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Abstract

COVID-19 caused by coronavirus SARS-CoV-2 became a serious threat to humankind for the past couple of years. The
development of vaccine and its immediate application might be the only to escape from the grasp of this demoniac pandemic.
Approximately 343 clinical trials on COVID-19 vaccines are ongoing currently, and almost all countries are motivating ongo-
ing researches at warp speed for the development of vaccines against COVID-19. This review explores the progress in the
development of the vaccines, their current status of ongoing clinical research, mechanisms, and regulatory approvals. Many
pharmaceutical companies are already in the endgame for manufacturing various vaccines of which some are already being
marketed across the globe, while others are yet to get approval for marketing. The primary aim of this review is to compare
regulatory accepted vaccines in terms of their composition, doses, regulatory status, and efficacy. The study is conducted by
grouping into approved and unapproved vaccines for marketing. Different routes of administration of vaccines along with the
efficacy of the routes are also presented in the review. A wide range of database and clinical trial data is reviewed for sorting
out the information on different vaccines. Unfortunately, many mutations (alpha, beta, gamma, delta, kappa, omicron etc.)
of SARS-CoV-2 have attacked people in very short time, which is the great challenge for investigational vaccines. Moreover,
some vaccines like Pfizer’s BNT162, Oxford’s ChAdOx1, Moderna’s mRNA-1273, and Bharat Biotech’s Covaxin have got
regulatory approval in some countries for its distribution which may prove to stand tall against the pandemic.
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INTRODUCTION

Presently, novel coronavirus disease 2019 or “COVID-19”
has a devastating spread in almost all countries with about
30 million positive cases reports and about 9.5 million active
patients undergoing treatment so far at the mid of Septem-
ber 2020 (1). COVID-19 has become demoniac day by day
and with a present death rate of 4%. This intensified global
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spread and death rate have caused significant impacts, both
short and long term, on society, economy, and politics. The
term “COVID-19” is coined by the World Health Organiza-
tion (WHO) on 11th February 2020 (2). On this account, the
WHO reported that COVID-19 is the most recent, which is
very infectious disease occurred by currently found corona-
virus. There are several characteristic differences between
severe acute respiratory syndrome (SARS) and the new CoV.
Here in this case, the death rate is lower than that of the
reported cases of SARS, but the rate of infected people is
greater in the case of COVID-19. This new CoV is different
from SARS and is named as “SARS-CoV-2" by the WHO
and has the size range of 2.24 um to 3.58 um (2, 3). The
beginning of it was first reported in Wuhan, Hubei Prov-
ince, China, in December 2019. The USA first pointed out
inceptive symptoms, clinical features, characteristics, detec-
tion diagnosis, etc. of COVID-19 from the first hospitalized
COVID-19 positive patient (4, 5). In a case of pandemic, the
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term “waves” is used to refer to the number of rising cases or
surge of outbreak by WHO. Scientists first used the term for
denoting the peaks and valleys of case graph during Span-
ish flu outbreak in 1918. The first wave denotes the start-
ing of rising of number of cases until the peak is reached.
After attaining the peak, the rate of transmission declines
gradually as many people get already infected and less peo-
ple get affected over a period of time (6). These waves of a
pandemic are generally calculated by effective reproduction
number R. This value signifies the number of individuals
getting infected in real time during an epidemic outbreak. If
the value of R is more than 1 over a long period of time, that
period of time is denoted as the upward slope of the wave,
and if the R value is less than 1, the period is denoted as the
downward slope of the wave. After the first wave comes the
second wave where there is the second surge of rising cases.
This wave is deadlier than the initial one as more number of
cases and mortality is observed in this period (7). An ICMR
study in India from 41 government hospitals concluded that
there is 30% hike in mortality rate during the second wave
compared to the first. During this period of pandemic, vac-
cines and treatments start to develop as scientists get more
information about the virus, its transmission mechanism,
and genetics.

Unfortunately, till date, no vaccines are available for
complete prevention of this disease. Several clinical trials
are ongoing with the aim to establish the safety and effi-
cacy against this disease. These potential vaccines have
different mechanisms of action, i.e., some are targeting
the mRNA sequence of the virus or spike (S) glycopro-
tein of the virus, while others are targeting S2 subunit of
it and some are also aiming to reduce the cytokine storm
in the human body. While developing these vaccines, it
is observed that in the case of mechanism of action, both
structural and biological aspects of targeting are playing
significant roles. Researchers and pharmaceutical indus-
tries of all over the world are involved in preclinical or
clinical testing of potential new molecules for the preven-
tion and of COVID-19.

Recently, the WHO published a landscape detail of vac-
cines in which 23 vaccines are in clinical trial and 140
candidates are in preclinical trial (8). Different depart-
ments of the US federal government have established a
partnership, namely, Operation Wrap Speed (OWS), in
which the US National Institutes of Health (NIH) has col-
laborated with 18 pharmaceutical industries (9). Under
the criteria of OWS, the US federal government is fund-
ing for phase 3 trial of 3 investigational vaccines which
include mRNA-1273 (Moderna, Inc.) and ChAdOx1
(Oxford University). These are already approved by the
USFDA (fast track approval) and the UK regulators and
ethical reviewers along with regulatory authority of Brazil
(Anvisa), respectively. In India, Zydus Cadila has obtained
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the approval for its vaccine candidate, namely, “ZyCoV-D”
from Drugs Controller General of India (DCGI) to initiate
phase 1/2 clinical trials [CTRI1/2020/07/026352] (10, 11).
After getting positive result in preclinical study on mice,
rats, guinea pigs, and rabbits, ZyCoV-D is moving towards
phase 1/2 study. This will be a dose-escalation and mul-
ticentered study, in which 1000 participants will be taken
and is planned to conduct at different locations of India
(12—15). This review mainly throws light on the current
status of clinical trials of the vaccine candidates against
COVID-19 along with their different aspects of targeting,
i.e., biological (mMRNA-1273 and DAS-181) or structural
(Gam-COVID-Vac and Ad5-nCoV) or both (ChAdOx1
and INO-4800), current status of the approval of clinical
trial from different regulatory authorities, and the current
status of the Russian vaccine Gam-COVID-Vac/Gam-
COVID-Vac Lyo, of which the developer has proclaimed
that its trial is completed but has not provided any status
for phase 3 trial (16). However, there are different SARS-
CoV-2 variants like alpha, beta, gamma, delta, and kappa
(17). These variants are having different mutations in the
S-glycoprotein. These mutations of different variants now
become a challenge for approved as well as unapproved
vaccines. Among these variants, delta (B.1.617.2) and
kappa (B.1.617.1) originated from B.1.617. In today’s
world, delta becomes the gruesome variant.

APPROVED VACCINES

There are different vaccines, which are now approved for
administration in people. All these vaccines are given
emergency use authorization from the USFDA, WHO,
EMA, and other regulatory bodies of different countries.

mRNA-1273

The National Institute of Allergy and Infectious Dis-
eases (NIAID) and Moderna, in collaboration, are devel-
oping mRNA-1273. This mRNA-based vaccine comprises
lipid nanoparticle (LNP) encapsulated mRNA which
encodes a prefusion stabilized conformation of a full-
length spike (S) glycoprotein of SARS-CoV-2 [Clinical
Trials Identifier number NCT04470427] (18-20). This
LNP is ionizable due to having amine groups in the outer
surface of lipids which is protonated. Thereby, endosome
membrane is disorganized followed by the stimulation of
hexagonal phase structure, for which cellular uptake is
initiated and mRNA comes into cytoplasm (21).

An mRNA vaccine acts like a synthetic copy of mRNA-
encoding protein, in this case spike protein as an antigen,
from the virus. It mainly aims to attack dendritic cells
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(DCs) and antigen-presenting cells (APCs). Host body
uses mRNA to produce spike protein in it leading to acti-
vation of immune response in the body to fight the virus
before actual infection takes place (21). The caveat is that
the mRNA may code for enough irrelevant proteins that
would negatively impact immunogenicity. For adequate
protection, it is required to achieve sufficient neutralizing
antibody titer levels (22).

In preclinical study conducted in a mouse challenge
model, mRNA-1273 gave protection to viral replication
in the lungs. The NIAID conducted the phase 1 clinical
trial of this vaccine in Kaiser Permanente Washington
Health Research Institute (KPWHRI) in Seattle, which is
a part of NIAID’s Infectious Diseases Clinical Research
Consortium. This vaccine was found safe and well toler-
ated in phase 1 clinical trials [Clinical Trials Identifier
number NCT04283461](21, 23, 24). Phase 2 clinical trial
[Clinical Trials Identifier number NCT(04405076] begun in
June 2020 (18, 21). The vaccine elicited sufficient neutral-
izing antibody titer levels in humans when administered
at 25 pg and 100 pg doses. The immunogenicity of the
vaccine increased with the increase in dose at three levels,
viz., 25 pg, 100 pg, and 250 pg. Phase 2 clinical trials are
planned with 50 pg and 100 pg. Moderna received funding
from the Biomedical Advanced Research and Develop-
ment Authority (BARDA), US Department of Health and
Human Services (HHS) for the conduct of phase 2 and
phase 3 studies and scale-up studies for mRNA-1273 man-
ufacturing (18, 25). Phase 3 study [Clinical Trials Identi-
fier number NCT04470427] was a randomized, stratified,
quadruple-blind, placebo-controlled study, which was
conducted with 30,000 adult or older participants at 87
locations in USA (26).

Three lipids, viz., distearoylphosphatidylcholine, cho-
lesterol, and polyethylene glycol (PEG2000 DMG), and
one proprietary ionizable lipid (SM-102) have been used in
encapsulating mRNA. mRNA-1273 was tested in clinical
trials as an intramuscular (IM) injectable comprising nano-
particles (26). Doses used in three phases are given here:

e Intramuscular doses of 25 pg, 100 pg, and 250 pg (phase
1 study)

e Intramuscular doses of 50 pg, 100 pg (phase 2 study)

e Intramuscular dose of 100 pg (phase 3 study)

However, it is approved as an investigational vaccine on
11th May 2020 (USFDA fast track approval up to phase 3)
(26). Phase 1 clinical trial preliminary data was published
on 18th May 2020 phase 2 clinical trial was approved on
7th May 2020 (25, 26). However, it is also approved for
emergency use by WHO on 30th April 2021 (27). It has
also got emergency use authorization (conditional marketing
authorization) by EMA (28).

BNT162

BNT162 is a mRNA-based vaccine candidate developed by
Pfizer and BioNTech, and currently, its clinical trial is suc-
ceeded, of which the main objective is to examine a single
nucleoside-modified messenger RNA (modRNA) candi-
date from two candidates of BNT162, i.e., BNT162b1 and
BNT162b2, along with safety and efficacy against SARS-
CoV-2 (29). After an extensive examination, BNT162b2 is
selected for the phase 2/3 trial, which already has obtained
USFDA fast track approval. BNT162b2 is shown effec-
tive delivery of mRNA which is then uptaken by cells
and causes synthesis of vaccine antigen rather than that of
BNT162b1 (30). Then mRNA induces excellent responses
for CD4 +and CD8+T cell against the receptor binding
domain along with the S glycoprotein.

In the preclinical study (approximately for 4 months),
both BNT162b1 and BNT162b2 show excellent responses
for CD4 +and CD8 + T cell along with suitable antibody
neutralizing activity in different animal subjects (29). After
proving safe and effective in preclinical study, phase 2/3
study of BNT162 is completed. It was a phase 1/2/3 [Clini-
cal Trials Identifier number NCT04368728], randomized,
placebo-controlled, observer-blind, dose-finding study
(started form 29th April 2020), conducted by Pfizer and
BioNTech SE, which was mainly divided in to two parts, i.e.,
phase 1 for the detection of suitable candidate for vaccine
from BNT162b1 and BNT162b2 along with its dose, which
(phase 1/2) was conducted and successfully completed in
Germany and phase 2/3 (expanded cohort study) for check-
ing the therapeutic efficacy (31). Developers performed this
trial on 29,481 adult and older adult healthy volunteers in
71 different places of the USA, 1 place of Argentina, and
1 place of Brazil. This trial can be summarized as among
43,548 candidates, 21,720 were treated with BNT162b2, and
the rest were treated with placebo, in which the confidence
interval (CI) for the efficacy of vaccine was obtained 95%
along with no chance of adverse events (29).

As per preliminary report, BNT162b1 was administered
at a dose of 1 pg, 10 pg, 30 pg, or 50 pg in 4 groups (n=12)
on the 1st day and 22nd day and a single dose of 60 ug in 12
other participants through IM route (phase 1/2). Thirty pg
of BNT162b2 was administered to participants through IM
route in a two-dose regimen (phase 2/3). This vaccine was
found less effective against delta variant in comparison to
alpha variant (32).

However, phase 1/2 trial was approved by the USFDA
(fast track approval) and Paul-Ehrlich-Institut (German
regulatory agency) (29, 33). Phase 2/3 trial approved by
the USFDA (fast track approval) (33). The UK regulatory
agency issued emergency use authorization for this vaccine
on 2 December 2020 and the vaccination is started in the UK
(34). The USFDA also issued emergency use authorization
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for this vaccine on 11 December 2020, for which distribu-
tion of this vaccine is already started on the candidates aged
16 years and onwards in the USA (33). Recently, on 23rd
August 2021, the USFDA approved this vaccine, for which
this has become the world’s first USFDA-approved vaccine
now (35). It has also got emergency use authorization (con-
ditional marketing authorization) by EMA (36).

