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Abstract: The newly emerged variants of SARS-CoV-2 created a potential threat among societies and
highlighted one of the significant concerns in facing the pandemic. SARS-CoV-2 variants harboring mutations
in the structural protein, especially in the RBD domain of spike protein, have raised concern about potential
immune escape. The spike protein of SARS-CoV-2 play a vital role in infection and is an important target for
neutralizing antibodies. The mutations that occur in the structural proteins, especially in the spike protein, lead
to changes in the virus attributes of transmissibility, an increase in disease severity, a notable reduction in
neutralizing antibodies generated, and thus a decreased response to vaccines and therapy. The immune
response against SARS-CoV-2 has been reported mainly through innate rather than adaptive immune
responses. SARS-CoV-2 invades the host's innate immunity, possibly through inducing cytokine storm,
impairing type I IFN responses, and suppressing antigens presentation to T cells. Therefore, the adaptive
immune response is required to fight against SARS-CoV-2 infections and may reduce the severity of the
disease. The SARS-CoV-2 infections activated both arms of adaptive immunity; humoral and cell-mediated
immunity. The observed multiple mutations in the RBD domain of the spike protein compromised the adaptive
immune response and showed immune escape because it increases the affinity of spike protein binding with
the ACE-2 receptor of host cells and increases resistance to neutralizing antibodies. Cytotoxic T-cell responses
are crucial in controlling SARS-CoV-2 infections from the infected tissues and clearing them from circulation.
Cytotoxic T cells efficiently recognized the infected cells and killed them by releasing soluble mediators
perforin and granzymes. However, the overwhelming repose of T cells and, subsequently, the overproduction
of inflammatory mediators during severe infections with SARS-CoV-2 may lead to poor outcomes. The exact
cause of hyperactivation or functional exhaustion of T cells and its implication is not yet understood in SARS-
CoV-2 infections. These mutations at critical residues influence the antigenic profile of SARS-CoV-2, which
may evade the host immune responses and thus reduce the immunogenicity and efficacy of vaccines.
Therefore, the spike protein may be recognized as a primary target for vaccines and drugs. This review article
summarizes the impact of mutations in the spike protein of SARS-CoV-2, especially mutations of RBD, on
immunogenicity, immune escape, and vaccine-induced immunity, which could contribute to future studies
focusing on vaccine design and immunotherapy.
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has affected millions of people
globally and caused substantial mortality and morbidity (1). SARS-CoV-2 spread rapidly throughout
the world, leading to a health crisis. As of April 30, 2023, the Coronavirus Disease (COVID-19)
infectious cases surpassed 750 million, with more than 6.5 million deaths reported by worldwometer
data (2). SARS-CoV-2 is a contagious, large enveloped, single-stranded, non-segmented, positive-
sense RNA virus belonging to the coronaviridae family and genus Beta coronavirus (3). The viruses
of the coronaviridae family are further divided into two subfamilies; Middle East respiratory
syndrome coronavirus (MERS-CoV) and severe acute respiratory syndrome coronavirus (SARS-
CoV). Like the previous zoonotic coronavirus outbreaks (SARS-CoV and MERS-CoV), the current
SARS-CoV-2 virus causes lower respiratory tract infections and leads to respiratory diseases (4).
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International Committee on Taxonomy of Viruses, on February 11, 2020, recognized the outbreak of
pneumonia that began in December 2019 in Wuhan, Hubei Province of China, as the SARS-CoV-2
based on its genetic similarity to SARS-CoV (5). The fatality rate due to SARS-CoV-2 (5%) was
reported to be comparatively lower than SARS-CoV (10%) and MERS-CoV (30%) (6). Despite its lower
fatality rate, it has severely affected people worldwide because of its high transmission rate and
infectivity. Despite its large size, the SARS-CoV-2 genome encodes for four structural proteins spike
(S), membrane (M), envelop (E), nucleocapsid (N), and 16-17 non-structural proteins (7). The
structural proteins are the primary determinants of virulence and function. The S protein is highly
immunogenic and contributes protective immunity compared to N, M, and E proteins (8). Studies
have confirmed the entry of viruses into human cells after their fusion with the cell membrane of the
target tissues. The entry of SARS-CoV2 is initiated by the binding of the Receptor-binding domain
(RBD) of spike protein to the human host cell receptors present at the surface. RBD is a portion of
spike protein at the Slsub-unit with a core structure and receptor binding motif (RBM) that binds to
angiotensin-converting 2 (ACE2) during the entry process of SARS-CoV-2 (10). SARS-CoV-2 enters
the host cell by direct fusion of the viral envelope within the host cell membrane or membrane fusion
within the endosome after endocytosis. After fusion, the S protein undergoes proteolysis by a host
protease, giving rise to S1 and S2 fragments. The host trans-membrane serine protease 2 (TMPRSS2)
is important for proteolysis of spike protein for interaction with receptor and entry. After proteolytic
cleavage, the S1 protein is ready to intact with ACE2 receptors widely expressed in the cells of the
lungs, intestine, testis, liver, heart, and kidney (9).

