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Abstract

COVID-19 pandemic caused by SARS-CoV-2 globally impacted the humanity causing tragic outcomes; costing millions of
lives, destroying economies and demolishing public health infrastructures. The emergence of vaccines using various ingen-
ious approaches in less than a year was deemed the light at the end of the tunnel. However, recent emergence of variants of
SARS-CoV-2 in several parts of the world revealed that another hurdle is ahead in the fight against COVID-19. This review
will highlight how SARS-CoV-2 mutations, creating different virus variants could potentially impact virus pathogenesis as

well as different therapy approaches and vaccine design.
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Introduction

Coronaviruses have a history of causing zoonotic out-
breaks that occasionally achieve human-to-human trans-
mission, giving rise to epidemics or pandemics as previ-
ously observed with Severe Acute Respiratory Syndrome
Coronavirus (SARS) and Middle Eastern Respiratory Syn-
drome (MERS) coronaviruses [1-3]. While MERS and
SARS remained limited to relatively smaller populations,
Coronavirus Disease 2019 (COVID-19) caused by Severe
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)
has affected virtually the whole world, wreaking havoc on
healthcare systems and costing millions of lives. In Decem-
ber 2019, a SARS-like disease with unknown etiology was
initially reported in Wuhan, China, the original epicenter of
the pandemic. Later on, a single-stranded RNA virus from
patients with severe respiratory illness, the novel betacoro-
navirus SARS-CoV-2 was determined as the infectious agent
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[4]. The novel coronavirus SARS-CoV-2, was shown to be
capable of human-to-human transmission, leading the whole
world to take action, lockdowns being imposed, followed by
the World Health Organization (WHO) declaring the out-
break a pandemic [5].

Scientific community demonstrated rigor in investigat-
ing the virus itself and its pathogenesis once its genome
sequence was revealed. It was quickly shown that the SARS-
CoV-2 RNA genome is approximately 30,000 nt in length,
including both coding and non-coding regions. The two
thirds of its genome encodes non-structural proteins that
aid in genome replication and RNA synthesis on the 5’ side.
The remainder of its genome codes for several structural
proteins including Envelope (E), Spike (S), Nucleocapsid
(N) and Membrane (M). Structural proteins help form the
virion as well as functioning in various cellular processes
[6]. S protein has been widely studied as it is responsible
for forming the homotrimeric spike protein that binds to
Angiotensin Converting Enzyme 2 (ACE2) promoting virus
internalization [7, 8]. Proteolytic cleavage of the S protein
by TMPRSS2 is also an important determinant of efficient
viral and host cell membrane fusion that ultimately helps
viral internalization [9].

RNA viruses are notorious for high mutation rates due
in part to the error prone and fast nature of RNA depend-
ent RNA polymerase [10]. Despite the RNA proofreading
ability of coronaviruses [11], immune pressure and high

@ Springer


http://orcid.org/0000-0002-0071-5028
http://crossmark.crossref.org/dialog/?doi=10.1007/s12033-021-00353-4&domain=pdf

886

Molecular Biotechnology (2021) 63:885-897

mutation rate can eventually lead to protein sequence and
structure changes with potential phenotypic impact, creating
novel virus variants. This has so far been observed in vari-
ous instances, namely the early D614G variant, the Danish
‘Cluster 5’ variant, UK (B.1.1.7), South African (B.1.351)
and Brazilian (P.1) variants have emerged during the first
year of COVID-19 pandemic [12-16] (Table 1). N501Y
amino acid change is highlighted as it is at the spike recep-
tor binding domain (RBD), common to several variants,

including UK and South African variants, where K417N
and E484K substitutions are specific to the South African
B.1.351 variant at the ACE2 interface (Fig. 1). These vari-
ants are thought to differentially impact ACE2 binding [17]
and are thought to potentially have an effect on transmission,
effectivity of vaccines and disease progression. Several other
variants were reported from the US including, ‘Columbus,
Ohio variant’ which contains the N501Y and Q677H sub-
stitutions [18], as well as the B.1.429 variant containing

Table 1 Specifications of current SARS-CoV-2 variants and their transmission/neutralization capacities

Current SARS-CoV-2 vari- Origin of detection ~ Protein changes of note Neutralization by Effect on transmission ~ References
ant lineage nomenclature natural or vaccine
nduced antibodies

