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Abstract

The world is now in the third year of the COVID-19 pandemic. As such, enormous volumes of virological, im-
munological, and epidemiological knowledge pertaining to the SARS-CoV-2 infection have been obtained during
these years. The SARS-CoV-2 Omicron variant is currently causing the latest wave of infection globally presumably
due to its ability to transmit with ease among individuals and to escape from the existing neutralizing antibodies.
Fortunately, numerous treatment agents as well as prophylactic vaccines are now available, thus providing people
with a better chance to control this infectious disease. This review will discuss the Omicron variant of concern as
well as the available treatments and vaccines for COVID-19.

Introduction

The Coronavirus Disease 2019 (COVID-19) still remains a pan-
demic in 2022. Furthermore, the presence of the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) variants of
concern (VOC) has contributed to the majority of the COVID-19
incidences. On November 26, 2021, the World Health Organiza-
tion (WHO) declared a novel SARS-CoV-2 VOC named Omicron
(Pango Lineage B.1.1.529).! Whole-genome sequencing results of
the Omicron variant revealed approximately 50 mutations; many
of which occurred in the spike glycoprotein, particularly in its
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receptor-binding domain (RBD).!* The spike glycoprotein is an
essential component of SARS-CoV-2 because it facilitates the viral
entry into the host cells and serves as the primary target of neutral-
izing antibodies. Hence, changes in the spike glycoprotein raise a
serious concern on whether the existing immunity, either due to
natural infection or vaccination, could still protect the population
from the Omicron variant.? This review was thus written to discuss
the Omicron variant and its sublineages and to analyze the effec-
tiveness of current COVID-19 vaccines and treatments to protect
individuals against SARS-CoV-2 infection and severe COVID-19,
respectively.

The emergence and hallmarks of the Omicron variant

The SARS-CoV-2 Omicron variant has driven the latest infec-
tion wave worldwide to date. This VOC was initially detected in
Gauteng province, South Africa, on November 8, 2021, and Gabo-
rone, Botswana on November 11, 2021. In mid-November 2021,
Gauteng province experienced a surge of SARS-CoV-2 infection
cases accompanied by increased spike gene target failure (SGTF)
during amplification with the polymerase chain reaction (PCR).
The subsequent whole-genome sequencing revealed a highly mu-
tated spike glycoprotein, including A69-70 deletion (previously
detected in the Alpha variant) that caused the SGTF. The variant’s
existence was reported to the WHO on November 24, 2021, which
prompted the WHO to declare the Omicron as a novel VOC on
November 26, 2021 .45

A substantial increase of Omicron’s infectivity is attributed to
numerous mutations, which occurred primarily on its spike gly-
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Fig. 1. The Nextstrain tree of the SARS-CoV-2 genome sequences. The numbers of accumulated mutations in the spike subunit 1 glycoprotein are shown
with color codes. The Nextstrain tree indicates that the Omicron variant (21M) originated from the Nextstrain Clade 20B, and that it was not derived from
the previous variants of concern (i.e., Alpha, Beta, Gamma, and Delta variants). The figure was generated using the Nextstrain software with a built-in SARS-

CoV-2 workflow and visualized using Auspice software.?°

coprotein, consequently conferring a higher affinity to the human
Angiotensin-converting enzyme 2 (ACE2), as well as a higher
evasion from existing monoclonal antibodies and vaccine gener-
ated neutralizing antibodies.® An increased affinity of the Omicron
spike glycoprotein to bind to the ACE2 orthologs of animal origin
was hypothesized in order to grant a zoonotic potential to infect
animals, such as rodents and poultry.”® Collectively, these would
enable the Omicron variant to reinfect convalescent and vacci-
nated individuals, in addition to infecting infection-naive, unvac-
cinated individuals.®-!!

Unlike other SARS-CoV-2 VOCs, the Omicron variant prefers to
infect cells via the Cathepsin-dependent endosomal route and rep-
licates in the upper respiratory tract due to its hindered capabilities
of utilizing transmembrane serine protease 2 (TMPRSS2), mainly
found in the lungs, as an entry route. This impedes the Omicron
variant’s abilities to infect lung tissue and to form syncytia, which
might result in less severe clinical symptoms among Omicron-in-
fected individuals.®!>-16 Several reports indicated that mutations in
the Omicron spike glycoprotein noticeably altered the viral behav-
ior upon infection.!®-'8 The N764K and/or N856K mutations intro-
duced a spike glycoprotein cleavage site (cleaved by the SKI-1/S1P
protease found in the upper respiratory tract but not the lungs) that
could hamper the viral membrane fusion and syncytia formation,
hence localizing the viral replication in the upper respiratory tract.'?
As a consequence, the N969K mutation affirmed the Omicron vari-
ant’s preference of using the Cathepsin-dependent endosomal entry
route rather than the TMPRSS2-mediated cell surface fusion route.?
The reduced syncytia formation and localized viral replication in the
upper respiratory tract could result in milder clinical symptoms and
less severity upon the Omicron infection in exchange for immune
evasion and increased transmissibility.

As shown in Figure 1, phylogenetic studies using the Next-
strain?’ tree schema of the SARS-CoV-2 genome sequences indi-
cated that the Omicron variant (Nextstrain Clades 21K-22C) origi-
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nated from Nextstrain Clade 20B. However, it could not explain
the sudden increase of accumulated mutations, particularly on the
spike glycoprotein as well as its originating hosts. The Omicron
variant was hypothesized to emerge independently from a collec-
tion of unaccounted hosts, such as animals and chronically-infect-
ed individuals, which for an unknown amount of time were under
little surveillance.?! Over time, it had accumulated numerous mu-
tations until it was detected in South Africa and Botswana in No-
vember 2021. In comparison to the original SARS-CoV-2 sampled
in Wuhan, China in 2019 (i.e., the ancestral strain), approximately
30 novel mutations were found in the spike glycoprotein of the
Omicron variant.!” A mutation of D614G was proposed to confer
a better spike glycoprotein stability with reduced S1 shedding and
therefore greater transmission efficiency.?? Mutations of A142-
144,Y145D, S371L, K417N, N440K, G446S, E484A, Q493R, and
N501Y were suggested to confer an increased antibody evasion,
which hampered therapeutic antibodies and existing vaccine effec-
tiveness.?> Mutations of S477N, T478K, Q493R, G496S, Q498R,
N501Y, and Y505H were postulated to confer an increased binding
affinity of the spike glycoprotein to ACE2, in which the Q498R
and N501Y mutations strengthened the spike glycoprotein’s bind-
ing with ACE2 of murine origin.?*-28 Mutations of P681H, H655Y,
and N679K were postulated to confer an increase in the rate of
cleavage of the spike glycoprotein by the Furin enzyme.!* The
mutations of N764K and/or N856K were suggested to introduce a
cleavage site on the spike glycoprotein for the SKI-1/S1P protease,
which was normally found in the upper respiratory tract but not in
the lungs. Therefore, the cleavage of the spike glycoprotein in this
manner might hinder the Omicron variant’s membrane fusion and
syncytia formation.!® Collectively, these would confer increased
infectivity and transmission, antibody evasion, as well as altered
infection behavior of the Omicron variant.

As of early June 2022, two Omicron sublineages, referred to as
Pango Lineages BA.4 and BA.5 (Nextstrain Clades 22A and 22B,
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respectively), emerged and began to spread worldwide at an alarm-
ing rate.?? Tuekprakhon et al.3? suggested that two new mutations
observed in BA.4 and BA.5 (i.e., L452R and F486V) conferred
a greater ability of antibody evasion than its ancestor, Nextstrain
Clade 21L. The fact that BA.4 and BA.5 appeared to cause lower
hospitalization and mortality rates as compared to the ones by the
pre-Omicron variants and previous Omicron sublineages was of
interest to public health globally, as this could reflect the popu-
lation-level immunity against SARS-CoV-2.2> A comparison of
mutational maps among the Omicron sublineages is displayed in
Figure 2.31-32

Of note, the COVID-19 diagnosis was confirmed by the reverse
transcription-quantitative polymerase chain reaction (RT-qPCR),
33:34 and various modifications of this assay could be used to pre-
dict an infection by the Omicron variant, particularly in low- to
middle-income countries that lacked next-generation sequencing
(NGS) facilities. One of those modified assays was the RT-qPCR-
based SGTF assay because a A69—70 deletion in most sublineages
of the Omicron (i.e., BA.1, BA.1.1, BA.3, BA.4, and BA.5) would
hinder a detection of the spike gene but not of other genes.35-3¢
However, this assay would not be able to differentiate between
those sublineages of Omicron;3 hence, the NGS facility was re-
quired to confirm the diagnosis.

Current treatments for COVID-19

Although the signs and symptoms of the Omicron infection are
generally mild, the disease needs to be treated adequately, particu-
larly among at-risk populations who contract severe COVID-19.%7
When COVID-19 emerged in late 2019, no suitable medication
was initially available. Therefore, drug repurposing became an ef-
fective and rapid way to identify existing drugs with well-estab-
lished safety profiles in order to treat COVID-19.38 Several drugs
with known benefits for treating COVID-19 patients evaluated
by trustworthy clinical trial study groups (i.e., the RECOVERY,
Solidarity, ACTT, and PRINCIPLE clinical trials), are shown in
Table 1.3#7 Of note, drugs with no benefit are not shown. Briefly,
the Randomized Evaluation of COVID-19 Therapy (RECOVERY)
was one of the largest international clinical trials on COVID-19
treatment coordinated by the University of Oxford, UK.*® The
Solidarity clinical trial was also an unprecedented, international
collaboration, which was conducted by the WHO, to identify life-
saving treatments for COVID-19 involving a large number of pa-
tients (~12,000 patients) from more than ~30 countries.*’ Like-
wise, the Adaptive COVID-19 Treatment Trial (ACTT) was an
adaptive, randomized, double-blind, placebo-controlled trial con-
ducted by the National Institute of Allergy and Infectious Diseases
(NIAID) to evaluate the safety and effectiveness of novel thera-
peutic agents in hospitalized adults diagnosed with COVID-19 in
the United States of America.’’ The Platform Randomised Trial
of Treatments in the Community for Epidemic and Pandemic Ill-
nesses (PRINCIPLE) was a multicenter, open-label, multi-arm,
randomized, controlled, adaptive, United Kingdom-wide clinical
study from the University of Oxford to discover COVID-19 treat-
ments for recovery at home.3! Moreover, two novel oral antiviral
medications were recently approved by several countries to treat
adults with mild-to-moderate COVID-19 who were at risk of de-
veloping severe illness.3? The first of these was Molnupiravir by
Merck Sharp and Dohme with the brand name of Lagevrio®,3%53
which was a small-molecule ribonucleoside prodrug of N-hydrox-
yeytidine (NHC) that underwent phosphorylation within the cells,
thus becoming NHC triphosphate.5>5* This phosphorylated agent
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became incorporated by viral RdRp into its genome by accumulat-
ing deleterious errors throughout the viral genome that rendered
the virus non-infectious and unable to replicate.’>5* The current
prescribed dosage is 800 mg of molnupiravir every 12 hours for
five days within five days of symptom onset.>* It was reported that
early treatment with molnupiravir was safe and could reduce the
risk of hospitalization or death by approximately 30% in at-risk,
unvaccinated adults with COVID-19.5* The second one was a com-
bination of 150 mg Nirmatrelvir and 100 mg Ritonavir by Pfizer
with the brand name of Paxlovid™.5? Nirmatrelvir was an orally
administered antiviral agent targeting the SARS-CoV-2 3-chymot-
rypsin—like cysteine protease enzyme (Mpro) that was essential for
viral replication.>® Simultaneously, ritonavir inhibited cytochrome
P450 that metabolized nirmatrelvir, consequently resulting in in-
creased concentrations of nirmatrelvir within the blood plasma.5?
Additionally, it was reported that administration of nirmatrelvir
plus ritonavir was safe and could lower the risk of progression to
severe COVID-19 by approximately 89%.5%5°

Next, the knowledge related to the interaction between the viral
spike glycoprotein and ACE2 was translated to create anti-SARS-
CoV-2 monoclonal antibodies (mAbs) that could inhibit the spike
glycoprotein. As this treatment was functioned to block the viral
entry/spread, it should be administered immediately after the diag-
nosis has been confirmed and within seven days of symptom on-
set.50 Several therapeutic anti-SARS-CoV-2 mAbs have received
emergency use authorizations by the Food and Drug Administra-
tion, USA to date: (i) bamlanivimab plus etesevimab, (ii) casiriv-
imab plus imdevimab, (iii) sotrovimab, (iv) bebtelovimab, and
(v) tixagevimab plus cilgavimab. The first four products could be
administered intravenously to treat mild to moderate COVID-19
patients who were at high risk of contracting severe illness, while
the last product could be administered intravenously for uninfected
individuals who were at risk of eliciting an inadequate immune re-
sponse to a COVID-19 vaccination or who had a history of severe
adverse reactions to a COVID-19 vaccine or any of its compo-
nents.5® Of note, the effectiveness of the anti-SARS-CoV-2 mAbs
depended on the circulating SARS-CoV-2 variant. Pertaining to the
Omicron infection, sotrovimab, in contrast to bamlanivimab plus
etesevimab as well as casirivimab plus imdevimab, was observed
to be still effective against BA.1 or BA.1.1 in vitro and in vivo.56>7
The antiviral activity of sotrovimab, however, decreased signifi-
cantly against BA.2; hence, only bebtelovimab was recommended
for Omicron-infected patients as bebtelovimab still retained suffi-
cient in vitro activity against the current Omicron sublineages.3%58

Prophylactic vaccines for COVID-19

The proverb ‘prevention is better than cure’ could not be more rel-
evant amidst the COVID-19 pandemic. The world has witnessed
the rapid development and deployment of various COVID-19 pro-
phylactic vaccines, which have the potential to generate specific
immune responses as a protection against SARS-CoV-2 infection.
As of June 21, 2022, there were 38 approved vaccines, of which
11 vaccines (from four different types) were granted emergency
use listing (EUL) by the WHO (Table 25?). Different technologies
were used in developing those four types of vaccines. The inacti-
vated viral vaccine was arguably the simplest, but the most com-
mon, technology to develop a prophylactic vaccine. After culturing
and collecting viral particles from a certain cell culture, the viral
particles were inactivated through exposure to physical or chemi-
cal agents, such as formalin or f-propiolactone, to destroy the vi-
ral infectivity while retaining the immunogenicity.®” Briefly, the
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Fig. 2. Mutation map of the SARS-CoV-2 Omicron Variant. Spike glycoprotein mutation maps of the Omicron variant sublineages (i.e., Nextstrain Clade 21K-21L-
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Date Granted EUL

Vaccine Type Manufacturer Research Name Trade Name by the WHO
Protein subunit Novavax# NVX-CoV2373 Nuvaxovid December 20, 2021
Serum Institute of India# NVX-CoV2373 Covovax December 17, 2021
mRNA Moderna mRNA-1273 Spikevax April 30, 2021
Pfizer/BioNTech BNT162b2 Comirnaty December 31, 2020
Non- replicating viral vector CanSino Ad5.COV2.S Convidecia May 19, 2022
Janssen (Johnson & Johnson)  Ad26.COV2.S/JNJ-78436735  Jcovden March 12, 2021
Oxford/AstraZeneca* ChAdOx1-S Vaxzevria February 15, 2021
Serum Institute of India* ChAdOx1-S Covishield February 15, 2021
Inactivated virus Bharat biotech BBV152 Covaxin November 3, 2021
Sinopharm BBIBP-CorV Covilo May 7, 2021
Sinovac CoronaVac CoronaVac June 1, 2021

#Both Nuvaxovid and Covovax use the same formulation (the Novovax formulation).
tion). mRNA, messenger RNA; WHO, World Health Organization.