The newly emerged variants of SARS-CoV-2 created a potential threat among societies and
highlighted one of the significant concerns in facing the pandemic (11). Accumulation of mutations
due to viral replication is a natural phenomenon. Generally, mutations do not alter the virus
behaviors, but a few mutations that occur in the spike protein may give rise to novel, high-risk
variants of the SARS-CoV-2 and change viral attributes of infectivity, transmission, severity, and/or
its immunity-evading potential (12). Classifications of emerging variants of SARS-CoV-2 and
appropriately naming them were challenging for the World health organization (WHO). WHO
prompted the classification of novel SARS-CoV-2 strains as Variants of Concern (VOCs) and Variants
of Interest (VOIs) in late 2020. VOCs include those variants whose mutations in the structural
proteins, especially in the S protein, lead to a change in the virus attributes of transmissibility, an
increase in disease severity, a notable reduction in neutralizing antibodies generated, and thus, the
decreased response to vaccines and therapy (13). However, VOIs were defined as those strains of
SARS-CoV-2 with mutations that result in changes in the affinity of the virus to the ACE-2 receptor,
decreased neutralization by antibodies, reduced efficacy of treatments, and a potential increase in
transmissibility and disease severity (14). Studies reported that spike protein of SARS-CoV-2,
especially the S1 sub-unit of RBD, showed frequent mutations. The mutations reported in the spike
protein, especially in the RBD, may reduce the immunogenicity and efficacy of vaccines (15).
Therefore, the spike protein may be recognized as a primary target for vaccines and drugs. We have
summarized the mutations that occur in the structural protein of SARS-CoV-2 variants and their
Greek Alphabet names uniquely given by WHO (Figures 1 and 2).In this review, we discussedthe
impact of mutations that occurred in the spike protein of SARS-CoV-2, especially mutations that arise
in RBD of 51 protein, on immunogenicity, immune evasion, and vaccine-induced immunity, which
could potentially contribute to future studies focusing on vaccine design and immunotherapy. In this
review, firstly, we will discuss the impact of the SARS-CoV-2 variants on the immune system and
major immune components involved in COVID-19 infection. Further, we will also shed light on the
impact of vaccination on different variants of SARS-CoV-2 and possible mechanisms evolved in the
virus for immunogenicity and immune evasion.
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Figure 2: The figure shows the reported amino acids mutations in the RBD domain of the spike protein of VOIs of SARS-CoV-2
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2. Immune Response to SARS-CoV-2 Infection

The viral infections activate both arms of immunity, innate and adaptive, to fight acute infection.
Several studies confirmed that recovery from COVID-19 infection depends on the appropriate
immune response (16). The disease severity and outcomes from infections with COVID-19 are linked
to immune response (17). Persons with impaired immune function were more prone to develop
severe complications and die due to COVID-19 disease. In this section, we will highlight the induced
immune responses following COVID-19 infections and the impact of infections on disease severity
and outcomes.

