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ARTICLE INFO ABSTRACT

Keywords: Responsible for more than 4.9 million deaths so far, COVID-19, caused by SARS-CoV-2, is instigating devastating
Spike protein effects on the global health care system whose impacts could be longer for the years to come. Acquiring a
RBD comprehensive knowledge of host-virus interaction is critical for designing effective vaccines and/or drugs.
Mutation . . . . . c1ans . .

Immunit Understanding the evolution of the virus and the impact of genetic variability on host immune evasion and
Vaccine 4 vaccine efficacy is helpful to design novel strategies to minimize the effects of the emerging variants of concern
SARS-CoV-2 (VOC). Most vaccines under development and/or in current use target the spike protein owning to its unique

function of host receptor binding, relatively conserved nature, potent immunogenicity in inducing neutralizing
antibodies, and being a good target of T cell responses. However, emerging SARS-CoV-2 strains are exhibiting
variability on the spike protein which could affect the efficacy of vaccines and antibody-based therapies in
addition to enhancing viral immune evasion mechanisms. Currently, the degree to which mutations on the spike
protein affect immunity and vaccination, and the ability of the current vaccines to confer protection against the
emerging variants attracts much attention. This review discusses the implications of SARS-CoV-2 spike protein
mutations on immune evasion and vaccine-induced immunity and forward directions which could contribute to
future studies focusing on designing effective vaccines and/or immunotherapies to consider viral evolution.
Combining vaccines derived from different regions of the spike protein that boost both the humoral and cellular
wings of adaptive immunity could be the best options to cope with the emerging VOC.

clinical efficacy especially in severely ill patients and new viral strains is
controversial. The current primary COVID-19 treatment relies on

1. Introduction

According to the worldometer data (https://www.worldometers.
info/coronavirus/), COVID-19 cases surpass 244 million with more
than 4.9 million deaths reported as of October 24, 2021. Severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), responsible for
COVID-19, is the seventh coronavirus (CoV) identified infecting humans
and causing the most lethal cases so far [1-3]. Although some vaccines
are currently under clinical use, their effectiveness on emerging VOC
could be compromised. Besides, several neutralizing antibodies are
under development or approved as treatment options; however, their

symptomatic and oxygen therapy to manage respiratory impairment
[4-71.

Understanding the biology of SARS-CoV-2 is critical in developing
effective drugs, vaccines, and immunotherapies. As a member of the
Betacoronaviridae family, SARS-CoV-2 is an enveloped virus with a large
positive-sense RNA genome (about 30 kb). SARS-CoV-2 has a similar
entry receptor, the human angiotensin-converting enzyme 2 (hACE2),
with SARS-CoV except for differences in some amino acid residues [5,
8-12]. Additionally, a recent study showed that tyrosine-protein kinase

* Corresponding author at: Department of Basic Medical Sciences, University of Science & Technology of China, Hefei, Anhui, 230027, China.

E-mail address: jint@ustc.edu.cn (T. Jin).
1 These authors contributed equally.

https://doi.org/10.1016/j.smim.2021.101533

Received 23 June 2021; Received in revised form 9 November 2021; Accepted 16 November 2021

Available online 20 November 2021
1044-5323/© 2021 The Author(s).

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license


https://www.worldometers.info/coronavirus/
https://www.worldometers.info/coronavirus/
mailto:jint@ustc.edu.cn
www.sciencedirect.com/science/journal/10445323
https://www.elsevier.com/locate/ysmim
https://doi.org/10.1016/j.smim.2021.101533
https://doi.org/10.1016/j.smim.2021.101533
https://doi.org/10.1016/j.smim.2021.101533
http://crossmark.crossref.org/dialog/?doi=10.1016/j.smim.2021.101533&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

H.M. Mengist et al.

receptor UFO (AXL) is a candidate receptor for the spike protein of
SARS-CoV-2 [13]. Despite its large size, the SARS-CoV-2 genome en-
codes for only a few proteins, including 4 structural proteins (spike (S),
nucleoprotein (N), envelope (E), and membrane (M)) and 16-17
nonstructural proteins (nsp) [14,15]. The entry of CoVs including
SARS-CoV-2 is mediated by the envelope anchored spike (S) protein [16,
171 which, in most viruses, is cleaved into S1 and S2 subunits by viral
proteases. The S1 subunit recognizes receptors while the S2 subunit is
important for fusion [18]. A portion of the spike protein at the S1 sub-
unit, the receptor-binding domain (RBD) encompassing a core structure
and receptor binding motif (RBM), recognizes and binds to ACE2 during
the entry process of CoVs [5,19-21]. When CoVs spike protein binds to
ACE2 receptor, it is activated by transmembrane (TM) protease serine 2
(TMPRSS2) promoting virus entry [22]. Fig. 1 describes the overall
trimeric structure of the SARS-CoV-2 S protein and its subunits.

Encoded by a 1273 long amino acids sequence, SARS-CoV-2 S protein
measures about 180—200 kDa. The spike protein undergoes structural
rearrangement upon interacting with host receptors facilitating viral
fusion. Residues 14-685 constitute the S1 subunit that carries the
receptor-binding domain (RBD) or C-terminal domain (CTD) (residues
319-541) [23-25]. In addition to the RBD, the SARS-CoV-2 S1 subunit
contains an N-terminal domain (NTD) (residues 14-305) [1,8,26,27].
The known function of the NTD includes allosteric regulation of spike
protein conformation and some of the mutations on the NTD resulting in
increased cell entry that are correlated with the greater presentation of
RBDs to ACE2 receptors [28]. Wang et al. [1] identified SARS-CoV-2
CTD as a key region interacting with hACE2 indicating an overall sim-
ilarity in receptor recognition between SARS-CoV and SARS-CoV-2.
SARS-CoV-2 RBD-hACE2 binding is illustrated in Fig. 2.

The S2 subunit, composed of the fusion protein (FP), heptapeptide
repeat sequences 1 and 2 (HR1 and HR2), transmembrane domain (TM),
and the cytoplasmic domain (CT), is responsible for viral fusion and
entry. The FP is conserved and relatively short composed of 15-20 main
hydrophobic residues used to anchor to the target receptor when the S
protein assumes the pre-hairpin conformation. This protein facilitates
virus entry by disrupting the lipid bilayers of the target membrane. HR1
and HR2, composed of repetitive heptapeptides, are crucial for the
fusion and entry of the S2 subunit through forming six helical bundle
structures. HR1 is located in the C-terminus of the FP while HR2 is
located at the N-terminus of the TM domain. Structurally, the TM
domain anchors the S protein to the viral M protein and the S2 subunit at
the tail of the CT [29-34].
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Studies reported that SARS-CoV-2 RBD has a higher affinity for the
ACE2 receptor than the RBD of SARS-CoV has due to key amino acid
differences [1,8,26,27]. Besides its conserved nature, the S protein is
crucial in the life cycle of CoVs as it contributes to receptor recognition,
viral attachment, and entry [9,25-27,35-37]. Other studies showed that
S protein is involved in immune evasion [38] making it the primary
target for vaccine and therapeutic studies. Several vaccines are under
clinical trial and/or being delivered to the targeted community. Vacci-
nation is aimed to boost the immune response of individuals similar to
natural infection. However, SARS-CoV-2 mutations at key residues
especially in the S protein evade the immune responses and thus reduce
the immunogenicity and efficacy of the vaccines posing a significant
challenge to the prevention and control strategies [39]. This review
summarizes the impact of SARS-CoV-2 spike protein mutations on im-
mune evasion and vaccine-induced immunity which could have a po-
tential contribution for future studies focusing on vaccine design and
immunotherapy.

