
The causative factor of COVID-19, severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) is continuously mu-
tating. Interestingly, identified mutations mainly occur in 
the spike (S) protein which interacts with the ACE2 receptor 
and is cleaved via serine protease TMPRSS2. Some mutated 
strains are becoming dominant in various parts of the globe 
because of increased transmissibility as well as cell entry ef-
ficacy. Remarkably, the neutralizing activity of monoclonal 
antibodies, convalescent sera, and vaccines against the variants 
has been reported to be significantly reduced. Therefore, the 
efficacy of various monoclonal antibodies therapy and vac-
cines against these variants is becoming a great global con-
cern. We herein summarize the current status of SARS-CoV- 
2 with gears shifted towards the recent and most common 
genetic variants in relation to transmission, neutralizing ac-
tivity, and vaccine efficacy.
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Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV-2) is the causative agent of the COVID-19 pandemic, 
that poses an overwhelming threat on global health systems 
alongside a notable mortality (Han et al., 2020). COVID-19 
generally manifests via symptoms such as fever, cough, chest 
discomfort, fatigue, anosmia, abdominal pain and in severe 
cases dyspnea, and bilateral lung infiltration (Gralinski and 
Menachery, 2020; Young et al., 2020). SARS-CoV-2 which be-
longs to the beta-coronavirus genus, is a single-stranded, po-

sitive-sense RNA virus harboring four main structural pro-
teins; Spike (S), envelope (E), membrane (M), and nucleo-
capsid (N) as well as several non-structural proteins (Chan 
et al., 2020). The genetic proofreading mechanism present 
in SARS-CoV-2 but not in other RNA viruses, has not pre-
served it from genomic mutation. This genomic mutation 
could be due to natural evolution and/or immune selection 
pressure (Song et al., 2005; Sevajol et al., 2014; Koyama et al., 
2020; Ou et al., 2021). Hence, numerous SARS-CoV-2 variants 
have emerged and have been classified by various nomen-
clature systems including WHO, Nextstrain, Pango, and 
GISAID (Table 1). For example, according to the latter no-
menclature system, SARS-CoV-2 variants are classified within 
eight major clades (L, S, V, G, GH, GR, GV, and GRY) based 
on the mutation sites of their genome. Among them, the G 
clade harboring the D614G mutation of S protein, which is 
recognized as the largest clade has three subclades namely 
GH, GV, and GR evolving into GRY associated with it (Mer-
catelli and Giorgi, 2020; Hamed et al., 2021; Sengupta et al., 
2021). The G clade especially has been reported with signi-
ficantly higher infectivity and transmissibility due to various 
mutations in the S protein (Ozono et al., 2021).
  The S protein is incorporated into the viral envelope and 
facilitates viral entry into the host cells. The S protein binds 
to the angiotensin converting enzyme 2 (ACE2) and is acti-
vated via proteolytic cleavage by host proteases TMPRSS2 
near the junction around its S1 and S2 domains (Shang et al., 
2020). Indeed, the S protein consists of two functional sub-
units S1 and S2, which are responsible for cellular receptor 
binding and fusion of viral envelope with cellular membrane 
respectively (Shang et al., 2020; Walls et al., 2020; Ali et al., 
2021). Since the S protein is critical for viral entry, muta-
tions in the S protein have a powerful influence on the in-
fectivity, transmissibility, and pathogenesis. Since the current 
vaccines target the ancestor strain of SARS-CoV-2, the effect 
of these vaccines on the new variants is now questionable. 
Owing to end the COVID19 pandemic, the development of 
novel strategies is urgently needed. We therefore in this brief 
review summarize current knowledge of SARS-CoV-2 with 
respect to dominant genetic variations in relation to trans-
mission, neutralization, and vaccine strategies.

Life Cycle

The SARS-CoV-2 consists of ten or more open reading frames 
(ORFs) encoding 29 proteins (Li et al., 2020). Among them 
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as mentioned earlier is the S protein, a homotrimeric gly-
coprotein that consists of two distinct subunits (S1 and S2) 
(Sternberg and Naujokat, 2020). The S1 subunit contains the 
receptor-binding domain (RBD) which is exposed transiently 
via conformational change after cleavage between S1 and 
S2, leading to interaction with ACE2 receptor (Juraszek et 
al., 2021). Notably, the polybasic furin cleavage site at S1/S2 
junction of the SARS-CoV-2 was demonstrated to allow for 
this conformational arrangement of the S protein, enabling 
it to bind the ACE2 receptor with higher affinity compared 
to SARS-CoV-2 S protein (Coutard et al., 2020). The S2 sub-
unit likely occurs membrane fusion process between the vi-
ral and host membrane. Hence, initial S protein priming de-
pends on TMPRSS2 and is critical for entry of SARS-CoV-2. 
In line with this point of view, Bestle et al. (2020) demon-
strated that inhibition of either TMPRSS2 or furin activity 
via MI-432 or MI-1851 inhibitors respectively, strongly sup-
presses replication efficacy of SARS-CoV-2. These results sug-
gest both proteases have crucial roles in life cycle of SARS- 
CoV-2 and are possible targets for these compounds against 
COVID-19 (Bestle et al., 2020). In the other hand, apart from 
receptor mediated endocytosis, SARS-CoV-2 uses clathrin- 
mediated endocytosis. After endocytosis, the S protein is ac-
tivated by action of furin and cathepsin B/L (CatB/L) pro-
teases, thus allowing for viral-endosomal membrane fusion 
and later viral RNA release into the cytoplasm (Bestle et al., 
2020). Studies have demonstrated that inhibitors of clathrin- 
mediated endocytosis reduce viral internalization and as such 
would be potential therapeutic target. For instance, in a study 
conducted by Bayati et al. (2021) endocytosis of SARS-CoV-2 
S protein was reduced when HEK-293T cells stably expre-
ssing ACE2 were exposed to two inhibitors; Dynasore and 
Pitstop2. Dynasore blocks the GTPase dynamin that drives 
the fission of clathrin-coated pits from the plasma membrane 
while Pitstop 2 prevents clathrin heavy chain from interac-
ting with adaptor proteins required for clathrin-coated pit 
formation (Macia et al., 2006; von Kleist et al., 2011). Taken 
together, the importance of host proteases which are involved 
in entry steps of SARS-CoV-2 have gotten attention as po-
tential therapeutic targets to cure COVID-19 (Coutard et 
al., 2020).
  Once SARS-CoV-2 releases its genome into the cytoplasm, 
the replicative cycle starts with translation of ORF1a and 
ORF1ab from the genomic RNA. These ORFs produce two 