Covaxin

Bharat Biotech and ICMR-National Institute of Virology,
Pune (India), in collaboration are developing Covaxin
(BBV152), which comprises inactivated or killed parts of
Indian strain of SARS-CoV-2 and alum as adjuvant. Spe-
cifically, it contains aluminum hydroxide gel, imidazoquin-
olinone, and 2-phenoxyethanol. Drug Controller General of
India (DCGI) approval has been obtained for starting phase
1/2 clinical trial, and this trial has been registered into the
Clinical Trials Registry of India (Bhuyan, 2021). Since it is
an inactivated vaccine, despite of getting replicated, it will
stimulate B cells, which take it to T cells. T cells release
cytokines by which B cells are activated for producing anti-
bodies against SARS-CoV-2 (37).

After showing excellent efficacy in safety and immu-
nogenicity in mice and hamsters (3 months study),
developers decided to begin phase 1/2 randomized,
active-controlled, double-blind, and multicenter trial
[CTRI/2020/07/026300] in July 2020 for assessing safety,
immunogenicity, tolerability, and reactogenicity (38, 39).
This trial was planned to conduct this study for 1 year,
3 months with 1125 healthy adult and older adult volunteers
in 12 different sites of India (40). IM dose of 0.5 ml BID
(on the first day and 14th day) was administered in phase
1/2 (39). Phase 1/2 trial was approved and got emergency
use authorization by DCGI (38). Recently, it is also observed
in ICMR study that Covaxin is more effective against delta
plus variant, while ChAdOx1 is found more effective against
delta variant (41).

Gam-COVID-Vac/Gam-COVID-Vac Lyo

Gam-COVID-Vac and Gam-COVID-Vac Lyo are the DNA
of SARS-CoV-2-type adenovirus-based vaccines, of which
both vaccines mainly contain rAd5 and rAd26 expressing
SARS-CoV-2 S glycoprotein, but in case of the later one,
it is present in lyophilized form and is developed by the
Gamaleya Research Institute of Epidemiology and Microbi-
ology, Health Ministry of the Russian Federation (42). The
exact mechanism of actions of these vaccines is currently
not known, but according to the report of the Indian Express,
these vaccines will utilize the weakened virus to deliver the
small material of SARS-CoV-2, i.e., rAd5 and rAd26, which
express S glycoprotein of SARS-CoV-2, and finally, adaptive
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immunity will be stimulated for producing antibodies against
SARS-CoV-2 in response of originated S glycoprotein (16).

Both vaccines proved themselves as non-toxic, safe,
and effective in preclinical studies, and these have shown
effective immunogenic activities in small and large ani-
mals at the 48th Central Research Institute of Russian
Defense Ministry (16). According to the report of US
Clinical Trial Registry and the draft landscape of clinical
trial status for the vaccine provided by the WHO, phase
1/2 trials of Gam-COVID-Vac [Clinical Trial Identifier
number NCT04436471] and Gam-COVID-Vac Lyo [Clini-
cal Trial Identifier number NCT04437875] were started
from 17th June 2020 (43). Both trials were non-rand-
omized, parallelly assigned, open-label study, where 76
healthy adult volunteers in each trial are taken. The tri-
als for Gam-COVID-Vac [Clinical Trial Identifier number
NCT04436471] and Gam-COVID-Vac Lyo [Clinical Trial
Identifier number NCT04437875] were planned to conduct
in Main Military Clinical Hospital named after academi-
cian N. N. Burdenko andSechenov First Moscow State
Medical University at Moscow in Russia, respectively.
Despite the status in US Clinical Trial Registry and not
providing the report of phase 3 trial, Gamaleya Research
Institute of Epidemiology and Microbiology proclaimed
that the clinical trials of their vaccines were successfully
completed and the volunteers were discharged on 15th and
20th July 2020 (44). For this reason, question came about
the safety and efficacy of these vaccines. For both cases,
IM dose of vaccines was administered to volunteers along
with a follow-up period (180 days) (phase 1/2 for both
cases) (16). Phase 1/2 trial (of both vaccines) and phase 3
(as per media report) were approved by the Health Minis-
try of Russia (Sputnik V) in the month of June.

Ad5-nCoVs

Ad5-nCoV is the first vaccine for which clinical trial started
in China for examining for the prophylaxis against SARS-
CoV-2. It is a genetically engineered vaccine comprising
adenovirus type 5 vector (AdS5), which is a replication defec-
tive to express spike protein of SARS-CoV-2. It is being
developed by CanSino Biologics (Tianjin, China) with the
collaboration of the Institute of Biotechnology of Acad-
emy of Military Medical Sciences (PLA of China), Tongji/
Zhongnan Hospital, and Province Centers for Disease Con-
trol and Prevention at Jiangsu and Hubei (43, 45).

This vaccine utilizes weak adenovirus, a common cold
virus to deliver genetic material, recombinant AdS (rAd5),
for coding the spike protein (S glycoprotein) of SARS-Cov-2
to the cells. The shaft, a distinct segment of the rAd5 fiber
with a repetitive heparin-binding motif, KKTK, identifies
and interacts with a heparin sensitive receptor leading to
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Ad5 targeting to dendritic cells and subsequent stimulation
of adaptive immunity in the human body to produce anti-
bodies to kill coronavirus in response to the generated spike
protein (45).

Phase 1 non-randomized, open-label, single-center trial
of this vaccine established its safety and immunogenicity.
A specific T cell response was observed after 14 days of its
administration and humoral responses; peak was observed
on day 28 post-vaccination (46). This trial was conducted
in Wuhan, Hubei province, which was the center of the
COVID-19 epidemic. At three different dose levels stud-
ied, it was noted that half of the subjects at low and middle
dose levels and about 3/4 subjects in the high dose level
developed antibodies capable of neutralizing live SARS-
CoV-2 virus. It’s phase 2 [Clinical Trial Identifier number
NCT04341389] clinical trial was a randomized, placebo-
controlled, crossover, double-blind, wherein immunogenic-
ity and safety of this vaccine in 508 volunteers were assessed
on the 14 and 28 days, and after 6 months, it was assessed
in healthy adults and older through IM injection (47, 48).
Intramuscular dose of 1.0 mL. was administered in the del-
toid muscle (phase 2) (47, 48). Phase 2 clinical trial was
approved on 16th March 2020 (48). The trial was approved
by Central Military Commission (CMC), China and Ethics
Committee of Jiangsu Provincial Center for Disease Control
and Prevention (CDC) (43).

ChAdOx1

This vaccine uses chimpanzee adenovirus vector developed
by the Jenner Institute of the Oxford University. It can pro-
duce firm immunogenicity in COVID-19 patients with only
one dose. It cannot be transmitted because this chimpanzee
adenovirus is non-replicating virus vector for which reason
it was selected against COVID-19 infection. It is safe for
every aged patient, i.e., children, adults, and older adults,
and even the patients having any pre-existing disease includ-
ing diabetes. Currently, it is in clinical trial, and phase 3 is
being run for it (49, 50).

SARS-CoV-2 has spike (S) glycoprotein, present on its
outer cell wall, which is targeted by this novel vaccine. The
Oxford University proclaimed that this novel vaccine is
containing the same genetic sequence as that contained in
the SARS-CoV-2, and after vaccination, the S glycoprotein
will be generated; i.e., after vaccination, cells will express S
glycoprotein because of having the same genetic sequence,
and the host defense mechanism in human body will then
be generated against it (51, 52). The mechanism of action
is illustrated in Fig. 3. Existing indications for this vac-
cine include COVID-19 [Clinical Trial Identifier number
NCT04324606] and along with or without human immu-
nodeficiency virus (HIV) infection [Clinical Trial Identifier

number NCT04444674] and malaria [Clinical Trial Identi-
fier number NCT03203421] (52-54).

The Oxford University proclaimed that this vaccine
showed excellent therapeutic efficacy against SARS-CoV-2
in preclinical studies which were performed with the col-
laboration of Rocky Mountain Laboratories (NIH/NIAID);
the “CSIROxbridge Consortium”; Public Health England;
the Pirbright Institute; Professor Dr. Stephen Becker at the
Institutfiir Virologie; and Philipps Universitdt Marburg and
can establish safety, immunogenicity, and therapeutic effi-
cacy against SARS-CoV-2 (55). Phase 1 (phase 1/2) trial
[Clinical Trial Identifier number NCT04324606] of this vac-
cine, started on 23rd April 2020, was a randomized, single-
blinded, sequential model, multicenter study on 1090 healthy
adults at 6 different locations of the UK (56, 57). Phase 2
(phase 2/3) study, started on 28th May 2020 [Clinical Trial
Identifier number NCT04400838], was a randomized, sin-
gle-blind, sequential model which includes 10,260 child,
adults, and older adult healthy volunteers. The Oxford Uni-
versity is continuing the trial at 20 different places in the
UK (58). The Oxford University and AstraZeneca conducted
phase 3 trial (randomized and single-blinded) together. In
this case, at first, 2000 health workers from Sao Paulo and
1000 participants from Rio de Janeiro were taken. Accord-
ing to their current report, the first dosing of this vaccine
(ChAdOx1 nCoV-19/AZD1222) in 1077 participants under
phase 3 [Clinical Trial Identifier number NCT04324606]
was found more successful and safer along with reduced
reactogenic than the group taking paracetamol and humoral,
and cellular immune response in their body was also found
originated. Recently, the efficacy data for the clinical trial
of this vaccine is published, where the confidence interval
for efficacy was found 95% and there was no any adverse
effects (59).

The Oxford University and AstraZeneca collaborated
with the Serum Institute of India (SII) for conducting the
phase 3 trial of their vaccine in India, where the vaccine is
named as “Covishield” (mainly contains L-histidine ethanol,
L-histidine hydrochloride monohydrate, magnesium chlo-
ride hexahydrate, polysorbate 80, sucrose, sodium chloride,
disodium edetate dihydrate, water for injection). This vac-
cine is approved by DCGI for this trial and got emergency
use authorization from the same Indian regulatory agency
for distribution in India (58, 59).

Side by side, the University of Witwatersrand, South
Africa, and the Medical Research Council, South Africa;
the Bill and Melinda Gates Foundation, and the Oxford Uni-
versity are conducting another one phase 1/2 [Clinical Trial
Identifier number NCT04444674], double-blinded, placebo-
controlled, randomized trial on 2000 healthy adults having
or not having HIV at 6 different locations of South Africa
(59).
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A recent study in Germany has shown that heterolo-
gous priming with ChAdOx1 followed by a booster dose
of mRNA vaccine like mRNA-1273 or BNT162b2 is much
more efficacious rather than that of the homologous prim-
ing (60). In this study, 216 participants were taken and out
of which 97 participants were administered heterologous
priming dose (ChAdOx1 with booster dose of mRNA-1273),
and 55 from 64 participants were administered homologous
priming, i.e., ChAdOx1 or mRNA-1273, respectively. It was
observed that the levels of spike specific IgG, helper T cells
(CDA4 T cells and CD8 T cells), and neutralizing antibodies
are increased in case of this heterologous priming than the
homologous priming. Even the reactogenicity for heterolo-
gous priming with ChAdOx1 followed by booster dose of
mRNA-1273 was found negligible in contrast to the homolo-
gous priming.

A dose of 5x10'° viral particles (vp) was administered
through IM route, and for some groups, a maintenance dose
of 2.5% 10'% vp with the previous dose was administered in
phase 1 [Clinical Trial Identifier number NCT04324606]
(56). A dose of 5x10'%p was administered through IM
route, and for some groups, a maintenance dose of 2.2 x 10'°
vp with the previous dose was administered in phase 2
[Clinical Trial Identifier number NCT04400838] (58). A
single dose of 5x 10'" vp was administered through IM
route in phase 3 (first dose) [Clinical Trial Identifier number
NCT04324606] (58). However, phase land 2 clinical trial
was approved by UK regulators and ethical reviewers (57).
Phase 3 clinical trial was approved by Anvisa (Health regu-
latory authority of Brazil) which approved it earlier of June
2020 (59). This vaccine got approval and emergency use
authorization from the renowned Indian regulatory agency,
namely, DCGI (58, 59). The WHO also listed this vaccine
for the emergency use in this pandemic situation on 15th
February 2021 (61). This vaccine (named as Vaxzevria in
this case) has also got emergency use authorization (condi-
tional marketing authorization) in European territories by
EMA (62).