D614G Europe D614G Increased Increased [95-97]
B.1.1.7 UK N501Y, AH69-V70, P681H Decreased Increased [39, 98]
‘Cluster 5’ Denmark AH69-V70 Likely decreased Likely eliminated [99, 100]

Y453F
B.1.351 South Africa N501Y, K417N, E484K Decreased Increased [38, 101]
P.1 Brazil E484K, N501Y Decreased Increased [39, 98]
B.1.427/B.1.429 California, USA S131, W152C, L452R Decreased Increased [46, 47]
B.1.526 New York, USA E484K or S447N and D614G, Slightly decreased ~ Likely increased [20, 48]

A701V, D253G

for E484K, no
change for S447N

Fig.1 Spike glycoprotein of SARS-CoV-2 (green) and angiotensin
converting enzyme 2 (ACE2, yellow) receptor complex, zoomed in to
highlight variant residues of importance. Modeled using PDB:7DF4.
Insert shows the full trimeric spike glycoprotein in complex with an
ACE2 molecule. Amino acid residues located at the receptor binding
domain (RBD) that changed in several SARS-CoV-2 variants, N501
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(magenta spheres), E484 (red spheres), L452 (cyan spheres), K417
(orange spheres), are shown with ACE2. While D614 (blue residue)
is not found at the RBD, D to G substitution renders the virus more
transmissible and provides ease of entry in ACE2 expressing cells
due to allowing the spike RBD to frequently sample the ‘up’ confor-
mation and enhancing ACE2 attachment
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L452R substitution that quickly dominated the viral pool in
California outbreaks [19] and the fast spreading New York
variant [20]. Impact of these and other variants on vaccine
efficacy, virulence and pathogenesis is under investigation.

Extensive scientific research which accompanied the
COVID-19 pandemic led to fast production of both antigen
and nucleic acid based diagnostic tests and several vaccines
in less than a year which was accompanied, but not yet over-
shadowed, by the emergence of SARS-CoV-2 variants. This
review will highlight the impact of variants on disease man-
agement strategies, pathogenesis and vaccines.

SARS-CoV-2 Variants, Their Impact
on Disease Outcomes and Vaccine Effectivity

In the light of the high mutation rate associated with RNA
viruses, SARS-CoV-2 mutations that create new variants
have been expected. The initially dominant variant carried
the amino acid change from D to G at the 614th residue
creating the D614G variant [12]. This variant, increased in
infectivity due to efficient ACE2 binding and replication,
quickly took over, dominating the pandemic virus pool glob-
ally without causing an increase in disease severity [21].

SARS-CoV-2 was previously shown to cause infection in
different animal species and non-human primates [22, 23].
Spillover to-and-fro animals is a real possibility, which may
render containment efforts more difficult when compared
with a virus that strictly infects humans. SARS-CoV-2 was
demonstrated to cause an outbreak in Danish mink farms,
where a new variant called ‘Cluster 5° has emerged [23]. Of
note was the Y453F substitution which could increase ACE2
affinity, easing successful introduction to humans. Fast
action by Danish authorities prevented this strain spread-
ing to large human populations, kept it limited and helped
quickly contain this cluster [13].

B.1.1.7:’UK Variant’

In late 2020, the UK reported a phylogenetically distinct
variant of concern (VOC) termed SARS-CoV-2 VOC
202012/01, lineage B.1.1.7 VOC [24, 25]. Genome wide
investigations of this variant revealed a total of 17 variant
defining mutations in its genome where 9 of those reside in
the Spike protein, including the D614G substitution. These
mutations led to the spike amino acid changes N501Y,
A570D, D614G, P681H, T7161, S982A and D1118H, dele-
tion of the amino acids Y144_Y145del and H69_V70del
[26] (Table 2). Particularly the deletion H69_V70del is
of concern as decreased sensitivity for neutralization by
SARS-CoV-2 human convalescent serum samples has been
reported [27]. N501Y, found in at least 3 variants (Table 2),

Table 2 Spike protein amino acid changes and deletions of note found in the variants of concern [20, 26, 47, 48]