polyproteins, pp1a and pp1ab, which by the action of viral 
proteases are split into 16 nonstructural proteins (NSPs). 
These NSPs, mainly NSP3 and NSP4 induce the formation 
of double membrane vesicles (DMVs) which appear to play 
a role as replication-transcription complexes (RTCs), car-
rying out synthesis of genomic viral RNA (Wang et al., 2020; 
Wong et al., 2021). NSPs also encompass critical roles for 
viral genome replication. For instances, NSP12 acts as an 
RNA dependent RNA polymerase (RdRp), NSP8-NSP7 as 
processivity clamp for RNA polymerase, NSP13 as a helicase, 
and NSP9 as a single-strand RNA-binding protein (Ivanov 
et al., 2004; Kirchdoerfer and Ward, 2019). The mRNAs of 
structural proteins the S, E, and M undergo translation via 
the ribosomes on the endoplasmic reticulum (ER) to produce 
the corresponding proteins, which are subsequently trans-
ported to the Golgi apparatus for virion assembly. The ma-
ture virus particles are produced in the endoplasmic retic-
ulum-Golgi intermediate compartment (ERGIC) by the as-
sociation with nucleocapsid (Masters, 2006; Fehr and Perl-
man, 2015; Astuti and Ysrafil, 2020). The viral nucleocapsid 
(also called the vRNP which is composed of RNA together 
with N protein) is synthesized in the cytoplasm and trans-
ported to the ERGIC for virus particle production (Fehr and 
Perlman, 2015). The N protein then catalyzes the formation 
of premature virus particles with E and M proteins form-
ing the envelope that will enclose the vRNP leading to viral 
envelopment. Finally, the S proteins are incorporated into 
the virion and these progeny viruses are then transported to 
the cell membrane in vesicles for release by exocytosis (Poduri 
et al., 2020).

Pathogenesis and Transmission

SARS-CoV-2 infection primarily targeting the lungs leads 
to ACE2 downregulation and deficiency, subsequently caus-
ing an imbalance in the renin angiotensin system (RAS) 
(Vaduganathan et al., 2020). ACE2 regulates the RAS and a 
disruption in its functioning can lead to inflammation as 
observed in SARS-CoV-2 patients (Tay et al., 2020). The de-
stabilization in the RAS occurs high angiotensin II plasma 
level and TNF-α overproduction, which contribute to in-
flammation. All these events characterize the pulmonary 
clinical phase of the disease (Glowacka et al., 2010). This pul-

Table 1. The notable variants of SARS-CoV-2 and clinical differences

Pango lineages Nextstrain 
clade

GISAID 
clade WHO label Potential origin (first 

documented sample) Notable S mutation Effect of variant clinically

B.1.1.7 20I (V1) GRY Alpha (α) UK 69/70 del, N501Y, P681H
Higher transmissibility (~70%) and lethality 
(~60%). Moderate decrease of neutralization 
efficiency

B.1.351 20H (V2) GH/501Y.V2 Beta (β) South Africa K417N, E484K, N501Y Higher transmissibility (20–113%), significant 
mAb neutralization efficiency reduction

B.1.617.1 21B G/452R.V3 Kappa (κ)
India L452R, E484Q, P681R Reduction in neutralization efficiency

B.1.617.2 20J (V3) GR/501Y.V3 Delta (δ)

B.1.1.284 (P.1) 21A G/478K.V1 Gamma (γ) Brazil K417T, E484K, N501Y
Higher transmissibility (~161%) and increased 
lethality (~80%) and reduction in 
neutralization efficiency

B.1.427
21C GH/452R.V1 Epsilon (ε) USA S13I, W152C, L452R Higher transmissibility (~20%) and moderate 

reduction in neutralization efficiencyB.1.429
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monary phase is followed by the proinflammatory phase in 
which the immune system recognizes the viral antigens. These 
antigens are processed and presented to both natural killer 
(NK) cells and CD8-positive cytotoxic T-cells. This leads to 
the activation of both the innate and adaptive immunity, 
thereby triggering the production of large amounts of pro- 
inflammatory cytokines and chemokines (Coperchini et 
al., 2020; Picchianti Diamanti et al., 2020; Ragab et al., 2020; 
Gao et al., 2021). Lymphopenia that results from SARS-CoV- 
2 infection can further exacerbate this cytokine production 
in the course of immune compensation (Fathi and Rezaei, 
2020; Market et al., 2020). This massive cytokine production 
and release into blood results in a cytokine storm, causing 
the prothrombic phase its thrombotic tendency, multi-or-
gan failure, and eventually death (Li et al., 2020; Lippi et al., 
2020). Many studies portray the elder age group usually above 
55 years to be more vulnerable to infection, thus at a higher 
risk of developing severe illness than the younger age group 
(Chakravarty et al., 2020; Nikolich-Zugich et al., 2020). For 
instance, when the young and middle-aged patients were com-
pared to patients older than 65 years, the latter presented more 
severe symptoms such as elevated inflammation indices and 
lymphocytopenia (Yang et al., 2020). Another study during 
its investigating of 17 acute and 24 convalescent patients found 
that, patients older than 55 years had reduced production ca-
pacities of cytokines like IFN-γ and IL-2 by CD4+ and CD8+ 
T-cells. In addition, their T-cell activation by dendritic cells 
was impaired (Zhou et al., 2020). These results tend to agree 
with the high morbidity and mortality observed in the elderly. 