BBV152 vaccine was created from a whole SARS-CoV-2 virion
(strain NIV-2020-770) with the D614G mutation of the spike pro-
tein. The viral particles were cultured in the African green monkey
kidney cell line (Vero) and inactivated by B-propiolactone. This
inactivated viral vaccine was formulated with a toll-like receptor
7/8 agonist (imidazoquinoline) adsorbed to alum; hence, it became
the first alum-imidazoquinoline-adjuvanted vaccine that was au-
thorized for public use.1-3 The BBIP-CorV vaccine was created
from a whole SARS-CoV-2 HBO02 strain (cultured in the Vero
cell line), inactivated by B-propiolactone, and formulated with an
aluminum-based adjuvant.®*%5 Similarly, the CoronaVac vaccine
was created from a whole SARS-CoV-2 CZ02 strain (cultured in
the Vero cell line), inactivated by B-propiolactone, and adjuvanted
with aluminum hydroxide.%¢

The protein subunit vaccine contained purified antigen frag-
ments of the pathogen to activate host immune responses against
it. The chosen antigens ranged from toxoids, subcellular com-
ponents, to surface molecules. It could be produced by utilizing
conventional biochemical or recombinant DNA technology.®” The
NVX-CoV2373 vaccine was developed from the SARS-CoV-2 re-
combinant spike protein with a Matrix-M adjuvant coupled with
several inactive ingredients. The recombinant spike protein was
constructed in silico based on the full length of the spike glyco-
protein from the wild-type SARS-CoV-2 (i.e., the Wuhan-Hu-1
isolate) documented in GenBank (the sequence MN908947; nu-
cleotides 21563-25384). Subsequently, the recombinant spike pro-
tein was produced by using DNA technology with the baculovirus
expression system (BEVS). Of note, this system utilized baculo-
virus, which was an insect virus, to infect a cell line that was de-
rived from Sf9 cells of the fall armyworm, Spodoptera frugiperda.
The BEVS-produced spike protein was subsequently used for the
vaccine.% In addition, the Matrix-M adjuvant comprised saponin,
cholesterol, and phospholipid, which this adjuvant was known to
induce greater humoral and cellular immune responses.®

A non-replicating viral vector vaccine deployed viral particles
that have lost their replicating ability to deliver a vaccine antigen
into the host cells. Several viral vectors, including adenovirus,
adeno-associated virus, alphavirus and herpesvirus, were designed
primarily to be replication-defective vectors.”” In order to modify
the adenovirus as a viral vector, the E1 and/or E3 genes of the ad-

162

*Both Vaxzevria and Covishield use the same formulation (the Oxford/AstraZeneca formula-

enovirus (essential for viral replication) were deleted or replaced
with a gene of interest (i.e., target antigen). Of note, multiple stud-
ies on adenoviral vectors focused on human adenovirus serotype 5
(Ad5), thus allowing it to be the best studied adenoviral vector.”!
The Ad5.COV2.S vaccine utilized this vector to carry a full-length
SARS-CoV-2 spike gene.”” The majority of the human popula-
tion, however, has been discovered to have pre-existing immunity
against Ad5 presumably due to natural infection.”>7* As a result,
this raised a need to use a less prevalent adenovirus as the viral
vector. The human Ad26 was observed to be less prevalent and
less immunogenic than AdS, but could still be an effective vec-
tor for COVID-19 vaccine.”! Similar to Ad5.COV2.S, the Ad26.
COV2.S vaccine used Ad26 as a vector to encode a full-length
SARS-CoV-2 spike glycoprotein.”> Another creative innovation
for circumventing pre-existing immunity against human adenovi-
ral vectors was by using the chimpanzee adenovirus (ChAd). The
ChAdOx1 was isolated from the fecal sample of a chimpanzee and
was edited by deleting its E1/E3 gene and moditying its E4 gene.
The ChAdOx1-S vaccine was subsequently developed by using
ChAdOXxI1 to carry the SARS-CoV-2 spike gene.”!

The messenger RNA (mRNA) vaccine was arguably the newest
and most advanced technology to develop vaccines. This technolo-
gy inserted mRNA containing the viral genetic information into the
cells, which would be translated into specific antigens and could
induce specific immune responses. There has been vast interest
in using mRNA-based technology to develop COVID-19 vaccines
due to its presumably safe administration and high potency, capac-
ity for rapid development, as well as potential for low-cost manu-
facturing.”%7%77 The mRNA-1273 vaccine was an mRNA vaccine
encapsulated by a lipid-nanoparticle (LNP) that expressed a pre-
fusion-stabilized spike glycoprotein.”®’® The BNT162b2 vaccine
was an mRNA vaccine encapsulated by LNP that encoded the P2
mutant spike protein, in which it was formulated as an RNA-lipid
nanoparticle of nucleoside-modified mRNA.80

Performances of the approved COVID-19 vaccines
The above-mentioned vaccines have been shown to generate host

immune responses that may have variable levels of immunity and
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Table 3. Strength and weakness of COVID-19 vaccines granted EUL by the WHO

Vaccine Type Strengths

Weakness

Protein subunit

Safe for immunocompromised people; can induce

Less immunogenic.

a cellular and humoral immune response.

mRNA

Non-replicating viral vector

Inactivated virus

Strong cellular and humoral immune response.

Strong cellular and humoral immune response.

Mild adverse events; sufficient humoral immunity response.

Difficult storage condition; rare
but serious adverse events.

Anti-vector immunity; rare
but serious adverse events.

Less immunogenic;
protection wanes quickly.

COVID-19, coronavirus disease 2019; EUL, emergency use listing; mRNA, messenger RNA; WHO, World Health Organization.

different immune-inducing processes between them. Two types of
immunities which may be induced by vaccination are cellular and
humoral immunities. The activated cellular immunity is known to
increase the CD4" and CD8* T cell-mediated immune responses in
order to protect the vaccinated hosts. The activated humoral immu-
nity involves the production of neutralizing antibodies by the plas-
ma cells. The humoral and cellular immune responses induced by
the mRNA-1273, BNT162b2, Ad26.COV2.S, and NVX-CoV2373
vaccines were also researched by Zhang et al.3!

The advantages and disadvantages of each type of vaccine are
shown in Table 3.8% Three inactivated SARS-CoV-2 vaccines that
received EUL from the WHO were BBV 152, BBIBP-CorV, and
Coronavac.® The inactivated viral vaccine was one of the most
common types of vaccines because this technology was well-es-
tablished and had a higher safety profile than the live attenuated
viral vaccine.®? The inactivated viral vaccine was less immuno-
genic than the live attenuated viral vaccine, thus requiring a strong
adjuvant formulation and/or administration of multiple doses.?3
All three inactivated vaccines induced humoral immunity and pro-
vided an adequate protection from severe COVID-19 and death
(but not mild/moderate illness) after completing two doses of vac-
cination.?*%% The effectiveness of two doses of CoronaVac vac-
cination in Hong Kong in terms of protection against severe illness
and death among younger adults of 20—59 and >60 years old were
91.7% and 71.1%, respectively.”® The common adverse events
were mostly mild to moderate, including pain at the injection site,
fatigue, fever, headache and swelling.®>?1:92 It was observed that
the immune responses induced by all COVID-19 vaccines waned
over time, in which a substantial reduction was observed among
individuals receiving inactivated SARS-CoV-2 vaccines.?** This
raised the importance of a heterologous prime boost strategy after
two doses of primary vaccination with an inactivated viral vac-
cine in order to generate stronger and longer immunity.$4°5%¢ The
current protein subunit COVID-19 vaccine that has received EUL
from the WHO was NVX-CoV2373 (under the brands of Nu-
vaxovid and Covovax).>® Although less immunogenic than the live
attenuated viral vaccine, the protein subunit vaccine with a strong
adjuvant formulation or improved vaccine carrier could still gener-
ate sufficient humoral and cellular immune responses.?197:%8 Sey-
eral studies have reported that this protein subunit vaccine offered
+90% protection against the SARS-CoV-2 Alpha infection and a
reduction in the rate of hospitalization. However, its effectiveness
toward other variants was reduced, i.e., between £50% to £90%.%%~
102 The adverse events were primarily mild, including headache,
myalgia, fatigue, and malaise.®'?" Furthermore, this type of vac-
cine would be an ideal choice for administering to individuals with
immunosuppression.®’

The current non-replicating viral vector COVID-19 vac-
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cines that received EUL from the WHO were Ad5.COV2.S,
Ad26.COV2.S, and ChAdOx1-S.5° The Ad5.COV2.S and Ad26.
COV2.S vaccines utilized human adenovirus serotype 5 (Ad5)
and 26 (Ad26), respectively to carry the gene of the spike protein.
The ChAdOx1-S (under the brands of Vaxzevria and Covishield)
in contrast used chimpanzee adenovirus to carry the gene of the
SARS-CoV-2 spike protein. Additionally, the non-replicating viral
vectors were known for their ability to drive a high degree of ex-
pression of the target antigen, thus being able to induce strong cel-
lular and humoral immune responses. Nevertheless, the induced
immune responses by the non-replicating viral vector COVID-19
vaccines are relatively lower in comparison to the mRNA-based
vaccines.?1193 As mentioned, a pre-existing immunity toward the
AdS vector would reduce the vaccine’s ability to generate a spe-
cific immune response.”>’* On the contrary, the Ad26 vector is
known to be less immunogenic than AdS, but it is still an effec-
tive vector for immunization.”* Ad5.COV2.S, Ad26.COV2.S, and
ChAdOx1-S reduced the overall COVID-19-related symptoms by
65.7%, 66%, and 64.1%, respectively after a single vaccine dose.
The common adverse events were pain at the injection site, swell-
ing, headache, fatigue, muscle ache, malaise, and fever. However,
a rare and serious adverse event upon the administration of the
Ad26.COV2.S or ChAdOx1-S vaccines had been reported, i.e.,
thrombosis with thrombocytopenia syndrome.!%4-1"7 This syn-
drome was presumed to have occurred due to the production of
autoantibodies against platelet factor 4 after vaccination.!*#-107 In
addition, the Ad26.COV2.S administration was associated with
an elevated incidence of Guillain-Barré syndrome.!?® Of note,
Ad26.COV2.S and ChAdOx1-S were contraindicated for indi-
viduals with a history of severe anaphylactic reactions.'?”

The mRNA COVID-19 vaccines granted EUL by the WHO were
mRNA-1273 and BNT162b2.5° The mRNA-based vaccines induced
robust cellular and humoral immunities, respectively. During the
period of the pre-Delta variants, the effectiveness of both mRNA
vaccines in protecting adults against symptomatic infection was ex-
cellent, i.e., around 89-95%.78:110.111 Simjlar to Ad26.COV2.S and
most likely other available vaccines, a reduction in the effectiveness
of both mRNA vaccines against COVID-19 illness was observed
during the wave of the Delta variant.!':1'> Both mRNA vaccines had
relatively favorable safety profiles with common adverse events,
such as soreness at the injection site, fever, fatigue, chills, and head-
ache.'? Nonetheless, rare and serious adverse events were also re-
ported following administration of the mRNA vaccines, including
myopericarditis, acute myocardial infarction, and anaphylaxis.'?
Of note, a technical limitation of the mRNA vaccines was that they
needed to be kept at a very low temperature; hence, this hindered a
worldwide deployment of the mRNA COVID-19 vaccines, particu-
larly in under-resourced countries81-101,114,115
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Booster vaccination against SARS-CoV-2 infection

As mentioned, all COVID-19 vaccines that had been adminis-
tered as the primary vaccination would experience a waning in
their respective protective abilities over time, especially against
newer SARS-CoV-2 variants. Thus, the reduction in a vaccine’s ef-
fectiveness highlighted the importance of administering a booster
vaccine. Two types of booster vaccinations are currently available:
homologous and heterologous prime-boost vaccination. While the
homologous prime-boost vaccination is a booster that is adminis-
tered by using the same vaccine used in the primary vaccination,
the heterologous prime-boost vaccination is a booster that is ad-
ministered by using a vaccine that differs from the one used in the
primary vaccination.?>116

Briefly, homologous and heterologous booster vaccinations
were safe and immunogenic among adults who had completed the
primary vaccination of COVID-19 at least 12 weeks earlier.!'” The
homologous booster appeared to have more optimum effects in in-
dividuals who had received a primary vaccination of the mRNA
COVID-19 vaccines, as the booster restored titers of neutraliz-
ing antibodies.’>"7 In light of this, certain populations/countries
would prefer to receive a homologous booster with a lesser immu-
nogenic vaccine (e.g., inactivated viral vaccine), for example due
to a concern of adverse events, which might be associated with a
stronger immunogenic vaccine. Encouraging evidence from Hong
Kong also suggested that three doses of CoronaVac provided better
protection than two doses of CoronaVac against severe COVID-19
or death,’® consequently indicating that boosters with any type
of approved COVID-19 vaccine could provide protection against
severe illness. Next, heterologous boosters appeared to have opti-
mum effects in individuals who had received primary vaccination
with either inactivated viral or non-replicating viral vector vaccine
(i.e., arguably less immunogenic than the mRNA vaccine) and
subsequently received a booster with an mRNA vaccine due to the
substantial elevation in the levels of neutralizing antibodies post
booster administration.?®!1%117 This finding was supported by an-
other finding, which reported that a heterologous booster among
CoronaVac-vaccinated individuals with the Ad5.COV2.S vaccine
induced greater cellular and humoral immune responses, as com-
pared to the results observed upon a homologous vaccination with
CoronaVac."'8 Taken together, the booster vaccination was safe and
effective in protecting individuals against SARS-CoV-2 infection.