D253G

D215G  R2461

D138Y WI152C RI190S

L18F T20N P26S D80OA T9s1

S131

L5F

Y144_Y145del 1242 _1.245del

H69_V70del

B.1.1.7

B.1.351

P.1

B.1.427/B.1.429

B.1.526

L452R E484K N501Y A570D D614G H655Y P681H A701V T7161 S982A T10271 DI1118H

K417N/T

B.1.1.7

*(N)
*(T)

B.1.351

P.1

B.1.427/B.1.429

B.1.526

*or S477N

*Presence of the amino acid change or deletion in the variant
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is another amino acid change of concern as this residue is
one of 6 residues that interact with ACE2 receptor [28]. This
substitution could cause an increase in ACE2 affinity [29],
potentially enhancing viral entry into host cells.

Initial studies reported high viral load, increased trans-
missibility but no increased risk of lethality associated with
this variant; however, a UK report suggested an increase
in fatality of 1.65 fold [30]. Other studies highlighted the
increased nasopharyngeal viral load associated with B.1.1.7
[31], despite no association with severe disease in various
cohorts [32]. An ecological study out of the UK where
B.1.1.7 is the predominant strain, revealed that B.1.1.7 does
not alter the presentation of symptoms and does not cause
a significant increase in the reinfection rate [32]. It should,
however, be noted that this study focused on a small sample
of hospitalized patients (n =484), therefore more general-
ized cohorts will need to be included in order to gain insight
toward the infection fatality rate. Another UK based study of
a cohort of 198,420 patients reported an increase in disease
severity, critical care admission and 60% increased risk of
mortality associated with B.1.1.7 [33]. An increase in the
pediatric cases with COVID-19 in the UK during the second
wave of the pandemic is attributed to B.1.1.7 prevalence

and high transmission nonetheless, no significant increase
in morbidity or mortality on these young individuals were
observed [34]. Pertaining to vaccine efficacy, despite being
45% more transmissible, prioritized vaccination with an
mRNA vaccine coupled with proactive surveillance pro-
grams was shown to prevent B.1.1.7 infections especially
in the elderly [35].

B.1.351:‘South Africa Variant’

A variant, lineage B.1.351, was reported by South African
authorities, with higher viral load and transmission rates
[15]. This variant has more spike amino acid substitu-
tions compared to the UK B.1.1.7 variant including L18F,
D80A, D215G, L242-244del, R2461, K417N, E484K,
N501Y, D614G, and A701V (Table 2). Three of these
amino acid changes are of special significance as they are
located in the RBD (K417N, E484K and N501Y) of the
spike protein (Fig. 2). SARS-CoV-2 spike RBD and N-ter-
minal domains (NTD) are recognized by various potently
neutralizing monoclonal antibodies such that, amino acid
changes localized in these domains could interfere with

Fig.2 Top down view of receptor binding domain of SARS-CoV-2
spike protein demonstrated as surface representation. Modeled using
PDB: 6W41. Residues of note, that are observed to change in sev-
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Magenta: N501, Cyan: L452



Molecular Biotechnology (2021) 63:885-897

889

recognition by these antibodies [36]. Furthermore, thera-
peutic monoclonal antibodies designed to target the virus
may lose effectiveness and require updating [37, 38]. This
variant, which also includes N501Y present in the UK
variant, not only could change disease outcome but it
could also interfere with the effectiveness of spike protein
based vaccines. For instance, antibody neutralization stud-
ies have revealed that, mRNA vaccine induced antibodies
from volunteers had reduced (onefold to threefold) neutral-
ization capacity of the South African variant largely due to
the E484K substitution [39] (Table 3). E484K amino acid
change was demonstrated to interfere with efficient neu-
tralization by convalescent sera and confer resistance to
SARS-CoV-2 neutralizing antibodies, potentially prevent-
ing therapeutic approaches both by monoclonal antibody
therapeutics and via convalescent plasma [37, 38, 40, 41].
While polyclonal antibody response and T-cell response
still likely allows mRNA vaccine effectiveness, potential
impact of variants on vaccine efficacy and therapeutic
approaches can not be ignored.