The fact that immunological response to infection reduces 
with ageing, suggests that elderly age group may be more 
prone to infection by SARS-CoV-2 compared to the younger 
age groups.
  The cellular tropism of SARS-CoV-2 and its detection in 
various tissues and organs can be accounted for by the ex-
pression of ACE2 receptors on a wide range of cells given 
its importance in normal cell physiology (Gao and Zhang, 
2020; Gheblawi et al., 2020; Hui et al., 2020). The huge num-
ber of infected individuals and the high viral load produced 
during each infection offer opportunities for SARS-CoV-2 
mutations to arise through immune selection especially with 
increasing population immunity. As a result of immune se-
lection pressure, viral adaptation via mutation majorly in the 
S protein has allowed for major variants to show notable 
transmission improvements (Luan et al., 2021). Along with 
the predominant variant D614G mentioned earlier, the var-
iants of concerns (VOC) B.1.1.7, B.1.351, and B.1.1.248 (also 
known as P.1) have been reported to spread faster and are 
gaining ground across the globe (Abdool Karim and de Oli-
veira, 2021; La Rosa et al., 2021). All three of these variants 
have a common mutation (N501Y) in the RBD of the S pro-
tein. This mutation is responsible for the increase transmissi-
bility of the mutants compared to that of the Wuhan strain 
(Boehm et al., 2021; Luan et al., 2021). Apart from the com-
mon mutation N501Y, the B.1.351, and B.1.1.248 variants 
have two additional mutations (E484K with K417N and E484K 
with K417T, respectively) in their S protein (Wibmer et al., 
2021; Zhou et al., 2021). The pseudotyped virus bearing the 

Fig. 1. Spike protein domain showing various variant mutations. This figure illustrates the S mutations of the major variants designated by various shapes 
as described by the legend. The mutations of which influence transmission or infectivity are represented by sharp or star signs; N-terminal domain (NTD), 
receptor-binding domain (RBD), subdomain 1 and 2 (SD1&2), fusion peptide (FP), heptad repeat 1 and 2 (HR1&2), central helix (CH), connector domain 
(CD), and cytoplasmic tail (CT).
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B.1.351 S mutations was shown to have a higher transmissi-
bility and infectivity compared to N501Y bearing pseudotyped 
virus. This could be explained by the drastically enhanced 
cell-cell fusion observed in Vero cells infected with the pseu-
dotyped virus bearing the B.1.351 mutations (Kim et al., 
2021). In addition, the E484K mutation found in the B.1.351 
variant has equally been reported to increase binding affin-
ity between the S protein and its receptor ACE2. In effect, 
the E484K mutation was reported to result in favorable elec-
trostatic interactions, compensating the burial of the charged 
and polar groups upon binding of RBD with hACE2. This 
compensation in turn significantly improves the RBD-hACE2 
binding affinity (Wang et al., 2021b). While the E484K mu-
tation enhances binding of the S protein to its receptor, it 
reduces binding of neutralization antibodies. Reduced bind-
ing affinity of the neutralization antibodies allows for immune 
escape which contributes to increased transmissibility of var-
iants bearing this mutation (Collier et al., 2021; Faria et al., 
2021; Zhou et al., 2021). The recently reported California 
variants B.1.427 and B.1.429 bearing the S mutations S13I, 
W152C, and L452R were demonstrated to have 18.6–24% 
increase in transmissibility relative to wild type (WT) strain. 
A 2-fold increase in infectivity was observed when 293T 
cell cultures and lung organoids stably expressing ACE2 
were infected with L452R pseudotyped virus compared to 
WT. In addition, viral shedding was increased by 2-fold in 
vivo (Deng et al., 2021). In effect, the L452R mutation has 
been demonstrated to directly connect to the ACE2 receptor 
(Chen et al., 2020). However, in the case of the L452R S mu-
tation, its location in the hydrophobic patch of the S-RBD 
may cause some conformational changes of the S protein 
thereby stabilizing its interaction with the receptor, which 
in turn may lead to increased infectivity (Motozono et al., 
2021). The recently trending variants B.1.617 and B.1.618 
have shown rapid spread in some parts of the globe. The 
B.1.617 variant designated as a VOC possesses the mutations 
L452R, E484Q, and P681R in the S protein while the B.1.618 
assigned as variant of interest possesses the mutations Δ145- 
146, E484K, and D614G in S protein (Tada et al., 2021). The 
E484Q mutation in the S RBD of B.1.617 variant is the tar-
get of neutralizing antibodies similar to the E484K mutation 
in the B.1.351, B.1.1.248, and B.1.618 variants. The B.1.617- 
L452R mutation identifies with the L452R mutation in the 
B.1.427 and B.1.429 variants (Deng et al., 2021; Singh et al., 
2021). The P681R mutation in the B.1.617 lineage is found 
in the polybasic cleavage site region of its S protein and may 
enhance processing by host proteases which results in a 
greater viral load and potential increased transmission. The 
P681R mutation has been reported to increase syncytia for-
mation and as such may account for the increased patho-
genesis that was observed in a prior study using hamster mo-
del (Mlcochova et al., 2021; Yadav et al., 2021). However, no 
basic evidence of this increased pathogenicity has yet been 
found in the human setting. The arising of all these variants 
with various mutations in their S protein (Fig. 1) without 
out-looking the future ones, calls for more surveillance and 
particularly more consideration for the elaboration of vac-
cines given their major target is the S protein of the WT 
strain.