Effectiveness of the COVID-19 vaccination against the Omi-
cron variant

The SARS-CoV-2 Omicron variant has swiftly replaced the Delta
variant to cause the latest wave of infection globally. This variant
has approximately 30 mutations in its spike protein; 15 of which
are clustered within the RBD of SARS-CoV-2 Omicron.!? As cur-
rently available COVID-19 vaccines concentrate on generating
immune responses toward the viral spike protein, these mutations
have raised some concern regarding the effectiveness of the avail-
able COVID-19 vaccines against Omicron infection.

Various studies have been performed in order to assess the ef-
fectiveness of the current vaccines against the SARS-CoV-2 Omi-
cron variant. It has been reported that the effectiveness of two
doses of mRNA-1273 vaccination against the Omicron variant
declined after six months.!?%!121' As mentioned, a way to restore
immunity and protection against the Omicron variant is by admin-
istering a booster (third dose) of the mRNA-1273 vaccine.!?? Simi-
larly, an in vitro study indicated that two doses of BNT162b2 were
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likely to be insufficient to neutralize the Omicron variant, and that
a third dose of BNT162b2 was required to neutralize the Omicron
variant effectively.®®!23 A study conducted in the UK reported that
two doses of BNT162b2 or ChAdOx1-S provided limited protec-
tion against symptoms of the Omicron infection and that a booster
vaccination with BNT162b2 or mRNA-1273 would substantially
increase the level of protection.!'® Likewise, results from a study
in South Africa supported this observation, which showed that a
minimum of two doses of BNT162b2 or Ad26.COV2.S were re-
quired to provide protection against Omicron.'?* However, it was
reported that the fourth dose of BBIBP-CorV did not significantly
increase the neutralizing antibody titers against the Omicron vari-
ant as compared to the ones observed after the third dose, thus sug-
gesting that the inactivated viral COVID-19 vaccine was less im-
munogenic and that the homologous booster of this vaccine did not
provide an optimum level of protection.!?s Additionally, a study
in the Dominican Republic reported that two doses of CoronaVac
were not effective against the Omicron infection, but a heterolo-
gous booster with BNT162b2 could enhance the neutralization
activity against the Omicron variant.'?¢ This result was also sup-
ported by our study, which reported that a majority of healthcare
workers who had received a primary vaccination with CoronaVac
and a heterologous booster with 100 mg of mRNA-1273 vaccine
could be protected from the Omicron infection and the severity of
the COVID-19 illness (manuscript in submission).

Collectively, the humoral immunity generated by the above-
mentioned vaccines could wane over time and could be insufficient
in neutralizing novel Omicron sublineages. Therefore, it is worth
mentioning that the concern of losing vaccination-induced protec-
tion against COVID-19 was primarily based on the assessment of
humoral immune responses (i.e., the titers and functionalities of
the neutralizing antibodies). When the assessment was focused on
cellular immune responses, it was reported that vaccine-induced T-
cell responses were stable over time and cross-recognized numer-
ous variants (including the Omicron variant), thus contributing to
protection against severe COVID-19.127:128 [n addition, it is obvi-
ous that long-term studies that assess humoral and cellular immune
responses after COVID-19 vaccination, as well as the clinical pro-
tection against SARS-CoV-2 infection or COVID-19 illness, are
needed in order to draw a definite conclusion on the waning of
vaccine-induced immune responses over time.

In order to ensure that COVID-19 vaccines will continue to
provide an adequate level of protection, another strategy, besides
providing a booster vaccination, would be to modify particular
antigens of the COVID-19 vaccines.'? Modification of the COV-
ID-19 vaccines could be (i) a novel monovalent vaccine by target-
ing a particular antigen of the circulating VOC, (ii) multivalent
vaccine containing antigens from different VOCs, or (iii) a pan
vaccine that would be effective for all strains of SARS-CoV-2 vi-
rus or even sarbecovirus (i.e., the subgenus of SARS-CoV-1 and
SARS-CoV-2).12%130 Table 4 displays the introduced modifica-
tions in the approved COVID-19 vaccines to create novel monova-
lent and bivalent vaccines.

Moderna is in the process of developing a bivalent booster vac-
cine covering specific mutations on the spike glycoprotein that were
observed in the ancestral and Beta variants; namely, the mRNA-
1273.211. The primary aim of the bivalent booster would be to re-
tain sufficient titers of neutralizing antibodies and to broaden the im-
munity levels against numerous VOCs. Moderna recently compared
50 mg of the existing mRNA-1273 booster to 50 mg of mRNA-
1273.211 booster among individuals who had received a primary
vaccination with the mRNA-1273 vaccine. It was reported that a
booster of mRNA-1273.211 generated greater antibody response
and immunogenicity when compared to the mRNA-1273 booster
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Table 4. Modified COVID-19 vaccines currently tested in clinical trials

Explor Res Hypothesis Med

Vaccine Type Manufacturer Research Name Modification
mRNA Moderna mRNA-1273 Bivalent COVID-19 booster (mMRNA-1273.211and mRNA-1273.214);
Omicron-targeted monovalent booster (MRNA-1273.529).
Pfizer/BioNTech BNT162b2 Omicron-adapted monovalent booster; bivalent COVID-19 booster.

Inactivated virus  Sinopharm BBIBP-CorV (Vero Cells)

Inactivated Omicron variant.

COVID-19, coronavirus disease 2019; mRNA, messenger RNA.

against the ancestral SARS-CoV-2, Beta, and Omicron variants, and
that both mRNA-1273 and mRNA-1273.211 displayed similar safe-
ty and reactogenicity profiles.!3! Another bivalent booster vaccine
being developed by Moderna is the mRNA-1273.214, which com-
prises the spike gene mRNA from both the ancestral and Omicron
variants.'3? It was reported that administration of 50 mg of a bivalent
Omicron booster among subjects with a primary vaccination with
mRNA-1273 was safe and generated a similar level of neutralizing
antibody titers against the ancestral strain, as well as a stronger level
of neutralizing antibody titers against the Omicron variant, includ-
ing BA.4 and BA.5.13? In addition, Moderna is developing another
booster vaccine that would be matched to the spike glycoprotein
of the Omicron variant and is named mRNA-1273.529. In contrast
to the results obtained from the bivalent booster, the administra-
tion of the mRNA-1273.529 booster in mRNA-1273-vaccinated
non-human primates did not provide a better protection than the
mRNA-1273 booster.'?? This suggested that a bivalent/multivalent
vaccine would be a more reasonable approach in providing protec-
tion against SARS-CoV-2 infection in the near future.

A similar approach is also being pursued by Pfizer/BioNTech
by creating Omicron-adapted monovalent and bivalent booster
vaccines. Of note, the bivalent vaccine comprises the spike gly-
coprotein from the ancestral and Omicron BA.1 variants. In an
ongoing study, in which the booster vaccines were used as the
fourth dose (at 30 mg and 60 mg doses) in 1,234 participants of
56 years of age and older, both the Omicron-adapted monovalent
and bivalent booster vaccines were well-tolerated and were able to
neutralize the BA.1.13% These Omicron-adapted booster vaccines
were able to neutralize BA.4 and BA.5 as well, but at threefold
lower than BA.1.133 Of note, Sanofi/GSK is in the process of test-
ing a new booster (i.e., SARS-CoV-2 adjuvanted recombinant pro-
tein MV monovalent B.1.351/Beta vaccine), which would be used
among individuals who have received a primary vaccination with
BNT162b2.134 Its preliminary result indicated that this booster was
safe and generated high levels of neutralizing antibodies against
the ancestral, Beta, Delta, and BA.1 variants.!34

Sinopharm is currently developing a new inactivated viral vac-
cine targeting the Omicron variant as well. The Omicron-specific
vaccine is currently being tested in a non-randomized, open-label,
and externally controlled study with the aim to assess the immuno-
genicity and safety of the inactivated Omicron COVID-19 vaccine
in a group of adults aged 18-60 years who had never received the
COVID-19 vaccine.!3 This study would determine the usefulness
of developing inactivated viral vaccines for new circulating VOCs.

Taken together, the fast-evolving SARS-CoV-2, particularly if
COVID-19 becomes an endemic disease, would eventually require
an updated version of the current COVID-19 vaccines. Matching
the target antigens of an updated COVID-19 vaccine to the ones of
currently circulating VOC could be a reasonable strategy although
it would not be a straightforward solution due to the constantly
emerging variants and the difficulty in predicting the efficacy levels
of the induced immune responses.'3¢ A thorough learning of SARS-
CoV-2 behavior as well as the magnitude and duration of the host
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immune responses upon vaccination would be required to create a
more effective vaccine against SARS-CoV-2 in the near future.!?
Furthermore, the NIAID is currently conducting a phase 2 study
named the COVID-19 Variant Immunologic Landscape (COVAIL)
study in adults who have already received a primary COVID-19
vaccination and a booster in order to compare the immunogenicity
of combinations of vaccines based on the ancestral, Beta, Delta, and
Omicron variants (i.e., mRNA vaccines and experimental protein-
based booster by Sanofi/GSK).12%13¢ The result of this trial could
provide a guideline for modifying the COVID-19 vaccines.

Potential mucosal vaccines for COVID-19

An important fact to be aware of is that SARS-CoV-2 infects nasal
and/or oral mucosal surfaces to enter the human body.'37-138 It is of
interest therefore to develop a mucosal vaccine for COVID-19 in
order to generate robust immune responses that could protect rel-
evant mucosal tissues against the Omicron infection.'3 A mucosal
vaccine is a promising strategy as the vaccine-generated protective
immune responses at mucosal sites could prevent the viral infec-
tion from occurring in the first place.!3° Therefore, innovative adju-
vant techniques and delivery strategies may be required to develop
effective mucosal vaccines against SARS-CoV-2 infection.!3® As
such, a variety of devices could be used for delivering the mucosal
vaccines among which spray devices would be an ideal choice due
to their being more precise than conventional pipettes.'4

Pertaining to a potential nasal vaccine for COVID-19, it was
reported that an intranasal administration of ChAdOx1-S from Ox-
ford/AstraZeneca in preclinical models resulted in a reduced viral
load in nasal swabs, bronchoalveolar lavage, and lower respiratory
tract tissue.'*! An open-label clinical trial of intranasal administra-
tion of ChAdOx1-S among healthy human volunteers is currently
underway.'#? Similarly, Bharat Biotech, Hyderabad, India has de-
veloped an intranasal vaccine by using a chimpanzee adenoviral
vector (replication-incompetent) that encodes the stabilized spike
glycoprotein of SARS-CoV-2, i.e., ChAd-SARS-CoV-2-S.143 A
study conducted by Bharat Biotech demonstrated that an intranasal
administration of one dosage of ChAd-SARS-CoV-2-S could in-
duce neutralizing antibodies and T-cell responses and inhibit viral
infection in nasal swabs, bronchoalveolar lavage fluid, and lungs
in rhesus macaques.'*? Of note was the fact that the intranasal im-
munization might boost IFN y-secreting tissue-resident memory
CD8* T cells in the lungs and induce long-term immunity for at
least nine months, as indicated by an expansion of long-lived plas-
ma cells within the bone marrow., !40:143

An oral vaccine candidate for COVID-19 is being tested as
well. VXA-CoV2-1 is an oral recombinant COVID-19 vaccine
candidate that would deploy a non-replicating recombinant adeno-
virus 5 vector containing a full-length SARS-CoV-2 spike gene
under the control of the cytomegalovirus promoter and full-length
SARS-CoV-2 nucleocapsid genes under the control of the human
beta-actin promoter.'44145 This vaccine would aim to generate
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three types of immune responses: mucosal immune responses,
strong serum neutralizing antibodies to the spike glycoprotein,
as well as T-cell responses to the spike glycoprotein and nucle-
oprotein. In the preclinical studies, oral administration of VXA-
CoV2-1 produced high titers of neutralizing antibodies, activated
polyfunctional CD4" and CD8* T cells, as well as induced protec-
tion against SARS-CoV-2 infection in a Syrian hamster challenge
model.’** The safety and immunogenicity of an oral VXA-CoV2-1
are currently being tested among healthy adults. !0

Future directions

The continuously evolving SARS-CoV-2 could result in the re-
peated emergence of highly infectious variants, as currently dem-
onstrated by the Omicron variant. Therefore, further studies would
be required to improve the virological and immunological under-
standings on the impacts of various viral mutations, particularly in
escaping from the generated immune responses, either through past
exposure, vaccination, or provision of recombinant anti-SARS-
CoV-2 monoclonal antibodies. In terms of generating prophylactic
protection, more data would be needed to understand the waning
of vaccine-induced immune responses in various subpopulations,
including the elderly, children, and adults with comorbidities, in
which this information would be useful to determine the optimum
frequency and interval of administering current COVID-19 vac-
cines and boosters to generate adequate, long-lasting protection
against SARS-CoV-2 infection. Upcoming research in compar-
ing the current and the modified COVID-19 vaccines would also
be useful in deciding whether COVID-19 vaccines would require
regular modification of their target antigens. Research on inducing
specific mucosal immunity against SARS-CoV-2 would be very
relevant as well. Therefore, the development of a universal vaccine
would be, arguably, the holy grail in activating immune responses
against all variants of SARS-CoV-2. In terms of providing treat-
ment, development of novel antiviral medications that would be
safe and more effective, as well as new recombinant anti-SARS-
CoV-2 monoclonal antibodies that would not be affected by muta-
tions in the viral RBD would improve the chances to control or
even reduce the impact of this pandemic.