AD26.COV2.S

AD26.COV.S is a recombinant adenovirus serotype 26, which
cannot be replicated (63). This vector encodes the full-length
S glycoprotein of the SARS-CoV-2. It was originated from the
Wauhan strain, clinically isolated first. Janssen Pharmaceuti-
cals (under Johnsons & Johnsons) have developed it and spon-
sored the clinical trial along with the Biomedical Advanced
Research and Development Authority of the Department of
Health and Human Services for this vaccine. The report of
clinical trial phase 1/2a (COV1001) [Clinical Trial Identifier
number NCT04436276] is published in a recent article. This
trial was a randomized, multicenter, placebo-controlled, dou-
ble-blinded, cohort study, where 1085 adults and older adults
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were taken. In this case, participants (18-55 years old) were
included in cohort 1a group, participants (65 years and older)
were included in cohort 1b, and further older age groups were
divided in cohort 3. Enrollment process was started for cohort
2 to obtain the prolong period data and to compare single-
dose effect with two-dose effect of the vaccine. Participants
were administered 0.5 ml of vaccine through IM route. More
specifically, cohort 1 and 3 groups were administered 5 x 10'°
vp/ ml or 1 x 10! vp/ml through IM route either for one time
or two times with a gap of 56 days (63) (Clinical Trials Identi-
fier number NCT04436276). This trial was conducted in 12
different centers of Belgium and the USA. The aim of this
trial was to examine the safety, efficacy, reactogencity, and
immunogenicity of the vaccine. As a result of this study, it was
observed that single dose elicited better humoral immunity
response rather than that of the two-dose and was found safe
and effective against SARS-CoV-2. Two phase 3 trials [Clini-
cal Trial Identifier number NCT04505722 (ENSEMBLE) and
Clinical Trial Identifier number NCT04614948 (ENSEMBLE
2)] were conducted for this vaccine. One (NCT04505722) was
randomized, multicentered, double-blinded, placebo-con-
trolled trial, where 44,325 adults and older adults were taken
(Clinical Trials Identifier number NCT04505722). This was
a single-dose study where the participants obtained 5x 10'°
vp on the 1st day through IM route. This study was conducted
in 213 different centers of the USA, Argentina, Brazil, Chile,
Colombia, Mexico, Peru, and South Africa. In case of the next
study (NCT04614948), it was a randomized, multicentered,
double-blinded, placebo-controlled trial, where 31,836 adults
and older adults were taken (Clinical Trials Identifier number
NCT04614948). It was a double-dose trial, where participants
obtained two doses (one is on the 1st day and other is on the
57th day) through IM route. This study was conducted in 125
locations of the USA, Brazil, Belgium, Colombia, France,
Germany, the Philippines, South Africa, Spain, and the UK.
This vaccine is already approved (emergency use authoriza-
tion/ conditional marketing authorization) by the USFDA,
EMA, and WHO (28, 64, 65).

EpiVacCorona

EpiVacCorona is another potent vaccine formulated by Vec-
tor State Research Center of Virology and Biotechnology of
Russia. It contains peptide immunogens corresponding to cho-
sen epitopes of S glycoprotein, which is conjugated with N
protein recombinant SARS-CoV-2 (66). In this formulation
aluminum hydroxide is used as an adjuvant. In one clinical
trial, the safety, efficacy, reactogenicity, and immune response
were studied after two shots of this vaccine. Phase 1 and phase
2 studies [Clinical Trials Identifier number NCT04527575]
for this vaccine were conducted simultaneously (Clinical Tri-
als Identifier number NCT04527575). Phase 1 trial was an
open, randomized, parallel, placebo-controlled study, in which
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14 adult volunteered. Phase 2 trial was a single-blinded ran-
domized, comparative, placebo-controlled study, in which 86
adults were recruited. Normal saline was used as the placebo.
Vaccination was conducted through IM route in both of these
trials. Developers proclaimed that after the second dose, the
level of neutralizing antibody was significantly improved
rather than that of the placebo group. Phase 3 trial [Clinical
Trials Identifier number NCT04780035] for this vaccine was a
double-blinded randomized, parallel, placebo-controlled study,
in which 3000 adults and older adults participated (Clinical
Trials Identifier number NCT04780035). Out of 3000 par-
ticipants, 2250 were administered 0.5 ml of the vaccine twice
through IM route, and the rest 750 were administered placebo.
This study examined the humoral and cell-mediated immunity
of volunteers along with prophylactic efficacy of the vaccine.
Clinical trials in different phases (Phase 1/2/3) were conducted
at different locations of the Russian Federation. According to
the WHO'’s draft landscape of the COVID-19 vaccines, this
vaccine is approved in Russia (67).

All the details of some approved vaccines are summarized
in the Table I.

UNAPPROVED VACCINES

Some vaccines are there, which have not been given approval
for vaccination, but their clinical trials are ongoing, and till
date, they proved themselves as potent vaccine candidate
against SARS-CoV-2.

DAS-181(Fludas)

DAS-181, a recombinant fusion protein, contains Actino-
myces viscosus derived sialidase catalytic domain and a
cell surface-anchoring domain named amphiregulin gly-
cosaminoglycan (68, 69). This antiviral agent is effective
against multiple sialic acid-dependent viruses. It has a
broad-spectrum activity for several viral infections like
COVID-19 infections, influenza virus, parainfluenza virus,
and metapneumovirus, as well as human enterovirus-68
(70-72).

DAS181 works by cleaving the a(2,6)- and «(2,3)-linked
sialic acid receptors on the epithelial cell surface lining of
respiratory tract of the human body (72). Sialic acid recep-
tors are used by several viruses to infect the epithelial cells
of human respiratory tract. In the absence of sialic acid on
the epithelial cell surface, the virus cannot be internalized,
leading to the preventive action on the replication of virus in
respiratory tract. The cell surface-anchoring domain facili-
tates the attachment of sialidase to the respiratory epithe-
lium for longer retention leading to enhancement of potency
(73). Existing indications for this vaccine include COVID-19

infections, influenza virus, parainfluenza virus, and metap-
neumovirus, as well as human enterovirus-68.

Study for the compassionate use of DAS-181 as inhalation
in COVID-19 infections was completed as a phase 2 trial in
April 2020 by Ansun Biopharma in collaboration with Ren-
min Hospital of Wuhan University [Clinical Trials Identifier
number NCT04324489] (74). DAS-181 is (July 2020) in
phase 3 and is multicenter, worldwide trial which is tested on
the adult or older adult hospitalized patient having COVID-
19 pneumonia. According to the National Cancer Institute,
its phase 3 trial is being continued in 7 different places (75).
A multicenter, phase 2/3 placebo-controlled, double-blind
randomized study (Inhalation) has been planned in Italy in
July 2020 to ascertain COVID-19 clinical status scale [Clini-
cal Trials Identifier number NCT04354389] (76).

DAS-181 is a nebulized formulation delivered in patient
body using Aerogen® soloaerosol drug delivery system
(76). Nebulized DAS181 of dose 4.5 mg BID/day that is
a total 9 mg/day for 10 days (Phase 2 and Phase 3 clini-
cal trial study). DAS181 is permitted as investigational
new drug (IND) for clinical studies in humans, and now its
clinical trial (phase 2/3) is being continued in 7 different
places of THE USA. The USFDA has granted both fast track
and breakthrough therapy designation to DAS181. A two-
stage randomized, double-blind, placebo-controlled clinical
study is planned to confirm the early results and evaluate the
safety and efficacy of DAS181 for the prevention of severe
COVID-19 pneumonia (76). A severely immunocompro-
mised patient was treated with Fludase, under the Emer-
gency Investigational New Drug Application (eIND) granted
by the USFDA, after undergoing an allogeneic stem cell
transplantation. However, sponsors halted the trial for this
vaccine (Clinical Trials Identifier number NCT04354389).

CD24Fc

CD24Fc, a recombinant fusion protein for potential immu-
nomodulation, contains non-polymorphic domains of CD24
linked with the Fc receptor domain of IgGl. It has poten-
tial anti-inflammatory, anticancer activity with immune
checkpoint inhibitory activity (77, 78). CD24Fc binds to
both Siglec G/10 and DAMPs. CD24Fc effectively binds
to the components of the respective damaged cell which
are referred to as damage-associated molecular patterns
(DAMPs) leading to inhibition of interaction between TLRs
and DAMPs resulting in leading to hampered cytokine pro-
duction (responsible for inflammation) (77, 79). The innate
immunogenicity is stimulated by DAMPs. To cure the condi-
tions created by several immunogenic diseases, the interac-
tion between CD24 and Siglec G/10 also plays pivotal role.
CD24Fc binds to the sialic acid-binding immunoglobulin-
type lectin, namely, Siglec G/10, and stimulates it along with
the activation of Src homology region 2 domain-containing
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phosphatase-1 (SHP-1)-mediated inhibitory signaling and
blocks the stimulation of nuclear factor-kappa B (NFkB). It
is also reported that in preclinical studies of HIV and simian
immunodeficiency virus (SIV) infections, loss of T cells was
altered, and functional T cells were exhausted by CD24Fc
leading to diminished leukocyte infiltration of multiple
organs. The aforesaid mechanism of action is illustrated in
Fig. 1.

Existing indications for this vaccine include prophy-
laxis of COVID-19 [Clinical Trials Identifier number
NCT04317040], prophylaxis of acute (grade 3—4) graft-ver-
sus-host disease (GVHD) in leukemia patients (undergoing
hematopoietic stem cell transplantation or HCT) [Clinical
Trials Identifier number NCT02663622], multiple sclerosis,
and rheumatoid arthritis (79, 80).

In a preclinical study, the administration of CD24Fc to a
SIV-infected Chinese rhesus monkey diminished the rate of
pneumonia from 83 to 33%. In phase 1 clinical trial, it has
shown safety and biological activity to suppress the expres-
sion of multiple inflammatory cytokines in healthy volun-
teers (81-83). Phase 2 study [Clinical Trials Identifier num-
ber NCT02663622] was performed to establish the desirable
efficacy in prophylaxis of acute (grades 3—4) GVHD in
leukemia patients (undergoing HCT), which was promis-
ing. Currently, Oncolmmune Inc. has obtained USFDA
approval for a phase 3 [Clinical Trials Identifier number
NCT04317040] trial (started on 8th April 2020), which is a
randomized, controlled, double-blinded, placebo-controlled,
parallel mode study in 230 adult or older adult hospital-
ized COVID-19 patients. Recently, the developer released
the result of this trial, which clearly indicated high efficacy
of the vaccine (84, 85). The recovery rate of COVID-19

\\(‘q W
Targeting (‘)‘Q
Siglec G/10 < smduo ; '
7 <»
’gsfln J:
CD24Fc attached ; '
SHP-1 - with sialic acid DAMP

Binds to Actiation of SHP-1

| TLR

Blocking of Interaction
between DAMPs and
TLR

Siglec G/10| mediated inhibitory
signaling

Fig. 1 Mechanism of action of CD24Fc

patients of intervention group was faster than the patients
taken placebo or standard of care.

IV infusion of 480 mg (1st day), 240 mg (14th day),
and 240 mg (28th day) of vaccine was administered along
with 0.03 mg/kg/day IV of tacrolimus (from 3rd day) or
0.045 mg/kg/dose PO and 15 mg/m*/dose IV once daily
methotrexate (1st day after HCT) were administered and at
a dose of 10 mg/m?/dose on 3rd, 6th, and 11th days after
HCT) (phase 2) (79, 86, 87). IV infusion of 480 mg CD24Fc
was diluted to 100 ml with normal saline in 1 h (phase 3).
Phase 2 trial was approved by the USFDA (77). Phase 3 trial
was approved by the USFDA in April 2020.

PUL-042

PUL-042 is a solution containing Pam2CSK4 acetate
(Pam2) and a synthetic diacylated lipopeptide (LP), which
serves as a toll-like receptor (TLR) 2 agonist and TLR6 ago-
nist and the oligodeoxynucleotide (ODN) M362 containing
unmethylated CpG-based dinucleotides which is a TLR9
agonist possessing potential immunostimulating activity.
Administration of PUL-042 via inhalation route has shown
potential therapeutic activity against various major classes
of pathogens like bacteria, fungus, and virus (88-90). It is
currently in clinical trial, and phase 2 [Clinical Trial Identi-
fier number NCT04312997] of it will be run by Pulmotect
Inc. the manufacturer of PUL-042 (79).

PUL-042 is a combination product of Pam2 and ODN,
which are TLR agonists. TLRs are proteins present on the
endosomes and surface of lung epithelial cells, which can
identify pathogens and subsequently activate the innate
immune system of the human body. PUL-042 agonist
action leads to the production of reactive oxygen species
(ROS) and peptides against pathogens. M362 (CpG) binds
to and activate TLR9-mediated immunostimulatory effect
leading to activation of natural killer cells (NK cells), mac-
rophages, B cells, and plasmacytoid dendritic cells (pDCs)
and stimulation of interferon alpha production and induction
of T helper 1 (Th-1) cell-mediated immune response. Pam?2
binds to the TLR 2 and TLR 6 for activating the production
of T helper 2 cells (Th-2) with subsequent production of
Th-2-specific cytokines. These immunostimulatory effects
collectively work together for killing pathogens entering
the lungs and thereby prevent infection in the respiratory
tract (88, 89). Existing indications of this vaccine include
COVID-19 [Clinical Trials Identifier number NCT04312997
and NCT04313023], stem cell transplant [Clinical Trials
Identifier number NCT03097796], and chronic obstruc-
tive pulmonary diseases [Clinical Trials Identifier number
NCTO03794557] (79, 88, 91, 92).