P.1:‘Brazil Variant’

P.1 lineage variant, also known as the Brazilian variant
emerged in Manaus in December 2020 [42] and since
spread globally. P.1 variant has some of the spike protein
amino acid changes observed in other variants including
K417N, E484K and N501Y (Fig. 2) [42]. Several in vitro
studies revealed that antibody neutralization of P.1 variant
is reduced [41, 43, 44]. Specifically, vaccine or infection
induced antibodies all had significantly decreased neutrali-
zation capacity against P.1, where P.1 demonstrated resist-
ance against two commonly used therapeutic antibodies
Casirivimab and Bamlanivimab [44]. Hence, P.1 variant
can evade inhibition by neutralizing antibodies and dem-
onstrate resistance against convalescent plasma therapy
as well as therapeutic antibodies. Particularly the immune
escape of P.1 against convalescent sera may have fueled
the pandemic waves in Brazil.

B.1.427/B.1.429:‘California Variant’

Viral whole-genome sequencing revealed a variant in
California in May, 2020 denoted by two lineages as
B.1.427/B.1.429. Carrying the L452R amino acid change,
this variant quickly dominated the infection pool in Califor-
nia due to reported increased infectivity and transmissibility
[45]. L452R substitution, positioned at the RBD of the spike
protein of SARS-CoV-2, could potentially increase affinity
of ACE2 interaction as well as mediating escape from neu-
tralizing antibodies (Fig. 2) [46]. Other amino acid changes
of note include S13I and W152C where S131 is located at
the signal peptide but W152C is found at the NTD [46]. In
addition to the increased viral load, B.1.427/B.1.429 was
demonstrated to have reduced sensitivity toward neutrali-
zation by antibodies obtained from individuals vaccinated
with mRNA-based vaccines [47] (Table 3). Considering the
increased transmission and infectivity, that is largely attrib-
uted to L452R, coupled with a resistance in neutralization
by convalescent/vaccinee plasma, close surveillance of this
strain along with other preceding VOC is warranted.

B.1.526:'New York Variant’

A VOC, lineage B.1.526, spread fast in New York City [48].
Two versions of the variant, both carrying the prevalent
D614G substitution of the spike protein, carry either E484K
or S477N at their receptor binding domain [20, 48]. Several
substitutions of note are D253G which is at the N-terminal
supersite that serves as a binding site for neutralizing anti-
bodies and A701V is near the furin processing site [20].
TO5I, L5F are also spike protein associated substitutions that
are not yet found in other variants [20]. Convalescent sera
and vaccine elicited antibodies provided full neutralization
profile against the S477N where E484K version elicited
decreased neutralization against convalescent and vaccine
induced antibodies as well as some therapeutic monoclonal
antibodies [20].

Another variant originating from India, B.1.617, carrying
L452R and E484Q, P681R key substitutions in spike protein

Table 3 Impact of SARS-CoV-2

. o Vaccine = BNT162b2 by Pfizer- mRNA-1273 by Moderna CoronaVac by Sinovac
variants on neutralization . Bi
. o .. Variant { ioNtech

capacities of antibodies elicited

by COVID-19 vaccines B.1.17 Reduced [36] N/A Reduced [43]
B.1.351 Reduced ++ [36] Reduced ++ [76] Reduced ++ [43]
P.1 Reduced + [36] N/A N/A
B.1.429 Reduced + [47] Reduced [47, 76] N/A

NJ/A data not available

+, relative reduction within the study
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is spreading at an alarming rate and could potentially be
involved in immune evasion mechanisms [49].

While various substitutions exist in several variants
(Table 2), it should be noted that, these are only the detected
variants and it is readily possible that variants keep emerging
in different parts of the world. In regions without an effi-
cient research network to study or detect any mutations [50],
emergence of variants remain undetected until they spread
elsewhere. Therefore, it is likely that we will encounter vari-
ous variants in the upcoming months and years that may
have increased infectivity or antigenicity. Collectively, evi-
dence suggests that precautions should be taken, concerning
novel variants and the antigenic drift SARS-CoV-2 is poten-
tially going through. For instance, in vitro studies indicated
that further spike variants, N234Q, L452R, A475V, V483A,
are capable of immune escape by conferring resistance to
monoclonal antibodies [19, 28]. Ensuring globally acces-
sible and adaptable treatment, vaccination, diagnosis strate-
gies is crucial. In order to have the upper hand in containing
the pandemic, access to the right tools such as being able
to adapt the vaccines to the new variants or manipulating
molecular detection kits fast and efficiently, will have criti-
cal importance. Biotechnological approaches used during
the innovation of mRNA vaccines provide them with the
ease of changing the mRNA code to adapt new variants or
potentially include various mutations in their formulations,
creating multivalent vaccines.