2. Immune response to SARS-CoV-2 infection
2.1. Innate immunity

The innate immune system is an important first-line defense during
infection. Innate immunity produces pro-inflammatory cytokines which
can inhibit viral replication, stimulate the adaptive immune system and
recruit immune cells to the site of infection. Granulocytes, monocytes,
macrophages, and dendritic cells contribute to the fighting against in-
fections through releasing toxins, enzymes and presenting antigens to T
cells. Also, natural killer (NK) cells contribute to immunity through
killing virus-infected cells, inducing apoptosis and antibody-dependent
cell-mediated cytotoxicity (ADCC) [40-44]. Besides, interferons and
the complement system (through recruiting immune cells, activating
cells, and killing pathogens) have crucial roles in preventing viral
infection and propagation [45]. Lung epithelial cells also produce in-
flammatory cytokines to combat SARS-CoV-2 infection [46,47]. Pro-
vided, SARS-CoV-2 infection is known to evade innate immunity by
inducing a cytokine storm, impairing interferon responses, and sup-
pressing antigen presentation on both MHC class I and class II cells [48].

Innate immunity plays a crucial role in fighting against SARS-CoV-2
infection. The presence of unique gene signature and variability of the
innate immune response among individuals is the cause of disease het-
erogeneity observed among COVID-19 cases [49,50]. A combination of

Fig. 1. Structure of trimeric SARS-CoV-2
spike protein (PDB entry: 7JWY) [274]. The
SARS-CoV-2 S1 subunit (with S1 core domain in
magenta and RBD in light purple) and S2 sub-
unit (with S2 core domain in red and fusion
peptide fragment in yellow) are presented.
(A-B) Pre-fusion stabilized closed conformation
of Spike trimer (7JWY), with a close-up view of
the interaction between G614 from one SD2
Spike monomer and K835, Y837, and K854
from the neighbor FP fragment (yellow). (C-D)
Partial open conformation of Spike trimer
(6XM4), highlighting the loss of the binding
lead by conformational changed, which allows
the open conformation and favors the binding
with ligand (ACE2). D614 G is involved in the
stabilization of FP and the tight pre-fusion
closed conformation of SARS-Co-2 S protein.
Any mutation of D614 destabilizes the intra-
domain interaction, favors an open conforma-
tion, and increase the viral infectivity.
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Fig. 2. Complex structure of SARS-CoV-2 RBD with human ACE2 (PDB entry: 6VW1) [111]. (A) Structure showing the binding of RBD (magentas) with human
ACE2 (cyan) and (B) the binding interface of the RBD (magentas) and human ACE2 (cyan). The key residues at the binding interface between the RBD (red
highlighted N501, Q493, S494, L455, and F486) and human ACE2 (blue highlighted K353, D38, E35, K31, and M82) are presented by red highlighted sticks.

innate immune cells (granulocytes, monocytes, and macrophages) and
adaptive immune cells (B cells and T cells) are important to tackle the
pandemic [51]. Surprisingly, there is no evidence whether innate im-
munity has role in preventing SARS-CoV-2 infection in the retina and the
brain [52,53]. Findings reported that in vitro exposure of SARS-CoV-2
and its spike protein results in platelet aggregation, up-regulation of
activation markers, the release of coagulation factors, and secretion of
inflammatory cytokines [54-56] indicating innate immunity-based
complications in severe COVID-19 cases. During viral entry, pattern
recognition receptors (PRR) including toll-like receptor 3 (TLR3) and
TLR7 are assumed to be involved in preventing SARS-CoV-2 infection as
proved in other CoVs [57]. In addition, viral RNA is suggested to be
recognized by cytosolic sensors like retinoic acid-inducible gene 1
(RIG-I) and melanoma differentiation-associated gene 5 (MDAS5) [58].
The other innate immune component involved in viral defense is the
interferon system. Infection with SARS-CoV-2 induces unique pro-
inflammatory cytokines such as IL-1p, IL-6, and TNF, as well as many
chemokines (CCL20, CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, and
CXCL16) [46]. However, some interferons like IFN-p were not detected
regardless of disease severity [59]. Induction of cytokine production
results in cytokine storm in severe disease due to failure of the immune
system to resolve the inflammation [60]. Innate immune cells have been
reported to be affected by COVID-19. Reduction of NK cells was
observed in severe COVID-19 cases [61] and recovery from COVID-19
was associated with an increased level of cytotoxicity, DNA replica-
tion, and decreased inhibition of NF-kB in NK cells [62]. This reveals the
role of NK cells in preventing SARS-CoV-2 infection as an increased level
of NK cells was observed in COVID-19 convalescent patients [63,64].
Elevation of eosinophils [65], reduction of basophils [66], and dysre-
gulation of monocytes and dendritic cells [67,68] were observed in
different disease stages of COVID-19 and recovered patients.
According to Huang et al. [69], compared to healthy controls, both
severe and mild COVID-19 patients showed elevated plasma concen-
tration of cytokines and chemokines (IL-1p, IL-1Ra, IL-7, IL-8, IL-9,
IL-10, basic FGF, GCSF, GM-CSF, IFN-y, CXCL10, CCL2, CCL3, CCL4,
PDGF, TNFa and VEGF). Similarly, severe COVID-19 patients showed
elevated levels of proinflammatory cytokines compared to
non-COVID-19 respiratory tract patients [46]. Although there is no ev-
idence supporting whether immune cells are targets of SARS-CoV-2
infection [70], both adaptive and innate immunity are the gears lead-
ing to the way out of the pandemic. Besides, mucosal antibodies to
SARS-CoV-2 antigens have been shown [71] indicating the potential role
of mucosal immunity and/or mucosal vaccination in disease prevention.

The spike protein of SARS-CoV-2 is recognized by multiple innate im-
mune receptors including the mannose receptors MR/CD206,
DC-SIGN/CD209, L-SIGN/CD209L, and MGL/CLEC10A/CD301 [72]
indicating the important role of spike induced innate immune response
in controlling SARS-CoV-2 infection. Since innate immunity is triggered
by infections with a complex heterogeneous response, specific innate
immune response to SARS-CoV-2 infection is not well-established [49]
requiring future scrutiny.

2.2. Adaptive immunity

In the meantime, adaptive immunity is also important for controlling
viral infections. It is suggested that the upper respiratory tract is pro-
tected by secretory IgA while IgG guards the lower respiratory tract [73,
74]. Studies reported that spike-specific B cell subsets were also iden-
tified [75,76] and SARS-CoV-2 specific T-cell immune memory was
found in convalescent COVID-19 patients [77] suggesting the role of
adaptive immunity in combating SARS-CoV-2 infection. Emerging
pieces of evidence reveal that neutralizing antibodies, CD4" and CD8" T
cells are contributing to the control of SARS-CoV-2 infection in both
hospitalized and non-hospitalized COVID-19 patients [51,78-80]. A
longitudinal study reported increasing titers of neutralizing anti-spike
IgG antibodies exhibiting a positive correlation with disease severity
in COVID-19 patients [81]. Our study also revealed serum RBD-specific
IgA levels were positively correlated with COVID-19 disease severity
[82]. The role of CD4™ T cells is prominent than CD8™ T cells [78,83] in
responding to SARS-CoV-2 infection through control of primary infec-
tion [84]. It is also reported that CD8™" T cells result in better COVID-19
outcomes; however, their consistent expression was limited compared to
CD4" T cells [78,83-85]. On the contrary, decreased percentage of
lymphocytes and decrement in CD4' and CD8" T cells count was
observed in COVID-19 patients [86] revealing the immune evasion
ability of the virus. A study reported that rapid induction of humoral
responses were associated with disease severity while early induction of
IFN-y secreting SARS-CoV-2-specific T cells was present in patients with
a mild disease which accelerated viral clearance [87].

