, M.; Reuschl, A.K.; Zuliani-Alvarez, L.; Polacco, B.; Pelin, A.; Batra, J.; Whelan, M.V.X.; Ummadi, M.;
Rojc, A.; et al. Evolution of enhanced innate immune evasion by the SARS-CoV-2 B.1.1.7 UK variant. bioRxiv 2021. [CrossRef]

61. Hsu, J.C.; Laurent-Rolle, M.; Pawlak, J.B.; Wilen, C.B.; Cresswell, P. Translational shutdown and evasion of the innate immune
response by SARS-CoV-2 NSP14 protein. Proc. Natl. Acad. Sci. USA 2021, 118, e2101161118. [CrossRef] [PubMed]

62. Harvey, W.T.; Carabelli, A.M.; Jackson, B.; Gupta, R.K.; Thomson, E.C.; Harrison, E.M.; Ludden, C.; Reeve, R.; Rambaut, A.;
Consortium, C.-G.U.; et al. SARS-CoV-2 variants, spike mutations and immune escape. Nat. Rev. Microbiol. 2021, 19, 409–424.
[CrossRef]

http://doi.org/10.1038/s41467-021-24377-1
http://doi.org/10.1016/j.cell.2020.09.038
http://www.ncbi.nlm.nih.gov/pubmed/33010815
http://doi.org/10.1038/s41586-020-2598-9
http://doi.org/10.1001/jama.2020.27124
http://doi.org/10.1159/000513530
http://doi.org/10.3389/fmicb.2020.02016
http://www.ncbi.nlm.nih.gov/pubmed/32983025
http://doi.org/10.1101/2021.01.10.20248871
http://doi.org/10.1016/j.cell.2020.10.049
http://doi.org/10.1056/NEJMc2031364
http://doi.org/10.21203/rs.3.rs-80345/v1
https://virological.org/t/emergence-of-y453f-and-469-470hv-mutations-in-a-lymphoma-patient-with-long-term-covid-419/580
https://virological.org/t/emergence-of-y453f-and-469-470hv-mutations-in-a-lymphoma-patient-with-long-term-covid-419/580
http://doi.org/10.1073/pnas.2008281117
http://doi.org/10.1101/2021.02.03.429646
http://doi.org/10.1126/sciadv.abb9153
http://www.ncbi.nlm.nih.gov/pubmed/32937441
http://doi.org/10.1128/JVI.01394-09
http://www.ncbi.nlm.nih.gov/pubmed/19906932
http://doi.org/10.1038/s41598-020-78703-6
http://doi.org/10.1371/journal.pone.0251368
http://www.ncbi.nlm.nih.gov/pubmed/34033650
https://outbreak.info/compare-lineages
http://doi.org/10.2807/1560-7917.ES.2020.26.1.2002106
http://doi.org/10.2807/1560-7917.ES.2021.26.24.2100509
http://www.ncbi.nlm.nih.gov/pubmed/34142653
http://doi.org/10.1016/j.cell.2021.03.052
http://www.ncbi.nlm.nih.gov/pubmed/33861950
http://doi.org/10.1101/2021.06.06.446826
http://doi.org/10.1073/pnas.2101161118
http://www.ncbi.nlm.nih.gov/pubmed/34045361
http://doi.org/10.1038/s41579-021-00573-0


Viruses 2021, 13, 1911 19 of 22

63. Supasa, P.; Zhou, D.; Dejnirattisai, W.; Liu, C.; Mentzer, A.J.; Ginn, H.M.; Zhao, Y.; Duyvesteyn, H.M.E.; Nutalai, R.;
Tuekprakhon, A.; et al. Reduced neutralization of SARS-CoV-2 B.1.1.7 variant by convalescent and vaccine sera. Cell 2021, 184,
2201–2211. [CrossRef] [PubMed]

64. Planas, D.; Veyer, D.; Baidaliuk, A.; Staropoli, I.; Guivel-Benhassine, F.; Rajah, M.M.; Planchais, C.; Porrot, F.; Robillard, N.;
Puech, J.; et al. Reduced sensitivity of SARS-CoV-2 variant Delta to antibody neutralization. Nature 2021, 596, 276–280. [CrossRef]

65. Wang, P.; Nair, M.S.; Liu, L.; Iketani, S.; Luo, Y.; Guo, Y.; Wang, M.; Yu, J.; Zhang, B.; Kwong, P.D.; et al. Antibody resistance of
SARS-CoV-2 variants B.1.351 and B.1.1.7. Nature 2021, 593, 130–135. [CrossRef] [PubMed]

66. Wang, H.; Li, X.; Li, T.; Zhang, S.; Wang, L.; Wu, X.; Liu, J. The genetic sequence, origin, and diagnosis of SARS-CoV-2. Eur. J. Clin.
Microbiol. Infect. Dis. 2020, 39, 1629–1635. [CrossRef] [PubMed]

67. Hoffmann, M.; Arora, P.; Gross, R.; Seidel, A.; Hornich, B.F.; Hahn, A.S.; Kruger, N.; Graichen, L.; Hofmann-Winkler, H.;
Kempf, A.; et al. SARS-CoV-2 variants B.1.351 and P.1 escape from neutralizing antibodies. Cell 2021, 184, 2384–2393. [CrossRef]
[PubMed]