2.1. Innate Immunity

Innate immunity is the first-line response to protect host cells against early viral infection and
turn off adaptive immune responses. Innate immune responses are very important to protect against
zoonotic viruses, such as SARS-CoV-2, for which there is usually no-pre-existing adaptive immunity
(18). SARS-CoV-2 elicits numerous key host immune responses, such as the release of inflammatory
mediators, activation, and maturation of dendritic cells (DCs), and increasing the synthesis of type I
interferons (IFNs) through which they limit the viral loads (19,20). Like other coronaviruses, SARS-
CoV-2 causes upper and lower respiratory tract infections often associated with fever, cough, and
loss of smell and taste. SARS-CoV-2 infection induces non-specific immune responses to combat
infections (18). Mucus and other substances that help in defense like histamines, mucins, defensins,
etc. are secreted by the mucosal epithelial cells. These substances afford protection against viral
infections (21). When SARS-CoV-2 breaches this protection, the pathogenic associated molecular
patterns (PAMPs) are recognized by innate immune sensors. These sensors are called pattern
recognition receptors (PRRs). Within few hours of exposure to the virus, the PRRs release various
kinds of innate immune proteins. Innate immunity players like granulocytes, monocytes,
macrophages, and dendritic cells recognize the PAMPs, release the enzymes and present the antigens
to T cells (22). Some recent studies have confirmed that endosomal Toll-like receptors (TLR-2, TLR-
3 & TLR-7) or cytosolic retinoic acid-induced gene 1 (RIG-1) and melanoma differentiation-associated
gene 5 (MDADS) detect the SARS-CoV-2 RNA. (23,24). Of these RIG-1 and MDAJ5 are the most studied
and they provide the key regulation of the interferon pathway. Once the SARS-CoV-2 is recognized
by the innate immune cells, they trigger the activation of transcription factors which causes
concurrent release of both interferons and other inflammatory cytokines such as interleukins (IL-1,
IL-2, IL-6), tumor necrosis factor-alpha (TNF-a), and chemokines (CXCL1, IP-10, CXCLS5,
CCL2/MCP1, CXCL10) (22). These cytokines and chemokines aid in clearing infections and
maintaining cellular homeostasis. However, dysregulated release of these inflammatory mediators
contributes to cytokine storm, define as a life-threatening condition caused by excessive production
of cytokines. These inflammatory mediators stimulate the Natural killer (NK) cells that kill virus-
infected cells, induce apoptosis, and trigger antibody-dependent cell-mediated cytotoxicity (ADCC)
(25). The NK cells count was reduced in patients with severe COVID-19 cases (25). The activation of
innate immune cells and the production of an adequate quantity of antiviral cytokines are required
to stop the replication of SARS-CoV-2. The impaired production of antiviral cytokines, especially type
I IFN, or excessive production of these inflammatory mediators may result in cytokine release
syndrome or cytokine storm (26). The cytokines storms have been reported in patients with severe
COVID-19 (27). Mice with severe COVID-19 infections developed a lethal shock syndrome that
mirrored the cytokine storms seen in humans. In patients of COVID-19 with severe disease,
phagocytic cells have been identified as the key contributors to the cytokine storm (28). SARS-CoV-2
infection induces cytokine storm, impairs type I IFN responses and suppresses antigen presentation
to the T cells and thereby evades the host innate immunity. However, the ineffective IFN innate
immunity is considered as a major factor responsible for early immune suppression. It is
alsoassociated with failure to control a primary SARS-CoV-2 infection and a high risk of fatal COVID-
19. Therefore, the poor early innate immune response to SARS-CoV-2 because of efficient evasion of
the virus or defective innate immunity contributors to poor clinical outcomes in severe COVID-19
patients (26).
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2.2. Adaptive Immunity