SARS-CoV-2 spike protein specifically the RBD region is a critical
target for neutralizing antibodies and vaccine design. Above 90 % of
neutralizing antibodies target the RBD of the S protein [88-96] and most
vaccine discoveries for COVID-19 are particularly interested in the spike
protein. T cell responses, besides antibody responses, to the spike pro-
tein, are believed to be important [79] and SARS-CoV-2 S protein is a
strong target for CD4+ T cells [78]. In addition, the induction of
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anti-spike protein antibodies is dependent on spike-specific CD4" T cells
[97,98]. It is noted that most residues in the RBM of the SARS-CoV-2
RBD that directly interact with the ACE2 receptor are conserved in
CoVs [99]; however, differences in the antigenicity of SARS-CoV and
SARS-CoV-2 S protein are observed. This is evidenced by the failure of
some murine SARS-CoV monoclonal and polyclonal antibodies to bind
on the S protein of SARS-CoV-2 [1,25,100] indicating the necessity of
updating previously designed SARS-CoV RBD based vaccines.

It is noted that the majority of neutralizing antibodies target the RBD
and thus halt virus entry through disrupting ligand-receptor engagement
[101,102]. However, despite structural similarities between the two
proteins, antibodies specific for SARS-CoV RBD were unable to bind on
SARS-CoV-2 RBD [1] entailing differences in immunogenicity secondary
to differences in key residues. Although antibodies that potentially
neutralize SARS-CoV-2 infection through inhibiting the binding of RBD
to ACE2 are discovered, these antibodies are found to be largely
virus-species-specific inhibitors [103]. The emergence of potent
neutralizing antibodies targeting multiple epitopes on the different re-
gions of SARS-CoV-2 S protein has been reported [99,104] making the
vaccine discovery efforts promising. Interestingly, cross-reactive anti--
spike antibodies and memory B cells are rare [87,92,105-107]. How-
ever, studies showed the presence of significant cross-reactive T cells
[78,108,109] with a majority of CD4" T cells being involved while
limited involvement of CD8" T cells was observed [78].

In a study by Yang et al. [41], immunization of mice, rabbit, and
other non-human primates with recombinant SARS-CoV-2 RBD induced
a dose-dependent antibody (IgG and IgM) production within 1-2 weeks
where adjuvants enhanced its immunogenicity. Sera from the immu-
nized animals blocked the binding of RBD to ACE2 with subsequent
inhibition of infection. Here, CD4" T cells were found to contribute to
the induction of antibody responses. Similarly, superior diagnostic test
accuracy was achieved by antibodies (IgG/IgM/IgA) produced against
the RBD [110] making RBD the optimal antigen important for more
efficient diagnostic, therapeutic, and vaccine formulations. Studies
recommended that neutralizing monoclonal antibodies (mAbs) against
the RBM of the RBD could be promising antiviral drugs in preventing
viral attachment [111].

Adaptive immune responses to mild and severe SARS-CoV-2 in-
fections are reported to be different and heterogeneous [112]. Zhang
et al. [113] reported a positive correlation between disease severity and
vigorous adaptive immune response (both humoral and T cell responses)
provided that the response of three major clusters of memory T cells
(CD8' TEM, CD8" TTE, and CD4" TTE) appear to be independent of
disease severity. Monoclonal antibodies targeting the RBD-ACE2 inter-
action are important to block viral attachment. Accordingly, C8 IgG
mAD neutralized SARS-CoV-2 pseudovirus infection in ACE2 expressing
293 cells in vitro [114]. In addition, linear epitopes of SARS-CoV-2 spike
protein showed strong induction of neutralizing antibodies in COVID-19
patients [115].

2.3. Vaccine induced-immunity

The human immune system mostly launches an immunological
response to a particular pathogen when a natural infection occurs. This
immunological response protects the body from the associated diseases,
and ideally, forever. Antibodies and cytotoxic cells combat the disease-
related pathogen while memory cells are formed and persist for a long
time then become active when the same type of antigenic material enters
the body on a later occasion. The principle of immunization emanates
from this fact [116]. Since the discovery of the first vaccine, Variolae
vaccinae, for smallpox by Edward Jenner in 1798 [117], vaccines have
long been used in the prevention of many infectious diseases and have
achieved great success. Vaccines activate an antigen-specific adaptive
immune response by initiating the innate immune response. They induce
cell-mediated immunity by activating highly specific subsets of T lym-
phocytes and humoral immunity by stimulating B lymphocytes to
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produce specific antibodies. The adaptive immune system then estab-
lishes immunological memory following the elimination of the pathogen
[118,119].

Most COVID-19 vaccines induce disease-preventing/attenuating
immunity than disease sterilizing immunity [79]. The development
and application of vaccines is quite a complex, lengthy and tedious
process. Moreover, it needs assessment of vaccine efficacy, safety, and
use with or without major side effects. Spike protein and specifically
RBD-based vaccine designing is so far the commonest strategy to combat
the COVID-19 pandemic [120]. After three months of the emergence of
COVID-19, a clinical trial of the first vaccine candidate (NCT04283461)
was started in March 2020. Currently, different types of COVID-19
vaccines are under development or in clinical use. Among these, inac-
tivated virus vaccines (CoronaVac) [121,122], live attenuated vaccines
like a vaccine under development by Codagenix and Serum Institute of
India, recombinant protein vaccines like RBD and spike protein-based
vaccines, vector-based vaccines, inactivated vector virus vaccines,
DNA and RNA vaccines [123] are amongst the current COVID-19 vac-
cines. Several vaccines including Sinovac (inactivated virion) [121],
Adenovirus vector vaccines (AstraZeneca [124], Cansino, and Johnson
& Johnson), Moderna (mRNA vaccine) [125], Novavax (recombinant
spike protein vaccine) [126], and Pfizer (nRNA expressing trimeric RBD
vaccine) [127,128] are licensed; many of which are in clinical use. All
these vaccines have their pros and cons, especially regarding their safety
and ability to prevent VOC. Besides, some of these vaccines are being
developed by new companies who lack experience in vaccine produc-
tion, thus making the application of anticipated vaccines delayed [79].

Several COVID-19 vaccines have been evaluated in a macaque model
to verify whether they pass clinical trials. Sinovac exhibited protection
of the lower respiratory tract by inducing low to moderate antibody ti-
ters [121]. ADV26 vaccine (a vector-based vaccine produced by Jans-
sen) showed sterilizing immunity without significant induction of
antibody titers [129]. An mRNA vaccine, Moderna, elicited CD4" and
follicular helper T cell responses in addition to boosting antibody pro-
duction [125]. A recombinant spike protein-based vaccine, Novavax,
increased antibody titers and prevent infection both in the lower and
upper respiratory tract [130]. AstraZeneca (produced by Oxford) is a
replication-incompetent adenovirus vector vaccine encoding the full
length of SARS-CoV-2 spike protein. In a study, this vaccine boosted
both humoral and cellular immunity with some side effects [94]. Pfizer
vaccine elicits short-term neutralizing antibodies better than natural
SARS-CoV-2 infection in phase 1 clinical trial [131] and this RBD-based
vaccine boosted CD4" and CD8" T cell responses where Thl CD4" T
cells were mostly expressed [132]. Most COVID-19 candidate vaccines
showed comparable immunogenicity, specifically, mRNA-based vac-
cines exhibit similar (or even better) neutralizing antibody titers and/or
CD4" T counts [94-96] as the natural infection.