Vaccine Design in the Era of SARS-CoV-2
Variants

While the year 2020 has been marked with the COVID-
19 pandemic, it has also been marked by the commendable
efforts of the scientific community that worked endlessly
to understand the virus, the disease and eventually produce
effective vaccines. The challenge now is to ensure the vac-
cines will be efficient against the current and potential future
variants as well.

SARS-CoV-2 spike protein, just like that of SARS-CoV,
goes through sequential cleavage, leading to formation of
S1 and S2 (S2 is further cleaved to yield S2’) where S1
includes the receptor binding domain and S2 promotes mem-
brane fusion [51]. The prefusion form of the S protein can
be recognized by neutralizing monoclonal antibodies, hence
is a good vaccine target. Spike RBD can sample between
‘up’ and ‘down’ conformations where the ‘up’ conformation
allows it to readily adhere to ACE2 protein [52]. Addition-
ally, previous research has shown that proline substitutions
in S2 part of the spike increases expression and immuno-
genicity of coronavirus spike proteins [53]. Utilizing this
knowledge collectively, Pfizer/BioNtech and Moderna used
novel mRNA technology coding S protein, and their vaccine
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proved to be over 90% efficient in Phase III clinical trials
[54].

The synthetic mRNA used in both vaccines’ formulation
is lipid nanoparticle encapsulated, where upon intramus-
cular injection, it can gain access into the macrophages in
the milieu, causing cellular spike protein expression. Both
Moderna and Pfizer/BioNtech have so far reported that their
vaccine is effective against the South African and UK vari-
ants [40, 55].

While clinical studies will be the ultimate judge of vac-
cine effectiveness against variants, future variants, carrying
multiple changes particularly at antibody recognition sites
risk rendering vaccines less effective. Molecular biotechno-
logical tools used in the vaccine design could easily allow
manipulating the synthetic mRNA used in vaccine formula-
tion to adapt the mRNA sequence, to include the novel muta-
tions or even potential mutations. Evolutionary projections
into the selective pressure toward certain spike residues may
help delineate the immune pressure exerted on specific spike
residues, helping select for various changes.

Vaccines that can achieve mucosal immunity may
increase protection via limiting transmission. In the era of
highly transmissible variants, this approach may be useful.
One way to induce mucosal immunity may be using a nasal
vaccine to help clear the nasal passages from the virus and
limit person to person viral spread [6]. Since SARS-CoV-2
is capable of efficient replication in the upper respiratory
tract [56], a nasal vaccine interfering with this replication
may play a pivotal role in viral elimination. New variants
usually take over due to their increased nasopharyngeal viral
load leading to high levels of transmission. For instance, the
D614G and UK variant B.1.1.7 were shown empirically to
have higher viral load in the nasopharyngeal samples [31,
57]. Furthermore, D614G substitution allows the spike RBD
to more frequently sample the ‘up’ conformation therefore
enhances ACE2 attachment, increasing transmissibility [52].
At the same time since ‘up’ conformation of the RBD is
more frequently encountered by D614G substitution, rec-
ognition by neutralizing antibodies occur more frequently,
rendering this variant neutralization prone to patient sera.
To avoid D614G and variants alike with high ACE2 affinity
to take a hold of the nasopharynx, utilization of mucosal
immunity inducing vaccines could play a role in efficiently
limiting viral spread. Considering the most prominent
SARS-CoV-2 transmission mode is via respiratory drop-
lets, utilizing a nasal vaccine could also trigger cell medi-
ated responses in addition to mucosal immunity, preventing
viral replication in nose and nasopharynx, hence interfering
with virus transmission. Efficacy of a single dose adenovirus
based intranasal SARS-CoV-2 vaccine was demonstrated in
animal models [6].