The immune response against SARS-CoV-2 has been reported mainly through innate rather than
adaptive immune responses. The innate immune system rapidly recognizes SARS-CoV-2 infections,
triggers the type I IFN response, and produces anti-viral proteins. The innate immune response limits
viral entry, slows replication and assembly, identifies infections quickly, and removes infected cells.
SARS-CoV-2 invades the host's innate immunity, possibly through inducing cytokine storm,
impairing type I IFN responses, and suppressing antigens presentation to T cells. Therefore, a specific
immune response is required to combat SARS-CoV-2 infection. The adaptive immune response is
important for controlling and clearing SARS-CoV-2 infections that cause COVID-19. Understanding
the adaptive immune response and memory for the success of all COVID-19 vaccines is critical. In
patients who have recovered from COVID-19, spike protein-specific B-cell subsets and SARS-CoV-2
specific T-cell immune memory have been reported, thus suggesting a possible role of adaptive
immunity in fighting the infection (29). By playing critical roles in identifying SARS-CoV-2 infections
and clearance, antibodies, CD4+ T cells, and CD8+T cells help control SARS-CoV-2 infections.
However, the importance of each component of adaptive immunity depends on the COVID-19
disease severity and viral loads. (30). To produce neutralizing antibodies, it is crucial that the viral
antigen should recognize by antigen-presenting cells (APC) and thereby stimulates humoral
immunity via virus-specific B and plasma cells (15). Several studies confirmed that spike protein is
an important target for neutralizing antibodies and vaccine design (31). The RBD domain of the spike
protein is the target of more than 90% of neutralizing antibodies in COVID-19 cases. In COVID-19
patients, increasing titers of the neutralizing anti-spike IgG antibodies and its association with disease
severity were found (32). High titers of the neutralizing antibody are associated with severe COVID-
19 disease and potentially extrafollicular B cell response. Adaptive immune response to SARS-CoV-
2 infection reported to be highly heterogeneous. Compared to patients with mild/asymptomatic
COVID-19 disease, patients with severe COVID-19 have different adaptive immune responses (33).
Few studies reported an association between COVID-19 disease severity and adaptive immune
response (33).

SARS-CoV-2 specific immunoglobulins (IgG and IgM) were found to have appeared 3-6 days
after infections and remained in the circulation for 12-14 weeks, depending on viral load and severity
of COVID-19 disease (34,35). Apart from viral neutralizing antibodies, secretary mucosal antibodies
(IgA) are also essential to stop viral adherence to the epithelium thereby inhibiting the multiplication
(21, 36). Recent study reported that deficiency of IgA antibodies in active infections of SARS-CoV-2
could exacerbate severe COVID-19 infection or result in delayed viral shedding (36). There is a lot of
discrepancy about the titters of antibodies and their persistence in the circulations post-infection with
SARS-CoV-2. A recent study highlighted that about 50% of antibody titters were reduced after 4-12
weeks of the start of SARS-COV-2 infections (37). Despite the importance of the antibody response,
it is still optional. This is corroborated by reports of patients recovering from SARS-CoV-2 infection
without functional effectors and memory B cells (38).