The different forms of vaccines have their mechanisms of eliciting
immunity with corresponding advantages and drawbacks. It is noted
that recombinant virus vector-based vaccines work similarly to natural
endogenous pathogens where a processed antigen is presented to CD8™
T cells with subsequent activation of cytotoxic T lymphocytes (CTL)
[133]. Whereas, pathogenicity deficient adenoviral-based vector vac-
cines result in exponential induction of CD8" T cells and antibody
production [134]. DNA vaccines elicit both humoral and cellular im-
munity through activating both CD4" and CD8" T cells. Although the
exact mechanism of action of DNA vaccines is not well established,
signaling pathways including STING/TBK1/IRF3 and the AIM2 inflam-
masome play crucial roles [135-137]. Subunit and inactivated vaccines
are stable and non-pathogenic, but they elicit short memory immunity
and require booster doses. Live attenuated vaccines elicit strong im-
munity similar to natural infection; however, they are inconvenient for
immunocompromised patients and may be reverted to pathogenic form.
Although recombinant viruses induce strong immunity, pre-existing
immunity can affect their efficiency. On the other hand, RNA vaccines
can be easily modified and are considered to be safe; though, their
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instability and low immunogenicity could result in short immune
memory [39,138]. In addition, their instability makes them unsuitable
in resource-limited settings where there is a lack of adequate storage
facilities.

3. Spike protein mutations: Impacts on immune evasion and
vaccine-induced immunity

RNA viruses have higher mutation rates than DNA viruses [139,140]
where SARS-CoV-2 is not an exception. Amino acid changes, especially
on the surface proteins of viruses, affect viral pathogenicity, immune
response, and thus vaccine efficacy as observed in Chikungunya, Ebola,
and Influenza viruses resulting in increased transmissibility, infectivity,
and resistance to neutralizing antibodies [141-145]. There are contin-
uous genetic variations of the SARS-CoV-2 genome and mutations in the
S protein are unceasingly reported [146-150]. Unfortunately, studies
reported that 65 % of viral C > T mutations are imposed by host immune
responses [151] which could result in attenuation of the virus owing to
reduced immunogenicity [152]. The SARS-CoV-2 genome alterations
are estimated to be 1-2 mutations every month [153] and are highly
glycosylated [95]. Evolutionarily essential mutations have also been
reported in SARS-CoV-2 genes encoding for immunologically important
proteins [154].

Emerging SARS-CoV-2 variants, importantly the VOC, are demon-
strating reduced sensitivity to convalescent sera and monoclonal anti-
bodies [155] posing a significant concern on the ongoing prevention
strategies [156]. Reports showed that a reduced anti-RBD humoral
response is associated with viral persistence and shading in the gastro-
intestinal tract [157]. Surprisingly, earlier studies reported more than
329 naturally occurring S protein variants deposited in the public
domain [158] where these mutations are known to affect the glycosyl-
ation of viral proteins resulting in differences in virulence and
host-pathogen interaction [159-161]. More importantly, the receptor
binding motif (RBM) of the RBD is a primary target for neutralizing
antibodies on one hand and is a highly variable region of the spike
protein on the other hand [89]. Evolvability of SARS-CoV-2 S protein
causes a significant alert on possible evasion of immunity and vaccina-
tions [162]. Overall, these reports warn the scientific world to cautiously
design and/or update vaccines and therapeutics considering the impact
of prospective genetic variations on the transmissibility, infectivity,
pathogenicity, immune evasion, and antigenicity of SARS-CoV-2.

SARS-CoV-2 has different spike protein variants categorized based
on their spreading ability, disease severity, immunity, and treatment
response. As of 21 October 2021, the European Centre for Disease Pre-
vention and Control (ECDPC) classified three variants as VOC, variants
of interest (VOI), and variants under monitoring. Accordingly, VOC in-
cludes Beta or B.1.351 (K417N, E484K, N501Y, D614G, A701V)),
Gamma or P.1 (K417T, E484K, N501Y, D614G, H655Y), and Delta or
B.1.617.2 (L452R, T478K, D614G, P681R). VOI encompass Mu or
B.1.621 (R346K, E484K, N501Y, D614G, and P681H) and Lambda or
C.37 (L452Q, F490S, and D614G) whereas variants under monitoring
include various spike protein mutations circulating in different parts of
the world.

3.1. Evasion of adaptive immunity

3.1.1. Mutations compromise humoral responses

The adaptive immune response is of utmost importance to get rid of
the virus, as it is specifically well known that antibodies are effective in
preventing severe complications from SARS-CoV2 infection. However,
they effectiveness are reduced by mutations affecting spike protein
[163], and currently circulating SARS-CoV-2 S variants are reported to
successfully evade the humoral immune response. Although
SARS-CoV-2 VOCs get more attention to study, emerging variants from
patients under convalescent plasma (CP) therapy are also escaping
neutralization to existing CP neutralizing antibodies [164]. In a study,
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sera from RBD nanoparticle vaccinated rhesus macaques showed mod-
erate to low efficiency for different variants. The sera efficiently
neutralized B.1.1.7 pseudotyped virus but exhibited weak to no inhibi-
tion effect against 501Y.V2 variant pseudotyped virus [165].

Numerous studies identified and reported SARS-CoV-2 spike muta-
tions that are involved and compromise humoral response [120,163,
165]. Specifically, these studies revealed that the most mutations on
SARS-CoV-2 spike protein occur within RBD fragment, especially in the
— RBM (5438 to Q506 and K417) — residues involved in ACE2 binding
(Fig. 2) [103,166-168]. These results suggest that the RBD is the sub-
stantial immune-dominance region of SARS-CoV-2 spike protein. Among
all those reported, the common RBD mutations of concern (MOCs)
(present in the common VOCs) which compromise immune response
against antibodies, identified in FDA Emergency Use Authorization
(EUA) Fact sheets, include P337H/L/R/T, E340A/K/G, K417E/N,
D420N, N439K, K444Q, V445A, N450D, L452R, Y453F, L455F,
N460K/S/T, V483A, E484K/Q/P/D, F486V, F490S, Q493K/R, S494P,
and N501Y/T (https://www.fda.gov/media/149534/download).

Mutations E484GK/Q/P, present in variants B.1.617.1 and B.1.1.7
(the highest contagious variants) have been reported to be the most
important mutations in reducing antibody binding and neutralization
titer of polyclonal serum antibodies by more than 10 times compare with
other mutations [169,170]. E484K for instance, has the ability to escape
the known high neutralizing antibodies, including the two antibody
cocktails formed by mAbs C121 and C144, and REGN10989 and
REGN10934, respectively [171]. Moreover, in cell culture, the B.I.617
(which carries mutation E484Q) showed enhanced entry and patho-
genesis, and in treatment showed resistance to neutralization by bam-
lanivimab (an antibody used in COVID-19 treatment), COVID-19 CPs,
and plasma from BNT162b2 vaccinated individuals indicating enhanced
evasion of humoral immunity induced by both infection and vaccination
[172]. Interestingly, at the molecular level, it has been shown that E484
forms attraction with most antibodies, while mutations of this residue
has repulsion from most antibodies (demonstrated for the K484),
explaining the low binding affinity of E484 mutants to most antibodies
[173]. A typical antibody-RBD complex structure is illustrated in Fig. 3.
In the represented structure, residue E484 is highly engaged in the
complex formation of RBD with P2B-2F6 antibody. A mutation of this
residue abolishes the binding and destabilizes the complex, favoring the
virus immune escape.