An inhaled single dose of PUL-042 had shown excellent
therapeutic efficacy against CoVs in mouse model. Phase
2 clinical investigation (May 2020) of PUL-042 [Clinical
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Trials Identifier number NCT04312997] is a randomized,
quadruple-blinded, placebo-controlled parallel study in
which 100 adults and older adults SARS-CoV-2 positive
patients, who do not require supplemental oxygen, receive
intervention three times in a week (79). An another phase 2
clinical randomized, placebo-controlled, parallel, quadruple-
blind study is planned to assess the prevention of infection
with four doses of PUL-042 or placebo via inhalation over
a 10-day period to be administered to 200 subjects who
have repeated exposure to individuals with SARS-CoV-2
infection and are asymptomatic at enrolment [Clinical Tri-
als Identifier number NCT04313023] (89). In both of these
studies, included subjects are to be examined for their clini-
cal condition on a nine-point ordinal scale (0-8) for over
28 days to check the efficacy of PUL-042 inhalation solution
for nebulization of dose 50 pug which contains 20.3 ug Pam?2
and 29.8 ug ODN/mL (Phase 2 Clinical trial) [Clinical Trials
Identifier number NCT04312997] (Lythgoe & Middleton,
2020). Phase 2 clinical trial approved on 5th May 2020 Pul-
motect Inc. declared that the vaccine has obtained USFDA
approval to undergo in phase 2 trial (79).

BLD-2660

BLD-2660 is a synthetic and novel molecule which
is orally active and acts as the selective and reversible
blocker of dimeric-calpain (CAPN) 1, 2, and 9, which
belong to the family of CAPN proteases (93, 94). Along
with CAPN, it also acts as a selective blocker of some
other protease families and also possess inhibitory action
on cytochrome P450 (CYP). The molecule is claimed to
have excellent permeability and metabolic stability. At
present, this molecule is under development for the pre-
vention of COVID-19 pneumonia and post-recovery lung
dysfunction.

CAPNSs belong to the non-lysosomal cysteine protease
family and are involved in diverse cellular processes which
play a pivotal role in the replication of SARS-CoV-2.
Along with the ACE-2, CAPNs are also expressed on
the epithelial cells of the respiratory tract, which is very
much prone to the entry of SARS-CoV-2 and the lung
damage due to the same cause. BLD-2660 binds revers-
ibly, covalently and selectively to the CAPN 1, 2, and 9.
IL-6 aids in the process of lung damage due to COVID-
19 infection, and for this, SARS-CoV-2 can be able to
express itself. That is why BLD-2660 diminishes both
nonproductive host-response to infection and viral rep-
lication, which are involved in mortality rate and mor-
bidity rate produced in COVID-19. Though there are dif-
ferent inhibitors of CAPN, higher selectivity for CAPN
was observed for BLD-2660 rather than other inhibitors
which also block the replication of SARS-COV-2 (93).
Existing indications for this vaccine include prevention of
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COVID-19 pneumonia [Clinical Trial Identifier Number
NCT04334460], idiopathic pulmonary fibrosis [Clinical
Trial Identifier Number NCT04244825], and non-alcoholic
steatohepatitis (93, 95, 96).

In preclinical trial, this vaccine has shown excellent effi-
cacy in reducing the expression of IL-6 in damaged lungs,
which was significantly higher than the other prototype
inhibitors of CAPNs (94). Currently, Blade Therapeutics
is conducting the phase 2 [Clinical Trial Identifier Num-
ber NCT04334460] trial of this vaccine (started on 4th
May 2020) with the collaboration of Clinipace Worldwide,
which is a multicenter, randomized, quadruple-blinded,
placebo-controlled, parallel mode study where 120 adult or
older adult patients are being enrolled at different centers
of the USA. This study aims to establish this vaccine as
an additional therapy with the standard of care along with
the safety and tolerability (93). Developers have conducted
phase 1 (phase 1a/1b)[Clinical Trial Identifier Number
NCT03559166] clinical trial (dose-escalation and placebo-
controlled study) and now reached to phase 2 trial [Clinical
Trial Identifier Number NCT04244825] of this vaccine to
establish its anti-fibrotic effect after obtaining fruitful result
in multiple preclinical disease models (97). It has also shown
effective results in mouse model having lung injury in the
dose of 100 mg/kg BID. Currently, this study [Clinical
Trial Identifier Number NCT04244825] is suspended due
to patient safety during COVID-19 situation. Single or mul-
tiple oral dose of vaccine was administered (phase 1) (94).
Currently, the vaccine is being administered through the oral
route (phase 2) (97). IND and phase 2 trial was approved by
the USFDA as per the declaration of sponsor in clinical trial
registry of the USA (94).

LV-SMENP

LV-SMENP is a bioengineered, novel, cellular vaccine,
which contains the vector system of lentivirus (LV) and
SMENP minigene for immunomodulation of dendritic cells
(DCs). This LV-DC presenting COVID-19-specific antigens
stimulate the cytotoxic T cells (98). This vaccine is modi-
fied by the development of DCs, and transduction process
is taken place between these DCs and spike (S), membrane
protein (M), envelope protein (E), nucleoprotein or nucle-
ocapsid protein (N), and protease protein (P). The developer
has not yet been disclosed its detailed mechanism of action
against COVID-19, but on the account of clinical trial, they
proclaimed that the vaccine is composed of multiple viral
genes which is performed by effective system of LV vector
for the expression of genes for immunomodulation and for
the modification of DCs leading to stimulation of T cells
(99).

Shenzhen Geno-Immune Medical Institute (City,
China) along with Shenzhen Third People’s Hospital and
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Shenzhen Second People’s Hospitals (Guangdong, China)
conducted the phase 1/2 [Clinical Trial Identifier number
NCT04276896] trial of this vaccine (started on 24th March
2020), which is an open-label, single-group assignment in
100 child/ adult/older adult healthy volunteers and COVID-
19 infected patients having white blood cells (WBC) > 3,500/
ul, lymphocytes > 750/ul, and negative result in test of HIV,
HBYV, HCV, or TB. This trial assesses safety and therapeutic
efficacy of this novel vaccine and antigen-specific cytotoxic
T cell vaccines (13, 99, 100). In this trial, LV-SMENP vac-
cine is being administered through SC injection, and the
antigen-specific cytotoxic T cell vaccine is being admin-
istered through the IV infusion to the study participants
(101, 102). SC dose of 5x 10° of LV-SMENP vaccine and
IV infusion dose of 1x 108 of antigen-specific cytotoxic T
cell vaccine were followed weekly for 1 month, monthly for
3 months, and then every 3 months.

aAPCVaccine

It is an artificial antigen-presenting cell (aAPC) vaccine,
which is principally developed by Shenzhen Geno-Immune
Medical Institute, China, by applying synthesized bioma-
terials and engineered cells. It is developed through immu-
nomodulatory genetic modification and the viral minigene
modification of the lentivirus and thereby converted to the
aAPCs. Finally, its efficacy safety are investigated against
COVID-19 (13). Although the mechanism of action of aAPC
vaccine against COVID-19 is not disclosed yet, it is reported
that for the stimulation of T cells, aAPCs are specially bio-
engineered domains, after entering the body, which mainly
simulates the T cells along with their interactions DCs (103).
To stimulate and differentiate T cells, it is conjugated with
three signals, i.e., signals 1, 2, and 3. At first, signal 1 is gen-
erated for the conjugation of peptide—major histocompati-
bility complex (MHC) which is required for the specification
of T cell receptor (TCR). These TCR agonists (including
antibodies or recombinant peptide-MHC) are governed to
cluster of differentiation 3 (CD3) along with upregulated
co-stimulatory molecules (including anti-CD28 monoclonal
antibodies), for which TCR is ligated, and simultaneously,
signal 2 is generated for the conjugation of programmed
death-ligand 1 (PD-L1) and programmed cell death protein
1 (PD-1). Thus, T cell is stimulated. Finally, signal 3 is gen-
erated by aAPC vaccine (or by T cells) to cause T cell dif-
ferentiation and cytokines (like IL-2, IL-7, IL-15, and IL-21)
expansion. This mechanism of action is illustrated in Fig. 2.

Shenzhen Geno-Immune Medical Institute (Guangdong
City, China) funded this trial with the collaboration of Shen-
zhen Third People’s Hospital and Shenzhen Second People’s
Hospital for assessing safety, potential efficacy, and immu-
nogenicity of this vaccine for COVID-19. Before going to
clinical trial, sponsors proclaimed that the vaccine has been

examined on rhesus macaques, while phase 1 [Clinical Trial
Identifier number NCT04299724] trial, conducted at Shenz-
hen Geno-immune Medical Institute of Guangdong in China,
started on 15th February, 2020, was an open-model, single-
group assignment on 100 child, adult, or older adult healthy
volunteers and COVID-19 positive volunteers having white
blood cells > 3,500/ uL, lymphocytes > 750/uL, and negative
HIV, HBV, HCV, or TB test (13, 102, 104). Three subcutane-
ous (SC) injections having a dose of 5x 10° of the vaccine
(0, 14th, and 28th day) (102, 104).

bacTRL-Spike

bacTRL-Spike vaccine is developed from a genetically
modified probiotic bacteria, Bifidobacterium longum, which
colonize in the gut of the human body (105). This oral vac-
cine is composed of bacterial medium with either 1 billion
or 3 billion or 10 billion colony-forming units (cfu) of live
Bifidobacterium longum. Bacteria are bioengineered to
delivery plasmids which contain synthetic DNA-encoding
S glycoprotein from SARS-CoV-2.

The genetically modified probiotic bacteria colonize the
gut of the human body and link immediately with epithelial
cell of the intestine. There, it begins to replicate, and nano-
bodies are neutralized leading to the release of plasmid DNA
molecules encoding the antigenic transgene. Translation of
the transgenic antigens into proteins occurs in COVID-19
infection. The translated proteins localize to their natural
cellular or extracellular locations along with the recycling
and providing the MHC-class I activity. Thereby, the cell-
mediated immunity and mucosal and systemic humoral

1= CD40/CD40L coupling

DC= Dendritic cell 2= CD80/CD28 coupling
TC=T cell 3= MHC/TCR coupling
$1/52/83= Signal 1/2/3 4= CD80/CTLA-4 coupling
ILs= Interleukins

5= PD-L1/PD-1 coupling

Fig.2 Mechanism of action of aAPCs
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immunity activate. On the other hand, the neutralization of
nanobodies furnishes passive immunity immediately against
the COVID-19 infection. Another great advantage of this
approach is that the vaccine contains living probiotic bacte-
ria for which rate of gene delivery will be sustained all over
the life of the bacterial colony and for which the transgene
will be expressed extensively throughout the epithelial lin-
ing (106).

Symvivo Corporation (Burnaby, Canada) is conducting
the phase 1 [Clinical Trial Identifier number NCT04334980]
clinical trial (started on July, 2020) of this vaccine with the
collaboration of University of British Columbia, Dalhou-
sie University, which will start soon. This is a randomized,
triple-blinded, placebo-controlled, parallel model study.
It is planned to test the tolerability, safety, and capabil-
ity of immunomodulation of this vaccine on 112 healthy
adult volunteers which will be conducted in two separate
places of Canada (107). In this clinical trial, the vaccine
will be administered orally (probiotic capsule) to the par-
ticipants, who will be grouped into 8 (4 groups for vaccine
and 4 groups for placebo) (106, 107). For active comparator
groups (n=21 for each group), single oral dose of vaccine
equivalent to 1, 3, and 10 billion cfu of Bifidobacterium
longum and single oral dose was defined in Data and Safety
Monitoring Board (DSMB) (1-day intervention phase and
12-month follow-up phase). Phase 1 trial was approved by
the USFDA as per the declaration of sponsor in clinical trial
registry of the USA (106).

LY-CoV555 (LY3819253)

Eli Lilly and AbCellera have collaborated for developing
antibody-based therapies against COVID-19. AbCellera and
NIAID initially identified this antibody in the blood sample
of a COVID-19 patients who recovered from it. In just a
short span of 3 months, scientists at Lilly developed this
antibody, namely, LY-CoV555 (LY3819253), which is a
robust and neutralizing IgG1 monoclonal antibody (108).
LY-CoV555 is directed against the S-glycoprotein of SARS-
CoV-2. This antibody neutralizes virus by blocking viral
attachment and thereby inhibiting entry into human cells
(109).

In preclinical studies, this vaccine has shown effective
result in preventing SARS-CoV-2 from infecting human
cells (108, 109). Phase 1 trial [Clinical Trial Identifier num-
ber NCT(04411628] involved a randomized, parallel, single
ascending dose, placebo-controlled, double-blind study for
assessing safety and tolerability of an intravenous adminis-
tered single dose to 40 COVID-19 hospitalized patients. This
study, planned at five different locations in the USA, also
aims for pharmacokinetics and pharmacodynamics assess-
ment of LY-CoV555. Phase 2 trial [Clinical Trial Identi-
fier number NCT04427501] is a randomized, double-blind,
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placebo-controlled study in 400 non-hospitalized patients
having mild to moderate COVID-19 symptoms. This study
is planned to be conducted at 34 different centers of the USA
(110, 111). Single intravenous dose was administered in this
case (phase 1 and phase 2). Phase 1 and 2 trial was approved
by the USFDA as per the declaration of sponsor in clinical
trial registry of the USA) (109).