Conclusions

SARS-CoV-2 is continuously evolving, in which the currently
circulating Omicron variant of concern is a somber reminder that
another wave of infection could still occur globally. Various thera-
peutic agents are currently available for patients with COVID-19
ranging from repurposed drugs, novel antiviral agents, to anti-
SARS-CoV-2 monoclonal antibodies. Furthermore, several COV-
ID-19 prophylactic vaccines have been developed and deployed
worldwide. Due to the accumulated mutations within the genome,
particularly in the spike gene of the Omicron variant, there is a
concern that currently approved vaccines might be inadequate in
protecting individuals against upcoming SARS-CoV-2 infection.
Hence, various strategies are being currently utilized, including
homologous and heterologous booster vaccinations as well as
vaccine modification. There are potentially two pressing issues of
concern that have not been discussed in this review; namely, the
need to ensure equal access for all populations to receive approved
COVID-19 vaccines and the need to convince everyone to be fully
vaccinated. It would be worth noting that it is the act of vaccina-
tion, not merely the vaccine, that protects people from COVID-19.

166

Vidian V. et al: Strengthening the defense against SARS-CoV-2

Supporting information

Supplementary material for this article is available at https://doi.
org/10.14218/ERHM.2022.00084.

Supplementary Table 1. SARS-CoV-2 genome sequences used in
this study.

Acknowledgments

We thank Mr. Sumeet Bal, M. Biotech. (Protein Characterisation
Division, CSIRO, Melbourne, Australia) for the critical reading
of the manuscript. We also thank the authors from the originating
laboratories and submitting laboratories who contributed SARS-
CoV-2 genome sequences to the GISAID database utilized in this
review (Supplementary Table 1). We sincerely apologize to those
whose works could not be discussed due to space limitations.

Funding

This study received no specific grant from any funding agency in
the public, commercial, or not-for-profit sector.

Conflict of interest

JJ has been an editorial board member of Exploratory Research
and Hypothesis in Medicine since April 2022. The authors have no
other conflict of interest related to this publication.

Author contributions

VV, D, VL, and SNAC wrote the initial draft of the manuscript.
JJ critically reviewed and completed the manuscript. All authors
made a significant contribution to this study and approved the final
manuscript.

References

[1] Petersen E, Ntoumi F, Hui DS, Abubakar A, Kramer LD, Obiero C, et al.
Emergence of new SARS-CoV-2 Variant of Concern Omicron (B.1.1.529)
- highlights Africa’s research capabilities, but exposes major knowl-
edge gaps, inequities of vaccine distribution, inadequacies in global
COVID-19 response and control efforts. Int J Infect Dis 2022;114:268—
272. doi:10.1016/}.ijid.2021.11.040, PMID:34863925.

[2] AroraS, Grover V, Saluja P, Algarni YA, Saquib SA, Asif SM, et al. Litera-
ture Review of Omicron: A Grim Reality Amidst COVID-19. Microorgan-
isms 2022;10(2):451. doi:10.3390/microorganisms10020451, PMID:
35208905.

[3] Cao Y, Wang J, Jian F, Xiao T, Song W, Yisimayi A, et al. Omicron es-
capes the majority of existing SARS-CoV-2 neutralizing antibodies. Na-
ture 2022;602:657—663. doi:10.1038/s41586-021-04385-3, PMID:350
16194.

[4] Viana R, Moyo S, Amoako DG, Tegally H, Scheepers C, Althaus CL, et
al. Rapid epidemic expansion of the SARS-CoV-2 Omicron variant in
southern Africa. Nature 2002;603:679-686. doi:10.1038/s41586-022-
04411-y, PMID:35042229.

[5] FanY, Li X, Zhang L, Wan S, Zhang L, Zhou F. SARS-CoV-2 Omicron
variant: recent progress and future perspectives. Signal Trans-
duct Target Ther 2022;7(1):141. doi:10.1038/s41392-022-00997-x,

DOI: 10.14218/ERHM.2022.00084 | Volume 8 Issue 2, June 2023


https://doi.org/10.14218/ERHM.2022.00084
https://doi.org/10.14218/JERP.2021.00058
https://doi.org/10.14218/JERP.2021.00058
https://doi.org/10.1016/j.ijid.2021.11.040
http://www.ncbi.nlm.nih.gov/pubmed/34863925
https://doi.org/10.3390/microorganisms10020451
http://www.ncbi.nlm.nih.gov/pubmed/35208905
https://doi.org/10.1038/s41586-021-04385-3
http://www.ncbi.nlm.nih.gov/pubmed/35016194
http://www.ncbi.nlm.nih.gov/pubmed/35016194
https://doi.org/10.1038/s41586-022-04411-y
https://doi.org/10.1038/s41586-022-04411-y
http://www.ncbi.nlm.nih.gov/pubmed/35042229
https://doi.org/10.1038/s41392-022-00997-x

Vidian V. et al: Strengthening the defense against SARS-CoV-2

(6]

(7]

(8]

(9]

[10]

(11]

[12]

[13]

(14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

DOI: 10.14218/ERHM.2022.00084 | Volume 8 Issue 2, June 2023

PMID:35484110.

Chatterjee S, Bhattacharya M, Nag S, Dhama K, Chakraborty C. A
detailed overview of SARS-CoV-2 omicron: its sub-variants, muta-
tions and pathophysiology, clinical characteristics, immunological
landscape, immune escape, and therapies. Viruses 2023;15(1):167.
doi:10.3390/v15010167, PMID:36680207.

Halfmann PJ, lida S, Iwatsuki-Horimoto K, Maemura T, Kiso M, Scheaffer
SM, et al. SARS-CoV-2 Omicron virus causes attenuated disease in mice
and hamsters. Nature 2022;603:687—692. doi:10.1038/s41586-022-
04441-6, PMID:35062015.

Peacock TP, Brown JC, Zhou J, Thakur N, Sukhova K, Newman J, et al.
The altered entry pathway and antigenic distance of the SARS-CoV-2
Omicron variant map to separate domains of spike protein. bioRxiv
[Preprint] 2022. doi:10.1101/2021.12.31.474653.

Chen LL, Chua GT, Lu L, Chan BP, Wong JS, Chow CC, et al. Omicron vari-
ant susceptibility to neutralizing antibodies induced in children by nat-
ural SARS-CoV-2 infection or COVID-19 vaccine. Emerg Microbes Infect
2022;11(1):543-547.d0i:10.1080/22221751.2022.2035195,PMID:350
84295.

Lu L, Mok BW, Chen LL, Chan JM, Tsang OT, Lam BH, et al. Neutraliza-
tion of SARS-CoV-2 Omicron variant by sera from BNT162b2 or Corona-
vac vaccine recipients. Clin Infect Dis 2021:ciab1041. doi:10.1093/cid/
ciab1041, PMID:34915551.

Zhang L, Li Q, Liang Z, Li T, Liu S, Cui Q, et al. The significant immune
escape of pseudotyped SARS-CoV-2 variant Omicron. Emerg Mi-
crobes Infect 2022;11(1):1-5. doi:10.1080/22221751.2021.2017757,
PMID:34890524.

Lin L, Li Q, Wang Y, Shi Y. Syncytia formation during SARS-CoV-2 lung in-
fection: a disastrous unity to eliminate lymphocytes. Cell Death Differ
2021;28(6):2019-2021. doi:10.1038/s41418-021-00795-y, PMID:3398
1020.

Maisa A, Spaccaferri G, Fournier L, Schaeffer J, Deniau J, Rolland P,
et al. First cases of Omicron in France are exhibiting mild symptoms,
November 2021-January 2022. Infect Dis Now 2022;52(3):160-164.
doi:10.1016/j.idnow.2022.02.003, PMID:35167979.

Meng B, Abdullahi A, Ferreira IATM, Goonawardane N, Saito A, Kimura
1, et al. Altered TMPRSS2 usage by SARS-CoV-2 Omicron impacts infec-
tivity and fusogenicity. Nature 2022;603(7902):706—714. doi:10.1038/
s41586-022-04474-x, PMID:35104837.

Bussani R, Schneider E, Zentilin L, Collesi C, Ali H, Braga L, et al. Persis-
tence of viral RNA, pneumocyte syncytia and thrombosis are hallmarks
of advanced COVID-19 pathology. EBioMedicine 2020;61:103104.
doi:10.1016/j.ebiom.2020.103104, PMID:33158808.

Sigal A. Milder disease with Omicron: Is it the virus or the pre-existing
immunity? Nat Rev Immunol 2022;22:69-71. doi:10.1038/s41577-
022-00678-4, PMID:35046570.

Willett BJ, Grove J, MacLean OA, Wilkie C, Logan N, Lorenzo GD, et al.
The hyper-transmissible SARS-CoV-2 Omicron variant exhibits signifi-
cant antigenic change, vaccine escape and a switch in cell entry mecha-
nism. medRxiv [Preprint] 2022. doi:10.1101/2022.01.03.21268111.

Pia L, Rowland-Jones S. Omicron entry route. Nat Rev Immunol
2022;22(3):144. doi:10.1038/s41577-022-00681-9, PMID:35082449.
Maaroufi H. The N764K and N856K mutations in SARS-CoV-2 Omicron
BA.1 S protein generate potential cleavage sites for SKI-1/S1P pro-
tease. bioRxiv [Preprint] 2022. doi:10.1101/2022.01.21.477298v?2.
Hadfield J, Megill C, Bell SM, Huddleston J, Potter B, Callender C, et
al. NextStrain: Real-time tracking of pathogen evolution. Bioinfor-
matics 2018;34(23):4121-4123. doi:10.1093/bioinformatics/bty407,
PMID:29790939.

Kupferschmidt K. Where did ‘weird’” Omicron come from? Science
2021;374(6572):1179. doi:10.1126/science.acx9738, PMID:34855502.
Zhang L, Jackson CB, Mou H, Ojha A, Peng H, Quinlan BD, et al. SARS-
CoV-2 spike-protein D614G mutation increases virion spike density and
infectivity. Nat Commun 2020;11(6013):1-9. doi:10.1038/s41467-020-
19808-4, PMID:33243994.

Liu L, lketani S, Guo Y, Chan JF, Wang M, Liu L, et al. Striking antibody
evasion manifested by the Omicron variant of SARS-CoV-2. Nature
2022;602(7898):676-681. doi:10.1038/s41586-021-04388-0, PMID:
35016198.

Singh A, Steinkellner G, Kéchl K, Gruber K, Gruber CC. Serine 477 plays
a crucial role in the interaction of the SARS-CoV-2 spike protein with

[25]

[26]

[27]

[28]

[29]

[30]

(31]

32]

[33]

(34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Explor Res Hypothesis Med

the human receptor ACE2. Sci Rep 2021;11(1):4320. doi:10.1038/
$41598-021-83761-5, PMID:33619331.

Kumar S, Karuppanan K, Subramaniam G. Omicron (BA.1) and sub-var-
iants (BA.1.1, BA.2, and BA.3) of SARS-CoV-2 spike infectivity and path-
ogenicity: A comparative sequence and structural-based computation-
al assessment. J Med Virol 2022. doi:10.1002/jmv.27927, PMID:356
80610.

Liu Y, Liu J, Plante KS, Plante JA, Xie X, Zhang X, et al. The N501Y spike
substitution enhances SARS-CoV-2 infection and transmission. Nature
2022;602(7896):294-299. doi:10.1038/s41586-021-04245-0, PMID:
34818667.

Bate N, Savva CG, Moody PCE, Brown EA, Evans SE, Ball JK, et al. In vitro
evolution predicts emerging SARS-CoV-2 mutations with high affinity
for ACE2 and cross-species binding. PLoS Pathog 2022;18(7):e1010733.
doi:10.1371/journal.ppat.1010733, PMID:35849637.

Mannar D, Saville JW, Zhu X, Srivastava SS, Bereuk AM, Tuttle KS, et
al. SARS-CoV-2 Omicron Variant: ACE2 Binding, Cryo-EM Structure of
Spike Protein-ACE2 Complex and Antibody Evasion. bioRxiv [Preprint]
2021. doi:10.1101/2021.12.19.473380.

Callaway E. What Omicron’s BA.4 and BA.5 variants mean for the pan-
demic. Nature 2022;606(7916):848-849. doi:10.1038/d41586-022-
01730-y, PMID:35750920.

Tuekprakhon A, Nutalai R, Dijokaite-Guraliuc A, Zhou D, Ginn HM,
Selvaraj M, et al. Antibody escape of SARS-CoV-2 Omicron BA.4 and
BA.5 from vaccine and BA.1 serum. Cell 2022. doi:10.1016/j.cell.
2022.06.005, PMID:35772405.

Aksamentov |, Roemer C, Hodcroft EB, Neher RA. Nextclade: clade
assignment, mutation calling and quality control for viral genomes. J
Open Source Softw 2021;6(67):3773. doi:10.21105/joss.03773.

Jay JJ, Brouwer C. Lollipops in the Clinic: Information Dense Mutation
Plots for Precision Medicine. PLoS One 2016;11:2-7. doi:10.1371/jour-
nal.pone.0160519, PMID:27490490.

Mardian Y, Kosasih H, Karyana M, Neal A, Lau CY. Review of Current
COVID-19 Diagnostics and Opportunities for Further Development.
Front Med 2021;8:615099. doi:10.3389/fmed.2021.615099, PMID:340
26773.

Dutta D, Naiyer S, Mansuri S, Soni N, Singh V, Bhat KH, et al. COVID-19
Diagnosis: A Comprehensive Review of the RT-gPCR Method for Detec-
tion of SARS-CoV-2. Diagnostics 2022;12:1-18. doi:10.3390/diagnos-
tics12061503, PMID:35741313.

Subramoney K, Mtileni N, Bharuthram A, Davis A, Kalenga B, Rikhotso
M, et al. Identification of SARS-CoV-2 Omicron variant using spike gene
target failure and genotyping assays, Gauteng, South Africa, 2021. J.
Med. Virol 2022;94(8):3676—3684. doi:10.1002/jmv.27797, PMID:354
41368.