Another crucial mutation that compromises humoral response with
limited neutralizing activity includes N439K [174], the second com-
monest RBD and the sixth commonest S protein mutation. N439K mu-
tation is reported to favor spike flexibility allowing an open
conformation where a free RBD can bind to ACE2 and therefore
enhancing infectivity and escaping humoral immune response [174,
175]. Robertson & Snell’s group reported that the N439K
variant-associated increased resistance to neutralizing mAbs and
COVID-19 sera, is not followed by any effect on viral replication, indi-
cating RBM-based measures to be taken during vaccine and drug
formulation.

Mutations in residues K444, G446, 1452, and F490 have also been
associated with immune escape of serum polyclonal antibodies [170],
and mutations K444Q, V445A, and N450D have also been reported with
high immune escape ability. Allison et al. [169] demonstrated that
mutations in the fragment spanning residues 443-450 (also targeted by
REGN10989 and REGN10934 cocktail [171]) strongly reduced
neutralization effect of convalescent plasma, besides mutations in F456
and E484 which have the same immune escape molecular mechanism.

In their investigation, Li et al. [176] reported that mutations A475KV
and F490L confer resistance to neutralizing polyclonal antibodies,
monoclonal antibodies, and CPs. Interestingly, changing A475 by V475
leads to formation of weaker hydrogen bonds and hydrophobic in-
teractions between RBD and neutralizing antibodies, and changing F490
by L490 leads to the disturbance of the hydrophobic interaction of
molecules involved in antibody-RBD integration [95].
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Fig. 3. Cartoon (upper) and surface (lower) representation
of a structure of a typical antibody (P2B-2F6 mAb) bound
onto the RBD of SARS-CoV-2(PDB entry: 7BWJ) [275]. (A)
Overall structure of the antibody (light chain (magentas) and
heavy chain (cyan)) binding with RBD (green). (B) The epitope
residues are all in the RBD receptor-binding motif, including
residues K444, G446, G447, N448, Y449, N450, 1452, V483,
E484, G485, F490 and S494. P2B-2F6 attachment uses hy-
drophobic interactions around RBD residues Y449, 1452 and
F490 and hydrophilic interactions at the interface. RBD resi-
dues at the binding interface engaged in the complex are
colored in yellow (bind with light chain residues in red) and in
bright orange (bind with heavy chain residues in dark blue)
[276]. Mutations on these epitopes are reported to affect the
antigenicity and susceptibility of RBD to neutralizing anti-
bodies. Specially A475 V and F490 L substitution mutations
resulted in increased resistance to mAbs and COVID-19
convalescent sera [95].

Heavy
chain

SARS-CoV-2
RBD

One of the famous non-RBM S protein mutants is the D614G which
has a central role in viral infectivity. As presented in Fig. 1A & B, D614 of
SD2 fragment is involved in the stabilization of the close state confor-
mation of SARS-CoV-2, by engaging four hydrogen bonds/salt bridges
with residues K835, Y837, and K854 of fusion peptide (FP) from the
neighbor S promotor. So, mutations of D614 abolished SD2-FP interac-
tion, which may lead to the destabilization of the close conformation,
and favoring the change to open conformation which exposes RBD for
engaging interaction with ACE2, strengthening affinity and enhancing
the infectivity (Fig. 1C & D) [177].

These previous show the negative effect of single or point mutations
in RBD on humoral immunity. When multiple mutations occur in RBD,
the humoral immune response in highly compromised, facilitating the
immune escape. Multiple substitutions occurring simultaneously at the
same time, such as P384A, K417V, and L452K are highly resistant to
neutralizing monoclonal antibodies COVA1-16, COVA2-04, and COVA2-
29 which respectively recognize different binding/neutralizing sites
without affecting each other. Similarly, using a computational
approach, Shah and colleagues [178] demonstrated that the V417K
mutation enhanced RBD affinity to ACE2, associated with high infec-
tivity, while that P475A and G482 result in resistance to neutralization
by mAbs. These multiple mutations simultaneously increase RBD-ACE2
affinity and resist to antibodies, which can greatly hinder the immu-
nogenicity of most vaccines [179]. This multiple substitutions on spike

SARS-CoV-2
RBD

are observed in the VOCs, including B.1.617.1 and B.1.1.7, known to
have high infectivity and ability to resist to pre-existing antibodies, CPs,
or vaccine-induced immunity.

Besides RBD mutations, mutations occurring in NTD are also been
associated with immune escape. And most of the evidence of immune
escape associated with mutations in NTD have been centered in loop N3
(140-156) and loop N5 (246-260), which overlap epitope of antibody
4A8 [99] (Fig. 4). Deletion in the two following segment 141-144 and
146, and A243-244 abolished binding with 4A8 [180].

Several studies have raised the fact that even though some SARS-CoV
neutralizing mAbs recognize conserved epitopes between SARS-CoV
RBD and SARS-CoV-2 RBD, they are unable to neutralize SARS-CoV-2
(reviewed in [99]). For instance, SARS-CoV neutralizing antibody
CR3022 is unable to neutralize SARS-CoV-2, although CR3022 display
high binding affinity with SARS-CoV-2 RBD [38]. Reciprocally, another
study showed that anti-SARS-CoV-2-RBD Antibody, HA001, failed to
recognize SARS-CoV RBD representing novel binding sites of neutral-
izing antibodies [181]. These studies revealed that there are key amino
acid differences on the RBD epitopes of the two viruses (SARS-CoV and
SARS-CoV-2) affecting the neutralizing ability of common mAbs.
Furthermore, these studies also suggest that emerging SARS-CoV-2 RBD
variants could affect the current vaccine and therapeutic candidates
requiring continuous optimization. Overall, further studies are critically
important to reconcile the inconsistencies observed across these studies.
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Fig. 4. Representation of the antibody binding interface susceptible for mutations compromising immune response (modified from PDB: 7DK3) with one
RBD (RBD Chain C) in “open’’ conformation [177]. RBD interface engaged in the complex with common antibodies are colored regarding specific antibody groups

described in [99].

Unlike previously explained, all mutations do not necessarily confer
a local effect with direct resistance to antibodies, vaccine or convales-
cent plasma. For example, a computational analysis revealed that Y449
F and N501D result in reduced RBD affinity to ACE2, but most mutations
are tolerated [105,182]. The K417N mutation also showed a decrease in
binding affinity to ACE2, but this mutation evades neutralization by CB6
nAb through eliminating an interfacial salt bridge between the RBD and
the antibody [183]. Mutation in 452 and 484 in RBDs are involved in
evading the immune response, though they are not in direct contact with
interfacial residues in ACE2. Overall, these mutations display an im-
mune escape mechanism unknown. Amino acid substitutions causing
significant changes in the structure and stability of epitopes in the RBD
could be more significant as these mutations could result in reduced
binding affinity and energy between antibodies and the target protein.
Therefore, antibodies disrupting important epitopes in the RBD are
crucial in eroding the binding of the RBD to the ACE2 receptor.