68. Liu, C.; Ginn, H.M.; Dejnirattisai, W.; Supasa, P.; Wang, B.; Tuekprakhon, A.; Nutalai, R.; Zhou, D.; Mentzer, A.J.; Zhao, Y.;
et al. Reduced neutralization of SARS-CoV-2 B.1.617 by vaccine and convalescent serum. Cell 2021, 184, 4220–4236. [CrossRef]
[PubMed]

69. Collier, D.A.; De Marco, A.; Ferreira, I.; Meng, B.; Datir, R.P.; Walls, A.C.; Kemp, S.A.; Bassi, J.; Pinto, D.; Silacci-Fregni, C.; et al.
Sensitivity of SARS-CoV-2 B.1.1.7 to mRNA vaccine-elicited antibodies. Nature 2021, 593, 136–141. [CrossRef] [PubMed]

70. Edara, V.V.; Hudson, W.H.; Xie, X.; Ahmed, R.; Suthar, M.S. Neutralizing Antibodies Against SARS-CoV-2 Variants After Infection
and Vaccination. JAMA 2021, 325, 1896–1898. [CrossRef]

71. Muik, A.; Wallisch, A.K.; Sanger, B.; Swanson, K.A.; Muhl, J.; Chen, W.; Cai, H.; Maurus, D.; Sarkar, R.; Tureci, O.; et al.
Neutralization of SARS-CoV-2 lineage B.1.1.7 pseudovirus by BNT162b2 vaccine-elicited human sera. Science 2021, 371, 1152–1153.
[CrossRef]

72. Wall, E.C.; Wu, M.; Harvey, R.; Kelly, G.; Warchal, S.; Sawyer, C.; Daniels, R.; Hobson, P.; Hatipoglu, E.; Ngai, Y.; et al. Neutralising
antibody activity against SARS-CoV-2 VOCs B.1.617.2 and B.1.351 by BNT162b2 vaccination. Lancet 2021, 397, 2331–2333.
[CrossRef]

73. Wu, K.; Werner, A.P.; Koch, M.; Choi, A.; Narayanan, E.; Stewart-Jones, G.B.E.; Colpitts, T.; Bennett, H.; Boyoglu-Barnum, S.;
Shi, W.; et al. Serum Neutralizing Activity Elicited by mRNA-1273 Vaccine. N. Engl. J. Med. 2021, 384, 1468–1470. [CrossRef]

74. Emary, K.R.W.; Golubchik, T.; Aley, P.K.; Ariani, C.V.; Angus, B.; Bibi, S.; Blane, B.; Bonsall, D.; Cicconi, P.; Charlton, S.; et al.
Efficacy of ChAdOx1 nCoV-19 (AZD1222) vaccine against SARS-CoV-2 variant of concern 202012/01 (B.1.1.7): An exploratory
analysis of a randomised controlled trial. Lancet 2021, 397, 1351–1362. [CrossRef]

75. Pearson, C.A.B.; Davies, N.G.; Kucharski, A.J.; Edmunds, W.J.; Eggo, R.M. Estimates of severity and transmissibility of novel
South Africa SARS-CoV-2 variant501Y. Cent. Mathem. Model. Infect. Dis. 2021. Available online: https://cmmid.github.io/topics/
covid19/reports/sa-novel-variant/2021_01_11_Transmissibility_and_severity_of_501Y_V2_in_SA.pdf (accessed on 8 April 2021).

76. Lazarevic, I.; Pravica, V.; Miljanovic, D.; Cupic, M. Immune Evasion of SARS-CoV-2 Emerging Variants: What Have We Learnt So
Far? Viruses 2021, 13, 1192. [CrossRef]

77. Cele, S.; Gazy, I.; Jackson, L.; Hwa, S.H.; Tegally, H.; Lustig, G.; Giandhari, J.; Pillay, S.; Wilkinson, E.; Naidoo, Y.; et al. Escape of
SARS-CoV-2 501Y.V2 from neutralization by convalescent plasma. Nature 2021, 593, 142–146. [CrossRef] [PubMed]

78. Wibmer, C.K.; Ayres, F.; Hermanus, T.; Madzivhandila, M.; Kgagudi, P.; Oosthuysen, B.; Lambson, B.E.; de Oliveira, T.;
Vermeulen, M.; van der Berg, K.; et al. SARS-CoV-2 501Y.V2 escapes neutralization by South African COVID-19 donor plasma.
Nat. Med. 2021, 27, 622–625. [CrossRef] [PubMed]

79. Zhou, D.; Dejnirattisai, W.; Supasa, P.; Liu, C.; Mentzer, A.J.; Ginn, H.M.; Zhao, Y.; Duyvesteyn, H.M.E.; Tuekprakhon, A.;
Nutalai, R.; et al. Evidence of escape of SARS-CoV-2 variant B.1.351 from natural and vaccine-induced sera. Cell 2021, 184,
2348–2361. [CrossRef]

80. Davis, C.; Logan, N.; Tyson, G.; Orton, R.; Harvey, W.; Haughney, J.; Perkins, J.; Consortium, T.C.-G.U.; Peacock, T.P.; Barclay, W.S.;
et al. Reduced neutralisation of the Delta (B.1.617.2) SARS-CoV-2 variant of concern following vaccination. medRxiv 2021.
[CrossRef]