Brown KL, Ceci A, Roby C, Briggs R, Ziolo D, Korba R, et al. Toney D, Fried-
lander MJ, Finkielstein CV. A comparative analysis exposes an amplifi-
cation delay distinctive to SARS-CoV-2 Omicron variants of clinical and
public health relevance. Emerg Microbes Infect 2023;12(1):2154617. d
0i:10.1080/22221751.2022.2154617, PMID:36458572.

Li X, Zhong X, Wang Y, Zeng X, Luo T, Liu Q. Clinical determinants of
the severity of COVID-19: A systematic review and meta-analysis.
PLoS One 2021;16(5):e0250602. doi:10.1371/journal.pone.0250602,
PMID:33939733.

Chakraborty C, Sharma AR, Bhattacharya M, Agoramoorthy G, Lee
SS. The Drug Repurposing for COVID-19 Clinical Trials Provide Very
Effective Therapeutic Combinations: Lessons Learned from Major
Clinical Studies. Front Pharmacol 2021;12:704205. doi:10.3389/
fphar.2021.704205, PMID:34867318.

WHO Solidarity Trial Consortium. Remdesivir and three other drugs
for hospitalised patients with COVID-19: Final results of the WHO
Solidarity randomised trial and updated meta-analyses. Lancet 2022;
399(10339):1941-1953. doi:10.1016/S0140-6736(22)00519-0, PMID:
35512728.

Beigel JH, Tomashek KM, Dodd LE, Mehta AK, Zingman BS, Kalil AC,
et al. Remdesivir for the Treatment of Covid-19 - Final Report. N
Engl J Med 2020;383:1813-1826. doi:10.1056/NEJM0a2007764,
PMID:32445440.

Kalil AC, Mehta AK, Patterson TF, Erdmann N, Gomez CA, Jain MK,
et al. Efficacy of interferon beta-1a plus remdesivir compared with
remdesivir alone in hospitalised adults with COVID-19: a double-

167


https://doi.org/10.14218/ERHM.2022.00084
http://www.ncbi.nlm.nih.gov/pubmed/35484110
https://doi.org/10.3390/v15010167
http://www.ncbi.nlm.nih.gov/pubmed/36680207
https://doi.org/10.1038/s41586-022-04441-6
https://doi.org/10.1038/s41586-022-04441-6
http://www.ncbi.nlm.nih.gov/pubmed/35062015
https://doi.org/10.1101/2021.12.31.474653
https://doi.org/10.1080/22221751.2022.2035195
http://www.ncbi.nlm.nih.gov/pubmed/35084295
http://www.ncbi.nlm.nih.gov/pubmed/35084295
https://doi.org/10.1093/cid/ciab1041
https://doi.org/10.1093/cid/ciab1041
http://www.ncbi.nlm.nih.gov/pubmed/34915551
https://doi.org/10.1080/22221751.2021.2017757
http://www.ncbi.nlm.nih.gov/pubmed/34890524
https://doi.org/10.1038/s41418-021-00795-y
http://www.ncbi.nlm.nih.gov/pubmed/33981020
http://www.ncbi.nlm.nih.gov/pubmed/33981020
https://doi.org/10.1016/j.idnow.2022.02.003
http://www.ncbi.nlm.nih.gov/pubmed/35167979
https://doi.org/10.1038/s41586-022-04474-x
https://doi.org/10.1038/s41586-022-04474-x
http://www.ncbi.nlm.nih.gov/pubmed/35104837
https://doi.org/10.1016/j.ebiom.2020.103104
http://www.ncbi.nlm.nih.gov/pubmed/33158808
https://doi.org/10.1038/s41577-022-00678-4
https://doi.org/10.1038/s41577-022-00678-4
http://www.ncbi.nlm.nih.gov/pubmed/35046570
https://doi.org/10.1101/2022.01.03.21268111
https://doi.org/10.1038/s41577-022-00681-9
http://www.ncbi.nlm.nih.gov/pubmed/35082449
https://doi.org/10.1101/2022.01.21.477298v2
https://doi.org/10.1093/bioinformatics/bty407
http://www.ncbi.nlm.nih.gov/pubmed/29790939
https://doi.org/10.1126/science.acx9738
http://www.ncbi.nlm.nih.gov/pubmed/34855502
https://doi.org/10.1038/s41467-020-19808-4
https://doi.org/10.1038/s41467-020-19808-4
http://www.ncbi.nlm.nih.gov/pubmed/33243994
https://doi.org/10.1038/s41586-021-04388-0
http://www.ncbi.nlm.nih.gov/pubmed/35016198
https://doi.org/10.1038/s41598-021-83761-5
https://doi.org/10.1038/s41598-021-83761-5
http://www.ncbi.nlm.nih.gov/pubmed/33619331
https://doi.org/10.1002/jmv.27927
http://www.ncbi.nlm.nih.gov/pubmed/35680610
http://www.ncbi.nlm.nih.gov/pubmed/35680610
https://doi.org/10.1038/s41586-021-04245-0
http://www.ncbi.nlm.nih.gov/pubmed/34818667
https://doi.org/10.1371/journal.ppat.1010733
http://www.ncbi.nlm.nih.gov/pubmed/35849637
https://doi.org/10.1101/2021.12.19.473380
https://doi.org/10.1038/d41586-022-01730-y
https://doi.org/10.1038/d41586-022-01730-y
http://www.ncbi.nlm.nih.gov/pubmed/35750920
https://doi.org/10.1016/j.cell.2022.06.005
https://doi.org/10.1016/j.cell.2022.06.005
http://www.ncbi.nlm.nih.gov/pubmed/35772405
https://doi.org/10.21105/joss.03773
https://doi.org/10.1371/journal.pone.0160519
https://doi.org/10.1371/journal.pone.0160519
http://www.ncbi.nlm.nih.gov/pubmed/27490490
https://doi.org/10.3389/fmed.2021.615099
http://www.ncbi.nlm.nih.gov/pubmed/34026773
http://www.ncbi.nlm.nih.gov/pubmed/34026773
https://doi.org/10.3390/diagnostics12061503
https://doi.org/10.3390/diagnostics12061503
http://www.ncbi.nlm.nih.gov/pubmed/35741313
https://doi.org/10.1002/jmv.27797
http://www.ncbi.nlm.nih.gov/pubmed/35441368
http://www.ncbi.nlm.nih.gov/pubmed/35441368
https://doi.org/10.1080/22221751.2022.2154617
http://www.ncbi.nlm.nih.gov/pubmed/36458572
https://doi.org/10.1371/journal.pone.0250602
http://www.ncbi.nlm.nih.gov/pubmed/33939733
https://doi.org/10.3389/fphar.2021.704205
https://doi.org/10.3389/fphar.2021.704205
http://www.ncbi.nlm.nih.gov/pubmed/34867318
https://doi.org/10.1016/S0140-6736(22)00519-0
http://www.ncbi.nlm.nih.gov/pubmed/35512728
https://doi.org/10.1056/NEJMoa2007764
http://www.ncbi.nlm.nih.gov/pubmed/32445440

Explor Res Hypothesis Med

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

(50]

(51]

[52]

(53]

[54]

[55]

[56]

[57]

(58]

168

bind, randomised, placebo-controlled, phase 3 trial. Lancet Respir
Med 2021;9(12):1365-1376. doi:10.1016/52213-2600(21)00384-2,
PMID:34672949.

RECOVERY Collaborative Group, Horby P, Lim WS, Emberson JR,
Mafham M, Bell JL, et al. Dexamethasone in Hospitalized Patients
with Covid-19. N Engl J Med 2021;384(8):693—704. doi:10.1056/NEJ-
Mo0a2021436, PMID:32678530.

RECOVERY Collaborative Group. Tocilizumab in patients admitted to
hospital with COVID-19 (RECOVERY): A randomised, controlled, open-
label, platform trial. Lancet 2021;397(10285):1637-1645. d0i:10.1016/
S0140-6736(21)00676-0, PMID:33933206.

The RECOVERY Collaborative Group. Baricitinib in patients admitted to
hospital with COVID-19 (RECOVERY): A randomised, controlled, open-
label, platform trial and updated meta-analysis. medRxiv [Preprint]
2022. doi:10.1101/2022.03.02.22271623v1.

Kalil AC, Patterson TF, Mehta AK, Tomashek KM, Wolfe CR, Ghazaryan V,
et al. Baricitinib plus Remdesivir for Hospitalized Adults with Covid-19. N
Engl)Med2021;384(9):795-807.d0i:10.1056/NEJM0a2031994, PMID:
33306283.

Wolfe CR, Tomashek KM, Patterson TF, Gomez CA, Marconi VC, Jain
MK, et al. Baricitinib versus dexamethasone for adults hospitalised
with COVID-19 (ACTT-4): A randomised, double-blind, double placebo-
controlled trial. Lancet Respir Med 2022;19:1-11. doi:10.1016/52213-
2600(22)00088-1, PMID:35617986.

Yu LM, Bafadhel M, Dorward J, Hayward G, Saville BR, Gbinigie O, et al.
Inhaled budesonide for COVID-19 in people at high risk of complications
in the community in the UK (PRINCIPLE): A randomised, controlled,
open-label, adaptive platform trial. Lancet 2021;398(10303):843-855.
doi:10.1016/S0140-6736(21)01744-X, PMID:34388395.

Emani VR, Goswami S, Nandanoor D, Emani SR, Reddy NK, Reddy R.
Randomised controlled trials for COVID-19: evaluation of optimal
randomisation methodologies-need for data validation of the com-
pleted trials and to improve ongoing and future randomised trial
designs. Int J Antimicrob Agents 2021;57(1):106222. doi:10.1016/j.
ijantimicag.2020.106222, PMID:33189891.

WHO Solidarity Trial Consortium. Remdesivir and three other drugs
for hospitalised patients with COVID-19: final results of the WHO
Solidarity randomised trial and updated meta-analyses. Lancet
2022;399(10339):1941-1953. doi:10.1016/50140-6736(22)00519-0,
PMID:35512728.

Beigel JH, Tomashek KM, Dodd LE, Mehta AK, Zingman BS, Kalil AC,
et al. Remdesivir for the treatment of Covid-19 - final report. N Engl J
Med 2020;383(19):1813-1826.d0i:10.1056/NEJM0a2007764, PMID:
32445440.

Dorward J, Yu LM, Hayward G, Saville BR, Gbinigie O, Van Hecke O, et al.
Colchicine for COVID-19 in the community (PRINCIPLE): a randomised,
controlled, adaptive platform trial. Br J Gen Pract 2022;72(720):e446—
e455. doi:10.3399/BJGP.2022.0083, PMID:35440469.

DTB team. Two new oral antivirals for COVID-19: Molnupiravir and nir-
matrelvir plus ritonavir. Drug Ther Bull 2022;60(5):73-77. doi:10.1136/
dtb.2022.000008, PMID:35473816.

Syed YY. Molnupiravir: first approval. Drugs 2022;82(4):455-460.
doi:10.1007/s40265-022-01684-5, PMID:35184266.

Bernal AJ, da Silva MMG, Musungaje DB, Kovalchuk E, Gonzalez A,
Reyes VD, et al. Molnupiravir for Oral Treatment of Covid-19 in Non-
hospitalized Patients. N EnglJ Med 2022;386(6):509-520. doi:10.1056/
NEJMo0a2116044, PMID:34914868.

Hammond J, Leister-Tebbe H, Gardner A, Abreu P, Bao W, Wisemandle
W, et al. Oral Nirmatrelvir for High-Risk, Nonhospitalized Adults with
Covid-19. N Engl J Med 2022;386(15):1397-1408. doi:10.1056/NEJ-
Moa2118542, PMID:35172054.

Cox M, Peacock TP, Harvey WT, Hughes J, Wright DW, COVID-19
Genomics UK (COG-UK) Consortium, et al. SARS-CoV-2 variant eva-
sion of monoclonal antibodies based on in vitro studies. Nat Rev
Microbiol 2023;21(2):112-124. doi:10.1038/s41579-022-00809-7,
PMID:36307535.

Mazzaferri F, Mirandola M, Savoldi A, de Nardo P, Morra M, Tebon M,
et al. Exploratory data on the clinical efficacy of monoclonal antibodies
against SARS-CoV-2 Omicron Variant of Concern. medRxiv [Preprint]
2022. d0i:10.1101/2022.05.06.22274613.

Cao Y, Yisimayi A, Jian F, Song W, Xiao T, Wang L, et al. BA.2.12.1, BA.4

Vidian V. et al: Strengthening the defense against SARS-CoV-2

[59]

[60]

[61]

[62]

[63]

[64]

[65]

(66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

DOI

and BA.5 escape antibodies elicited by Omicron infection. Nature
2022. doi:10.1038/s41586-022-04980-y, PMID:35714668.

Raslan MA, Raslan SA, Shehata EM, Mahmoud AS, Sabri NA, Alzah-
rani KJ, et al. COVID-19 vaccination in pediatrics: was it valuable
and successful? Vaccines (Basel) 2023;11(2):214. doi:10.3390/vac-
cines11020214, PMID:36851090.

Burrell CJ, Howard CR, Murphy FA. Vaccines and Vaccination. Fenner
and White’s Medical Virology. Cambridge: Academic Press; 2017.

Ella R, Reddy S, Blackwelder W, Potdar V, Yadav P, Sarangi V, et al. Ef-
ficacy, safety, and lot-to-lot immunogenicity of an inactivated SARS-
CoV-2 vaccine (BBV152): interim results of a randomised, double-
blind, controlled, phase 3 trial. Lancet 2021;398(10317):2173-2184.
doi:10.1016/50140-6736(21)02000-6, PMID:34774196.

Ella R, Vadrevu KM, Jogdand H, Prasad S, Reddy S, Sarangi V, et al.
Safety and immunogenicity of an inactivated SARS-CoV-2 vaccine,
BBV152: A double-blind, randomised, phase 1 trial. Lancet Infect Dis
2021;21(5):637-646. doi:10.1016/51473-3099(20)30942-7, PMID:334
85468.