Monoclonal Antibodies Therapy

Monoclonal antibodies (mAbs) are copies of an antibody 
that targets one specific antigen. Monoclonal antibodies are 
mostly used for therapy as they enter the bloodstream imme-
diately after injection and provide rapid protection thus, can 
be applied to all individuals. Patients infected with COVID-19 
have been shown to generate antibodies that can neutralize 
the infection (Jiang et al., 2020; Garcia-Beltran et al., 2021). 
The neutralizing activity of COVID-19 patients’ plasma was 
correlated with the magnitude of antibody responses to SARS- 
CoV-2 S and N proteins (Post et al., 2020). To this effect, 
mAbs have been developed majorly against the S protein of 
SARS-CoV-2 owing to prevent SARS-CoV-2 infection and 
limit advancement to severe disease in patients with mild to 
moderate conditions (Lloyd et al., 2021). Disease progression 
is limited particularly in those who have not yet developed 
an endogenous antibody response (Weinreich et al., 2021). 
Towards this goal, most commercial mAbs have been devel-
oped against S protein especially its immunodominant epi-
topes including RBD, RBM (receptor binding motif), and 
NTD (N-terminal domain) (Hansen et al., 2020; McCallum 
et al., 2021b; Min and Sun, 2021). One of the FDA authorized 
mAb is Bamlanivimab (also known as LY-CoV555) spon-
sored by AbCellera/Eli Lilly Company. Bamlanivimab binds 
to the S protein RBD, blocking it from binding to ACE2 re-
ceptor thereby preventing viral attachment to host cell (De-
Francesco, 2021). The efficacy of Bamlanivimab was shown 
by a phase 2 trial involving 465 outpatients diagnosed with 
mild or moderate COVID-19. The patients received a single 
intravenous infusion of Bamlanivimab as monotherapy, re-
sulting to 99.97% elimination of viral RNA load 11 days post- 
administration (Mahase, 2020; Liu et al., 2021c). Bamlani-
vimab also showed an efficient neutralization of the SARS- 
CoV-2 variant B.1.1.7 (Widera et al., 2021). In a panel of S 
protein RBD mAbs against B.1.1.7, the neutralizing activity 
was complete for some mAbs (DH1041, DH1043, DH1047, 
and P2B-2F6) and partially inhibited for other mAbs (COVA1- 
18, COVA2-15, S309, and to a lesser extent, B38). The authors 
after modeling the N501Y mutation with mAb B38, observed 
a hindrance between the Y501 residue in S protein and S30 
residue in B38 mAb. The observed hindrance between both 
residues suggests the resistance to the mAb is due to the mu-
tation at the N501 of S protein (Shen et al., 2021). Therefore, 
the B.1.1.7 variant may show some reduced neutralization 
however its immune escape potential is still benign.
  Contrarily to B.1.1.7, the B.1.351 variant was reported to be 
resistant to most antibodies due to the E484K mutation in 
RBD of its S protein (Greaney et al., 2021; Wang et al., 2021c). 
Notably, the E484K mutation is demonstrated by mounting 
data to be responsible for the immune escape of all variants 
that bear it (Huang et al., 2021; Wang et al., 2021c). In a study, 
the binding affinity of a double mutated S protein (484 K/ 
501Y-RBD) compared to WT S protein was increased. The 
double mutated S protein was generated by introducing the 
E484K mutation in the S gene bearing only N501Y-RBD mu-
tation. Interestingly, binding of this double mutated S protein 
to Bamlanivimab in vitro was completely abolished implying 
resistance to neutralization (Liu et al., 2021c). Structural mo-
deling suggests the resistance is due to loss of the three salt 
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bridges that form between E484 and Bamlanivimab upon 
E484K mutation (Liu et al., 2021c). Concomitantly, another 
study reported the resistance of B.1.351 variant to most po-
tent tested NTD mAbs and RBM mAbs including Bamlani-
vimab (Wang et al., 2021c). The resistance observed against 
the NTD mAbs was accounted for by the deletions of amino 
acid residues 242–244 and/or the R246I mutation all found in 
the NTD of the S protein. A recent study wherein the B.1.1.248 
variant strain was exposed to RBD mAbs, then incubated 
with Vero cells, reported its markedly refractory character 
to Bamlanivimab (LY-CoV555), Etesevimab (CB6), potent 
RBM-mAbs 2-15, and C121 antibodies (Wang et al., 2021a). 
This refractory character would likely be as a result of the 
E484K mutation responsible for immune escape.
  REGN-COV2 cocktail (consisting of Casirivimab [REGN-
10933] and Imdevimab [REGN10987] in equal doses) was 
reported to enhance viral clearance especially in patients 
with high viral load baseline. In this study, 269 outpatients 
were either given a placebo or REGN-COV2 in three groups 
with low doses group, high doses group, or combined group. 
The high dose group benefited the most with least-squares 
mean of -0.56 log10 copies per ml 7 days post-vaccination. 
In addition, the mean reduction viral load was two-fold gre-
ater among patients with mAbs than patients with placebo 
(Weinreich et al., 2021). Pseudotyped viruses bearing muta-
tions of B.1.1.7 and B.1.351 variants, demonstrated resistance 
to Casirivimab antibodies but were completely neutralized 
by the REGN-COV2 cocktail (Weinreich et al., 2021). Wang 
et al. (2021a) evaluated the sensitivity of B.1.351 variant to 
Casirivimab and Imdevimab along with ACE2-Ig antibodies 
(developed in their previous study). This variant demonstrated 
resistance to all Regeneron antibodies but was sensitive to 
ACE2-Ig antibodies, suggesting a potential therapeutic candi-
date against SARS-CoV-2 and its variants (Wang et al., 2021a). 
Structural analysis data revealed that the E484K mutation in 
B.1.351 variant is located on the binding sites of the Regen-
eron mAbs. This prevents the mAbs from binding thereby 
explaining the observed resistance (Wang et al., 2021a). In 
effect, the E484 residue would normally form hydrogen bonds 
with monoclonal antibodies that target the RBM. Upon mu-
tation, E484K causes steric clashes and charge change at anti-
body-binding sites, thus abolishing binding by the RBM- 
mAbs. Interestingly, B.1.351 lineage pseudotyped viruses 
were partially neutralized by Casirivimab but effectively by 
Imdevimab using pseudotyped virus-based neutralization 
assay (Kim et al., 2021). This result supports the possible neu-
tralization of B.1.351 variant by some mAbs originally di-
rected against SARS-CoV-2 S protein. Therefore, the cur-
rent mAbs directed against the S protein (WT) can be effec-
tive against the emerging variants. In a recently published 
study, the B.1.1.248 variant and its pseudotyped viruses mar-
kedly abolished the neutralizing activity of Casirivimab but 
showed sensitive to Imdevimab (Wang et al., 2021a). Similar 
to the B.1.351 variant, the neutralizing activity of Casirivimab 
was inhibited when inoculated together with pseudotyped 
viruses bearing the B.1.1.248 mutations into Vero cells. This 
inhibition can be attributed to its E484K mutation, respon-
sible for immune escape against antibodies (Hoffmann et al., 
2021a). Hence, the E484k mutation clearly stands out as a 
warranted mutation highlighted by the resistance demon-