81. Madhi, S.A.; Baillie, V.; Cutland, C.L.; Voysey, M.; Koen, A.L.; Fairlie, L.; Padayachee, S.D.; Dheda, K.; Barnabas, S.L.; Bhorat, Q.E.;
et al. Efficacy of the ChAdOx1 nCoV-19 Covid-19 Vaccine against the B.1.351 Variant. N. Engl. J. Med. 2021, 384, 1885–1898.
[CrossRef]

82. Shen, X.; Tang, H.; Pajon, R.; Smith, G.; Glenn, G.M.; Shi, W.; Korber, B.; Montefiori, D.C. Neutralization of SARS-CoV-2 Variants
B.1.429 and B.1.351. N. Engl. J. Med. 2021, 384, 2352–2354. [CrossRef]

83. Faria, N.R.; Mellan, T.A.; Whittaker, C.; Claro, I.M.; Candido, D.D.S.; Mishra, S.; Crispim, M.A.E.; Sales, F.C.; Hawryluk, I.;
McCrone, J.T.; et al. Genomics and epidemiology of a novel SARS-CoV-2 lineage in Manaus, Brazil. medRxiv 2021, 372, 815–821.
[CrossRef]

84. Naveca, F.G.; Nascimento, V.; de Souza, V.C.; Corado, A.L.; Nascimento, F.; Silva, G.; Costa, A.; Duarte, D.; Pessoa, K.; Mejia, M.;
et al. COVID-19 in Amazonas, Brazil, was driven by the persistence of endemic lineages and P.1 emergence. Nat. Med. 2021, 27,
1230–1238. [CrossRef]

http://doi.org/10.1016/j.cell.2021.02.033
http://www.ncbi.nlm.nih.gov/pubmed/33743891
http://doi.org/10.1038/s41586-021-03777-9
http://doi.org/10.1038/s41586-021-03398-2
http://www.ncbi.nlm.nih.gov/pubmed/33684923
http://doi.org/10.1007/s10096-020-03899-4
http://www.ncbi.nlm.nih.gov/pubmed/32333222
http://doi.org/10.1016/j.cell.2021.03.036
http://www.ncbi.nlm.nih.gov/pubmed/33794143
http://doi.org/10.1016/j.cell.2021.06.020
http://www.ncbi.nlm.nih.gov/pubmed/34242578
http://doi.org/10.1038/s41586-021-03412-7
http://www.ncbi.nlm.nih.gov/pubmed/33706364
http://doi.org/10.1001/jama.2021.4388
http://doi.org/10.1126/science.abg6105
http://doi.org/10.1016/S0140-6736(21)01290-3
http://doi.org/10.1056/NEJMc2102179
http://doi.org/10.1016/S0140-6736(21)00628-0
https://cmmid.github.io/topics/covid19/reports/sa-novel-variant/2021_01_11_Transmissibility_and_severity_of_501Y_V2_in_SA.pdf
https://cmmid.github.io/topics/covid19/reports/sa-novel-variant/2021_01_11_Transmissibility_and_severity_of_501Y_V2_in_SA.pdf
http://doi.org/10.3390/v13071192
http://doi.org/10.1038/s41586-021-03471-w
http://www.ncbi.nlm.nih.gov/pubmed/33780970
http://doi.org/10.1038/s41591-021-01285-x
http://www.ncbi.nlm.nih.gov/pubmed/33654292
http://doi.org/10.1016/j.cell.2021.02.037
http://doi.org/10.1101/2021.06.23.21259327
http://doi.org/10.1056/NEJMoa2102214
http://doi.org/10.1056/NEJMc2103740
http://doi.org/10.1101/2021.02.26.21252554
http://doi.org/10.1038/s41591-021-01378-7


Viruses 2021, 13, 1911 20 of 22

85. Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kruger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.H.;
Nitsche, A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease
Inhibitor. Cell 2020, 181, 271–280. [CrossRef] [PubMed]

86. Wang, P.; Casner, R.G.; Nair, M.S.; Wang, M.; Yu, J.; Cerutti, G.; Liu, L.; Kwong, P.D.; Huang, Y.; Shapiro, L.; et al. Increased
Resistance of SARS-CoV-2 Variant P.1 to Antibody Neutralization. Cell Host Microbe 2021, 29, 747–751. [CrossRef] [PubMed]

87. Dejnirattisai, W.; Zhou, D.; Supasa, P.; Liu, C.; Mentzer, A.J.; Ginn, H.M.; Zhao, Y.; Duyvesteyn, H.M.E.; Tuekprakhon, A.;
Nutalai, R.; et al. Antibody evasion by the P.1 strain of SARS-CoV-2. Cell 2021, 184, 2939–2954. [CrossRef] [PubMed]

88. Edara, V.V.; Pinsky, B.A.; Suthar, M.S.; Lai, L.; Davis-Gardner, M.E.; Floyd, K.; Flowers, M.W.; Wrammert, J.; Hussaini, L.;
Ciric, C.R.; et al. Infection and Vaccine-Induced Neutralizing-Antibody Responses to the SARS-CoV-2 B.1.617 Variants. N. Engl. J.
Med. 2021, 385, 664–666. [CrossRef]