Vikkurthi R, Ansari A, Pai AR, Jha SN, Sachan S, Pandit S, et al. Inacti-
vated whole-virion vaccine BBV152/Covaxin elicits robust cellular im-
mune memory to SARS-CoV-2 and variants of concern. Nat Microbiol
2022;7:974-985. doi:10.1038/s41564-022-01161-5, PMID:35681012.
Tawinprai K, Siripongboonsitti T, Porntharukchareon T, Vanichsetakul
P, Thonginnetra S, Niemsorn K, et al. Safety and Immunogenicity of
the BBIBP-CorV Vaccine in Adolescents Aged 12 to 17 Years in the
Thai Population: An Immunobridging Study. Vaccines 2022;10(5):807.
doi:10.3390/vaccines10050807, PMID:35632562.

Greish K, Alawadhi A, Jaradat A, Almarabheh A, AIMadhi M, Jawad J,
et al. Safety and Immunogenicity of COVID-19 BBIBP-CorV Vaccine in
Children 3-12 Years Old. Vaccines 2022;10(4):586. doi:10.3390/vac-
cines10040586, PMID:35455335.

Tanriover MD, Doganay HL, Akova M, Gliner HR, Azap A, Akhan S, et al.
Efficacy and safety of an inactivated whole-virion SARS-CoV-2 vaccine
(CoronaVac): interim results of a double-blind, randomised, placebo-
controlled, phase 3 trial in Turkey. Lancet 2021;398(10296):213-222.
doi:10.1016/S0140-6736(21)01429-X, PMID:34246358.

Lidder P, Sonnino A. Biotechnologies for the Management of Genet-
ic Resources for Food and Agriculture. Adv. Genet 2012;78:1-167.
doi:10.1016/B978-0-12-394394-1.00001-8, PMID:22980921.
Kovalenko A, Ryabchevskaya E, Evtushenko E, Nikitin N, Karpova O.
Recombinant Protein Vaccines against Human Betacoronaviruses:
Strategies, Approaches and Progress. Int J Mol Sci 2023;24(2):1701.
doi:10.3390/ijms24021701, PMID:36675218.

Mekonnen D, Mengist HM, Jin T. SARS-CoV-2 subunit vaccine adjuvants
and their signaling pathways. Expert Rev. Vaccines 2021;21(1):69-81. d
0i:10.1080/14760584.2021.1991794, PMID:34633259.

Robert-Guroff M. Replicating and non-replicating viral vectors for vac-
cine development. Curr Opin Biotechnol 2007;18(6):546-556. doi:
10.1016/j.copbio.2007.10.010, PMID:18063357.

Mendonga SA, Lorincz R, Boucher P, Curiel DT. Adenoviral vec-
tor vaccine platforms in the SARS-CoV-2 pandemic. NPJ Vaccines
2021;6(97):1-14. doi:10.1038/s41541-021-00356-x, PMID:34354082.
Hernandez-Bello J, Morales-Nufiez JJ, Machado-Sulbaran AC, Diaz-Pé-
rez SA, Torres-Hernandez PC, Balcazar-Félix P, et al. Neutralizing Anti-
bodies against SARS-CoV-2, Anti-Ad5 Antibodies, and Reactogenicity in
Response to Ad5-nCoV (CanSino Biologics) Vaccine in Individuals with
and without Prior SARS-CoV-2. Vaccines 2021;9(9):1047. doi:10.3390/
vaccines9091047, PMID:34579284.

Chirmule N, Propert K, Magosin S, Qian Y, Qian R, Wilson J. Immune
responses to adenovirus and adeno-associated virus in humans. Gene
Ther 1999;6(9):1574-1583. doi:10.1038/sj.gt.3300994, PMID:1049
0767.

Mast TC, Kierstead L, Gupta SB, Nikas AA, Kallas EG, Novitsky V, et al.
International epidemiology of human pre-existing adenovirus (Ad)
type-5, type-6, type-26 and type-36 neutralizing antibodies: Corre-
lates of high Ad5 titers and implications for potential HIV vaccine tri-
als. Vaccine 2010;28(4):950-957. doi:10.1016/j.vaccine.2009.10.145,
PMID:19925902.

Sadoff J, Gray G, Vandebosch A, Cardenas V, Shukarev G, Grinsztejn B,
et al. Safety and Efficacy of Single-Dose Ad26.COV2.S Vaccine against
Covid-19. N Engl J Med 2021;384(23):2187-2201. doi:10.1056/NEJ-

1 10.14218/ERHM.2022.00084 | Volume 8 Issue 2, June 2023


https://doi.org/10.14218/ERHM.2022.00084
https://doi.org/10.1016/S2213-2600(21)00384-2
http://www.ncbi.nlm.nih.gov/pubmed/34672949
https://doi.org/10.1056/NEJMoa2021436
https://doi.org/10.1056/NEJMoa2021436
http://www.ncbi.nlm.nih.gov/pubmed/32678530
https://doi.org/10.1016/S0140-6736(21)00676-0
https://doi.org/10.1016/S0140-6736(21)00676-0
http://www.ncbi.nlm.nih.gov/pubmed/33933206
https://doi.org/10.1101/2022.03.02.22271623v1
https://doi.org/10.1056/NEJMoa2031994
http://www.ncbi.nlm.nih.gov/pubmed/33306283
https://doi.org/10.1016/S2213-2600(22)00088-1
https://doi.org/10.1016/S2213-2600(22)00088-1
http://www.ncbi.nlm.nih.gov/pubmed/35617986
https://doi.org/10.1016/S0140-6736(21)01744-X
http://www.ncbi.nlm.nih.gov/pubmed/34388395
https://doi.org/10.1016/j.ijantimicag.2020.106222
https://doi.org/10.1016/j.ijantimicag.2020.106222
http://www.ncbi.nlm.nih.gov/pubmed/33189891
https://doi.org/10.1016/S0140-6736(22)00519-0
http://www.ncbi.nlm.nih.gov/pubmed/35512728
https://doi.org/10.1056/NEJMoa2007764
http://www.ncbi.nlm.nih.gov/pubmed/32445440
https://doi.org/10.3399/BJGP.2022.0083
http://www.ncbi.nlm.nih.gov/pubmed/35440469
https://doi.org/10.1136/dtb.2022.000008
https://doi.org/10.1136/dtb.2022.000008
http://www.ncbi.nlm.nih.gov/pubmed/35473816
https://doi.org/10.1007/s40265-022-01684-5
http://www.ncbi.nlm.nih.gov/pubmed/35184266
https://doi.org/10.1056/NEJMoa2116044
https://doi.org/10.1056/NEJMoa2116044
http://www.ncbi.nlm.nih.gov/pubmed/34914868
https://doi.org/10.1056/NEJMoa2118542
https://doi.org/10.1056/NEJMoa2118542
http://www.ncbi.nlm.nih.gov/pubmed/35172054
https://doi.org/10.1038/s41579-022-00809-7
http://www.ncbi.nlm.nih.gov/pubmed/36307535
https://doi.org/10.1101/2022.05.06.22274613
https://doi.org/10.1038/s41586-022-04980-y
http://www.ncbi.nlm.nih.gov/pubmed/35714668
https://doi.org/10.3390/vaccines11020214
https://doi.org/10.3390/vaccines11020214
http://www.ncbi.nlm.nih.gov/pubmed/36851090
https://doi.org/10.1016/S0140-6736(21)02000-6
http://www.ncbi.nlm.nih.gov/pubmed/34774196
https://doi.org/10.1016/S1473-3099(20)30942-7
http://www.ncbi.nlm.nih.gov/pubmed/33485468
http://www.ncbi.nlm.nih.gov/pubmed/33485468
https://doi.org/10.1038/s41564-022-01161-5
http://www.ncbi.nlm.nih.gov/pubmed/35681012
https://doi.org/10.3390/vaccines10050807
http://www.ncbi.nlm.nih.gov/pubmed/35632562
https://doi.org/10.3390/vaccines10040586
https://doi.org/10.3390/vaccines10040586
http://www.ncbi.nlm.nih.gov/pubmed/35455335
https://doi.org/10.1016/S0140-6736(21)01429-X
http://www.ncbi.nlm.nih.gov/pubmed/34246358
https://doi.org/10.1016/B978-0-12-394394-1.00001-8
http://www.ncbi.nlm.nih.gov/pubmed/22980921
https://doi.org/10.3390/ijms24021701
http://www.ncbi.nlm.nih.gov/pubmed/36675218
https://doi.org/10.1080/14760584.2021.1991794
http://www.ncbi.nlm.nih.gov/pubmed/34633259
https://doi.org/10.1016/j.copbio.2007.10.010
http://www.ncbi.nlm.nih.gov/pubmed/18063357
https://doi.org/10.1038/s41541-021-00356-x
http://www.ncbi.nlm.nih.gov/pubmed/34354082
https://doi.org/10.3390/vaccines9091047
https://doi.org/10.3390/vaccines9091047
http://www.ncbi.nlm.nih.gov/pubmed/34579284
https://doi.org/10.1038/sj.gt.3300994
http://www.ncbi.nlm.nih.gov/pubmed/10490767
http://www.ncbi.nlm.nih.gov/pubmed/10490767
https://doi.org/10.1016/j.vaccine.2009.10.145
http://www.ncbi.nlm.nih.gov/pubmed/19925902
https://doi.org/10.1056/NEJMoa2101544

Vidian V. et al: Strengthening the defense against SARS-CoV-2

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

[86]

(87]

(88]

(89]

[90]

[91]

[92]

(93]

Mo0a2101544, PMID:33882225.

Zhang C, Maruggi G, Shan H, Li J. Advances in mRNA vaccines for in-
fectious diseases. Front Immunol 2019;10(594):1-13. doi:10.3389/
fimmu.2019.00594, PMID:30972078.

Pardi N, Hogan MJ, Porter FW, Weissman D. mRNA vaccines - a new era
in vaccinology. Nat Rev Drug Discov 2018;17:261-279. d0i:10.1038/
nrd.2017.243, PMID:29326426.

Baden LR, Sahly HME, Essink B, Kotloff K, Frey S, Novak R, et al. Ef-
ficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N EnglJ Med
2021;384:403-416. doi:10.1056/NEJM0a2035389, PMID:33378609.
Baden LR, El Sahly HM, Essink B, Kotloff K, Frey S, Novak R, et al.
Efficacy and safety of the mRNA-1273 SARS-CoV-2 vaccine. N Engl
J Med 2021;384(5):403-416. doi:10.1056/NEJM0a2035389, PMID:
33378609.

Echaide M, Chocarro de Erauso L, Bocanegra A, Blanco E, Kochan
G, Escors D. mRNA Vaccines against SARS-CoV-2: advantages and
caveats. Int J Mol Sci 2023;24(6):5944. doi:10.3390/ijms24065944,
PMID:36983017.

Zhang Z, Mateus J, Coelho CH, Dan JM, Moderbacher CR, Galvez R,
et al. Humoral and cellular immune memory to four COVID-19 vac-
cines. Cell 2022;185(14):2434-2451. doi:10.1016/j.cell.2022.05.022,
PMID:35764089.

Han X, Xu P, Ye Q. Analysis of COVID-19 vaccines: Types, thoughts,
and application. J Clin Lab Anal 2021;35(9):23937. doi:10.1002/jcla.
23937, PMID:34396586.

Sanders B, Koldijk M, Schuitemaker H. Inactivated Viral Vaccines.
Vaccine Analysis: Strategies, Principles, and Control. Berlin: Springer;
2015.

Jara A, Undurraga EA, Gonzalez C, Paredes F, Fontecilla T, Jara G, et al.
Effectiveness of an Inactivated SARS-CoV-2 Vaccine in Chile. N Engl J
Med 2021;385(10):875-884. doi:10.1056/NEJM0a2107715, PMID:342
33097.

AlHosani Fl, Stanciole AE, Aden B, Timoshkin A, Najim O, Saher WA,
et al. Impact of the Sinopharm’s BBIBP-CorV vaccine in preventing
hospital admissions and death in infected vaccinees: Results from a
retrospective study in the emirate of Abu Dhabi, United Arab Emir-
ates (UAE). Vaccine 2022;40(13):2003-2010. doi:10.1016/j.vaccine.
2022.02.039, PMID:35193793.

Malhotra S, Kalaivani M, Lodha R, Bakhshi S, Mathur VP, Gupta P, et al.
Effectiveness of BBV152 vaccine against SARS-CoV-2 infections, hos-
pitalizations and deaths among healthcare workers in the setting of
high delta variant transmission in New Delhi, India. medRxiv [Preprint]
2022. doi:10.1101/2022.01.22.22269701.

Jo J, Sanjaya A, Pinontoan R, Aruan M, Wahyuni RM, Viktaria V. As-
sessment on anti-SARS-CoV-2 receptor-binding domain antibodies
among CoronaVac-vaccinated Indonesian adults. Clin Exp Vaccine
Res 2022;11(1):116-120. doi:10.7774/cevr.2022.11.1.116, PMID:352
23672.

Kandeil A, Mostafa A, Hegazy RR, El-Shesheny R, Taweel AE, Gomaa
MR, et al. Immunogenicity and Safety of an Inactivated SARS-CoV-2
Vaccine: Preclinical Studies. Vaccines 2021;9(3):214. doi:10.3390/vac-
cines9030214, PMID:33802467.

Deng Y, Li Y, Yang R, Tan W. SARS-CoV-2-specific T cell immunity to
structural proteins in inactivated COVID-19 vaccine recipients. Cell Mol
Immunol 2021;18(8):2040-2041. doi:10.1038/s41423-021-00730-8,
PMID:34267334.

McMenamin ME, Nealon J, Lin Y, Wong JY, Cheung JK, Lau EHY, et al.
Vaccine effectiveness of two and three doses of BNT162b2 and Coro-
naVac against COVID-19 in Hong Kong. medRxiv [Preprint] 2022. doi:1
0.1101/2022.03.22.22272769.

Xia S, Duan K, Zhang Y, Zhao D, Zhang H, Xie Z, et al. Effect of an In-
activated Vaccine Against SARS-CoV-2 on Safety and Immunogenic-
ity Outcomes: Interim Analysis of 2 Randomized Clinical Trials. JAMA
2020;324(10):951-960. doi:10.1001/jama.2020.15543, PMID:32789
505.