In summary, the mechanism of some mutations on RBD is unveiled,
many of them resulted the reduction of effectiveness of preexisting
neutralization antibodies, these mutation sites are presented in Fig. 4.

3.1.2. Mutations compromise cellular immunity

In addition to antibodies, CD4+ and CD8 + T cells are suggested to
play critical roles in resolving SARS-CoV-2 infection and COVID-19
[184]. Studies claimed that the ability of SARS-CoV-2 variants to
escape from T cell immunity is unlikely due to recognition of a broad
array of epitopes by the adaptive immunity [78]. Intriguingly, CD4+
and CD8 + T cells recognize more than 10 epitopes in the SARS-CoV-2
genome [185]. In addition, it is reported that some SARS-CoV-2 posi-
tive CD8 + T cell epitopes are conserved in other coronaviruses sug-
gesting the presence of pre-existing immunity against coronavirus in

some people infected with other coronaviruses [186]. Although more
studies are required, the D614 G mutation is suggested not to escape T
cell responses as computational mapping studies showed this mutation
is not included in T cell epitopes [187,188]. However, a study reported
that two recently emerged RBD mutations (L452R in B.1.427/429 and
Y453 F in B.1.298) can escape from the HLA-24-restricted cellular im-
munity where the authors suggested these mutants be future threats
[189].

Reduced cellular immune responses to SARS-CoV-2 variants were
also suggested in a CD8™ T cell epitope profiling study from COVID-19
convalescents [186]. Mechanistically, some mutations in
MHC-I-restricted epitopes (in the S protein and other proteins) evade in
vitro CD8" T cell responses through abolishing MHC-I binding [190].
Indeed, our recent data showed that the K417 N mutation found in
B.1.1.7, B.1.351. and P.1 variants and in the Y155- mutation found in
B.1.1.7, B.1.351, B.1.525 variants significantly abolished the capability
of the peptide to be loaded onto the relevant HLA-A class I molecules
[186]. In the crystal structure of K417 containing epitope, KIADYNYKL
derived from spike protein of SARA-CoV-2, in complexed with a domi-
nant HLA-I subtype A*02:01 and a P2 m microglobulin, the
positive-charged side chain amino group of the N-terminal lysine (K1) of
this epitope adopts a Pi-cation interaction with the indole ring of W167
of HLA-A*02:01 (Fig. 5A). This structure provides direct evidence that if
mutation the K417 to any other residues, such interaction would be
abolished. While from the complex structure of another spike epitope,
NYNYLYRLF that harbors recent mutation sites of L452R or Y453 F in
the B.1.1.7 and B.1.1.298 variants, with the HLA-A*24:02, we found
hydrophobic side chain of L452 is buried in a pocket on the surface of
HLA-A*24:02. The mutation to a hydrophilic large side chain may
change the overall conformation of this HLA-peptide complex, thus
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Fig. 5. Structural basis of variant related SARS-CoV-2 T-cell epitope presentation by HLA-I. (A) The KIADYNYKL epitope was presented by a HLA-A*02:01 HLA

(PDB 7KEU). (B) NYN epitope in complex with HLA-A*24:02 (PDB 7F4W).

change the corresponding TCR recognition and T-cell activation
(Fig. 5B).

These pieces of evidence are; therefore, providing insights that
emerging SARS-CoV-2 variants are evading cellular immunity and some
variants rapidly become dominating variants in certain countries and
spread globally.

3.2. Evasion of vaccine-induced immunity

Vaccines are potential weapons in the fight against COVID-19 [191].
Several vaccines are under use to control the pandemic but the emer-
gence of VOC poses a big concern on vaccines efficacy. In addition to
mutations at the RBD, mutations at the NTD also exhibited reduced
neutralization in vaccinated individuals [192]. Although Alpha variants
caused no significant impact, Delta, Beta, Gamma, and Lambda variants
raise a worry on the efficacy of subunit vaccines [39].

A meta-analysis study found that full vaccination, but not the partial
one, with the current vaccines was effective (88.3 % efficacy) against
Alpha, Beta/Gamma, and Delta variants with mRNA-based vaccines
exhibiting higher efficacy [193]. This is supported by a progress study
revealing the effectiveness of the current vaccines especially in pre-
venting severe disease [194]. Sera from Sputnik V vaccinated people
retained good neutralization activity against VOC including B.1.1.7,
B.1.351, P.1, B.1.617.2, and B.1.617.3 [195]. In a phase 1 trial study,
GRAd (gorilla adenovirus-based vaccines) induced Th1 cells in younger
and older adults [196]. However, the results of studies reporting the
effectiveness of vaccines against VOC are mixed requiring ongoing
efforts.

The B.1.351 variant or the beta variant contains nine spike protein
mutations and the D614G substitution (five mutations in the NTD, three
mutations in the RBD, and one mutation near the furin cleavage site)
[197] posing a growing concern that this variant could halt vaccines and
mAb-based therapies [198,199]. The B.1.1.7 variant didn’t resist
neutralization by sera from Moderna vaccinated individuals while the
B.1.351 variant does [200]. Similarly, B.1.1.7 variant failed to escape
from neutralization by Pfizer mRNA vaccine-elicited sera [201]. On the
contrary, BNT162b2 vaccine-elicited antibody neutralization was
modestly resisted by the D614 G variant [202] causing another threat to
available vaccines. However, neutralization of the B.1.351 variant using
the BNT162b2 vaccine was diminished by 7.6-fold, and both the B.1.1.7
and B.1.351 (with more resistance) variants showed strong resistance to
neutralization by sera from AstraZeneca vaccinated individuals [203,
204]. Also, the B.1.351 variant moderately affected the neutralization
ability of sera from individuals vaccinated with inactivated BBIBP-CorV
and ZF2001 RBD recombinant vaccines [155]. These results suggest that
mRNA-based vaccines have better tolerance to genetic alterations

compared to other types of vaccines.

SARS-CoV-2 spike 69/70 deletion, E484K, and N501Y variants
exhibited a small impact on the neutralization activity of two doses of
BNT162b2 vaccine-elicited sera [205]. AZD1222 vaccine was also
effective against one of the VOC, B.1.1.7 in the United Kingdom [206]
and emerging variants (Zeta, Gamma, and B.1.1.28) in Brazil [207]. But
sera from mRNA-1273 vaccinated humans/non-human primates
showed reduced neutralization against B.1.351 variant [200]. B.1.351
variant is known to be more resistant to convalescent plasma and sera
from vaccinated people [208,209] and in macaques [210]. In addition,
the B.1.617.2 Delta variant showed significant resistance to neutraliza-
tion by BNT162b2 [211] and AZD1222 [212] vaccines induced sera. Of
note, a single dose of BNT162b2 and AZD 1222 vaccines showed low
efficacy against the Delta variant [213]. Comparatively, the B.1.617.2
Delta variant showed resistance to vaccines in mild infections while
vaccine efficacy was sustainable in severe COVID-19 cases [214].
Therefore, important mutations in these VOC should be given extra
attention and a full dose vaccination should be strictly implemented to
prevent the emergence of new variants.