Much investigation has not been done on the T cell-mediated cellular immune response against
SARS-CoV-2 infections, perhaps due to the complexity of T cell sub-populations and human
leukocyte antigen (HLA) restricted epitope recognition. The cell-mediated immune response is
important for recognizing and clearing intracellular pathogens. Evidence from previous infections of
humans with SARS-CoV-1 and MERS indicates that T cells mediated cellular immune responses are
critical in determining SARS-CoV-2 infections and disease severity (39). T-cell responses to MERS are
also of attention and come into view to be more robust and sustained than humoral immunity (39).
The extent of viral infections and the efficacy of the innate immune response, particularly type I [FN-
mediated, are critical in determining subsequent adaptive immune response and the clinical
outcome. Patients with asymptomatic/mild COVID-19 disease showed a balance production of
inflammatory response and virus-specific T-cell activation (40). However, patients with severe
COVID-19 were characterized by hyperinflammatory responses with robust production of
inflammatory cytokines (39). The clinical association of T cells with viral load and disease severity in
SARS-CoV-2 infection is not yet characterized. Still, systemic inflammation, virus-specific T-cell
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responses, and severe pneumonia have contributed to tissue damage in other respiratory infections
(41). The absolute number of CD*4 and CD*8 T cells was decreased in COVID-19 patients, and the
decline in T lymphocyte counts was correlated with disease severity. A study used ELISpot
technology to assess the T cell immune response post-COVID-19 infections and found robust T cells
mediated immune response in patients with more severe-clinical infection (42). Recent studies
reported spike protein-specific T cell responses are dominated by CD4* T helper cells and are likely
to support immunoglobulin generation (43). CD4* T helper cells are more significant than the
CD8*Cytotoxic T cells pool and may increase frequency over time. Cytotoxic T-cell responses are
crucial in controlling SARS-CoV-2 infections from the infected tissues and clearing them from
circulation (30).

CD8* cytotoxic T cells have been found to be abundant in the lung tissues of COVID-19 patients
with asymptomatic/mild symptoms. However, perforin, and granzyme B production is reported only
in patients with severe disease (44). Evidence of the role of CD8* cytotoxic T cells in SARS-CoV-2
infections has been studied on non-human primates. Depletion of CD8* cytotoxic T cells in macaques
pre-immunized with a SARS-CoV-2 vaccine delayed the viral clearance in a later infection challenge.
The T-cell response could be protective against SARS-CoV-2 infection for a long duration. However,
the functional exhaustion of T cells or hyper-activation may increase the severity of the disease. The
exact cause of T cell over-activation and its implication is not yet understood in SARS-CoV-2
infections.