strated to Casirivimab by both B.1.351 and B.1.1.248 variants 
which bear the E484k mutation.
  Recently, from a panel of 377 neutralization monoclonal 
antibodies (NmAbs) generated from SARS-CoV-2-recovered 
individuals, 20 most potent NmAbs binding to nineteen RBD 
and one NTD were exposed to pseudotyped lentivirus bear-
ing the B.1.617.1 variant mutations and to a live viral isolate 
of B.1.617.2. Compared to WT-Victoria isolate, both B.1.617.1 
pseudotyped virus and live isolate B.1.617.2 showed a 5-fold 
reduction in neutralization titers measured using FRNT50 (fo-
cus reduction neutralization test 50). Interestingly, B.1.617.2 
completely inhibited the neutralizing activity of NTD NmAb 
(mAb 159) but showed increased sensitivity to mAb 253, hence 
warning for further investigations (Liu et al., 2021a). When 
pseudotyped viruses bearing B.1.617 S protein, were exposed 
to Casirivimab and Imdevimab, IC50 of neutralization titers 
were reduced by 20-fold and 3-fold respectively (Tada et al., 
2021). A similar result was observed with pseudotyped virus 
bearing the E484K mutation upon exposure to Casirivimab. 
This result further confirms the immune-escape function of 
the E484K mutation, thus suggesting less protection against 
the B.1.617 variant. Concomitantly, another study showed 
that the inhibition of B.1.617 S protein-mediated entry into 
host was diminished by Casirivimab and Etsevimab but was 
total by Imdevimab. However, Bamlanivimab failed to inhibit 
its entry completely (Hoffmann et al., 2021b). Another study 
conducted by Planas et al. (2021) reported the resistance of 
B.1.617.2 to neutralization by NTD and RBD mAbs includ-
ing Bamlanivimab, possibly as a consequence of its muta-
tions. Conversely to B.1.617 variant, the B.1.618 variant in 
this study, did not affect the neutralization titers when ex-
posed to the same mAbs (Tada et al., 2021). When pseudo-
typed viruses bearing the B.1.617 S mutations were exposed 
to cocktails of Casirivimab plus Imdevimab and Bamlani-
vimab plus Etesevimab, their host cell entry driven by the S 
protein was less efficiently inhibited by the latter cocktail and 
completely inhibited by the former (Hoffmann et al., 2021b). 
Overall, the various studies point out the reduced activity 
of neutralization against the variants indicating their resist-
ance and therefore warns for serious intervention in the de-
velopment of broader protective neutralization antibodies.
  A combined therapy of Etesevimab and Bamlanivimab was 
administered to 577 patients in a randomized phase 2/3 study 
and a significant reduction in viral load was reported com-
pared to the placebo group (Gottlieb et al., 2021). The efficacy 
of the monoclonal cocktail therapy REGN-COV2, which bind 
to the non-overlapping epitopes of S protein RBD, was tested 
and reported to be effective on COVID-19 patients with mild 
to moderate symptoms. Indeed, significant virus reductions 
were observed within 28 days of administration (US FDA, 
2020). This result was corroborated by another study of phase 
1/2 trials with 275 patients in which improved antibody ef-
ficacy was demonstrated in patients with high viral load and 
uninitiated endogenous immune responses (Weinreich et al., 
2021). The observed output from the use of cocktail therapy 
or antibodies in combination uplifts and encourages while 
endowing us with a present way of slowing down the pan-
demic. However, we still observe a reduction in neutraliza-
tion efficacy of the antibodies against the emerging variants. 
This cautions against the all-inclusive use of monoclonal anti-
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bodies and urges a need to re-consider the spectrum of action 
of various neutralizing antibodies that are being developed.
  Apart from neutralizing antibodies, mounting studies re-
port the reduced neutralizing activity of convalescent sera 
(which contain endogenous antibodies) against the variants 
(Collier et al., 2021; Shen et al., 2021; Supasa et al., 2021). For 
instance, Shen et al. (2021) tested sera from 1–8 weeks post 
resolution of COVID-19 against B.1.1.7 variant and ob-
served a 1.5-fold decrease in ID50 and ID80 neutralizing titers. 
Similarly, another study reported modest reduction in neu-
tralizing titers of convalescent plasma from SARS-CoV-2 
WT-infected patients (Collier et al., 2021). Contrarily to this 
study, Cele et al. (2021) reported the effective neutraliza-
tion of the B.1.351 variant using convalescent serum from a 
patient infected with B.1.351 variant. A month post symp-
tom onset, plasma was collected from 14 patients infected 
with non-B.1.351variants from the first South African infec-
tion wave (Cele et al., 2021; Wibmer et al., 2021). Sequencing 
result of one of the 14 samples revealed the presence of E484K 
mutation. The observed effective neutralization of B.1.351- 
elicuted serum suggest the possible use of variant sequence- 
based vaccines albeit the one sample result. Pseudotyped vi-
ruses with B.1.617 and B.1.618 S protein when exposed to 
convalescent sera from patients infected with WT SARS-CoV- 
2, showed a 2.3-fold and 2.8-fold resistance to neutraliza-
tion compared to viruses with S (WT) protein respectively 
(Tada et al., 2021). Recently, a study reported protection from 
B.1.1.7-convalescent sera against B.1.617.2 to be more plau-
sible compared to B.1.351 and B.1.1.248-convalescent sera. 
Sera was collected from individuals infected with B.1.1.7, 
B.1.351, and B.1.1.248 in UK, South Africa, and Brazil res-
pectively. The neutralization activity of these sera was tested 
against the B.1.617.2 native virus, B.1.617.1 pseudoviruses, 
and the Victoria isolate WT strain. Reduced neutralization 
titers were observed for all tested variants, compared to WT. 
However, the B.1.1.7-convalsecent sera compared to other 
sera gave some level of cross-protection against infection 
by both B.1.617.1 and B.1.617.2 variants. This suggests that 
individuals infected with B.1.351 and B.1.1.248 variants 
may be at risk of reinfection with B.1.617.2 variant com-
pared to individuals infected with B.1.1.7 variant (Liu et al., 
2021a).
  As the search for neutralizing antibodies quickly arose to 
retaliate against the pandemic, due to the drastic immune 
reactions observed in the lung tissues together with the cyto-
kine storm syndrome, some focus was given to repurposing 
and testing antiviral drugs found to have antiviral activity 
in cell culture experiments (Kiani et al., 2021). Cytokines with 
known antiviral effect including interferons were also eval-
uated (Haji Abdolvahab et al., 2021). With the urgency of the 
pandemic, early efforts were also focused on testing already 
known antiviral drugs against COVID-19. A large number of 
these drugs including chloroquine, ribavirin, interferons, and 
lopinavir/ritonavir were found to have some antiviral ac-
tivity against SARS-CoV-2 (Cao et al., 2020; Gautret et al., 
2020; Khalili et al., 2020; Haji Abdolvahab et al., 2021). The 
pharmaceutical establishments unleashed an unprecedented 
effort to find safe and effective treatment strategies against 
this pandemic and within a year, the antiviral drug, remdesivir 
was approved and authorized by the FDA to be used as treat-