INO-4800

Inovio Pharmaceutical’s INO-4800 is a DNA vaccine for
prophylactic control of SARS-CoV-2. Currently, its phase
1 [Clinical Trial Identifier number NCT04336410] clinical
trial is being conducted by Inovio Pharmaceuticals with the
collaboration of Coalition for Epidemic Preparedness Inno-
vations (CEPI). This vaccine is administered intradermally
with a USFDA-approved CELLECTRA® 2000 electropora-
tion device (112, 113).

CELLECTRA® 2000, a handheld electroporation device,
uses electrical pulses for inducing temporary pores for facili-
tating permeation of DNA plasmids across skin in a revers-
ible and transient manner (113). After going into the cells,
the machineries of those respective cells use the entered
plasmids for which the coded antigens are produced and
blocked S glycoprotein by attaching ACE2 receptor. Thus,
the immunogenicity (T cell immune response and neutral-
izing antibody) of the body is activated, and the inbuilt host
defense mechanism of the body is revamped, for which
SARS-CoV-2 is neutralized (114). The precedence of
this system is to ensure that the DNA vaccine is delivered
directly into the correct cells of the human body, and after
entering, this DNA vaccine performs the task of revamping
the immunogenicity immediately without interfering with
the DNA of that respective person.

The preclinical study of this vaccine was found suc-
cessful in mice and guinea pigs where it shown effective
T cell immune response and strong ability to neutralize
SARS-CoV-2 with antibody (114). Currently, the phase 1
trial [Clinical Trial Identifier number NCT04336410] for
this vaccine is being conducted by Inovio Pharmaceuticals
(started on 3rd April 2020), which is funded by the Coali-
tion for Epidemic Preparedness Innovations (CEPI). It is
a non-randomized, open-label, sequential model of study
being conducted on 40 healthy adult participants at two loca-
tions of the USA, which are the Center for Pharmaceutical
Research, Missouri, and the University of Pennsylvania,
Pennsylvania. This study aims to find out the safety, efficacy,
tolerability, and immunogenicity boosting capability of this
novel vaccine with this novel approach of intradermal deliv-
ery (115). It is reported that phase 2/3 trial (INNOVATE)
may be begun in the month of August after getting neces-
sary regulatory approval (116, 117). Currently, in this trial,
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participants are being administered 1 mg or 2 mg dose of
the vaccine through an intradermal (ID) injection on 0 day
and 28th day through CELLECTRA® 2000 device (115).
IND was approved by the USFDA on 6th April 2020 (115).

Vidprevtyn

Vidprevtyn is a recombinant protein vaccine, which mainly
consists of S glycoprotein of SARS-CoV-2. Researchers of
Sanofi and GlaxoSmithKline developed this spike glyco-
protein in the highly specialized laboratory. This vaccine
also consists of an adjuvant. This adjuvant gives synergis-
tic activity for boosting up the immunity in human body.
This vaccine is prepared based on the recognition activ-
ity of the body, i.e., after its administration, the immunity
system recognizes the spike glycoprotein contained in this
vaccine. After vaccination, if the person is infected with
SARS-CoV-2 virus, then the immunity system of the body
recognizes the virus and protects the body from this virus.
Currently, phase 3 trial for this vaccine is running.

In phase 1 trial [Clinical Trial Identifier number
NCTO04537208], two different adjuvants were used for
preparing the formulation (Clinical Trials Identifier num-
ber NCT04537208). This trial was randomized, parallel,
quadruple-blinded, and cohort study, where 440 adults
and older adults were taken. In this case, this vaccine
was administered through IM route. In phase 1 study, two
cohort groups were prepared, and they received either
1 or 2 IM injections of vaccines or placebo. The aim of
this phase was to check safety of this vaccine up to 1 year
from the last dose. Phase 1 study was conducted in differ-
ent places of the USA, i.e., New York, Alabama, Califor-
nia, Florida, Massachusetts, Nebraska, Ohio, Pennsylva-
nia, and South Carolina. Its phase 2 trial [NCT04762680]
was randomized, parallel, quadruple-blinded, and cohort
study, where 722 adults and older adults were taken
(Clinical Trials Identifier number NCT04762680). The
aim of this phase was to check the safety of this vaccine,
profile of neutralizing antibody, and describe synergistic
effect of a booster dose along with this vaccine. Phase
2 was conducted in 23 different places, i.e., Arizona,
Connecticut, California, District of Columbia, Florida,
Georgia, Illinois, Maryland, Massachusetts, Nebraska,
New York, Pennsylvania, South Carolina, and Texas in
USA and Honduras and Panama. Phase 3 trial [Clinical
Trial Identifier number NCT04904549] was also a ran-
domized, parallel, quadruple-blinded, and cohort study,
where 37,430 adults and older adults were taken (Clinical
Trials Identifier number NCT04904549). In both phase
2 and 3, monovalent and bivalent vaccines were admin-
istered along with the adjuvants against placebo. The
aim of this phase is to check the occurrence of COVID-
19 after the second dose. The vaccine was administered

through IM route in both phase 2 and 3 studies. The study
was conducted in 31 different locations. This vaccine is
approved by the USFDA.

SCB-2019

SCB-2019 is a protein subunit vaccine developed
by Clover Biopharmaceuticals AUS Pty Ltd. It
mainly contains the trimeric form of S glycoprotein
(S-trimer) along with two adjuvants (ASO3 and CpG
1018/Alum). After administration of this S-trimer
containing vaccine, the S-trimer will bind to the
ACE2 receptor and elicit its efficacy against SARS-
CoV-2 (118). The phase 1 [Clinical Trial Identifier
number NCT04405908] trial for this vaccine was
a double-blinded, randomized, placebo-controlled
study. In this study, 150 adults and older adults were
taken, and the study was conducted in Linear Clinical
Research Ltd, Australia (118) (Clinical Trials Identi-
fier number NCT04405908). In this case, two groups
were prepared, of which, one contains younger adults
(18-54 years) and older adults (55-75 years). The
treatment group was administered 2 shots of the vac-
cine in 21-day gap. The doses of vaccine were 3 ug,
9 ug, and 30 ug, which were administered through IM
route. In case of placebo group, they received 0.9%
sodium chloride solution. After vaccination, it was
observed that 9 pg vaccine with ASO3 adjuvant and
CpG 1018/Alum adjuvant have shown pain. Adverse
events were more in case of the vaccine with ASO3
adjuvant, i.e., approximately 44% to 69%. The adverse
events were 38% in case of younger adults and 17%
in case of older adults after first dose, which was
further increased after the second dose, i.e., 34%
and 30%, respectively. However, both formulations
(having ASO3 or CpG 1018/Alum) shown significant
efficacy in improving cellular and humoral immunity
along with helper T cell activity. Phase 2/3 [Clini-
cal Trial Identifier number NCT04672395] trial was
randomized, parallel, quadruple-blinded, and placebo-
controlled study (Clinical Trials Identifier number
NCT04672395). In this study, 22,000 adults and older
adults were taken who were administered 30 pug dose
through IM route. Placebo group was administered
0.9% saline as placebo. It was conducted in 48 differ-
ent locations of Belgium, Brazil, Columbia, Germany,
the Dominican Republic, Nepal, Panama, the Philip-
pines, Poland, and South Africa. The aim of phase
1/2/3 trial was to check the efficacy, immunogenic-
ity, and safety of recombinant SARS-CoV-2 S-trimer
protein-based vaccine against SARS-CoV-2.

However, details of some unapproved vaccines are sum-
marized in the Table II.

@ Springer
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SUITABLE ROUTES OF ADMINISTRATION
FOR COVID-19 VACCINES

The route of administration for the vaccines is very much
important because based on the route, immunity will be pro-
vided to some specific organs. From the traditional period,
parenteral vaccines are common. Parenteral route provides
stimulation of helper T cells and for which immune system
will be boosted up. In a study, it was observed that paren-
teral vaccines are very much effective and provide long-term
effect (119). Although maximum vaccines are administered
through IM route, there are also options for intranasal route,
subcutaneous route, and intradermal route. Sometimes,
intradermal routes may be effective due to its low dose
requirement (120). Intramuscular route only provides sys-
temic immune response only in lower respiratory tract.

Comparison Between Intranasal, Intramuscular,
and Intradermal Route

Intranasal route provides local immunity in lower respira-
tory tract with systemic immunity, for which nasal shed-
ding of the virus can be overcome (121). This point can be
proved by a study. In this study, adenovirus (Ad5-S-nb2)
was administered through the intranasal route against SARS-
CoV-2 in rhesus macaques, and there the point of local and
systemic immunity was proved (122). Since SARS-CoV-2
attacks through the upper respiratory tract, it is very impor-
tant to protect the nasal area. Although intranasal vaccina-
tion provides tissue resident memory T cells in the lung,
which gives protection against SARS-CoV-2, T cell immune
responses are lesser in the spleen, lymph node, and brain
rather than that of IM route. On the other hand, subcuta-
neous vaccination provides tissue resident memory T cells
in airway passage and memory T cells in the spleen (121,
123). Mucosal site, especially respiratory mucosa route, is
considered as one of the potential routes for entry of patho-
gens causing local effect and systemic effect by entering the
blood circulation. Coronavirus is one of the major example,
which enters the body through respiratory mucosa (124).
All approved vaccines for SARS-CoV-2 are injected through
intramuscular (IM) route, although a number of researches
are going across the globe for the development of intranasal
vaccines for the same. Ideally, vaccine against SARS-CoV-2
acting against the mucosal pathogens should induce mucosal
immune responses, but it is considered that most of the IM
vaccines are not much effective against the mucosal patho-
gens. However, many studies proved that vaccines developed
for influenza and polio virus show mucosal immunity even
after systemic administration, but this is not fully evaluated
in case of coronavirus. Studies revealed that AstraZeneca
vaccine protected against pneumonia but did not show

@ Springer

any effect in the upper respiratory tract. Intranasal vaccine
delivery was tested in both hamsters and rhesus monkeys.
Researchers compared the effectiveness between intramus-
cular and intranasal vaccines in hamsters by dosing them
with each of the type. Likely, in rhesus monkeys, 2 doses
of intranasal vaccine were administered and were subjected
to SARS-CoV-2 where it was observed that the monkeys
developed antibodies equivalent to human recovered from
COVID-19 (125). Thus, the administration of intranasal vac-
cine results in the formation of the memory lymphocytes in
the upper airway tract and prevents the virus going further
into the lower airways and lungs.

Bharat Biotech’s nasal COVID-19 vaccine, BBV 154,
got its permission for phase 1 human clinical trial from
Central Drug Standard Control Organisation. BBV154
is an intranasal replication-deficient chimpanzee adeno-
virus SARS-CoV-2 vectored vaccine. The Hyderabad-
based company, the maker of Covaxin is working on
nasal vaccination shot, which can bring more immunity
against the demoniac pathogen. As per developers of the
vaccine, Bharat Biotech is leading its trials using the
nasal vaccination as one of the booster shot after the
administration of 2 doses of Covaxin. This could not
only boost the mucosal immunity but also strengthen
the IgG and IgA antibody production, further improving
the immunity against the virus (126). Recently, in the
month of August, BBV 154 got regulatory green light for
phase 2 trial, which was carried in healthy volunteers of
18 to 60 years of age. Moreover, the intranasal vaccine
possibly has the ability to activate other immunological
pathways and should be taken as booster dose after 2
doses of Covaxin. Live adenovirus vectored vaccine is
easy to manufacture and is estimated the nasal vaccine
can meet the shortage issue across the country. The hope
of light is the data regarding the ongoing trial might be
available by the end of December 2021. In case of pre-
clinical trial of ChAdOx1, it was observed that through
the IM route, it can give protection against the virus but
could not provide nasal shedding of the virus (49). On
the other hand, another study reveals a single dose of
intranasal vaccination can provide better upper and lower
respiratory tract protection rather than that of IM route
(127). However, the efficacy of intranasal vaccination
depends up on the dosage, because this route prevents the
transmission and better herd immunity (128).

Beside, intradermal route is also a potent route for vac-
cination. Inovio’s INO-4800 was administered intrader-
mally through a USFDA-approved handheld electropora-
tion device, namely, CELLECTRA® 2000 (113). It binds
to ACE2 receptor and blocks S glycoprotein for boosting the
T cell and neutralizing antibody and improved the immunity
system in body.
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VACCINATION FOR CHILDREN

The rapid development and deployment of SARS-CoV-2
vaccines reached a historical milestone. Children, on a
large-scale, got affected by the deadly virus leading to
negative consequences directly and indirectly. These
consequences forced the vaccine testing drive in young
age groups. Canada on 5th May 2021 became the first
country to approve vaccination for emergency use in chil-
dren aged 12 to 15 (129). In fact, most of the vaccina-
tion drive still remains dormant in case of children above
12 years of age, and only limited vaccination campaigns
are carried for age group of below 20 years. The lack of
attention on vaccination of young age group is due to the
fact that children are getting less affected by the virus,
developing symptoms like low to moderate body tem-
perature, influenza, and gastrointestinal manifestations.
According to the WHO data, from 30 December 2019
to 6 September 2021, only 8% of total cases was made
up by children of age below 15 years. However, in rare
cases, children get severely affected by COVID-19 and
need intensive care (130, 131). One of the adverse out-
come is termed as multisystem inflammatory syndrome
in children (MIS-C) which further develops multisystem
disorders in the heart, eyes, kidneys, lungs, brain, and
gastrointestinal tract (132).