89. Kidd, M.; Richter, A.; Best, A.; Cumley, N.; Mirza, J.; Percival, B.; Mayhew, M.; Megram, O.; Ashford, F.; White, T.; et al. S-variant
SARS-CoV-2 lineage B1.1.7 is associated with significantly higher viral loads in samples tested by ThermoFisher TaqPath RT-qPCR.
J. Infect. Dis. 2021, 223, 1666–1670. [CrossRef]

90. Mahase, E. Covid-19: What have we learnt about the new variant in the UK? BMJ 2020, 371, m4944. [CrossRef] [PubMed]
91. Tegally, H.; Wilkinson, E.; Giovanetti, M.; Iranzadeh, A.; Fonseca, V.; Giandhari, J.; Doolabh, D.; Pillay, S.; San, E.J.; Msomi, N.;

et al. Emergence and rapid spread of a new severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) lineage with
multiple spike mutations in South Africa. medRxiv 2020. [CrossRef]

92. Kemp, S.A.; Collier, D.A.; Datir, R.; Ferreira, I.; Gayed, S.; Jahun, A.; Hosmillo, M.; Rees-Spear, C.; Mlcochova, P.; Lumb, I.U.; et al.
Neutralising antibodies in Spike mediated SARS-CoV-2 adaptation. medRxiv 2020. [CrossRef]

93. Jangra, S.; Ye, C.; Rathnasinghe, R.; Stadlbauer, D.; Krammer, F.; Simon, V.; Martinez-Sobrido, L.; Garcia-Sastre, A.; Schotsaert, M.
The E484K mutation in the SARS-CoV-2 spike protein reduces but does not abolish neutralizing activity of human convalescent
and post-vaccination sera. medRxiv 2021. [CrossRef]

94. Starr, T.N.; Greaney, A.J.; Hilton, S.K.; Ellis, D.; Crawford, K.H.D.; Dingens, A.S.; Navarro, M.J.; Bowen, J.E.; Tortorici, M.A.;
Walls, A.C.; et al. Deep Mutational Scanning of SARS-CoV-2 Receptor Binding Domain Reveals Constraints on Folding and ACE2
Binding. Cell 2020, 182, 1295–1310. [CrossRef]

95. Wise, J. Covid-19: The E484K mutation and the risks it poses. BMJ 2021, 372, n359. [CrossRef] [PubMed]
96. Resende, P.C.; Bezerra, J.F.; Vasconcelos, R.; Arantes, I.; Appolinario, L.; Mendonça, A.C.; Paixao, A.C.; Rodrigues, A.C.D.; Silva, T.;

Rocha, A.S. Spike E484K Mutation in the First SARS-CoV-2 Reinfection Case Confirmed in Brazil. 2020. Available online: https:
//virological.org/t/spike-e484k-mutation-in-the-first-sars-cov-482-reinfection-case-confirmed-in-brazil-2020/2584 (accessed
on 18 May 2021).

97. Nonaka, C.K.V.; Franco, M.M.; Graf, T.; de Lorenzo Barcia, C.A.; de Avila Mendonca, R.N.; de Sousa, K.A.F.; Neiva, L.M.C.;
Fosenca, V.; Mendes, A.V.A.; de Aguiar, R.S.; et al. Genomic Evidence of SARS-CoV-2 Reinfection Involving E484K Spike
Mutation, Brazil. Emerg. Infect. Dis. 2021, 27, 1522–1524. [CrossRef] [PubMed]

98. Erol, A. Are the emerging SARS-COV-2 mutations friend or foe? Immunol. Lett. 2021, 230, 63–64. [CrossRef]
99. Fiorentini, S.; Messali, S.; Zani, A.; Caccuri, F.; Giovanetti, M.; Ciccozzi, M.; Caruso, A. First detection of SARS-CoV-2 spike

protein N501 mutation in Italy in August, 2020. Lancet Infect. Dis. 2021, 21, e147. [CrossRef]
100. Liu, Y.; Liu, J.; Plante, K.S.; Plante, J.A.; Xie, X.; Zhang, X.; Ku, Z.; An, Z.; Scharton, D.; Schindewolf, C.; et al. The N501Y spike

substitution enhances SARS-CoV-2 transmission. bioRxiv 2021. [CrossRef]
101. Garry, R.F. Mutations arising in SARS-CoV-2 spike on sustained human-to-human transmission and human-to-animal passage.

Image 2021, 908, 292.
102. Meng, B.; Kemp, S.A.; Papa, G.; Datir, R.; Ferreira, I.; Marelli, S.; Harvey, W.T.; Lytras, S.; Mohamed, A.; Gallo, G.; et al. Recurrent

emergence of SARS-CoV-2 spike deletion H69/V70 and its role in the Alpha variant B.1.1.7. Cell Rep. 2021, 35, 109292. [CrossRef]
103. McCallum, M.; Marco, A.; Lempp, F.; Tortorici, M.A.; Pinto, D.; Walls, A.C.; Beltramello, M.; Chen, A.; Liu, Z.; Zatta, F.; et al.