ment against COVID-19 (Eastman et al., 2020). Moreover, 
in their recent study using pseudotyped viruses, Hoffmann 
et al. (2021a) showed that the entry of all variants into human 
cells is susceptible to inhibition by entry inhibitors including 
soluble ACE2, Camostat, EK-1, and EK-1-C4. This result was 
equally obtained for B.1.617 pseudotyped viruses whose entry 
into Caco-2 cell was blocked by soluble ACE2 and Camostat 
similar to WT pseudotyped viruses (Hoffmann et al., 2021b). 
Therefore, alongside the use of neutralizing antibodies and 
vaccines, inhibitors targeting the RBD and proteolytic acti-
vation of the S protein can be used.

Vaccine

Ideally, retaliating against a viral infection will entail produc-
tion of effective neutralizing antibodies that could be pro-
duced by patient or mAbs as discussed above. It is greatly im-
portant that the non-infected population which are potential 
targets to SARS-CoV-2 virus be immunized via vaccination 
in order to limit, eventually halt the spreading of the virus. 
Upon publication of SARS-CoV-2 genome sequence, re-
searchers and companies set out to quickly develop a vaccine 
against this virus (Poland et al., 2020; Kyriakidis et al., 2021). 
As depicted in literature, the main routes pursued involve the 
use of viral antigens as vaccines for induction of neutralizing 
antibodies, mostly against the S protein to preventing infec-
tion (Krammer, 2020). Another route involves the use of vac-
cine strategies to favor induction of T-cell mediated immune 
responses and finally vaccine strategies making use of whole 
virus particles route (attenuated or inactivated) to induce 
broader polyclonal responses against several viral antigens 
(Jeyanathan et al., 2020; Kyriakidis et al., 2021). The elucida-
tion of immune responses against the virus has allowed for 
the development of vaccine strategies which include nucleic 
acid (RNA based) vaccines, non-replicating virus vector, in-
activated pathogen, and protein subunit (Nkengasong, 2020; 
Yin et al., 2020; Awadasseid et al., 2021; Ura et al., 2021).
  The current nucleic acid vaccines which are RNA based, 
involves injecting mRNA encoding S protein and allowing 
host cell machinery to prepare the S protein via translation. 
The two mRNA FDA approved vaccines include BNT162b2 
by BioNTech/Pfizer and mRNA-1273 by Moderna. BNT162b2 
Pfizer vaccine is a lipid nanoparticle (LNP)–formulated nu-
cleoside-modified RNA vaccine that encodes the stabilized 
prefusion SARS-CoV-2 full-length S protein. The mRNA- 
1273 is a new LNP-encapsulated mRNA-based vaccine that 
consists of prefusion-stabilized full-length S protein of SARS- 
CoV-2 (Jackson et al., 2020). The administered mRNA trig-
gers a localized and transient inflammation after intramus-
cular injection, which recruits immune cells including neu-
trophils, monocytes, and dendritic cells (DCs). After uptake 
of mRNAs and efficient translation by monocytes and DCs, 
the viral proteins disseminate and the cells migrate to the 
draining lymph nodes for antigen presentation to the T lym-
phocytes (Cagigi and Loré, 2021; Verbeke et al., 2021). The 
encoded viral antigen is also directly recognized by B lym-
phocytes of the host, thereby initiating an adaptive immune 
response directed against the S protein of the virus (Kyriakidis 
et al., 2021). Post-vaccination sera from randomly injected 
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patients with either BNT162b2 vaccine or placebo, was re-
ported to be 95% effective in preventing COVID-19 (90.3 to 
97.6 with 95% Confidence Interval) irrespective of age, sex, 
race, ethnicity, baseline body-mass index, and the presence of 
coexisting conditions (Sahin et al., 2020). The incidence of 
adverse event was low and similar in both groups. Equival-
ently, eight weeks after second injection of mRNA-1273 Mo-
derna or BNT162b2 Pfizer vaccines in a cohort of 20 volun-
teers, high levels of IgM and IgG anti-S protein were observed 
and high binding titer to the RBD was reported (Wang et al., 
2021d). This neutralizing activity was found to be similar with 
neutralization of plasma from patients who recovered nat-
urally from COVID-19 infection (Baden et al., 2021; Wang 
et al., 2021d; Weinreich et al., 2021). Consequently, these re-
sults clearly show the positive impact of this vaccine against 
the SARS-CoV-2 virus and therefore immunization made 
possible for the non-infected population. However, the ef-
ficacy of these vaccines against the variant is reported to 
decrease compared to the WT. At least 14 or 28 days after 
Ad26.COV2.S administration, an efficacy of 66.9% (adjusted 
95% confidence interval [CI], 59.0% to 73.4%) and 66.1% 
(adjusted 95% CI, 55.0% to 74.8%) respectively, was observed 
for moderate to severe COVID-19 conditions. Ad26.COV2.S 
is a recombinant, replication-incompetent adenovirus sero-
type 26 (Ad26) vector encoding a full-length and stabilized 
SARS-CoV-2 S protein (Sadoff et al., 2021). The efficacy of 
Ad26.COV2.S was found to be higher for severe to critical 
COVID-19 conditions with efficacies of 76.7% (adjusted 95% 
CI, 54.6% to 89.1%) and 85.4% (adjusted 95% CI, 54.2 to 
96.9) for least 14 or 28 days post administration respectively 
(Sadoff et al., 2021). This suggest a possible boosting function 
of the vaccine whereby in severe to critical conditions, the 
patient’s immunity is fully in alert. In addition Ad26.COV2.S 
induces antibodies with Fc-mediated functions which are 
very potent for immune response against SARS-CoV-2 in 
humans (Stephenson et al., 2021).
  Out of 29 BNT162b2 Pfizer vaccine-elicited sera showing 
neutralizing activity against the WT S protein after first and 
second dose of administration, 20 sera showed reduced neu-
tralization titers against B.1.1.7 variant with 3.2-fold and 
1.9-fold changes respectively (Polack et al., 2020; Collier et 
al., 2021; Muik et al., 2021). Moreover, pseudotyped viruses 
carrying the set of B.1.1.7 S mutations evaluated with sera 
from individuals who received two doses of BNT162b2 vac-
cine or mRNA-1273 vaccine (two doses) exhibited a modest 
reduction in neutralization titers (Collier et al., 2021). While 
the neutralizing activity of sera from inactivated whole-vi-
rion SARS-CoV-2 vaccine BBV152 (COVAXIN from Bharact 
Biotech) against B.1.1.7 variant strain was reported to stay 
potentially preserved, the neutralization titers of ChAdOx1 
nCoV-19 (Oxford–AstraZeneca) post-vaccination sera were 
nine times lower than titers against the B.1.1.7 lineage rela-
tive to non-B.1.1.7 lineage in vitro (Emary et al., 2021; Sapkal 
et al., 2021). BBV152 is a whole-virion inactivated SARS- 
CoV-2 vaccine formulated with a toll-like receptor (TLR) 7/8 
agonist molecule adsorbed to alum (Algel-IMDG) or alum 
(Algel) from Bharact Biotech. While the imidazoquinoline 
molecule, which is a TLR 7/8 agonist, stimulates cell-medi-
ated responses, the Algel-IMDG (an imidazoquinoline mole-
cule chemisorbed on alum [Algel]) traffics vaccine antigen di-