Inactive virus based vaccines or other viral vector based
vaccines may also play an efficient role in achieving herd
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immunity. Utilizing a vector based approach or inactive virus
vaccine could mount a robust T-cell response and prove suc-
cessful [58]. Preclinical studies on an inactive vaccine were
proven successful on animal models on a small-scale study,
protecting rhesus macaques against SARS-CoV-2 infec-
tion without causing antibody dependent enhancement for
7 days until sacrifice [59]. SARS-CoV-2 that was inacti-
vated in this study despite eliciting neutralizing antibody
response and protection in macaques, was inactivated using
B-propiolactone that is frequently used in inactive viral vac-
cine generation [60]. While this vaccine elicited a protective
immune response in animal models and was then used in
Phase %2 trials [61], it is important to consider spike pro-
tein’s structural properties when using an inactivating agent.
B-propiolactone has the potential of removing the spike S1
domain and rendering it in a postfusion state where the RBD
is not exposed to mount a robust enough immune response
[62]. Since spike protein elicits an effective neutralizing anti-
body and T-cell based immune response, it is important to
ensure its structural architecture during vaccine generation.

Adenovirus based viral-vectored vaccines have previously
been approved for various infectious diseases including
respiratory syncytial virus and Ebola virus infections, and
are generally considered to be safe and immunogenic [63,
64]. Viral vector vaccines produced by Janssen (Johnson &
Johnson) and Oxford-AstraZeneca have received approval
for emergency use from various independent organiza-
tions. Janssen vaccine, Ad26.COV?2.S, which encodes full
length spike in non-replicating adenovirus type 26 vector
is administered as single dose [65]. While the single dose
vaccine shows efficacy in clinical trials, studies from ani-
mal models highlight the added benefit of a second dose,
while also highlighting the vaccine’s effectivity against
D614G [66]. AZD1222 vaccine by Oxford-AstraZeneca is
based on ChadOx1 vector carrying DNA encoding spike
protein administered as a two dose regimen. Both antibody
and T-cell responses were detected upon administration of
the first dose [67]. While clinical trials for Janssen vaccine,
Ad26.COV2.S, were carried out in Belgium and the US,
Oxford-AstraZeneca carried out their studies for AZD1222
in South Africa, among other places [68], where the pre-
dominant circulating variant was B.1.351; however, a two
dose regimen of the Oxford-AstraZeneca vaccine did not
elicit protection against B.1.351 variant [69]. Since anti-
bodies elicited against B.1.351 South Africa variant show
crossreactivity toward both the original D614G and the P.1
variant, a vaccine eliciting neutralizing antibody response
against B.1.351 is thought to provide protection against other
variants like D614G and P.1 [70]. While the world is in dire
need of vaccines and a large number of them, the reports
highlighting the association of these two vaccines with very
rare coagulopathies like cerebral venous sinus thrombosis
(CVST) [71] and thrombotic thrombocytopenia [72], led

regulatory agencies to halt their use. While COVID-19 itself
is associated with CVST risk [73, 74] as well as an overall
24% incidence of pulmonary embolism and hypercoagula-
bility [75] the risk benefit ratio of vaccine usage should be
carefully evaluated and precautionary measures should be
strictly implemented once mechanisms of pathogenesis are
delineated.

Neutralization Capacity of Vaccine Induced
Antibodies Against SARS-CoV-2 Variants

The emergence of several SARS-CoV-2 variants risks ren-
dering some of the current COVID-19 vaccines less effec-
tive. Several studies highlighted the resistance of variants to
neutralization by convalescent and vaccine induced antibod-
ies. For instance, vaccine sera from volunteers vaccinated
with Pfizer-BioNtech vaccine elicited reduced neutralizing
activity against B.1.1.7, B.1.351 South Africa strain and P.1
Brazil strain, with the most prominent reduction observed
with B.1.351 relative to the reference D614G strain [36]
(Table 3). Another study investigated the neutralization
of antibodies elicited by Novavax NVX-CoV2373, a pro-
tein subunit vaccine, and that of mRNA-1273 by Moderna
against the California variant B.1.429 and B.1.351 pseu-
doviruses. The small-scale study of 63 volunteers similarly
revealed the reduction in neutralization abilities of antibod-
ies elicited by both vaccines. The most drastic reduction, up
to 9—14 times decrease in neutralization compared to D614G
was observed with B.1.351 pseudovirus where the antibod-
ies were 23 times less sensitive against the B.1.429 variant
pseudovirus [76]. W152C, and L452R amino acid changes
found in B.1.429 NTD and RBD respectively could poten-
tially play a role in decreased sensitivity (Table 3). Vaccines
produced using inactivated virus, namely CoronaVac by
Sinovac and BBIBP-CorV by Sinopharm were investigated
for their neutralization capacity against D614G, B.1.1.7,
B.1.351 [43]. Interestingly, both vaccines elicited lower anti-
body titers compared to convalescent sera. So a comparison
group against another well studied vaccine sera would have
been useful to assess the comparative baseline neutralization
levels. Particularly CoronaVac vaccine revealed a statisti-
cally significant decrease in neutralization against B.1.351
and B.1.1.7 compared to the WT pseudovirus (Table 3).
For the Sinopharm BBIBP-CorV vaccinee serum samples,
20 serum samples out of 25 showed complete or partial
loss of neutralization against B.1.351, despite no statisti-
cal significance [43]. While antibody neutralization is cru-
cial, T-cell response elicited particularly by mRNA-based
vaccines plays a significant role in early protection against
COVID-19, so all branches of the immune system should
be concomitantly considered in order to appreciate the real
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impact of the variants on vaccine mediated protection from
COVID-19 [77].