3. Impact of COVID-19 Variants on Immune Evasion

Compared to DNA viruses, RNA viruses show higher mutation rates, where SARS-CoV-2 is not
an exception. SARS-CoV-2 has continuously evolved through mutations due to its error prone RNA
polymerase and anti-spike immune pressure, resulting in successive infections by these mutated
strains. Continuous genetic variations in the genome and mutations in the spike proteins of SARS-
CoV-2 have been reported (45). About 1-2 monthly mutations have been reported in the SARS-CoV-
2 genome (46). Spreading SARS-CoV-2 variants share several mutations that empower them in rising
population while expanding their replication wellness. The host immune responses against the virus
have been primarily induced due to spike protein (47). The RBD domain of the spike protein is a
primary target for neutralizing antibodies because it is a highly immunogenic protein of SARS-CoV-
2. Monoclonal antibodies have shown a clinical benefit in preventing infection by acting on the SARS-
CoV-2 spike protein. Mutations in SARS-CoV-2 spike protein cause significant alters in possible
evasion of immunity and vaccine design. The adaptive immune response is extremely necessary to
fight SARS-CoV-2 variants. The fact that antibodies are effective in preventing the binding of SARS-
CoV-2 to the ACE-2 receptor of host cells and thereby prevent infections, is well known. However,
the effectiveness of antibodies is reduced against spike protein variants. Various SARS-CoV-2
variants have been reported to successfully dodge the humoral immune response (48). Some of these
spike protein mutations render antibodies elicited post vaccination with COVID-19 vaccines and
against earlier virus strains. This allows the variants to escape the immune response following
vaccination or infection. Recent studies confirmed the reduced efficacy of neutralizing antibodies
against the SARS-CoV-2 variants in circulation. According to a study, sera of RBD nanoparticle-
vaccinated rhesus macaques demonstrated moderate to low efficacy for different SARS-CoV-2
variants (49). While the B.1.1.7 pseudotype virus was efficiently neutralized the sera showed very
weak inhibition against the 501Y.V2 variant (50). According to various studies, mutations that occur
in the RBD domain of spike protein compromise the humoral immune response (31,51). The common
mutations reported in the spike protein and their effect on immunity are summarized in Table 1.
More recently, a combination of mutations and deletions was reported in the RBD domain of spike
protein. The mutation at 484 residues of the RBD domain in the spike protein was first time reported
in South African variants and later in the Brazilian variant. Mutations E484 GK/Q/P present in highly
contagious variants B.1.617 and B.1.1.7 that reduced antibody binding and neutralization titer with
polyclonal serum antibodies obtained from people who have recovered from COVID-19disease and
vaccinated with BNT162b2 vaccines (13,52). Therefore, the mutation at this residue E484Q eradicates
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the binding with the ACE-2 receptor and destabilizes the complex, favoring the virus's immune
escape. Another important mutation that compromises humoral immune response and increased
resistance to neutralizing monoclonal antibodies and COVID-19 sera includes N439K (53). The
substitution of amino acid at N439K residue of RBD enhanced RBD affinity for ACE2 receptor,
subsequently increasing viral load. The mutation at residue N501Y was first time reported in the
United Kingdom and South Africa. This mutation enhances ACE2 proximity and replication of the
virus. The variants having N501Y mutations showed about four-fold higher affinity to wild-type
SARS-CoV-2, the ACE 2 receptor (54). The D614G mutation at residue 614 in the spike protein was
observed in one of the first reported and subsequently in nearly all variants of the virus. This
mutation is shown to shift the S protein conformation towards the ACE-2 binding fusion state that
allows viral entry and replication, thus enhancing the viral infectivity (48). Therefore, D614G confers
a moderate advantage for infectivity and transmissibility. Multiple mutations in RBD increases the
affinity of spike protein binding with the ACE-2 receptor of host cells and increases resistance to
neutralizing antibodies, thereby highly compromising the humoral immune response, resulting in
immune escape. These multiple substitutions are observed in the RBD domain of spike protein of
COVID-19 variants known to have higher infectivity and the ability to resist pre-existing antibodies
or vaccine-induced immunity (15,53). The mutations that occurred in other structural proteins of the
SARS-CoV-2 are also associated with immune escape. Recent studies reported immune escape
associated with mutations in the NTD domain centered in loop N3 (140-156) and loop N5 (246-260)
(46). Deletions in the NTD have been observed repeatedly in the evolution of SARS-CoV-2 and have
been described as changing NTD antigenicity. These studies suggested that emerging SARS-CoV-2
RBD variants could reduce the vaccine's efficacy.

Like humoral immune response, the cell-mediated immune responses by T cells are important
to resolve SARS-CoV-2 infections. The potential importance of amino acid substitutions in the
structural protein in driving escape from the cellular immune response of T cells is a topic of
considerable debate (55). Unlike B cells, T cells recognized the broad array of epitopes of SARS-CoV-
2 viruses. T helper cells (CD4*) and cytotoxic T cells (CD8*) recognize more than ten epitopes of SARS-
CoV-2. A study reported the cross-reactive T cells against omicron variants. The observed mutations
in the omicron spike protein could not evade cellular immunity and may not abrogate antigen
presentations. However, the large number of amino acids substitution within spike protein may
inactivate the presentation or recognition of some epitopes to the MHC. Therefore, the possibility of
escaping cell-mediated immunity by SARS-CoV-2 variants is rare.

Table 1. SARS-CoV-2 variants and their impact on natural and vaccine-induced immunity.