rectly to draining lymph nodes without diffusing into the sys-
temic circulation (Ella et al., 2021). The Oxford-AstraZeneca 
vaccine is a carrier vaccine, made from a modified version 
of a harmless adenovirus as a shell to carry genetic code of 
the S proteins to the cells (similar to a Trojan Horse). Once 
in the cells, the cells produce S protein to train the body’s im-
mune system, which creates antibodies and memory cells 
to protect against an actual SARS-CoV-2 infection (Mahase, 
2021). A recent study revealed that albeit the reduced neu-
tralization effect, the efficacy of BNT162b2 and ChAdOx1 
nCoV-19 vaccine after administration of 2 doses, is 88.0% 
(95% CI, 85.3 to 90.1) and 67.0% (95% CI, 61.3 to 71.8) res-
pectively. Therefore, the reduced neutralization of the vac-
cine by the variant does not affect the effective protection 
by the vaccine against infection (Lopez Bernal et al., 2021). 
A two-dose regimen of NVX-CoV2373 (Novavax -a protein- 
based subunit vaccine) and placebo, given 21 days apart ran-
domly to 15,187 participants, was found to be safe and 89.7% 
effective against prototype and B.1.1.7 variants (Heath et al., 
2021). NVX-CoV2373 is a protein adjuvant, which contains 
the S protein formulated as a nanoparticle, that is not anti-
genic. When the vaccine is injected, it stimulates the immune 
system to produce antibodies and T-cell immune activa-
tion (Tian et al., 2021). The UK phase 3 clinical trials of NVX- 
CoV2373 via polymerase chain reaction performed on strains 
from 56 of 62 COVID-19 cases, reported a vaccine efficacy 
of 85.6% against B.1.1.7 variant (Bian et al., 2021). All these 
results cheerily indicate that B.1.1.7 variant is unlikely to be 
a major concern for current vaccines or for an increased risk 
of reinfection.
  As mentioned earlier, the presence of the E484K mutation 
in the B.1.351 variant can account for reports that indicate 
immune escape from convalescent sera samples and reduced 
neutralizing activity with post-vaccination sera samples. The 
post-hoc sera obtained from 12 participants who received 
the inactivated vaccine BBIBP-CorV (Sinopharm) showed 
a slight reduction (less than two-fold) in neutralizing activity 
against the B.1.351 variant (Huang et al., 2021). Also, a ran-
domized placebo-controlled trial in South Africa reported 
vaccine efficacy of SARS-CoV-2 nanoparticle vaccine (NVX- 
CoV2373) against B.1.351 to be about 51% with mild to mo-
derate reactogenicity, suggesting incomplete immune escape 
with possibly delay disease progression (Madhi et al., 2021). 
Similarly, another study reported an efficacy of 49.4% (95% 
CI: 6.172.8) for B.1.351 variant compared to the original 
SARS-CoV-2 strain, in a South Africa phase 2b clinical trial 
(Bian et al., 2021). The plasma obtained from BNT162b2 vac-
cinated individuals showed a significant decrease against 
pseudotyped viruses with E484K+N501Y or K417N + E484K
+ N501Y mutations (Wang et al., 2021d; Xie et al., 2021). 
While fold reductions in neutralization were observed with 
the above-mentioned vaccines, major if not complete im-
mune escape was reported for AZD1222 (Madhi et al., 2021). 
Recently, three sub-lineages emerging from the B.1.351 var-
iant were reported. These B.1.351 sublineages were exposed 
to post-vaccination sera from individuals who received two 
doses of either the BNT162b2 vaccine (n = 30) or the mRNA- 
1273 vaccine (n = 35). The neutralizing activities were reduced 
significantly ranging from 34-fold to 42-fold (BNT162b2) 
and 19.2-fold to 27.7-fold (mRNA-1273) (Harvey et al., 2021). 
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The ability of this variant to escape natural-induced and vac-
cine-induced immunity leading to reduced neutralizing ac-
tivity gradually molds doubt about the efficacy of vaccines 
to bring to a halt COVID-19.
  A recent study showed that older people (about 80 years and 
above) infected with the B.1.1.248 variant when administered 
the BNT162b2 vaccine generated a robust humoral immune 
response even though the neutralization efficacy was reduced 
(Parry et al., 2021). This points out the possible exclusion of 
this high-risk group from the list of those vulnerable to re- 
infection and to some degree boosting of their immune res-
ponse. Another study showed that the sera of mRNA-1273 
and BNT162b2 vaccines had a reduced neutralization against 
B.1.1.248 compared to the Wuhan strain (Wang et al., 2021a). 
Strikingly, the B.1.1.248 variant was reported to be less re-
sistant to the neutralizing activities of convalescent sera of 
BNT162b2 and ChAdOx1 nCoV-19 vaccine similarly with 
the resistance of the B.1.1.7 variant (Dejnirattisai et al., 2021; 
Focosi et al., 2021). When CoronaVac (Sinovac COVID-19 
vaccine-inactivated virus vaccine) was administered to symp-
tomatic COVID-19 patients in a B.1.1.248 epidemic setting, 
vaccine effectiveness against symptomatic SARS-CoV-2 in-
fection was observed (Hitchings et al., 2021). These preprint 
results hereby suggest that B.1.1.248 variant possibly can be 
neutralized by CoronaVac although its neutralizing efficacy 
is still not clear.
  The novel SARS-CoV-2 variant, B.1.427/B.1.429 that emerged 
in Southern California was assessed for neutralizing anti-
body responses following natural infection or mRNA vaccin-
ation. Pseudotyped viruses expressing the WT or the B.1.427/ 
B.1.429 S protein were exposed to convalescent plasma, Mo-
derna mRNA-1273, and Pfizer/BioNtech BNT162b2 vaccine- 
elicited sera (McCallum et al., 2021a). The neutralization 
titers were reduced by 4.9-fold and 3-6 folds respectively, 
relative to WT pseudotyped virus. An attempted explanation 
suggests that there is a large structural rearrangement of the 
NTD antigenic site involving the S13I and W152C mutations 
thus abolishing binding of the mAbs. Also the L452R mu-
tation at the RBD site could be responsible for escape from 
certain RBD targeting mAbs (McCallum et al., 2021a). Similar 
conclusion of reduced neutralizing activity was reported in 
a study that used post-vaccinated sera from patients vacci-
nated with two doses of Pfizer BNT16b2 or Moderna mRNA- 
1273 vaccine. The results showed that a two-fold decrease in 
neutralization titer was observed from vaccinated patients 
(Deng et al., 2021).
  The sera from individuals vaccinated with Pfizer BNT162b2 
and Moderna mRNA-1273 vaccines when incubated with 
pseudotyped viruses bearing B.1.617 and B.1.618 S protein 
showed a 4-fold and 2.7-fold resistance to neutralization com-
pared to WT respectively (Tada et al., 2021). Similarly, cell 
entry driven by S protein of the B.1.617 pseudotyped virus 
was inhibited by BNT162b2-elicited sera 3-fold less efficiently 
compared to WT when inoculated onto Vero cells (Hoffmann 
et al., 2021b). The lineage B.1.617 splits further into the sub-
types B.1.617.1, B.1.617.2, and B.1.617.3. A recent study showed 
that the pseudotyped virus bearing the B.1.617.1 mutation 
exhibited PRNT50 (50% plaque reduction neutralization) 
values 0.31 times the PRNT50 values of the WT when exposed 
to BNT162b2-elicited sera drawn 2 to 4 weeks after second 