N-terminal domain antigenic mapping reveals a site of vulnerability for SARS-CoV-2. Cell 2021, 184, 2332–2347. [CrossRef]
104. Cerutti, G.; Guo, Y.; Zhou, T.; Gorman, J.; Lee, M.; Rapp, M.; Reddem, E.R.; Yu, J.; Bahna, F.; Bimela, J.; et al. Potent SARS-CoV-2

neutralizing antibodies directed against spike N-terminal domain target a single supersite. Cell Host Microbe 2021, 29, 819–833.
[CrossRef]

105. Coutard, B.; Valle, C.; de Lamballerie, X.; Canard, B.; Seidah, N.G.; Decroly, E. The spike glycoprotein of the new coronavirus
2019-nCoV contains a furin-like cleavage site absent in CoV of the same clade. Antivir. Res. 2020, 176, 104742. [CrossRef]

106. Stokel-Walker, C. What we know about covid-19 reinfection so far. BMJ 2021, 372, n99. [CrossRef] [PubMed]
107. Hall, V.; Foulkes, S.; Charlett, A.; Atti, A.; Monk, E.; Simmons, R.; Wellington, E.; Cole, M.; Saei, A.; Oguti, B.; et al. Do

antibody positive healthcare workers have lower SARS-CoV-2 infection rates than antibody negative healthcare workers? Large
multi-centre prospective cohort study (the SIREN study), England: June to November 2020. medRxiv 2021. [CrossRef]

108. Wilkinson, E. Covid-19 reinfection “rare” says NHS study but some may still pass the virus on. Pulse 2021. Available on-
line: https://www.pulsetoday.co.uk/news/coronavirus/covid-19-reinfection-rare-says-nhs-study-but-some-may-still-pass-
the-virus-on/ (accessed on 14 April 2021).

109. Graham, M.S.; Sudre, C.H.; May, A.; Antonelli, M.; Murray, B.; Varsavsky, T.; Klaser, K.; Canas, L.S.; Molteni, E.; Modat, M.; et al.
Changes in symptomatology, reinfection, and transmissibility associated with the SARS-CoV-2 variant B.1.1.7: An ecological
study. Lancet Public Health 2021, 6, e335–e345. [CrossRef]

http://doi.org/10.1016/j.cell.2020.02.052
http://www.ncbi.nlm.nih.gov/pubmed/32142651
http://doi.org/10.1016/j.chom.2021.04.007
http://www.ncbi.nlm.nih.gov/pubmed/33887205
http://doi.org/10.1016/j.cell.2021.03.055
http://www.ncbi.nlm.nih.gov/pubmed/33852911
http://doi.org/10.1056/NEJMc2107799
http://doi.org/10.1093/infdis/jiab082
http://doi.org/10.1136/bmj.m4944
http://www.ncbi.nlm.nih.gov/pubmed/33361120
http://doi.org/10.1101/2020.12.21.20248640
http://doi.org/10.1101/2020.12.05.20241927
http://doi.org/10.1101/2021.01.26.21250543
http://doi.org/10.1016/j.cell.2020.08.012
http://doi.org/10.1136/bmj.n359
http://www.ncbi.nlm.nih.gov/pubmed/33547053
https://virological.org/t/spike-e484k-mutation-in-the-first-sars-cov-482-reinfection-case-confirmed-in-brazil-2020/2584
https://virological.org/t/spike-e484k-mutation-in-the-first-sars-cov-482-reinfection-case-confirmed-in-brazil-2020/2584
http://doi.org/10.3201/eid2705.210191
http://www.ncbi.nlm.nih.gov/pubmed/33605869
http://doi.org/10.1016/j.imlet.2020.12.014
http://doi.org/10.1016/S1473-3099(21)00007-4
http://doi.org/10.1101/2021.03.08.434499
http://doi.org/10.1016/j.celrep.2021.109292
http://doi.org/10.1016/j.cell.2021.03.028
http://doi.org/10.1016/j.chom.2021.03.005
http://doi.org/10.1016/j.antiviral.2020.104742
http://doi.org/10.1136/bmj.n99
http://www.ncbi.nlm.nih.gov/pubmed/33468457
http://doi.org/10.2139/ssrn.376852
https://www.pulsetoday.co.uk/news/coronavirus/covid-19-reinfection-rare-says-nhs-study-but-some-may-still-pass-the-virus-on/
https://www.pulsetoday.co.uk/news/coronavirus/covid-19-reinfection-rare-says-nhs-study-but-some-may-still-pass-the-virus-on/
http://doi.org/10.1016/S2468-2667(21)00055-4


Viruses 2021, 13, 1911 21 of 22

110. Sabino, E.C.; Buss, L.F.; Carvalho, M.P.S.; Prete, C.A., Jr.; Crispim, M.A.E.; Fraiji, N.A.; Pereira, R.H.M.; Parag, K.V.; da Silva
Peixoto, P.; Kraemer, M.U.G.; et al. Resurgence of COVID-19 in Manaus, Brazil, despite high seroprevalence. Lancet 2021, 397,
452–455. [CrossRef]

111. Taylor, L. Covid-19: Researchers find higher than expected reinfections with P.1 variant among the Brazilian Amazon. BMJ 2021,
373, n1353. [CrossRef]