E484 K in VOC is regarded as an immune escape mutation since it is
used to bypass the body’s immune system. This mutation is reported to
require increased serum antibodies to prevent infection [215,216]. Also,
this mutation evaded antibody neutralization elicited by infection or
vaccination [217]. Novavax and Johnson & Johnson vaccines exhibited
poor efficacy in clinical trials in South Africa possibly due to the high
circulation of this variant in the country [218,219]. This variant also
demonstrated enhanced resistance to vaccine-elicited antibodies and
mAbs resulting in a threat to the efficacy of the Pfizer mRNA-based
BNT162b2 vaccine [216] as this variant resulted in a 3.4-fold reduc-
tion of neutralization by sera from individuals who received two doses of
the vaccine [220].

While there is no consensus on the optimal antigen sequence used in
next generation vaccines to cope with VOCs, results from booster dose
are exciting. Several new studies on some mRNA vaccines and inacti-
vated vaccines both supported increased effectiveness against emerging
Delta (B1617.2) variant after a booster dose [221]. As a result, several
countries including the United States, China and UK are implanting the
booster dose starting late 2020.

According to a modeling study [222], vaccines reduce infections but
may not avoid a new wave. Although updating vaccines based on vari-
ants is recommended [223], the safety and efficacy of the prospective
vaccines are under question. Overall, the currently available vaccines
have good efficacy against the VOC including the Delta variant, specif-
ically these vaccines significantly reduced severe disease [224]. But,
worth-attention efficacy drop-off is observed among vaccines against the
emerging VOC. Therefore, the production of multivalent vaccines,
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massive vaccine deployment to the community, and reactivating current
vaccines are pivotal in addition to vaccine updating [225,226]. The
impact of SARS-CoV-2 VOC on immunity is summarized in Table 1.

4. Challenges and future opportunities

SARS-CoV-2 genetic alterations would be the most critical challenge
to the prevention and control of the pandemic as mutations could
hamper the ongoing efforts on therapeutics, diagnostic, and vaccination
efforts. Genetic alterations in VOC help the virus evade immunity
through different mechanisms of which include altered interaction with
immune regulatory genes [227], losing epitopes [228], escaping T-cell
killing and low affinity to neutralizing antibodies [229]. On the other
hand, the circulating VOC showed enhanced transmissibility, infectivity,
and immune evasion owing to structural rearrangements resulting in
increased accessibility and binding affinity of the RBD to ACE2 [230].
Due to differences in key amino acids, the RBM of SARS-CoV-2 forms a
larger binding interface and higher affinity to ACE2 than SARS-CoV
RBM does [111] which is a lesson that future virus evolutions will
affect immunity and vaccinations. Unfortunately, studies showed that
the SARS-CoV-2 S protein has lower stability than the SARS-CoV S
protein [231] and the S2 fusion subunit is more conserved than the S1
subunit [26]. Therefore, a combination of mAbs that can identify
various epitopes is recommended to combat this problem [232].

The mutations in VOC (D614 G and E484 K) improve the stability of S
protein in its open state [233] which in turn increases virulence [234].
For example, a mutant SARS-CoV-2 showed effective zoonotic trans-
mission [235] and the famous D614 G spike protein variant demon-
strated more efficient entry and receptor binding affinity compared to
the wild type [236]. The D614 G mutation is reported to stabilize the
structure of the S1/S2 complex through destabilizing the free S1 struc-
ture [237] providing insights into designing potent vaccines/antibodies
targeting this mutation. A study by Zhang et al. [238] reported that the
D614 G substitution stabilizes the S trimer which could have an impact
on vaccines and immunity. Besides, the D614 G mutation is reported to
increase the up state of the RBD and enhance S1/S2 junction protease
cleavage [239]. Therefore, targeting multiple sites in the spike protein
could be a promising strategy to cope with VOC as mutations in the NTD
and other regions are suggested to affect the structure and thus the
immunogenicity RBD epitopes [240]. In this regard, Cho et al. [241]
designed bispecific antibodies which potently neutralize VOC (Alpha,
Beta, Gamma, and Delta variants) and the wild-type virus. In addition,
combining RBD and NTD neutralizing antibodies is suggested to be
another means of fighting with VOC [242-244]. Compared to the
wild-type virus, the currently circulating VOC have significantly altered
NTD, but the presence of only local changes on the RBD brightens the
hope of coping VOC with RBD-based vaccines and therapeutics [245].

Intriguingly, recombined antibodies showed potent neutralization of
S protein variants [246]. This indicates the use of a combination of
vaccines derived from different domains of the spike protein could be
more effective. However, prediction of mutational pathways, mapping
of immunogenic epitopes in the S protein, and structure-based analysis
of Ab-epitope binding should be the primary concern to design potent
vaccines and/or antibody-based therapies [170,243,247,248]. The
application of small proteins like nanobodies could also be an interesting
approach. In this regard, Jin’s group identified potent hetero-bivalent
alpaca nanobodies readily blocking RBD-ACE2 interaction with high
binding affinity and stability [249].

P.1 variant showed resistance to neutralization by several mAbs, but
antibodies with epitopes outside the RBD can readily neutralize the
virus. For example, P.1 from Brazil, B.1.351 from South Africa, and
B.1.1.7 from the UK are neutralized by a modified mAb (222) providing
evidence of coping genetic variations through modifying antibody epi-
topes [250]. Modification of the spike protein is important for designing
better vaccines for COVID-19. Notably, deletion of polybasic cleavage
sites, inclusion of stabilizing mutations, and inclusion of trimerization
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Table 1
Summary of the impact of SARS-CoV-2 VOC on immunity.

Mutation/ Virus type Control Location

variant strain

Impact on natural
and vaccine-
induced immunity

L452R and Pseudovirus Parental S RBD Escape from the
Y453F protein HLA-24-restricted
[189] cellular immunity

B.1.1.7, Lentivirus Among the S protein This resulted in
B.1.351, (plasmid) variants diminished
P.1, or activation of T cells
B.1.617.2 mediated by major
[186] HLA alleles from

COVID-19

convalescents.

Mutations at the

K417, L452, and

Y144 of the spike

protein evade T

cells via weakening

epitope ligand
interaction

Resulted in weak

neutralization by

sera from
pseudotyped virus

RBD nanoparticle

vaccinated

macaques

S protein This resulted in a

CR3022 reduced affinity of

1gG the antibody to the

epitope RBD. Increased
affinity of SARS-

CoV CR3022 to the

RBD of SARS-CoV-2

after the

substitution
mutation on the
epitope

Resisted

neutralizing

501Y.V2 Pseudovirus Wuhan-Hu- RBD
[165] 1

P384A [277] Pseudovirus Wwild type

RBD (P384)

N234Q, Pseudovirus Beta/ Other
A475V, Shenzhen/ regions of
L452R, SZTH-003/ S protein antibodies from
V483A, 2020 and RBD patient

F490L convalescent sera
[103,168] and rhesus
monkeys. SARS-
CoV-2 antibodies
didn’t cross-react
with RBD of SARS-
Co-V

Exhibited reduced
sensitivity to
monoclonal

A475V and
F490L [95]

Natural RBD
variants

Pseudovirus

antibodies and
altered sensitivity
to convalescent
COVID-19 sera
Exhibited increased
resistance to
neutralizing mAbs
and COVID-19 sera
Resisted
neutralization by a
cluster III RBD
specific mAb
(COVAL1-16).
Showed poor
neutralization by
RBD-specific mAb
(COVA2-04).
Resisted
neutralization by a
cluster I RBD
specific mAb
(COVA2-29). These
mutations resulted

N439K [174]  Live virus Wild type RBD

RBD (N439)
P384A

K417V

Wuhan
Pseudovirus reference RBD
L452K [179] strain

(continued on next page)
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Table 1 (continued)