Zhang MX, Zhang TT, Shi GF, Cheng FM, Zheng YM, Tung TH, et al. Safe-
ty of an inactivated SARS-CoV-2 vaccine among healthcare workers in
China. Expert Rev Vaccines 2021;20(7):891-898. doi:10.1080/147605
84.2021.1925112, PMID:33929930.

Zeng G, Wu Q, Pan H, Li M, Yang J, Wang L, et al. Inmunogenicity and
safety of a third dose, and immune persistence of CoronaVac vaccine

DOI: 10.14218/ERHM.2022.00084 | Volume 8 Issue 2, June 2023

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

Explor Res Hypothesis Med

in healthy adults aged 18-59 years: interim results from a double-
blind, randomized, placebo-controlled phase 2 clinical trial. Lancet
Infect Dis 2021;22(4):483-495. doi:10.1016/51473-3099(21)00681-2,
PMID:34890537.
Mallapaty S. China’s Covid Vaccines have been Crucial: Now Immunity
is Waning. Nature 2021;598(7881):398-399. do0i:10.1038/d41586-
021-02796-w, PMID:34650240.
Chiu NC, Chi H, Tu YK, Huang YN, Tai YL, Weng SL, et al. To mix or not to
mix? A rapid systematic review of heterologous prime—boost covid-19
vaccination. Expert Rev Vaccines 2021;20(10):1211-1220. doi:10.1080
/14760584.2021.1971522, PMID:34415818.
Santi T, Sungono V, Kamarga L, Samakto BD, Hidayat F, Hidayat FK, et al.
Heterologous prime-boost with the mRNA-1273 vaccine among Cor-
onaVac-vaccinated healthcare workers in Indonesia. Clin Exp Vaccine
Res 2022;11(2):209-216. doi:10.7774/cevr.2022.11.2.209, PMID:3579
9870.
Gorman MJ, Patel N, Guebre-Xabier M, Zhu AL, Atyeo C, Pullen KM, et
al. Fab and Fc contribute to maximal protection against SARS-CoV-2
following NVX-CoV2373 subunit vaccine with Matrix-M vaccination.
Cell Reports Med 2021;2(9):100405. doi:10.1016/j.xcrm.2021.100405,
PMID:34485950.
Vartak A, Sucheck SJ. Recent advances in subunit vaccine carriers. Vac-
cines 2016;4(2):12. doi:10.3390/vaccines4020012, PMID:27104575.
Heath PT, Galiza EP, Baxter DN, Boffito M, Browne D, Burns F, et al.
Safety and Efficacy of NVX-CoV2373 Covid-19 Vaccine. N Engl J Med
2021;385(13):1172-1183. doi:10.1056/NEJM0a2107659, PMID:3419
2426.
Dunkle LM, Kotloff KL, Gay CL, Afiez G, Adelglass JM, Hernandez AQB,
et al. Efficacy and Safety of NVX-CoV2373 in Adults in the United States
and Mexico. N. Engl. J. Med 2022;386(6):531-543. doi:10.1056/NEJ-
Mo0a2116185, PMID:34910859.
Bernal JL, Andrews N, Gower C, Gallagher E, Simmons R, Thelwall S,
et al. Effectiveness of Covid-19 Vaccines against the B.1.617.2 (Del-
ta) Variant. N Engl J Med 2021;385(7):585-594. doi:10.1056/NEJ-
Mo0a2108891, PMID:34289274.
Shinde V, Bhikha S, Hoosain Z, Archary M, Bhorat Q, Fairlie L, et al. Effi-
cacy of NVX-CoV2373 Covid-19 Vaccine against the B.1.351 Variant. N
Engl J Med 2021;384(20):1899-1909. doi:10.1056/NEJM0a2103055,
PMID:33951374.
Botton J, Semenzato L, Jabagi MJ, Baricault B, Weill A, Dray-Spira R,
et al. Effectiveness of Ad26.COV2.S Vaccine vs BNT162b2 Vaccine for
COVID-19 Hospitalizations. JAMA Netw Open 2022;5(3):e220868—
e220868. doi:10.1001/jamanetworkopen.2022.0868,
PMID:35234883.
See |, Su JR, Lale A, Woo EJ, Guh AY, Shimabukuro TT, et al. US Case
Reports of Cerebral Venous Sinus Thrombosis with Thrombocytope-
nia after Ad26.COV2.S Vaccination, March 2 to April 21, 2021. JAMA
2021;325(24):2448-2456. doi:10.1001/jama.2021.7517, PMID:3392
9487.
Schultz NH, Sgrvoll IH, Michelsen AE, Munthe LA, Lund-Johansen F,
Ahlen MT, et al. Thrombosis and Thrombocytopenia after ChAdOx1
nCoV-19 Vaccination. N Engl J Med 2021;384(22):2124-2130.
doi:10.1056/NEJM0a2104882, PMID:33835768.
Greinacher A, Thiele T, Warkentin TE, Weisser K, Kyrle PA, Eichinger
S. Thrombotic Thrombocytopenia after ChAdOx1 nCov-19 Vacci-
nation. N Engl J Med 2021;384(22):2092-2101. doi:10.1056/NEJ-
Mo0a2104840, PMID:33835769.
Scully M, Singh D, Lown R, Poles A, Solomon T, Levi M, et al. Pathologic
Antibodies to Platelet Factor 4 after ChAdOx1 nCoV-19 Vaccination. N
Engl J Med 2021;384(23):2202-2211. doi:10.1056/NEJM0a2105385,
PMID:33861525.
Hanson KE, Goddard K, Lewis N, Fireman B, Myers TR, Bakshi N, et
al. Incidence of Guillain-Barré Syndrome After COVID-19 Vaccination
in the Vaccine Safety Datalink. JAMA Netw Open 2022;5(4):e228879.
doi:10.1001/jamanetworkopen.2022.8879, PMID:35471572.
Vanaparthy R, Mohan G, Vasireddy D, Atluri P. Review of COVID-19
viral vector-based vaccines and COVID-19 variants. Le Infez Med
2021;29(3):328-338. doi:10.53854/1iim-2903-3, PMID:35146337.
Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, et
al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N
Engl J Med 2020;383(27):2603-2615. doi:10.1056/NEJM0a2034577,

169


https://doi.org/10.14218/ERHM.2022.00084
https://doi.org/10.1056/NEJMoa2101544
http://www.ncbi.nlm.nih.gov/pubmed/33882225
https://doi.org/10.3389/fimmu.2019.00594
https://doi.org/10.3389/fimmu.2019.00594
http://www.ncbi.nlm.nih.gov/pubmed/30972078
https://doi.org/10.1038/nrd.2017.243
https://doi.org/10.1038/nrd.2017.243
http://www.ncbi.nlm.nih.gov/pubmed/29326426
https://doi.org/10.1056/NEJMoa2035389
http://www.ncbi.nlm.nih.gov/pubmed/33378609
https://doi.org/10.1056/NEJMoa2035389
http://www.ncbi.nlm.nih.gov/pubmed/33378609
https://doi.org/10.3390/ijms24065944
http://www.ncbi.nlm.nih.gov/pubmed/36983017
https://doi.org/10.1016/j.cell.2022.05.022
http://www.ncbi.nlm.nih.gov/pubmed/35764089
https://doi.org/10.1002/jcla.23937
https://doi.org/10.1002/jcla.23937
http://www.ncbi.nlm.nih.gov/pubmed/34396586
https://doi.org/10.1056/NEJMoa2107715
http://www.ncbi.nlm.nih.gov/pubmed/34233097
http://www.ncbi.nlm.nih.gov/pubmed/34233097
https://doi.org/10.1016/j.vaccine.2022.02.039
https://doi.org/10.1016/j.vaccine.2022.02.039
http://www.ncbi.nlm.nih.gov/pubmed/35193793
https://doi.org/10.1101/2022.01.22.22269701
https://doi.org/10.7774/cevr.2022.11.1.116
http://www.ncbi.nlm.nih.gov/pubmed/35223672
http://www.ncbi.nlm.nih.gov/pubmed/35223672
https://doi.org/10.3390/vaccines9030214
https://doi.org/10.3390/vaccines9030214
http://www.ncbi.nlm.nih.gov/pubmed/33802467
https://doi.org/10.1038/s41423-021-00730-8
http://www.ncbi.nlm.nih.gov/pubmed/34267334
https://doi.org/10.1101/2022.03.22.22272769
https://doi.org/10.1101/2022.03.22.22272769
https://doi.org/10.1001/jama.2020.15543
http://www.ncbi.nlm.nih.gov/pubmed/32789505
http://www.ncbi.nlm.nih.gov/pubmed/32789505
https://doi.org/10.1080/14760584.2021.1925112
https://doi.org/10.1080/14760584.2021.1925112
http://www.ncbi.nlm.nih.gov/pubmed/33929930
https://doi.org/10.1016/S1473-3099(21)00681-2
http://www.ncbi.nlm.nih.gov/pubmed/34890537
https://doi.org/10.1038/d41586-021-02796-w
https://doi.org/10.1038/d41586-021-02796-w
http://www.ncbi.nlm.nih.gov/pubmed/34650240
https://doi.org/10.1080/14760584.2021.1971522
https://doi.org/10.1080/14760584.2021.1971522
http://www.ncbi.nlm.nih.gov/pubmed/34415818
https://doi.org/10.7774/cevr.2022.11.2.209
http://www.ncbi.nlm.nih.gov/pubmed/35799870
http://www.ncbi.nlm.nih.gov/pubmed/35799870
https://doi.org/10.1016/j.xcrm.2021.100405
http://www.ncbi.nlm.nih.gov/pubmed/34485950
https://doi.org/10.3390/vaccines4020012
http://www.ncbi.nlm.nih.gov/pubmed/27104575
https://doi.org/10.1056/NEJMoa2107659
http://www.ncbi.nlm.nih.gov/pubmed/34192426
http://www.ncbi.nlm.nih.gov/pubmed/34192426
https://doi.org/10.1056/NEJMoa2116185
https://doi.org/10.1056/NEJMoa2116185
http://www.ncbi.nlm.nih.gov/pubmed/34910859
https://doi.org/10.1056/NEJMoa2108891
https://doi.org/10.1056/NEJMoa2108891
http://www.ncbi.nlm.nih.gov/pubmed/34289274
https://doi.org/10.1056/NEJMoa2103055
http://www.ncbi.nlm.nih.gov/pubmed/33951374
https://doi.org/10.1001/jamanetworkopen.2022.0868
http://www.ncbi.nlm.nih.gov/pubmed/35234883
https://doi.org/10.1001/jama.2021.7517
http://www.ncbi.nlm.nih.gov/pubmed/33929487
http://www.ncbi.nlm.nih.gov/pubmed/33929487
https://doi.org/10.1056/NEJMoa2104882
http://www.ncbi.nlm.nih.gov/pubmed/33835768
https://doi.org/10.1056/NEJMoa2104840
https://doi.org/10.1056/NEJMoa2104840
http://www.ncbi.nlm.nih.gov/pubmed/33835769
https://doi.org/10.1056/NEJMoa2105385
http://www.ncbi.nlm.nih.gov/pubmed/33861525
https://doi.org/10.1001/jamanetworkopen.2022.8879
http://www.ncbi.nlm.nih.gov/pubmed/35471572
https://doi.org/10.53854/liim-2903-3
http://www.ncbi.nlm.nih.gov/pubmed/35146337
https://doi.org/10.1056/NEJMoa2034577

Explor Res Hypothesis Med

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

170

PMID:33301246.

Eick-Cost AA, Ying S, Wells N. Effectiveness of mRNA-1273, BNT162b2,
and JNJ-78436735 COVID-19 Vaccines among US Military Personnel
before and during the Predominance of the Delta Variant. JAMA 2022;
5(4):e228071. doi:10.1001/jamanetworkopen.2022.8071, PMID:354
42453.

Chin ET, Leidner D, Zhang Y, Long E, Prince L, Li Y, et al. Effectiveness
of the mRNA-1273 Vaccine during a SARS-CoV-2 Delta Outbreak in
a Prison. N Engl J Med 2021;385(24):2300-2301. doi:10.1056/NE-
JMc2114089, PMID:34670040.

Rosenblum HG, Gee J, Liu R, Marquez PL, Zhang B, Strid P, et al. Safety
of mRNA vaccines administered during the initial 6 months of the US
COVID-19 vaccination programme: an observational study of reports
to the Vaccine Adverse Event Reporting System and v-safe. Lancet In-
fect Dis 2022;22(6):802-812. doi:10.1016/S1473-3099(22)00054-8,
PMID:35271805.

Dickerman BA, Gerlovin H, Madenci AL, Kurgansky KE, Ferolito BR,
Mufiiz MJF, et al. Comparative Effectiveness of BNT162b2 and mRNA-
1273 Vaccines in U.S. Veterans. N Engl J Med 2022;386(2):105-115.
doi:10.1056/NEJM0a2115463, PMID:34942066.

Bettini E, Locci M. SARS-CoV-2 mRNA Vaccines: Immunological
Mechanism and Beyond. Vaccines 2021;9(2):147. doi:10.3390/vac-
cines9020147, PMID:33673048.

Andrews N, Stowe J, Kirsebom F, Toffa S, Rickeard T, Gallagher E, et al.
Covid-19 Vaccine Effectiveness against the Omicron (B.1.1.529) Vari-
ant. N EnglJ Med 2022;386(16):1532-1546. PMID:35249272.

Atmar RL, Lyke KE, Deming ME, Jackson LA, Branche AR, Sahly HME,
et al. Heterologous SARS-CoV -2 Booster Vaccinations - Preliminary
Report. medRxiv [Preprint] 2021. doi:10.1101/2021.10.10.21264827,
PMID:34671773.

LiJ, Hou L, Guo X, Jin P, Wu S, Zhu J, et al. Heterologous AD5-nCOV plus
CoronaVac versus homologous CoronaVac vaccination: a randomized
phase 4 trial. Nat Med 2022;28:401-409. doi:10.1038/s41591-021-
01677-z, PMID:35087233.

Hastie KM, Li H, Bedinger D, Schendel SL, Dennison SM, Li K, et al.
Defining variant-resistant epitopes targeted by SARS-CoV-2 antibod-
ies: A global consortium study. Science 2021;374(6566):472—478.
doi:10.1126/science.abh25, PMID:34554826.