In March 2021, Pfizer and BioNtech announced the
results of phase 3 trial of BNT162b2 on more than 2200
children aging from 12 to 18 years (133, 134). The
result showed that 18 children who were found out to
have symptoms of COVID 19 were all treated with pla-
cebo, hence proving 100% effectiveness of the vaccine.
The data was submitted to FDA requesting emergency
use authorization for children between 12 and 15 years,
which was granted later on October 2021. On the other
hand, Moderna has submitted a similar data regarding
the COVID vaccine and got permission from the Euro-
pean Medicine Agency for its use in children between
12 and 17 years. Moreover, granting of permission from
the FDA for the same is still awaited. Covaxin (Bharat
Biotech), one of the three leading vaccine manufacturer
in India, Bharat Biotech, submitted the result of phase 3
trial and requested granting of permission for its emer-
gency use in children 2 to 18 years of age. The phase
3 trial was conducted in 525 child volunteers and was
found that the safety and efficacy of the vaccine in child
volunteer were 77.8%. Bharat Biotech has submitted all
the data regarding safety and efficacy of the vaccine to
Central Drug Standard Control Organisation (CDSCO),
which is already thoroughly reviewed, by CDSCO and
Subject Expert Committee (SEC) with positive recom-
mendations (Fig. 3).

@ Springer

CHALLENGES FOR VACCINE TO OVERCOME
SARS-COV-2 MUTATIONS

At present, different variants of SARS-CoV-2 have come.
It is a great challenge for the present as well as upcoming
vaccines to combat against them. Maximum present vac-
cines are developed based on the S glycoprotein of SARS-
CoV-2 virus. The recurrent mutation of the SARS-CoV-2
is observed in this S glycoprotein. Phase 3 trials of the
AD26.COV2.S and ChAdOx1 have been conducted in
different locations. Among these, it is observed in South
Africa trial that the efficacy of both vaccines is significantly
lower against B.1.351 variant (135). Neutralizing efficacy
of another potential vaccine BNT162b2 for B.1.351 (beta)
variant is found 2/3 lower than its normal efficacy reported.
In the clinical trial of mRNA-1273, it was observed that
after both doses, the serum level of neutralizing antibody
against B.1.351 variant is 6 times lower than the normal. A
recent study also supports the statement. In a cohort batch
of 417 participants, everybody is given the second dose of
BNT162b2 or mRNA-1273 (136). Among them, 2 women
are found infected again. They have been found with some
new variants, which include, E484K, T95I, del142-144,
and D614G. These results indicate that there is potential
risks of SARS-CoV-2 infection even after full vaccination.
In case of variants, deadlier one is B.1.617.2 (delta), which
is spreading very fast in different countries like the UK,
India etc. (137). Different mutations under delta are very
much dangerous which include L452R, T19R, del157-158,
G142D, D614G, P681R, T478K, and D950N (138, 139).
Another variant is B.1.617.1 (kappa). Different mutations
of kappa variant are G142D, T95I, E154K, E484Q, L452R,
D614G, P681R, and Q1071H. Among these mutations,
P681R is very much harmful. Apart from that, some more
new variants B.1.1.7 or alpha (first detected in the UK in
26.2% COVID situations), B.1.526 (first detected in New
York in 42.9% COVID cases), P.1, or gamma (first detected
in Brazil) are now responsible for 72% COVID cases world-
wide (137). Some harmful mutations of alpha variant against
which vaccine efficacy is very less are N501Y, del69-70,
del144, A570D, P681H, D1118H, T716I, and S982A (139).
In a recent study, the efficacy of BNT162b2 and ChAdOx1
is compared against alpha (B.1.1.7) and delta (B.1.617.2)
variants (138). The variants were detected by the sequenc-
ing of gene and status of S glycoprotein. It was a test nega-
tive case—control study, i.e., the participants had COVID-19
symptoms and tested (RTPCR) negative. These participants
were given two doses of BNT162b2 or ChAdOx1 to com-
pare their efficacy against alpha and delta variant. After the
first dose of both vaccines, it was observed that the efficacy
is very much lower against delta variant (30.7% and 95% CI)
than that of alpha variant (48.7% and 95% CI). After two
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Fig. 3 Mechanism of action of
ChAdOx1 (S-gp=S glycopro-
tein, Ab=antibodies)
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doses of BNT162b2, the efficacy against the delta variant
was found to be 88% (95% CI), and against the alpha variant,
it was found to be 93.7% (95% CI). On the other hand, after
two doses of ChAdOx]1, the efficacy against delta variant
was found to be 67% (95% CI), and against alpha variant,
it was 74.5% (95% CI). The results clearly indicate that the
delta variant is more dominant rather than the other variants,
and it is a great challenge for the researchers to develop
any vaccines against the delta variant. In another recent
study, the efficacy of BNT162b2 against the alpha and beta
variant was checked (140). In this case, at first test negative
case—control study was conducted, and later, that data was
further evaluated using a cohort study. In the former study,
after 14 days or more of the second dose, the efficacy of the
vaccine against the alpha variant was found to be 89.5%
(95% CI), and against the beta variant, it was 75% (95% CI).
In this study, it was also observed that BNT162b2 was hav-
ing highly combatting ability (97.4% efficacy with 95% CI)
against severe or critical infection related to SARS-CoV-2.
However, these values of efficacy were found slightly lower
in the latter study. In the cohort study, the efficacy of the vac-
cine against the alpha variant was found to be 87% (95% CI),
and against the beta variant, it was 72.1% (95% CI). Another
study reveals the lower efficacy of ChAdOx1 against the
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alpha variant, specifically found in the UK (141). The study
was a multicentered, single-blinded, randomized, cohort,
phase 2/3 trial (COV002), which was conducted in the UK.
In this case, a total 8534 adult male and female participants
were taken. Their COVID-19 test has been done by nucleic
acid amplification test and after collection of swab genome
sequencing was performed, which confirmed that it was
alpha variant. In this study, it was observed that the efficacy
of the vaccine against alpha variant in adults was 78% (95%
CI) and specifically in women was 59% (95% CI). The result
clearly indicates that ChAdOx1 is not very much effective
against the alpha variant. After vaccination, it is necessary
to release the neutralized antibodies. Unfortunately, some
mutations like E484K mutation of the beta variant inhib-
its the neutralized antibodies (142). Recently, another new
variant is reported in South Africa on 24 November 2021.
This B.1.1.529 or Omicron variant is found with a num-
ber of concerned mutations. The susceptibility of spread-
ing in case of omicron is found higher rather than delta or
delta plus variant. In South Africa, it is mainly found in the
bodies of youngsters. The most dangerous thing is that the
conventional process of RTPCR cannot detect this variant
(143). Therefore, it is a great challenge for the developer
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to develop any vaccine against these emerging variants of
SARS-CoV-2.

The efficacy of some approved and unapproved vaccines
against different SARS-CoV-2 variants are given in the
Table III.

CHALLENGES IN PRODUCTION OF VACCINES

The production of a vaccine is a very challenging task
in industries, which mainly aimed at safety, therapeu-
tic efficacy, and most importantly consistency of action
over its whole life cycle (can be ranged from 1 to 3 years)
(148). The production time varies for different vaccines,
for example, the production time of vaccines for influenza
virus can be up to 3 years. Permissions from regulatory
bodies should be taken for that vaccine along with all the
processes adopted for its production. Both in vitro and in
vivo studies are required for checking its action, for which
clinical trials should be done. The modification of these
can be a cause of lower potency of the vaccine, which is
the biggest challenge for vaccine production. In case of
in vivo study, suitable animal model selection and safety
monitoring (role of clinical research officer or CRO) in
the clinical trial as well as conducting it for a pandemic
disease (mainly the less time) are one of the biggest chal-
lenges for researchers. It’s difficult to predict where and
when outbreaks will occur and to prepare trial sites to
coincide with vaccine readiness for testing. Another big
challenge for vaccine production is to respond against
different pandemic diseases. In these cases, the time for

vaccine production is generally expedited than the normal
course. Several pandemic diseases have come worldwide,
of which the responsible virus belonged to the coronavirus
family like SARS and MERS (149). In these cases, there
were no any single vaccines which can combat effectively
against any one of them. For example, there was vaccine
for influenza in world, but this pandemic threat had dif-
ferent strains for which a single vaccine was not effec-
tive (150). For this reason, it was important to produce
new vaccines within a short period during that emergency
condition, which was a very big challenge for researchers.
However, it took 4 to 6 months to produce a new vaccine
for this disease. In all the pandemic situations, research-
ers took several months to find new vaccines along with
their safety and efficacy. In pandemic situations, regula-
tory authorities play a vital role in case approval of these
vaccines. When the US Department of Health and Human
Services (HHS) declares the condition as an emergency,
then the USFDA goes for fast track approval process or
emergency use authorization. In this case, they approve
the product which was not approved yet or the product
which is approved for different case but is having action
against the pandemic threat. As an example, the pandemic
situation due to A/HIN1 can be taken which was occurred
in 2009 (151). In this case, the USFDA approved a respi-
rator, antiviral treatment, and polymerase chain reaction
(PCR) diagnostic test as emergency use authorization. In
the present day, SARS-CoV-2 becomes demoniac day by
day of which the vaccine is not available, but several are in
phase 3 clinical trial. This virus is having different strains,
and it can undergo into the mutation, which is another

Table lll Efficacy of Some Approved and Unapproved Vaccines Against Different Variants

Vaccine SARS-CoV-2 variant/mutation  Efficacy Safety information CI  Reference

BNT162b2 Delta 88.0% Low chance of serious adverse effects and mild to 95% (29, 138)
Alpha 93.7% moderate pain at the site of injection, fatigue, and 95%

BNTI62b2  Beta 75% and 72.19% ~ neadache were observed 95% (29, 140)
Alpha 89.5% and 87.0% 95%

ChAdOx1 Delta 67.0% Considerable safety profile 95% (59, 138)
Alpha 74.5% 95%

mRNA-1273  Gamma 94.0% Considerable adverse events 95% (144)
Alpha 83.0% 95% (25, 145)

Ad26.COV2.S Beta (moderate to severe disease) 64.0% Considerable safety and reactogenicity profile 95% (63, 146)
Beta (severe-critical disease) 81.7% 95%

Covaxin Gamma 310.6 (GMT) Confirmed safety profile 95% (38, 147)
Delta 241.6 (GMT) 95%
Delta AY.1 209.1 (GMT) 95%
B.1.617.3 165.3 (GMT) 95%

INO-4800 Alpha 295 (IDs, titer) No serious adverse events are observed 95% (115,117)
Beta 105 (IDs, titer) 95%
Gamma 664 (IDs, titer) 95%
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Scientific Challenges for the Development, Manufacturing and Distribution of Covid-19 Vaccine

>Developmeml Chlllenge> - > Distributional Challenges

High income nation are capable of

buying/distributing vaccine to there
populaticn

———p| Protection of private sector
patners from financial losses if

Fig.4 Scientific challenges for the development, manufacturing, and distribution of COVID-19 vaccine

challenge for the researchers in case of vaccine develop-
ment because due to the mutation the desired therapeutic
efficacy of the vaccine will be reduced. It reported three
types of genome of this virus, i.e., type A, B, and C (152).
They proclaimed that the variant of SARS-CoV-2 found
from the bats and pangolin is very much similar to type
A, but this was not found predominant in Wuhan, China.
The variant found in the USA and Australia is the mutated
version of type A. Type B mainly predominates the region
of Wuhan, China, and the East Asia because it is immu-
nologically or according to environment adapted by the
people live there, and type C is facing by the European
countries like England, Sweden, France, and Italy. Mainly,
variant C is derived from variant B. For this reason, a sin-
gle vaccine will not be effective against this virus. Another
challenge is the potential duration of the immunity, which
is unknown. A recent study in Nature Medicine shown
that the COVID-19 vaccines can save people up to a few
days (153). Researchers of China conducted this study on
some COVID-19 patients, of whom some were sympto-
matic and some were asymptomatic. After vaccination,
researchers were consistently observing the immunoglobu-
lin G (IgG) and IgM level, where they observed that IgG

level decreased significantly after 8 weeks sharp of recov-
ery in asymptomatic patients (71% drop) and in sympto-
matic patients (76% drop) and levels of antibody dropped
in 40 and asymptomatic and 13% symptomatic patients.
Despite having a smaller number of patients, the result
of this experiment raises a question regarding the lasting
of the effect of COVID-19 vaccines. The dose of the vac-
cine is also an important factor for the researchers, i.e.,
whether it is single dose or multiple doses. Although the
virus’s spike protein is a promising immunogen for protec-
tion, optimizing antigen design is critical to ensure optimal
immune response. Though some high-income countries
may pay for the development and manufacture with their
own populations in mind, there is no global entity respon-
sible for financing or ordering vaccine manufacture. On
this account globally, fair vaccine-allocation system also
creates challenge for researchers. A global financing sys-
tem that supports end-to-end development and large-scale
manufacturing and deployment that ensures fair allocation
and protect private sector partners from significant finan-
cial losses will be a critical component of future pandemic
preparedness. However, the scientific challenges for the
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Fig.5 Clinical trials of approved vaccines at a glance

development, manufacturing, and distribution of COVID-
19 vaccine are described in Fig. 4.