112. Creech, C.B.; Walker, S.C.; Samuels, R.J. SARS-CoV-2 Vaccines. JAMA 2021, 325, 1318–1320. [CrossRef]
113. Tanriover, M.D.; Doganay, H.L.; Akova, M.; Guner, H.R.; Azap, A.; Akhan, S.; Kose, S.; Erdinc, F.S.; Akalin, E.H.; Tabak, O.F.;

et al. Efficacy and safety of an inactivated whole-virion SARS-CoV-2 vaccine (CoronaVac): Interim results of a double-blind,
randomised, placebo-controlled, phase 3 trial in Turkey. Lancet 2021, 398, 213–222. [CrossRef]

114. Al Kaabi, N.; Zhang, Y.; Xia, S.; Yang, Y.; Al Qahtani, M.M.; Abdulrazzaq, N.; Al Nusair, M.; Hassany, M.; Jawad, J.S.; Abdalla, J.;
et al. Effect of 2 Inactivated SARS-CoV-2 Vaccines on Symptomatic COVID-19 Infection in Adults: A Randomized Clinical Trial.
JAMA 2021, 326, 35–45. [CrossRef]

115. Logunov, D.Y.; Dolzhikova, I.V.; Zubkova, O.V.; Tukhvatulin, A.I.; Shcheblyakov, D.V.; Dzharullaeva, A.S.; Grousova, D.M.;
Erokhova, A.S.; Kovyrshina, A.V.; Botikov, A.G.; et al. Safety and immunogenicity of an rAd26 and rAd5 vector-based
heterologous prime-boost COVID-19 vaccine in two formulations: Two open, non-randomised phase 1/2 studies from Russia.
Lancet 2020, 396, 887–897. [CrossRef]

116. Sadoff, J.; Gray, G.; Vandebosch, A.; Cardenas, V.; Shukarev, G.; Grinsztejn, B.; Goepfert, P.A.; Truyers, C.; Fennema, H.;
Spiessens, B.; et al. Safety and Efficacy of Single-Dose Ad26.COV2.S Vaccine against Covid-19. N. Engl. J. Med. 2021, 384,
2187–2201. [CrossRef]

117. Voysey, M.; Clemens, S.A.C.; Madhi, S.A.; Weckx, L.Y.; Folegatti, P.M.; Aley, P.K.; Angus, B.; Baillie, V.L.; Barnabas, S.L.; Bhorat,
Q.E.; 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. [CrossRef]

118. Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Perez Marc, G.; Moreira, E.D.; Zerbini, C.;
et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [CrossRef] [PubMed]

119. Haas, E.J.; Angulo, F.J.; McLaughlin, J.M.; Anis, E.; Singer, S.R.; Khan, F.; Brooks, N.; Smaja, M.; Mircus, G.; Pan, K.; 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,
1819–1829. [CrossRef]

120. Sahin, U.; Muik, A.; Derhovanessian, E.; Vogler, I.; Kranz, L.M.; Vormehr, M.; Baum, A.; Pascal, K.; Quandt, J.; Maurus, D.; et al.
COVID-19 vaccine BNT162b1 elicits human antibody and TH1 T cell responses. Nature 2020, 586, 594–599. [CrossRef] [PubMed]

121. Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et al.
Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N. Engl. J. Med. 2021, 384, 403–416. [CrossRef] [PubMed]

122. Lombardi, A.; Bozzi, G.; Ungaro, R.; Villa, S.; Castelli, V.; Mangioni, D.; Muscatello, A.; Gori, A.; Bandera, A. Mini Review
Immunological Consequences of Immunization With COVID-19 mRNA Vaccines: Preliminary Results. Front. Immunol. 2021, 12,
657711. [CrossRef]

123. FDA. mRNA-1273 Sponsor Briefing Document Addendum. Vaccines and Related Biological Products Advisory Committee.
Available online: https://www.fda.gov/media/144453/download (acessed on 17 December 2020).

124. Callaway, E.; Mallapaty, S. Novavax offers first evidence that COVID vaccines protect people against variants. Nature 2021,
590, 17. [CrossRef]

125. Shinde, V.; Bhikha, S.; Hoosain, Z.; Archary, M.; Bhorat, Q.; Fairlie, L.; Lalloo, U.; Masilela, M.S.L.; Moodley, D.; Hanley, S.; et al.
Efficacy of NVX-CoV2373 Covid-19 Vaccine against the B.1.351 Variant. N. Engl. J. Med. 2021, 384, 1899–1909. [CrossRef]

126. Nasreen, S.; He, S.; Chung, H.; Brown, K.A.; Gubbay, J.B.; Buchan, S.A.; Wilson, S.E.; Sundaram, M.E.; Fell, D.B.; Chen, B.
Effectiveness of COVID-19 Vaccines against Variants of Concern, Canada. medRxiv 2021. [CrossRef]

127. Hall, V.J.; Foulkes, S.; Saei, A.; Andrews, N.; Oguti, B.; Charlett, A.; Wellington, E.; Stowe, J.; Gillson, N.; Atti, A.; et al. COVID-19
vaccine coverage in health-care workers in England and effectiveness of BNT162b2 mRNA vaccine against infection (SIREN): A
prospective, multicentre, cohort study. Lancet 2021, 397, 1725–1735. [CrossRef]

128. Abu-Raddad, L.J.; Chemaitelly, H.; Butt, A.A.; National Study Group for COVID-19 Vaccination. Effectiveness of the BNT162b2
Covid-19 Vaccine against the B.1.1.7 and B.1.351 Variants. N. Engl. J. Med. 2021, 385, 187–189. [CrossRef] [PubMed]

129. Bernal, J.L.; Andrews, N.; Gower, C.; Gallagher, E.; Simmons, R.; Thelwall, S.; Tessier, E.; Groves, N.; Dabrera, G.; Myers, R.
Effectiveness of COVID-19 vaccines against the B. 1.617. 2 variant. medRxiv 2021.