Hansen CH, Schelde AB, Mousten-Helm IR, Emborg H-D, Krause TG,
Mglbak K, et al. Vaccine effectiveness against SARS-CoV-2 infection
with the Omicron or Delta variants following a two-dose or booster
BNT162b2 or mRNA-1273 vaccination series: A Danish cohort study.
medRxiv [Preprint] 2021. doi:10.1101/2021.12.20.21267966.

Accorsi EK, Britton A, Fleming-Dutra KE, Smith ZR, Shang N, Derado G,
et al. Association between 3 Doses of mMRNA COVID-19 Vaccine and
Symptomatic Infection Caused by the SARS-CoV-2 Omicron and Delta
Variants. JAMA J Am Med Assoc 2022;327(7):639-651. doi:10.1001/
jama.2022.0470, PMID:35060999.

Gagne M, Molivo JI, Foulds KE, Andrew SF, Flynn BJ, Werner AP, et
al. mRNA-1273 or mRNA-Omicron boost in vaccinated macaques
elicits similar B cell expansion, neutralizing responses, and protec-
tion from Omicron. Cell 2022;185(9):1556-1571.e18. doi:10.1016/j.
cell.2022.03.038, PMID:35447072.

Xia H, Zou J, Kuehade C, Cai H, Yang Q, Curler M, et al. Neutralization
of Omicron SARS-CoV-2 by 2 or 3 doses of BNT162b2 vaccine. bioRxiv
[Preprint] 2022. doi:10.1101/2022.01.21.476344.

Gray G, Collie S, Goga A, Garrett N, Champion J, Seocharan |, et al.
Effectiveness of Ad26.COV2.S and BNT162b2 Vaccines against Omi-
cron Variant in South Africa. N Engl J Med 2022;386(23):2243-2245.
doi:10.1056/NEJMc2202061, PMID:35507482.

WangJ, Deng C, Liu M, Liu Y, Li L, Huang Z, et al. Four doses of the inac-
tivated SARS-CoV-2 vaccine redistribute humoral immune responses
away from the Receptor Binding Domain. bioRxiv [Preprint] 2022. doi
:10.1101/2022.02.19.22271215.

Pérez-Then E, Lucas C, Monteiro VS, Miric M, Brache V, Cochon L, et al.
Neutralizing antibodies against the SARS-CoV-2 Delta and Omicron var-
iants following heterologous CoronaVac plus BNT162b2 booster vacci-
nation. NatMed 2022;28:481-485. d0i:10.1038/s41591-022-01705-6,
PMID:35051990.

KeetonR, TinchoMB,NgomtiA,BagumaR,BenedeN,SuzukiA,etal. Tcell
responses to SARS-CoV-2 spike cross-recognize Omicron. Nature 2022;

Vidian V. et al: Strengthening the defense against SARS-CoV-2

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

603:488-492. doi:10.1038/5s41586-022-04460-3, PMID:35102311.
Liu J, Chandrashekar A, Sellers D, Barrett J, Jacob-Dolan C, Lifton M,
et al. Vaccines elicit highly conserved cellular immunity to SARS-
CoV-2 Omicron. Nature 2022;603:493-496. doi:10.1038/s41586-022-
04465-y, PMID:35102312.

Rubin R. Challenges of Deciding Whether and How to Update COV-
ID-19 Vaccines to Protect Against Variants. JAMA 2022;327(23):2273—
2275. doi:10.1001/jama.2022.9367, PMID:35648442.

Tan CW, Valkenburg SA, Poon LLM, Wang LF. Broad-spec-
trum pan-genus and pan-family virus vaccines. Cell Host Mi-
crobe  2023;31(6):902-916.  doi:10.1016/j.chom.2023.05.017,
PMID:37321173.

Chalkias S, Eder F, Essink B, Khetan S, Nestorova B, Feng J, et al.
Safety, Immunogenicity and Antibody Persistence of a Bivalent Beta-
Containing Booster Vaccine. Res Sq [Preprint] 2022. doi:10.21203/
rs.3.rs-1555201/v1.

Chalkias S, Harper C, Vrbicky K, Walsh SR, Essink B, Brosz A, et al. A
Bivalent Omicron-containing Booster Vaccine Against Covid-19. me-
dRxiv [Preprint] 2022. doi:10.1101/2022.06.24.22276703.

Kherabi Y, Launay O, Luong Nguyen LB. COVID-19 Vaccines against
Omicron Variant: Real-World Data on Effectiveness. Viruses
2022;14(10):2086. doi:10.3390/v14102086, PMID:36298641.
Launay O, Cachanado M, Nguyen LBL, Ninove L, Lachatre M, Ghezala
IB, et al. Immunogenicity and Safety of Beta-Adjuvanted Recombinant
Booster Vaccine. N Engl J Med 2022;387:374-376. doi:10.1056/NE-
JMc2206711, PMID:35767474.

Kaabi NA, Yang YK, Liang Y, Xu K, Zhang XF, Kang Y, et al. Safety and
immunogenicity of a mosaic vaccine booster against Omicron and
other SARS-CoV-2 variants: a randomized phase 2 trial. Signal Trans-
duct Target Ther 2023;8(1):20. doi:10.1038/s41392-022-01295-2,
PMID:36596779.

Callaway E. Fast-evolving COVID variants complicate vaccine up-
dates. Nature 2022;607:18-19. doi:10.1038/d41586-022-01771-3,
PMID:35760853.

Hou YJ, Okuda K, Edwards CE, Martinez DR, Asakura T, Dinnon KH, et
al. SARS-CoV-2 Reverse Genetics Reveals a Variable Infection Gradient
in the Respiratory Tract. Cell 2020;182(2):429-446.e14. doi:10.1016/j.
cell.2020.05.042, PMID:32526206.

Huang N, Pérez P, Kato T, Mikami Y, Okuda K, Gilmore RC, et al. SARS-
CoV-2 infection of the oral cavity and saliva. Nat Med 2021;27:892—
903. doi:10.1038/s41591-021-01296-8, PMID:33767405.

Lavelle EC, Ward RW. Mucosal vaccines - fortifying the frontiers. Nat
Rev Immunol 2022;22:236-250. doi:10.1038/s41577-021-00583-2,
PMID:34312520.

AluA, Chen L, Lei H, Wei Y, Tian X, Wei X. Intranasal COVID-19 vaccines:
From bench to bed. eBioMedicine 2022;76:1038341. doi:10.1016/j.
ebiom.2022.103841, PMID:35085851.

van Doremalen N, Purushotham JN, Schluz JE, Holbrook MG, Bush-
maker T, Carmody A, et al. Intranasal ChAdOx1 nCoV-19/AZD1222
vaccination reduces viral shedding after SARS-CoV-2 D614G chal-
lenge in preclinical models. Sci Trans| Med 2021;13(607):eabh0755.
doi:10.1126/scitranslmed.abh0755, PMID:34315826.

Rubin R. Health agencies update: COVID-19 vaccine nasal spray. JAMA
2021;326(12):1138. doi:10.1001/jama.2021.14996, PMID:34581751.
Hassan AO, Feldmann F, Zhao H, Curiel DT, Okumura A, Tang-Huau TL,
et al. Asingle intranasal dose of chimpanzee adenovirus-vectored vac-
cine protects against SARS-CoV-2 infection in rhesus macaques. Cell
Reports Med 2021;2(4):100230. doi:10.1016/j.xcrm.2021.100230,
PMID:33754147.

Moore AC, Dora EG, Peinovich N, Tucker KP, Lin K, Cortese M, et
al. Pre-clinical studies of a recombinant adenoviral mucosal vac-
cine to prevent SARS-CoV-2 infection. bioRxiv [Preprint] 2020.
doi:10.1101/2020.09.04.283853.

Johnson S, Martinez Cl, Tedjakusuma SN, Peinovich N, Dora EG, Birch
SM, et al. Oral Vaccination Protects Against Severe Acute Respiratory
Syndrome Coronavirus 2 in a Syrian Hamster Challenge Model. J Infect
Dis 2022;225(1):34-41. doi:10.1093/infdis/jiab561, PMID:34758086.
Mostaghimi D, Valdez CN, Larson HT, Kalinich CC, Iwasaki A. Preven-
tion of host-to-host transmission by SARS-CoV-2 vaccines. Lancet In-
fect Dis 2022;22(2):e52—e58. doi:10.1016/S1473-3099(21)00472-2,
PMID:34534512.

DOI: 10.14218/ERHM.2022.00084 | Volume 8 Issue 2, June 2023


https://doi.org/10.14218/ERHM.2022.00084
http://www.ncbi.nlm.nih.gov/pubmed/33301246
https://doi.org/10.1001/jamanetworkopen.2022.8071
http://www.ncbi.nlm.nih.gov/pubmed/35442453
http://www.ncbi.nlm.nih.gov/pubmed/35442453
https://doi.org/10.1056/NEJMc2114089
https://doi.org/10.1056/NEJMc2114089
http://www.ncbi.nlm.nih.gov/pubmed/34670040
https://doi.org/10.1016/S1473-3099(22)00054-8
http://www.ncbi.nlm.nih.gov/pubmed/35271805
https://doi.org/10.1056/NEJMoa2115463
http://www.ncbi.nlm.nih.gov/pubmed/34942066
https://doi.org/10.3390/vaccines9020147
https://doi.org/10.3390/vaccines9020147
http://www.ncbi.nlm.nih.gov/pubmed/33673048
http://www.ncbi.nlm.nih.gov/pubmed/35249272
https://doi.org/10.1101/2021.10.10.21264827
http://www.ncbi.nlm.nih.gov/pubmed/34671773
https://doi.org/10.1038/s41591-021-01677-z
https://doi.org/10.1038/s41591-021-01677-z
http://www.ncbi.nlm.nih.gov/pubmed/35087233
https://doi.org/10.1126/science.abh25
http://www.ncbi.nlm.nih.gov/pubmed/34554826
https://doi.org/10.1101/2021.12.20.21267966
https://doi.org/10.1001/jama.2022.0470
https://doi.org/10.1001/jama.2022.0470
http://www.ncbi.nlm.nih.gov/pubmed/35060999
https://doi.org/10.1016/j.cell.2022.03.038
https://doi.org/10.1016/j.cell.2022.03.038
http://www.ncbi.nlm.nih.gov/pubmed/35447072
https://doi.org/10.1101/2022.01.21.476344
https://doi.org/10.1056/NEJMc2202061
http://www.ncbi.nlm.nih.gov/pubmed/35507482
https://doi.org/10.1101/2022.02.19.22271215
https://doi.org/10.1038/s41591-022-01705-6
http://www.ncbi.nlm.nih.gov/pubmed/35051990
https://doi.org/10.1038/s41586-022-04460-3
http://www.ncbi.nlm.nih.gov/pubmed/35102311
https://doi.org/10.1038/s41586-022-04465-y
https://doi.org/10.1038/s41586-022-04465-y
http://www.ncbi.nlm.nih.gov/pubmed/35102312
https://doi.org/10.1001/jama.2022.9367
http://www.ncbi.nlm.nih.gov/pubmed/35648442
https://doi.org/10.1016/j.chom.2023.05.017
http://www.ncbi.nlm.nih.gov/pubmed/37321173
https://doi.org/10.21203/rs.3.rs-1555201/v1
https://doi.org/10.21203/rs.3.rs-1555201/v1
https://doi.org/10.1101/2022.06.24.22276703
https://doi.org/10.3390/v14102086
http://www.ncbi.nlm.nih.gov/pubmed/36298641
https://doi.org/10.1056/NEJMc2206711
https://doi.org/10.1056/NEJMc2206711
http://www.ncbi.nlm.nih.gov/pubmed/35767474
https://doi.org/10.1038/s41392-022-01295-2
http://www.ncbi.nlm.nih.gov/pubmed/36596779
https://doi.org/10.1038/d41586-022-01771-3
http://www.ncbi.nlm.nih.gov/pubmed/35760853
https://doi.org/10.1016/j.cell.2020.05.042
https://doi.org/10.1016/j.cell.2020.05.042
http://www.ncbi.nlm.nih.gov/pubmed/32526206
https://doi.org/10.1038/s41591-021-01296-8
http://www.ncbi.nlm.nih.gov/pubmed/33767405
https://doi.org/10.1038/s41577-021-00583-2
http://www.ncbi.nlm.nih.gov/pubmed/34312520
https://doi.org/10.1016/j.ebiom.2022.103841
https://doi.org/10.1016/j.ebiom.2022.103841
http://www.ncbi.nlm.nih.gov/pubmed/35085851
https://doi.org/10.1126/scitranslmed.abh0755
http://www.ncbi.nlm.nih.gov/pubmed/34315826
https://doi.org/10.1001/jama.2021.14996
http://www.ncbi.nlm.nih.gov/pubmed/34581751
https://doi.org/10.1016/j.xcrm.2021.100230
http://www.ncbi.nlm.nih.gov/pubmed/33754147
https://doi.org/10.1101/2020.09.04.283853
https://doi.org/10.1093/infdis/jiab561
http://www.ncbi.nlm.nih.gov/pubmed/34758086
https://doi.org/10.1016/S1473-3099(21)00472-2
http://www.ncbi.nlm.nih.gov/pubmed/34534512

	﻿﻿Abstract﻿

	﻿﻿﻿﻿Introduction﻿

	﻿﻿﻿The emergence and hallmarks of the Omicron variant﻿

	﻿﻿﻿Current treatments for COVID-19﻿

	﻿﻿﻿Prophylactic vaccines for COVID-19﻿

	﻿﻿Performances of the approved COVID-19 vaccines﻿

	﻿﻿﻿Booster vaccination against SARS-CoV-2 infection﻿

	﻿﻿﻿Effectiveness of the COVID-19 vaccination against the Omicron variant﻿

	﻿﻿﻿Potential mucosal vaccines for COVID-19﻿


	﻿﻿﻿﻿Future directions﻿

	﻿﻿﻿Conclusions﻿

	Supporting information

	﻿﻿﻿﻿﻿Acknowledgments﻿

	﻿﻿﻿Funding﻿

	﻿﻿﻿Conflict of interest﻿

	﻿﻿﻿Author contributions﻿

	﻿﻿﻿References﻿