. Country of )
Variants WHO label first Notable mutations Locatl.on of Imp;':lct . on n.atural . and
name . mutation vaccine-induced immunity
detection
B.1.1.7 Alpha s Z N501Y, A570D, S protein © pte,ul oype virts d
ingdom D614G, P681H nanoparticle vaccinate
macaques
Reduced neutralization to
B.1351 convalescent and post-
o K417N, E484K, N501Y vaccinated sera
B.1.351.2 B h Afri ’ ' ’ i
B gg 13 eta South Africa D614G, A701V 5 protein Resisted neutralization by a
T cluster of III RBD specific
monoclonal antibodies
P.1 . K417T, E484K, N501Y, . There is n.loderate change in
P11 Gamma Brazil S protein neutralization to convalescent

P.1.2 D614G, HE55Y and post-vaccinated sera
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Significantly ~ reduced  the
neutralization to post-
vaccination sera

K417N, L452R, T478K
B.1.617.2 Delta India E484Q, D614G, P681R, S protein Enhanced RBD affinity to ACE-
D950N 2 receptor
Escape from the HLA-24-
restricted cellular immunity
Showed poor neutralization by
RBD-specific monoclonal
Eig; Epsilon United States  'W152C, L452R S protein ;23322:8 neutralization  to
convalescent and post-
vaccination sera
69-70 del, G339D,
S371L, S373P, S375F,
K417N, N440K,
G446S, S477N, T478K,
E484A, Q493R, G496S,
B.1.1.529 Omicron South Africa Q498R, N501Y, S protein Slight change in antigenicity
Y505H, T547K, D614G,
H655Y, N679K,
P681H, N764K,
D796Y, N856K,
(Q954H, N969K, L981F

Most studies focused on a potential immune escape by SARS-CoV-2 variants on the antibody
level, little is known about immune escape at the T cell. A recent study reported that emerged
mutations in the RBD domain at residue L452 R in B.1.427/429 and Y453F in B.1.298 can escape from
the HLA-24-restricted cellular immune response (56). Few studies suggested the immune escape of
T cells to SARS-CoV-2 variants by using CD8+ T cell epitope profiling (57). Mutations in the MHC-I-
restricted epitopes of spike protein abolish MHC-I binding and thus escape in vitro CD8+ T cell
response. As per recent data, the K417 mutations found in the few strains of SARS-CoV-2 variants
(B.1.1.7, B.1.351 and P.1) and mutation at the residue Y155 reported in B.1.1.7, B.1.351, and B.1.525
variants abolished the capacity of the loading of the peptide to the relevant HLA-A class I molecule
(58). These data provide insights that emerging SARS-CoV-2 variants can evade the host cellular
immunity. Hence, in view of the impact of genetic variations on the immune evasion, infectivity,
transmissibility and antigenicity of SARS-CoV-2, it is imperative to design and /or update vaccines
and therapeutics after understanding the host immune response against spike protein variants of the
virus.

4. Impact of COVID-19 Variants on Vaccine-Induced Immunity

Vaccines are considered the most potent weapons in the fight against COVID-19 disease.
Countries with high rate of vaccination had significantly reduced number of infective cases,
hospitalization, and death. Although, the emergence of SAR-CoV-2 variants has jeopardized
vaccination's success. The vaccines currently used were based on prototype viruses. Still, it showed
good neutralization with different variants of the SARS-CoV-2 viruses (59). However, these emerging
variants pose a big concern about vaccine efficacy and are responsible for the pandemic. Since the
mutations are primarily observed in structural proteins, especially in the RBD domain of the spike
protein of the newly emerged viruses. These mutations confirmed moderate to poor neutralization
in vaccinated individuals (59). In-vitro neutralization assays conducted by using the pseudo viruses
possessing RBD mutations showed that the neutralizing activity of plasma from vaccinated
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individuals significantly decreased against E484K, N501, or the K417 N + E484K, + N501Y triple
variant (32). Though alpha variants did not contribute much mortality, other variants, such as Delta,
Beta, Gamma, and Lambda, showed more aggressiveness, leading to many deaths globally. Notable
mutations observed in the RBD domain of the spike protein, N-terminal domain (NTD), and mutation
near the furin cleavage site posing a major concern to the scientists that this variant could halt
vaccines and monoclonal antibodies-based therapies (60) The beta variant (B.1.351) resisted
neutralization by sera obtained from individuals receiving both Moderna-vaccine doses (59). In
contrast, this variant did not escape the neutralization from Pfizer mRNA vaccine-elicited sera (61).
However, neutralization of the B.1.351 variant was diminished by 7.6-fold with BTN162b2 vaccinated
individuals.