130. Iacobucci, G. Covid-19: Two doses of Pfizer vaccine are “highly effective” against infection, hospital admission, and death, study
finds. BMJ 2021, 373, n1164. [CrossRef] [PubMed]

131. Hitchings, M.D.T.; Ranzani, O.T.; Scaramuzzini Torres, M.S.; de Oliveira, S.B.; Almiron, M.; Said, R.; Borg, R.; Schulz, W.L.; de
Oliveira, R.D.; da Silva, P.V.; et al. Effectiveness of CoronaVac among healthcare workers in the setting of high SARS-CoV-2
Gamma variant transmission in Manaus, Brazil: A test-negative case-control study. medRxiv 2021. [CrossRef]

132. Mizrahi, B.; Lotan, R.; Kalkstein, N.; Peretz, A.; Perez, G.; Ben-Tov, A.; Chodick, G.; Gazit, S.; Patalon, T. Correlation of SARS-CoV-2
Breakthrough Infections to Time-from-vaccine; Preliminary Study. medRxiv 2021. [CrossRef]

133. Bar-On, Y.M.; Goldberg, Y.; Mandel, M.; Bodenheimer, O.; Freedman, L.; Kalkstein, N.; Mizrahi, B.; Alroy-Preis, S.; Ash, N.;
Milo, R.; et al. BNT162b2 vaccine booster dose protection: A nationwide study from Israel. medRxiv 2021. [CrossRef]

http://doi.org/10.1016/S0140-6736(21)00183-5
http://doi.org/10.1136/bmj.n1353
http://doi.org/10.1001/jama.2021.3199
http://doi.org/10.1016/S0140-6736(21)01429-X
http://doi.org/10.1001/jama.2021.8565
http://doi.org/10.1016/S0140-6736(20)31866-3
http://doi.org/10.1056/NEJMoa2101544
http://doi.org/10.1016/S0140-6736(20)32661-1
http://doi.org/10.1056/NEJMoa2034577
http://www.ncbi.nlm.nih.gov/pubmed/33301246
http://doi.org/10.1016/S0140-6736(21)00947-8
http://doi.org/10.1038/s41586-020-2814-7
http://www.ncbi.nlm.nih.gov/pubmed/32998157
http://doi.org/10.1056/NEJMoa2035389
http://www.ncbi.nlm.nih.gov/pubmed/33378609
http://doi.org/10.3389/fimmu.2021.657711
https://www.fda.gov/media/144453/download
http://doi.org/10.1038/d41586-021-00268-9
http://doi.org/10.1056/NEJMoa2103055
http://doi.org/10.1101/2021.06.28.21259420
http://doi.org/10.1016/S0140-6736(21)00790-X
http://doi.org/10.1056/NEJMc2104974
http://www.ncbi.nlm.nih.gov/pubmed/33951357
http://doi.org/10.1136/bmj.n1164
http://www.ncbi.nlm.nih.gov/pubmed/33952443
http://doi.org/10.1101/2021.04.07.21255081
http://doi.org/10.1101/2021.07.29.21261317
http://doi.org/10.1101/2021.08.27.21262679


Viruses 2021, 13, 1911 22 of 22

134. Tauzin, A.; Nayrac, M.; Benlarbi, M.; Gong, S.Y.; Gasser, R.; Beaudoin-Bussieres, G.; Brassard, N.; Laumaea, A.; Vezina, D.;
Prevost, J.; et al. A single dose of the SARS-CoV-2 vaccine BNT162b2 elicits Fc-mediated antibody effector functions and T cell
responses. Cell Host Microbe 2021, 29, 1137–1150. [CrossRef] [PubMed]

135. Wang, Z.; Schmidt, F.; Weisblum, Y.; Muecksch, F.; Barnes, C.O.; Finkin, S.; Schaefer-Babajew, D.; Cipolla, M.; Gaebler, C.;
Lieberman, J.A.; et al. mRNA vaccine-elicited antibodies to SARS-CoV-2 and circulating variants. Nature 2021, 59, 616–622.
[CrossRef]

136. Lustig, Y.; Nemet, I.; Kliker, L.; Zuckerman, N.; Yishai, R.; Alroy-Preis, S.; Mendelson, E.; Mandelboim, M. Neutralizing Response
against Variants after SARS-CoV-2 Infection and One Dose of BNT162b2. N. Engl. J. Med. 2021, 384, 2453–2454. [CrossRef]
[PubMed]

137. Kardani, K.; Bolhassani, A.; Shahbazi, S. Prime-boost vaccine strategy against viral infections: Mechanisms and benefits. Vaccine
2016, 34, 413–423. [CrossRef]

138. Vaine, M.; Wang, S.; Hackett, A.; Arthos, J.; Lu, S. Antibody responses elicited through homologous or heterologous prime-boost
DNA and protein vaccinations differ in functional activity and avidity. Vaccine 2010, 28, 2999–3007. [CrossRef] [PubMed]