SARS-CoV-2 Variants and Pathogenesis

How variants will impact SARS-CoV-2 pathogenesis is
another topic of concern. SARS-CoV-2 has diverse tissue
tropism. Due to its higher ACE2 affinity, it can efficiently
infect the upper respiratory tract, such as the nasopharynx
(also explaining its high transmissibility, along with asymp-
tomatic transmission) unlike SARS-CoV [56]. Following the
nasopharynx, it can enter the host via alveolar cells, vas-
cular endothelial cells, alveolar macrophages and vascular
endothelial cells. Mammalian gastrointestinal tract is also
permissive to SARS-CoV-2 infection [78]. In addition to the
classic respiratory symptoms, hyperinflammatory syndrome,
gastrointestinal disease, coagulopathies, cardiac patholo-
gies, and neurological problems associated with COVID-19
prompted detailed investigations [79-81].

Autopsy studies aiming at understanding the neurologi-
cal symptoms, revealed cases of colocalization of SARS-
CoV spike protein with neural/neuronal cells in olfactory
mucosa of a subset of individuals deceased due to COVID-
19. SARS-CoV-2 presence in CNS of a subset of deceased
individuals was also detected both via staining and nucleic
acid detection methods. These results indicate SARS-CoV-
2’s ability in crossing the neural-mucosal interface in olfac-
tory mucosa and entering the nervous system, providing
an explanation toward some of the observed neurological
symptoms [82]. Considering that novel variants have been
causing structural changes in the spike protein, the changes
in binding affinity of a variant spike to ACE2 or any pro-
cessing change by TMPRSS2 or other downstream intra-
cellular processes may affect SARS-CoV-2 variants’ tissue
tropism or could change the course of infection. Future work
will need to delineate if differential antibody recognition or
ACE2 affinity exerted by the variants will be involved in
changing viral pathogenesis.

What Determines Disease Severity, Impact
of Biological Sex-Specific Traits and How
the Variants May Affect It

The large number of people infected with SARS-CoV-2 dur-
ing COVID-19 pandemic has revealed various outcomes of
disease in a relatively short time. For instance, while some
people developed no symptoms, others suffered serious, even
fatal disease. While a number of people got better in a short
time, others, termed ‘long haulers’ or ‘long term COVID
patients’ suffered symptoms lasting for many months. In
some people, infection led to severe neurological symptoms
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such as stroke or encephalopathy, whereas other had none or
mild neurological symptoms like a state of confusion, loss
of taste or smell [82-84].

Over time, gender and age related differences in disease
progression became obvious. People over 65 had worse out-
comes compared to younger patients and women fared bet-
ter compared to men [85, 86]. Knowledge on these details
became obvious, mainly because of the variety of scientific
research carried out in the world on COVID-19, due to the
urgency of the situation and the large number of people who
got the infection.