dose administration (Liu et al., 2021b). Another study showed 
that the B.1.617.1 variant was 6.8-fold less susceptible to neu-
tralization by BNT162b2-elicited sera and mRNA-1273-eli-
cited sera compared to WT. Despite the reduced neutrali-
zation, a majority of the sera from vaccinated individuals 
were still able to neutralize the B.1.617.1 variant, suggest-
ing protective immunity by the mRNA vaccines tested here 
are likely retained against the B.1.617.1 variant (Edara et al., 
2021). Recently, a study also reported a 2.7-fold and 2.6-fold 
reduction in neutralizing activity of Pfizer-BioNTech and 
Oxford-AstraZeneca vaccine-elicited sera against B.1.617.1 
pseudotyped viruses respectively. In a similar way, B.1.617.2 
variant inhibited neutralization by 2.5-fold and 4.5-fold re-
spectively (Liu et al., 2021a). In effect, for this study, the sera 
from a pool of 25 individuals immunized with Pfizer-Bio-
NTech or Oxford-AstraZeneca (ChAdOx1 nCoV-19) vac-
cine, was collected 7–17 days or 14/28 days respectively, after 
second dose of administration (Liu et al., 2021a). Planas et 
al. (2021) confirmed the resistance of B.1.617.2 variant to 
Pfizer-BioNTech (3-6-fold reduction of neutralization) or 
Oxford-AstraZeneca vaccine-elicited sera (almost complete 
inhibition of neutralization) (Planas et al., 2021). When two 
doses of BNT162b2 and ChAdOx1 nCoV-19 vaccine were 
administered to persons with the B.1.617.2 variant, efficacies 
of 88.0% (95% CI, 85.3 to 90.1) and 67.0% (95% CI, 61.3 to 
71.8) were reported respectively (Lopez Bernal et al., 2021). 
BBV152 (Covaxin) vaccine was reported to show an efficacy 
of 88.48% (95% CI: 62.02% to 126.2%) against the B.1.617 
variant. In this study, convalescent sera samples were col-
lected from vaccine recipients and used to perform PRNT50 
against B.1.617 variant (Yadav et al., 2021). All together, these 
data suggest that protective immunity by vaccines currently 
in use would provide some protection against the current 
generation of B.1.617 variant although the reduced neutrali-
zation activity.

Concluding Remarks

The fast and sudden surge of SARS-CoV-2 variants continues 
to challenge existing attempts to curb the pandemic. At the 
current pace of the pandemic, special attention must be given 
to the elaboration of monoclonal antibody therapy and vac-
cine strategies especially with the rapid growth, spread or 
transmission, and dominant establishment of the variants 
across the globe. Majority of variants have been reported to 
be refractory to neutralization and as such escape immunity 
by antibodies. In addition, more studies are needed to iden-
tify the various mutations which are responsible for the vari-
ous phenotypes observed in variants. Insights on the life cycle 
and pathogenesis of these variants will allow for better man-
agement and eventually a halt of the pandemic. Development 
of potent, possibly polyvalent mAbs and effective broad-spec-
trum vaccines against variants most especially the upcoming 
variants will be major contributing steps towards this goal. 
In this review, we summarized the recent reports on SARS- 
CoV-2 progression most especially its emerging and becom-
ing dominant variants in relation to their transmission and 
response to monoclonal antibody therapy and vaccines.
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