139. Wang, S.; Parker, C.; Taaffe, J.; Solorzano, A.; Garcia-Sastre, A.; Lu, S. Heterologous HA DNA vaccine prime–inactivated influenza
vaccine boost is more effective than using DNA or inactivated vaccine alone in eliciting antibody responses against H1 or H3
serotype influenza viruses. Vaccine 2008, 26, 3626–3633. [CrossRef] [PubMed]

140. Levine, M.Z.; Holiday, C.; Jefferson, S.; Gross, F.L.; Liu, F.; Li, S.; Friel, D.; Boutet, P.; Innis, B.L.; Mallett, C.P.; et al. Heterologous
prime-boost with A(H5N1) pandemic influenza vaccines induces broader cross-clade antibody responses than homologous
prime-boost. NPJ Vaccines 2019, 4, 22. [CrossRef] [PubMed]

141. Liu, X.; Shaw, R.H.; Stuart, A.S.V.; Greenland, M.; Aley, P.K.; Andrews, N.J.; Cameron, J.C.; Charlton, S.; Clutterbuck, E.A.;
Collins, A.M.; 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, 856–869.
[CrossRef]

142. Mahase, E. Covid-19: Moderna and Novavax vaccines to be tested in mixing vaccines trial. BMJ 2021, 373, n971. [CrossRef]
143. Borobia, A.M.; Carcas, A.J.; Perez-Olmeda, M.; Castano, L.; Bertran, M.J.; Garcia-Perez, J.; Campins, M.; Portoles, A.; Gonzalez-

Perez, M.; Garcia Morales, M.T.; 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, 121–130. [CrossRef]

144. Hillus, D.; Schwarz, T.; Tober-Lau, P.; Vanshylla, K.; Hastor, H.; Thibeault, C.; Jentzsch, S.; Helbig, E.T.; Lippert, L.J.; Tscheak, P.;
et al. Safety, reactogenicity, and immunogenicity of homologous and heterologous prime-boost immunisation with ChAdOx1
nCoV-19 and BNT162b2: A prospective cohort study. Lancet Respir. Med. 2021. [CrossRef]

145. Wu, K.; Choi, A.; Koch, M.; Ma, L.; Hill, A.; Nunna, N.; Huang, W.; Oestreicher, J.; Colpitts, T.; Bennett, H.; et al. Preliminary
Analysis of Safety and Immunogenicity of a SARS-CoV-2 Variant Vaccine Booster. medRxiv 2021. [CrossRef]

146. Wu, K.; Choi, A.; Koch, M.; Elbashir, S.; Ma, L.; Lee, D.; Woods, A.; Henry, C.; Palandjian, C.; Hill, A.; et al. Variant SARS-CoV-2
mRNA vaccines confer broad neutralization as primary or booster series in mice. bioRxiv 2021. [CrossRef]

147. He, Q.; Mao, Q.; An, C.; Zhang, J.; Gao, F.; Bian, L.; Li, C.; Liang, Z.; Xu, M.; Wang, J. Heterologous prime-boost: Breaking the
protective immune response bottleneck of COVID-19 vaccine candidates. Emerg. Microbes. Infect. 2021, 10, 629–637. [CrossRef]

http://doi.org/10.1016/j.chom.2021.06.001
http://www.ncbi.nlm.nih.gov/pubmed/34133950
http://doi.org/10.1038/s41586-021-03324-6
http://doi.org/10.1056/NEJMc2104036
http://www.ncbi.nlm.nih.gov/pubmed/33826815
http://doi.org/10.1016/j.vaccine.2015.11.062
http://doi.org/10.1016/j.vaccine.2010.02.006
http://www.ncbi.nlm.nih.gov/pubmed/20170767
http://doi.org/10.1016/j.vaccine.2008.04.073
http://www.ncbi.nlm.nih.gov/pubmed/18538900
http://doi.org/10.1038/s41541-019-0114-8
http://www.ncbi.nlm.nih.gov/pubmed/31149353
http://doi.org/10.1016/S0140-6736(21)01694-9
http://doi.org/10.1136/bmj.n971
http://doi.org/10.1016/S0140-6736(21)01420-3
http://doi.org/10.1016/S2213-2600(21)00357-X
http://doi.org/10.1101/2021.05.05.21256716
http://doi.org/10.1101/2021.04.13.439482
http://doi.org/10.1080/22221751.2021.1902245

	Background about COVID-19 
	Genome of SARS-CoV-2 
	Entry of Virus into Host Cells 
	Adaptive Immune Response: Protection vs. Severe Disease 
	Adaptive Immune Responses in Asymptomatic, Mild, and Severe Cases of COVID-19 
	Recent Emergence of Variants and the Theories around the Emergence of New Variants 
	SARS-CoV-2 Variants of Concern (VOC) 
	The Effect of the Mutations on the Structure and Function of the SARS-CoV-2 Spike Protein 
	Efficacy of Immunity from Prior Infection against SARS-CoV-2 Variants of Concern 
	Currently Available Vaccines and Their Efficacy 
	The Efficacy and Effectiveness of the Vaccines against Variants of Concern 
	The Neutralising Activity of Post-Vaccine Sera against VOCs 
	Heterologous Prime-Boost Vaccination and Variants of Concern 
	Conclusions 
	References