Research has focused on how biological sex impacts
COVID-19 severity. Initial results highlighted the higher
incidence of severe disease in males compared to females.
Several mouse studies indicated a higher expression and
activity for ACE2 protein in males [87]. In addition to
ACE2, TMPRSS2, the serine protease used to cleave the
spike protein to aid in viral internalization by allowing
fusion of viral and host membranes, was also reported to
have a higher expression in males due to higher androgen
levels [88]. Furthermore, males may suffer elevated inflam-
matory immune responses compared to women, leading to
fatal lung macrophage-monocyte infiltration and cytokine
storm. Previous studies reported a higher C-reactive pro-
tein level as well as higher neutrophil to lymphocyte ratio
in males, indicating an elevated inflammatory immune
response and worse prognosis [86].

Another determinant of disease severity is associated with
the fucosylation profiles of IgG antibodies against SARS-
CoV-2. Level of afucosylated IgG antibodies show correla-
tion with disease severity such that patients suffering severe
COVID-19 have high levels of afucosylated IgG compared
to those with mild symptoms. This increased afucosylated
IgG profile amplifies pro-inflammatory cytokine response,
leading to acute case manifestation [89]. Interestingly, the
level of afucosylated anti-spike RBD IgG was elevated in
hospitalized males compared to females [90]. Antibody
response elicited in the presence of different SARS-CoV-2
variants in both sexes will be a strong determinant of dis-
ease progression. In the light of this information, investiga-
tional tools may be adapted to understand the fucosylation
levels of therapeutic antibodies. Furthermore, convalescent
plasma therapy strategies can be manipulated to include vol-
unteers with high levels of fucosylated IgG. These factors
will be particularly important especially if certain variants
are indeed causing worse prognosis or if variants give rise
to differing antibody or immune profiles.

In addition to IgG fucosylation levels, there are several
other variables that affect the success rate of convalescent
therapy [91]. Location is thought to be one of the factors
contributing to the effectivity of convalescent therapy, as
different variants tend to circulate in specific areas. Sera
obtained from an individual in a certain area is presumed to
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have generated an antibody response against a particular var-
iant prevalent in that area, therefore will be most useful for
a patient infected with the same variant. Being hospitalized
with severe COVID-19, being older and having male sex are
associated with having a higher antibody response against
SARS-CoV-2, making these individuals better candidates
as plasma donors [91]. While males have higher plasma
antibody titers, they also have higher levels of afucosylated
IgG. Considering the importance of plasma donor in rela-
tion to the variants as well as the sex-specific antibody pro-
files, the selection criteria for convalescent therapy should
include sex-specific variations, location and the prevalence
of variants.

Not only the SARS-CoV-2 spike variants but also the
variants of ACE2 receptor were demonstrated to determine
the affinity of host-virus interactions [92, 93]. For instance,
ACE2 K31R and E37K substitutions showed decreased
affinity where K26R and T92I substitutions showed
increased affinity for wild type SARS-CoV-2 spike protein
[93]. Rare X-linked alleles, including the ones encoding
E37K, are observed twice as frequently in females, suggest-
ing that these missense variants may predominantly affect
SARS-CoV-2 affinity in females [94]. Modeling studies
coupled with biochemical interaction/affinity evaluation of
ACE2 substitutions with spike variants are likely to provide
insight toward the potential gender-specific impact of spike
variants in host—pathogen interactions as well as susceptibil-
ity to SARS-CoV-2 variants.

Conclusions

More variants are expected to emerge especially at the spike
RBD as it is under immune selection due to being a major
epitope for neutralizing antibodies. Therefore, more vari-
ants with differing antibody recognition and ACE?2 affini-
ties are expected. Future studies will need to delineate the
immune response and pathogenesis associated with novel
SARS-CoV-2 variants. Considering varying antibody rec-
ognition and neutralization states for different variants, dif-
ferent downstream immune responses can be expected that
could eventually affect disease outcome.

Overall, novel SARS-CoV-2 variants run the risk of
changing immune response elicited by the host, vaccine
and therapeutic antibody efficacy, disease pathogenesis
and prognosis. As variants tend to accumulate at the spike
protein’s RBD, ACE2 affinity or antibody binding changes
can lead to different pathogenesis and immune responses.
Monoclonal antibody therapeutics and convalescent plasma
therapy options should also be adaptable in the light of cur-
rent or potential novel variants. Scientific advances achieved
by quick and successful vaccine design should now be

implemented to keep the vaccines as effective against the
current and potentially upcoming SARS-CoV-2 variants.
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