Mutation/
variant

Virus type

Control Location

strain

Impact on natural
and vaccine-
induced immunity

Infectious
cDNA clone

E484K [215,
216,220]

D614G [202] Pseudovirus

B.1.351
variant
[155,200,
201,203,
204]

Live virus

B.1.1.7
variant
[203,204]

Live virus

P475A and n/a
G482
insertion
on SARS-
CoV-2 RBD
[178]

L452R and
Y453F
[278]

Pseudovirus

Wuhan RBD
reference
strain

Wild type S
protein
(D614)

S protein

Wuhan
reference
strain

S protein

Wuhan
reference
strain

S protein

SARS-Co-V RBD
RBD

NF9 RBM
(parental)

in reduced potency
of serum
neutralization
Showed enhanced
resistance to
vaccine-elicited
antibodies and
monoclonal
antibodies. It also
showed resistance
to Pfizer elicited
antibody
neutralization from
individuals who
received two doses
of the vaccine. This
substitution is
considered as host
defense escaping
mutation

Resisted Pfizer
vaccine-elicited
antibody
neutralization by
mouse, rhesus, and
human sera.
Showed reduced
neutralization by
sera from
AstraZeneca,
Moderna and Pfizer
vaccinated
individuals. It also
moderately resisted
neutralization by
sera from
individuals
vaccinated with
inactivated BBIBP-
CorV and ZF2001
RBD recombinant
vaccines

Showed heightened
resistance to
neutralization by
sera from
AstraZeneca
vaccinated
individuals
Predicted to escape
from recognition by
SARS-CoV mAbs
(m396, 80R, s230,
and CR3014) and
thus resist SARS-
CoV mADb cross-
neutralization
Escaped HLA-A24-
restricted cellular
immunity (CD8 + T
cells). L452R
increases viral
infectivity by
enhancing spike
stability, viral
replication, and
fusogenicity in Vero
cells

n/a: not applicable for the computational study.
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domains in producing recombinant spike-related vaccines greatly in-
fluence their antigenicity [79,96,251-255]. In this regard, Amanat et al.
[253] modified the recombinant spike protein of SARS-CoV-2 and tested
its immunogenicity in a mouse model transiently expressing hACE2. The
authors found that the spike protein with two Prolines introduced and
the polybasic cleavage site removed exhibited better immunogenicity
with robust induction of anti-RBD antibodies. Moreover, recurrent
mutations other than VOC are speculated to reduce disease severity
[256]. This reveals that all mutations on the spike protein are not always
in favor of the virus bearing hopes in tackling new variants of
SARS-CoV-2.

Even though there are growing efforts in producing different forms of
effective vaccines against SARS-CoV-2 infection, there are still chal-
lenges hindering these efforts. These challenges are the limitations and
drawbacks of the different forms of COVID-19 vaccines [79]. While
inactivated vaccines are good to boost immunity, it is difficult to pro-
duce them in large quantities. Live attenuated vaccines have safety
concerns in addition to their time-consuming production process.
Moreover, some proteins like the spike protein are hard to express
making the production of recombinant vaccines limited. While RBD is
highly immunogenic, the protein is small enough to be prone to anti-
genic drift. Whereas, vector-based vaccines might be neutralized by
pre-existing immunity which requires utilization of animal strains or
medically rare strains. DNA vaccines are poorly immunogenic, in
contrast, RNA vaccines are highly immunogenic. However, RNA vac-
cines are not stable, requiring specialized storage facilities and they also
induce poor mucosal immunity. Ultimately, virus evolution is a big
challenge requiring continuous update of vaccines which is a resource,
technical, and time demanding contrary to urgency. Moreover, pre-
dicting the pathways of SARS-CoV-2 mutations is critically challenging
which also pause threats to the treatment and vaccination efforts. Sys-
tematic genetic surveillance and modeling approaches are important to
predict the evolutionary routes of variants and identify their phenotypic
effects [257]. Further, identifying a universal antigen to deal with mu-
tations is a critical point of intervention. Therefore, designing vaccines
and immunotherapy considering these drawbacks are ultimately needed
to curb the ongoing COVID-19 pandemic.

5. Conclusion

Although it has a comparatively low mutation rate, SARS-CoV-2 is
evolving antigenically to escape from neutralizing antibodies [258] and
cellular immunity, thus requiring timely updating of vaccines and
immunotherapy. Although their circulation is low, SARS-CoV-2 spike
protein variants (in the RBD and NTD) escaped from neutralizing anti-
bodies and convalescent sera [259]. Immune responses due to infection
and/or vaccination could also result in mutants. Notably, three spike
protein mutations were observed after growing SARS-CoV-2 in the
presence of neutralizing convalescent plasma where the new variants
developed resistance to neutralization [260]. Multiple mutations in the
RBD and NTD are reported to resist neutralization [261]. Besides,
chronic SARS-CoV-2 infection in immunocompromised individuals is
suggested to increase the mutation rate [262]. A low frequency of Delta
variant sublineages harboring new and wild mutations has been re-
ported even in vaccinated individuals [263]. Therefore, continuous
molecular surveillance and monitoring are necessary to direct the
development and effective application of vaccines and immunotherapy
[174,264] to tackle virus transmission [265].

A deep understanding of the immune evasion mechanisms of SARS-
CoV-2 and host immune responses help design better vaccines and
antibody-based therapies [266]. Unlike HIV, HBV, and HCV [267], the
ability of SARS-CoV-2 variants to escape T cell immunity is less well
understood. The role of T cells in fighting against SARS-CoV-2 infection
is also not well documented, but the polyclonal nature of T cell response
might resist the effect of some viral mutations [268]. Also, since T cell
epitopes are located along the genome in addition to the spike protein
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[269], designing peptide vaccines targeting T cells could be an attractive
direction for future vaccine design.

Having escalating safety and efficacy concerns, it is encouraged to
scale up immunization using the current vaccines provided together
with periodic updating of vaccines matching circulating strains is rec-
ommended [268]. It is suggested that different response strategies
including increasing vaccination doses, designing next-generation vac-
cines against VOC, improving the immunogenicity of vaccines, and
massive vaccination could help tackle the ongoing COVID-19 caused
especially by the VOC [39]. More studies are required to better under-
stand the correlation between immune evasion, disease severity, and
immunotherapy associated with the VOC [270]. The emergence of VOC
is unavoidable requiring appropriate countermeasures. Thus, a focus
should be given to co-circulating VOC in the same region as these var-
iants could pause another challenge upon recombination [271]. Tar-
geting mutation hotspots and synergic mutations for therapy,
diagnostics and vaccination is of utmost recommended [217]. Public
education about the importance of vaccination should also be a priority
agenda as negative attitude towards vaccination and vaccine hesitancy
is observed [272,273].

Updated structure-based studies are important to decipher the im-
mune escaping mechanisms of S protein variants to design structurally
suitable vaccines/antibodies. Looking for conserved epitopes in the
spike protein is also another potential means of developing effective
antibodies and vaccines that can resist future virus genetic alterations.
Mucosal targeting vaccines using potent adjuvants could also be a new
approach to prevent initial virus entry; however, current vaccine studies
focus majorly on neutralizing antibodies in blood. More importantly,
timely reformulating vaccines and antibodies in parallel with viral
evolution are at most crucial. Overall, the protective efficacy of most
COVID-19 vaccines is achieved through boosting neutralizing antibodies
targeting the spike protein that could be greatly affected by virus evo-
lution and deserves conscious follow-up.
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