In-vitro neutralization assay of pseudoviruses carrying the set of B.351 spike protein mutations
showed moderate to poor neutralization with sera obtained from individuals who received the both
doses of BNT162b2 vaccine or mRNA-1273 vaccine (32). The chAdOx1 nCOV-19 vaccine showed
clinical efficacy against the B.1.1.7 variant but failed to protect mild to moderate disease caused by
B.351. variants (60). A similar type of study done in other cohort using recombinant viruses carrying
N501Y, A69-V70, E484K and D614G demonstrated that compared with Wuhan-Hul reference
viruses, only moderate reduction in neutralization by post vaccination sera elicited by two BNT162b2
doses (61). The B.1.1.7 variant was effectively neutralized with sera obtained from Moderna and
Pfizer mRNA vaccinated individuals, but this variant escaped neutralization with BTN162b2
vaccinated individuals (8,62). Post-vaccinated sera obtained from individuals who received both
doses of AZD1222 and BNT162b2 could not neutralize the B.1.617.2 Delta variant (62). However,
Pfizer mRNA vaccine-elicited sera efficiently neutralized this deadly delta variant (63). These
findings suggest that mRNA-based vaccines have comparatively better responses in tolerating the
VOC:s to other types of vaccines. The mutation at the residue E484K in the RBD of the spike protein
is regarded as a most potent mutation that evades the host immunity after vaccination and natural
infections with SARS-CoV-2. In-vitro neutralization data of several variants of SARS-CoV-2 indicate
that E484K is the primary determinant of the diereses in neutralization titers, which distinguish P.1,
P.2, and the three B.1351 variants from the other pseudoviruses tested (63). Clinical trials conducted
in South Africa found poor efficacy of Novavax and Johnson & Johnson vaccines. This was perhaps
due to the country's high circulation of these SARS-CoV-2 variants (64,65). These variants also
showed resistance to vaccine-elicited neutralizing and monoclonal antibodies induced after Pfizer
mRNA-based BNT162b2 vaccination. Several studies based on protein modeling suggest that though
vaccinations significantly reduced infections, they may not avoid a new wave. Therefore, most
studies recommended updating the vaccines based on emerging variants and their efficacy against
VOCs.

5. Conclusions

The increased number of COVID-19 cases across the globe provides the basis for SARS-CoV-2
to mutate and better evade host immunity. The mutations that occur in the structural proteins,
especially in the RBD domain of spike protein, led to new variants of SARS-CoV-2, which showed
higher transmission, virulence, and antigenicity. RBD mutants are mainly important to track and
study due to the role of the RBD: ACE2 interaction in the virulence, transmission, and lethality of
emerging variants. The RBD is immunodominant and accounts for 90% of serum-neutralizing
activity. The amino acid substitution at RBD has been associated with a higher potential to escape the
immune system. Therefore, it is crucial that the emergence of SARS-CoV-2 variants globally is
monitored and their potential for immune escape is quickly recognized. Any future global
immunization program will need to consider emerging variants and their impact on evading the host
immunity to ensure the effectiveness of these vaccination programs. Knowing how much cross-
protection is offered between different strains following vaccinations or infection is important. For
providing comprehensive immune response against all variants by developing more effective
vaccines, strategies such as finding the cross-neutralizing activities and screening key epitopes
among variants may be fruitful. Further research must be conducted to investigate the impact of spike
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protein mutations on host immune response after vaccinations or natural infections and its
association with the COVID-19 heterogeneous phenotypes. Vaccines directed at the ancestral spike
protein and treatment strategies involving monoclonal antibodies need a re-look for offering reliable
protection against the emerging variants.
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