CONCLUSIONS

The current status of all the aforesaid vaccines is sum-
marized in Figs. 5 and 6. Recently, the WHO published a
landscape detail of vaccines in which 35 vaccines are in
clinical trial and 194 candidates are in preclinical trial. The
hope still remains as 21 vaccines are already in use for gen-
eral public and 10 vaccines are in phase 4 of clinical trial
worldwide. ChAdOx1, backed by the Oxford University
and AstraZeneca as novel coronavirus vaccine, is one of the
leading candidates reached global pharmaceutical market by

@ Springer
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the beginning of 2021 and was available to general public
by the mid of 2021. Another potential candidate for corona
virus vaccine, BNT162b2, backed by Pfizer and BioNTech,
and Moderna’s mRNA-1273, are already approved in the UK
and the USA for distribution. The regulatory authorization
is obtained, and initial 800,000 doses began to roll out in
the beginning of December 2020. Presently, a good number
of vaccines across the globe have got approval for Investi-
gational New Drug (IND). According to clinicaltrials.gov
343, clinical trials are ongoing for COVID-19 vaccine, of
which some notable vaccines are Novavax’s NVX-CoV2373
(phase 3), CureVacc’s CVnCoV (phase 2b/3), University
of Melbourne and Murdoch Children’s Research Institute’s
Bacillus Calmette-Guerin (BCG) vaccine (phase 2/3), and
many more. As per clinical trial registration, the potent vac-
cines are likely to be launched in global market by 2021 to
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2024. The good among the odds is that being an emergency
drug, the infectious disease vaccine candidates pass the drug
regulatory approval process at consistently higher rates than
other drug types. Further, the race to develop COVID-19
vaccine has led a debate on minimum efficacy of vaccines
among scientists, regulators, and pharmaceutical companies
as 50% being the minimum efficacy recommended by the
WHO for COVID-19 vaccine. Russian vaccine has entered
the market with emergency authorizations even before the
mandatory phase 3 clinical trials leading to alarming safety
and efficacy issues. There are different variants, and a few
specific vaccines are found to be effective against them.
Oxford’s ChAdOx1 (double-dose) and Bharat Biotech’s
Covaxin (double-dose) are found effective against delta and
delta plus variants, respectively. With some constraints, most
of the vaccines have been found safe and effective against
SARS-CoV-2 in phase 2 clinical trials, and some of these
are able to produce robust immunomodulatory effect, which
shows a light of hope for their successful phase 3 trials fol-
lowed by speedy launching of vaccines in global market.

Acknowledgements The authors are highly grateful to the School of
Pharmaceutical Sciences and Technology, Sardar Bhagwan Singh Uni-
versity, Dehradun, Uttarakhand, India, for the kind support providing
resources for the study.

Author Contribution All authors contributed to the design, acquisition,
analysis, interpretation, drafting, and revision of the paper.

Declarations

Conflict of Interest The authors declare no competing interests.

References

1. Izda V, Jeffries MA, Sawalha AH. COVID-19: a review of
therapeutic strategies and vaccine candidates. Clin Immunol.
2021;222:108634. https://doi.org/10.1016/j.clim.2020.108634.

2. Rothan HA, Byrareddy SN. The epidemiology and pathogen-
esis of coronavirus disease (COVID-19) outbreak. J Autoimmun.
2020;109:102433. https://doi.org/10.1016/j.jaut.2020.102433.

3. Yiice M, Filiztekin E, Ozkaya KG. COVID-19 diagno-
sis — a review of current methods. Biosens Bioelectron.
2021;172:112752. https://doi.org/10.1016/j.bios.2020.112752.

4. Holshue ML, DeBolt C, Lindquist S, Lofy KH, Wiesman J,
Bruce H, et al. First case of 2019 novel coronavirus in the
United States. N Engl J Med. 2020;382:929-36. https://doi.
org/10.1056/NEJMo0a2001191.

5. Stasi C, Fallani S, Voller F, Silvestri C. Treatment for COVID-
19: an overview. Eur J Pharmacol. 2020;889:173644. https://
doi.org/10.1016/j.ejphar.2020.173644.

6. Jain VK, Iyengar KP, Vaishya R. Differences between first wave
and second wave of COVID-19 in India. Diabetes Metab Syndr
Clin Res Rev. 2021;15:1047-8. https://doi.org/10.1016/j.dsx.
2021.05.009.

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Iftimie S, Lopez-Azcona AF, Vallverdu I, Hernandez-Flix S,
De Febrer G, Parra S, et al. First and second waves of corona-
virus disease-19: a comparative study in hospitalized patients
in Reus. Spain PLoS One. 2021;16:e0248029. https://doi.org/
10.1371/journal.pone.0248029.

Tregoning JS, Brown ES, Cheeseman HM, Flight KE, Higham
SL, Lemm NM, et al. Vaccines for COVID-19. Clin Exp Immu-
nol. 2020;202:162-92. https://doi.org/10.1111/cei.13517.
Malik AA, Mcfadden SM, Elharake J, Omer SB. EClinical-
Medicine Determinants of COVID-19 vaccine acceptance in
the US. EClinicalMedicine. 2020;26:100495. https://doi.org/
10.1016/j.eclinm.2020.100495.

Dutta AK. Vaccine against Covid-19 disease — present status
of development. Indian J Pediatr. 2020;87:810-6. https://doi.
org/10.1007/s12098-020-03475-w.

Chibber P, Assim S, Ahmed I, Igbal N. Advances in the pos-
sible treatment of COVID-19: a review. Eur J Pharmacol.
2020;883:173372. https://doi.org/10.1016/j.ejphar.2020.
173372.

Chakraborty C, Agoramoorthy G. India ’ s cost-effective COVID-
19 vaccine development initiatives. Vaccine. 2020;38:7883—4.
https://doi.org/10.1016/j.vaccine.2020.10.056.

Kaur SP, Gupta V. COVID-19 Vaccine : a comprehensive status
report. Virus Res. 2020;288:198114. https://doi.org/10.1016/j.
virusres.2020.198114.

EP News Bureau. Zydus starts human trials of ZyCoV-D, its
COVID-19 vaccine. Express Pharma. 2020. https://www.expre
sspharma.in/covid19-updates/zydus-starts-human-trials-of-
zycov-d-its-covid-19-vaccine/. Accessed 4 Jan 2021.

Ray M. India > s Covid-19 vaccines ready for human trials :
all you need to know about Covaxin and ZyCoV-D. Hindustan
Times. 2020. https://www.hindustantimes.com/india-news/
india-s-covid-19-vaccines-ready-for-human-trials-all-you-need-
to-know-about-covaxin-and-zycov-d/story-Vbwg9CT9z93jE8e
tUx8xqgL.html. Accessed 3 Jan 2021.

Won JH, Lee H. The current status of drug repositioning and
vaccine developments for the COVID-19 pandemic. Int J Mol
Sci. 2020;21:9775. https://doi.org/10.3390/ijms21249775.
Khateeb J, Li Y, Zhang H. Emerging SARS-CoV-2 variants
of concern and potential intervention approaches. Crit Care.
2021;25:244-52. https://doi.org/10.1186/s13054-021-03662-x.
Jackson LA, Anderson EJ, Rouphael NG, Roberts PC, Makhene
M, Coler RN, et al. An mRNA vaccine against SARS-CoV-2 —
preliminary report. N Engl J Med. 2020;383:1920-31. https://
doi.org/10.1056/NEJM0a2022483.

Hodgson J. The pandemic pipeline. Nat Biotechnol.
2020;38:523-32. https://doi.org/10.1038/d41587-020-00005-z.
Reichmuth AM, Oberli MA, Jaklenec A, Langer R, Blankschtein
D. mRNA vaccine delivery using lipid nanoparticles. Ther Deliv.
2016;7:319-34. https://doi.org/10.4155/tde-2016-0006.

Widge AT, Rouphael NG, Jackson LA, Anderson EJ, Roberts PC,
Makhene M, et al. Durability of responses after SARS-CoV-2
mRNA-1273 vaccination. N Engl J Med. 2020;384:80-2. https://
doi.org/10.1056/NEJMc2032195.

Iavarone C, Derek TO, Yu D, Delahaye NF, Jeffrey B. Expert
review of vaccines mechanism of action of mRNA-based vac-
cines mechanism of action of mRNA-based vaccines. Expert Rev
Vaccines. 2017;16:871-81. https://doi.org/10.1080/14760584.
2017.1355245.

Sharma O, Sultan AA, Ding H, Triggle CR. A review of the
progress and challenges of developing a vaccine for COVID-19.
Front Immunol. 2020;11:585354. https://doi.org/10.3389/fimmu.
2020.585354.



AAPS PharmSciTech (2022) 23: 95

Page 23 0f 27 95

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Mishra SK, Tripathi T. One year update on the COVID-19 pan-
demic: where are we now? Acta Trop. 2020;214:105778. https://
doi.org/10.1016/j.actatropica.2020.105778.

Anderson EJ, Rouphael NG, Widge AT, Jackson LA, Roberts
PC, Makhene M, et al. Safety and immunogenicity of SARS-
CoV-2 mRNA-1273 vaccine in older adults. N Engl J Med.
2020;383:2427-38. https://doi.org/10.1056/nejmoa2028436.
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 vac-
cine. N Engl J Med. 2021;384:403-16. https://doi.org/10.1056/
nejmoa2035389.

World Health Organization. WHO lists Moderna vaccine for
emergency use. 2021. https://www.who.int/news/item/30-04-
2021-who-lists-moderna-vaccine-for-emergency-use. Accessed
5 Jan 2021.

European Medicines Agency. EMA recommends COVID-19 vac-
cine Janssen for authorisation in the EU. 2021. https://www.ema.
europa.eu/en/news/ema-recommends-covid-19-vaccine-moder
na-authorisation-eu. Accessed 5 Jan 2021.

Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lock-
hart S, et al. Safety and efficacy of the BNT162b2 mRNA Covid-
19 vaccine. N Engl J Med. 2020;383:2603-15. http://www.ncbi.
nlm.nih.gov/pubmed/33301246.

Walsh EE, Frenck RW, Falsey AR, Kitchin N, Absalon J, Gurt-
man A, et al. Safety and immunogenicity of two RNA-based
Covid-19 vaccine candidates. N Engl J Med. 2020;383:2439-50.
https://doi.org/10.1056/nejmoa2027906.

Lauder M, Lightfoot N. Delayed second dose of the BNT162b2
vaccine: innovation or misguided conjecture? Department of
Error. Lancet. 2021;397:879-80. https://doi.org/10.1016/S0140-
6736(21)00455-4.

Sheikh A, McMenamin J, Taylor B, Robertson C, Health Scot-
land P, et al. SARS-CoV-2 delta VOC in Scotland: demograph-
ics, risk of hospital admission, and vaccine effectiveness. Lan-
cet. 2021;397:2461-2. https://doi.org/10.1016/S0140-6736(21)
01358-1.

Oliver SE, Gargano JW, Marin M, Wallace M, Curran KG,
Chamberland M, et al. The advisory committee on immunization
practices’ interim recommendation for use of Pfizer-BioNTech
COVID-19 vaccine — United States, December 2020. MMWR
Morb Mortal Wkly Rep. 2020;69:1922—4. https://doi.org/10.
15585/mmwr.mm6950e2.

Xie X, Liu Y, Liu J, Zhang X, Zou J, Fontes-Garfias CR, et al.
Neutralization of SARS-CoV-2 spike 69/70 deletion, E484K and
N501Y variants by BNT162b2 vaccine-elicited sera. Nat Med.
2021;27:620-1. https://doi.org/10.1038/s41591-021-01270-4.
US Food and Drug Administration. FDA approves first COVID-
19 vaccine. 2021. https://www.fda.gov/news-events/press-annou
ncements/fda-approves-first-covid-19-vaccine. Accessed 10 Aug
2021.

European Medicines Agency. Update on assessment of the BioN-
Tech and Pfizer BNT162b2 vaccine marketing authorisation
application. 2020. https://www.ema.europa.eu/en/news/update-
assessment-biontech-pfizer-bnt162b2-vaccine-marketing-autho
risation-application. Accessed 25 Jun 2020.

Rajalakshmi N. Explained : how different vaccines work, includ-
ing COVAXIN and ZyCoV-D. Science The Wire. 2020. https://
science.thewire.in/the-sciences/explained-how-different-vacci
nes-work-including-covaxin-and-zycov-d/. Accessed 6 Aug
2020.

Mohapatra PR, Mishra B. Regulatory approval of COVID-19
vaccine for restricted use in clinical trial mode. Lancet Infect
Dis. 2021;3099:30942. https://doi.org/10.1016/S1473-3099(21)
00045-1.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

Thiagarajan K. Covid-19: India is at centre of global vac-
cine manufacturing, but opacity threatens public trust. BMJ.
2021;372:n196. https://doi.org/10.1136/bmj.n196.

Bhuyan A. India begins COVID-19 vaccination amid trial alle-
gations. Lancet. 2021;397:264. https://doi.org/10.1016/S0140-
6736(21)00145-8.

Ghosh P. Covaxin and covishield against delta, delta plus: what
recent studies revealed. Hindustan Times. 2021. https://www.
hindustantimes.com/india-news/covaxin-and-covishield-again
st-delta-delta-plus-what-recent-studies-revealed-1016283833
61196.html. Accessed 05 Aug 2021.

Naygovzina NB, Khabriev RU, Krasheninnikov AE, Matveev AV.
The organizational aspects of security support of participants of
clinical testing of vaccine “Gam-COVID-Vac.” Probl Sotsialnoi
Gig Zdravookhranenniiai Istor Med. 2021;29:5-13. https://doi.
org/10.32687/0869-866X-2021-29-1-5-13.

Logunov DY, Dolzhikova IV, Shcheblyakov DV, Tukhvatulin Al,
Zubkova OV, Dzharullaeva AS, et al. Safety and efficacy of an
rAd26 and rAdS5 vector-based heterologous prime-boost COVID-
19 vaccine: an interim analysis of a randomised controlled phase
3 trial in Russia. Lancet. 2021;397:671-81. https://doi.org/10.
1016/S0140-6736(21)00234-8.

Rab S, Afjal, Javaid M, Haleem A, Vaishya R. An update on
the global vaccine development for coronavirus. Diabetes Metab
Syndr Clin Res Rev Diabetes India. 2020;14:2053-5. https://doi.
org/10.1016/j.dsx.2020.10.023.

Cheng C, Gall JGD, Kong W, Sheets RL, Gomez PL, King CR,
et al. Mechanism of AdS vaccine immunity and toxicity : fiber
shaft targeting of dendritic cells. PLoS Pathog. 2007;3:e25.
https://doi.org/10.1371/journal.ppat.0030025.

Zhu FC, Li YH, Guan XH, Hou LH, Wang WJ, Li JX, et al.
Safety, tolerability, and immunogenicity of a recombinant
adenovirus type-5 vectored COVID-19 vaccine: a dose-esca-
lation, open-label, non-randomised, first-in-human trial. Lan-
cet. 2020;6736:1-10. https://doi.org/10.1016/S0140-6736(20)
31208-3.

Wu S, Zhong G, Zhang J, Shuai L, Zhang Z, Wen Z, et al. A sin-
gle dose of an adenovirus-vectored vaccine provides protection
against SARS-CoV-2 challenge. Nat Commun. 2020;11:4081.
https://doi.org/10.1038/s41467-020-17972-1.

Raja AATA, Alshamsan A, Al-jedai A. Current COVID-19 vac-
cine candidates: implications in the Saudi population. Saudi
Pharm J. 2020;28:1743-8. https://doi.org/10.1016/j.jsps.2020.
10.019.

van Doremalen N, Lambe T, Spencer A, Belij-Rammerstorfer
S, Purushotham JN, Port JR, et al. ChAdOx1 nCoV-19 vaccine
prevents SARS-CoV-2 pneumonia in rhesus macaques. Nature.
2020;586:578-82. https://doi.org/10.1038/541586-020-2608-y.

Lodge A. ChAdOx1 nCoV-19 vaccine for SARS-CoV-2. Lan-
cet. 2020;396:1486. https://doi.org/10.1016/S0140-6736(20)
32270-4.

Graham SP, McLean RK, Spencer AJ, Belij-Rammerstorfer
S, Wright D, Ulaszewska M, et al. Evaluation of the immuno-
genicity of prime-boost vaccination with the replication-defi-
cient viral vectored COVID-19 vaccine candidate ChAdOx1
nCoV-19. NPJ Vaccines. 2020;5:2-7. https://doi.org/10.1038/
s41541-020-00221-3.

Ewer KIJ, Barrett JR, Belij-Rammerstorfer S, Sharpe H, Mak-
inson R, Morter R, et al. T cell and antibody responses induced
by a single dose of ChAdOx1 nCoV-19 (AZD1222) vaccine in
a phase 1/2 clinical trial. Nat Med. 2021;27:270-8. https://doi.
org/10.1038/s41591-020-01194-5.

Kilpeldinen A, Saubi N, Guitart N, Moyo N, Wee EG, Ravi K,
et al. Priming with recombinant BCG expressing novel HIV-1
conserved mosaic immunogens and boosting with recombinant
CHADOXI is safe, stable, and elicits HIV-1specific T-cell

@ Springer



95 Page 24 of 27

AAPS PharmSciTech (2022) 23: 95

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

responses in BALB/c mice. Front Immunol. 2019;10:923. https://
doi.org/10.3389/fimmu.2019.00923.

Kim YC, Dema B, Rodriguez-Garcia R, Lopez-Camacho C,
Leoratti FMS, Lall A, et al. Evaluation of chimpanzee adeno-
virus and MVA expressing TRAP and CSP from plasmodium
cynomolgi to prevent malaria relapse in Nonhuman Primates.
Vaccines. 2020;8:1-14. https://doi.org/10.3390/vaccines80
30363.

Folegatti PM, Ewer KJ, Aley PK, Angus B, Becker S, Belij-Ram-
merstorfer S, et al. Safety and immunogenicity of the ChAdOx1
nCoV-19 vaccine against SARS-CoV-2: a preliminary report
of a phase 1/2, single-blind, randomised controlled trial. Lan-
cet. 2020;396:467-78. https://doi.org/10.1016/S0140-6736(20)
31604-4.

Barrett JR, Belij-Rammerstorfer S, Dold C, Ewer KJ, Folegatti
PM, Gilbride C, et al. Phase 1/2 trial of SARS-CoV-2 vaccine
ChAdOx1 nCoV-19 with a booster dose induces multifunctional
antibody responses. Nat Med. 2021;27:279-88. https://doi.org/
10.1038/s41591-020-01179-4.

Folegatti PM, Bittaye M, Flaxman A, Lopez FR, Bellamy D,
Kupke A, et al. Articles safety and immunogenicity of a can-
didate Middle East respiratory syndrome coronavirus viral-
vectored vaccine : uncontrolled, phase 1 trial. Lancet Infect
Dis. 2020;3099:1-11. https://doi.org/10.1016/S1473-3099(20)
30160-2.

Ramasamy MN, Minassian AM, Ewer KJ, Flaxman AL, Folegatti
PM, Owens DR, et al. Safety and immunogenicity of ChAdOx1
nCoV-19 vaccine administered in a prime-boost regimen in
young and old adults (COV002): a single-blind, randomised,
controlled, phase 2/3 trial. Lancet. 2020;396:1979-93. https://
doi.org/10.1016/S0140-6736(20)32466-1.

Voysey M, Clemens SAC, Madhi SA, Weckx LY, Folegatti PM,
Aley PK, et al. Safety and efficacy of the ChAdOx1 nCoV-19
vaccine (AZD1222) against SARS-CoV-2: an interim analysis of
four randomised controlled trials in Brazil, South Africa, and the
UK. Lancet. 2021;397:99-111. https://doi.org/10.1016/S0140-
6736(20)32661-1.

Schmidt T, Klemis V, Schub D, Mihm J, Hielscher F, Marx
S, et al. Immunogenicity and reactogenicity of heterolo-
gous ChAdOx1nCoV-19/mRNA vaccination. Nat Med.
2021;27:1530-5. https://doi.org/10.1038/s41591-021-01464-w.
World Health Organization. WHO lists two additional COVID-
19 vaccines for emergency use and COVAX Roll-Out. 2021.
https://www.who.int/news/item/15-02-2021-who-lists-two-addit
ional-covid-19-vaccines-for-emergency-use-and-covax-roll-out.
Accessed 07 Jun 2021.

European Medicines Agency. Vaxzevria (previously COVID-19
Vaccine AstraZeneca). 2021. https://www.mscbs.gob.es/profe
sionales/saludPublica/prevPromocion/vacunaciones/covid 19/
docs/Guia_Tecnica_AstraZeneca.pdf. Accessed 06 Jun 2021.
Sadoff J, Le Gars M, Shukarev G, Heerwegh D, Truyers C, de
Groot AM, et al. Interim results of a phase 1-2a trial of Ad26.
COV2.S Covid-19 vaccine. N Engl J Med. 2021;384:1824-35.
https://doi.org/10.1056/NEJMo0a2034201.

Johnson & Johnson. Johnson & Johnson COVID-19 vaccine
authorized by U.S. FDA for emergency use - first single-shot
vaccine in fight against global pandemic. 2021. https://www.
jnj.com/johnson-johnson-covid-19-vaccine-authorized-by-u-s-
fda-for-emergency-usefirst-single-shot-vaccine-in-fight-again
st-global-pandemic. Accessed 06 Jun 2021.

World Health Organization. WHO adds Janssen vaccine to list
of safe and effective emergency tools against COVID-19. 2021.
https://www.who.int/news/item/12-03-2021-who-adds-janss
en-vaccine-to-list-of-safe-and-effective-emergency-tools-again
st-covid-19. Accessed 05 Jun 2021.

@ Springer

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

Ryzhikov AB, Ryzhikov E, Bogryantseva MP, Usova S V.,
Danilenko ED, Nechaeva EA, et al. A single blind, placebo-
controlled randomized study of the safety, reactogenicity and
immunogenicity of the “EpiVacCorona” vaccine for the preven-
tion of COVID-19, in volunteers aged 18-60 years (Phase I-1I).
Russ J Infect Immun. 2021;11:283-96. https://doi.org/10.15789/
2220-7619-ASB-1699.

World Health Organization. Status of COVID-19 vaccines within
WHO EUL/PQ evaluation process. 2021. https://extranet.who.
int/pqweb/sites/default/files/documents/Status_COVID_VAX_
15July2021.pdf. Accessed 06 Jun 2021.

Triana-Baltzer GB, Babizki M, Chan MCW, Wong ACN,
Aschenbrenner LM, Campbell ER, et al. DAS181, a sialidase
fusion protein, protects human airway epithelium against influ-
enza virus infection: an in vitro pharmacodynamic analysis. J
Antimicrob Chemother. 2009;65:275-84. https://doi.org/10.
1093/jac/dkp421.

Salvatore M, Satlin MJ, Jacobs SE, Jenkins SG, Schuetz AN,
Moss RB, et al. DAS181 for treatment of parainfluenza virus
infections in hematopoietic stem cell transplant recipients at a
single center. Biol Blood Marrow Transplant. 2016;22:965-70.
https://doi.org/10.1016/1.bbmt.2016.02.011.

Thammawat S, Sadlon TA, Adamson P, Gordon DL. Effect of
sialidase fusion protein (DAS 181) on human metapneumovirus
infection of Hep-2 cells. Antivir Chem Chemother. 2015;24:161—
5. https://doi.org/10.1177/2040206616665971.

Colombo RE, Fiorentino C, Dodd LE, Hunsberger S, Haney
C, Barrett K, et al. A phase 1 randomized, double-blind, pla-
cebo-controlled, crossover trial of DAS181 (Fludase®) in adult
subjects with well-controlled asthma. BMC Infect Dis BMC
Infectious Diseases. 2016;16:1-10. https://doi.org/10.1186/
s12879-016-1358-9.

Zenilman JM, Fuchs EJ, Hendrix CW, Radebaugh C, Jurao R,
Nayak SU, et al. Phase 1 clinical trials of DAS181, an inhaled
sialidase, in healthy adults. Antiviral Res. 2015;123:114-9.
https://doi.org/10.1016/j.antiviral.2015.09.008.

Moss RB, Hansen C, Sanders RL, Hawley S, Li T, Steigbigel RT.
A phase II study of DAS181, a novel host directed antiviral for
the treatment of influenza infection. J Infect Dis. 2012;206:1844—
51. https://doi.org/10.1093/infdis/jis622.

Ho JH, Zhao Y, Liu Z, Zhou X. Resolution of coronavirus dis-
ease 2019 infection and pulmonary pathology with nebulized
DASI181: A Pilot Study. Crit Care Explor. 2020;2:¢0263. https://
doi.org/10.1097/CCE.0000000000000263.

Verma HK, Merchant N, Verma MK, Kuru CI, Singh AN, Ulu-
can F, et al. Current updates on the European and WHO reg-
istered clinical trials of coronavirus disease 2019. Biomed J.
2020;43:424-33. https://doi.org/10.1016/j.bj.2020.07.008.
Al-horani RA, Kar S, Aliter KF. Potential anti-COVID-19
therapeutics that block the early stage of the viral life cycle :
structures, mechanisms, and clinical trials. Int J Mol Sci.
2020;21:5224. https://doi.org/10.3390/ijms21155224.

Wang X, Guan Y. COVID - 19 drug repurposing : a review of
computational screening methods, clinical trials, and protein
interaction assays. Med Res Rev. 2021;41:5-28. https://doi.org/
10.1002/med.21728.

Tian R, Zhang M, Liu M, Fang X, Li D, Zhang L, et al. CD24Fc
protects against viral pneumonia in simian immunodeficiency
virus-infected Chinese rhesus monkeys. Cell Mol Immunol.
2020;17:887-8. https://doi.org/10.1038/s41423-020-0452-5.
Lythgoe MP, Middleton P. Ongoing clinical trials for the man-
agement of the COVID-19 pandemic. Trends Pharmacol Sci.
2020;41:363-82. https://doi.org/10.1016/j.tips.2020.03.006.
Magenau JM, Jaglowski S, Farag SS, Uberti J, Pawarode A,
Do MMR, et al. Mitigating damage response with CD24 fusion
protein for prevention of acute graft-versus-host disease. Biol



AAPS PharmSciTech (2022) 23: 95

Page 250f27 95

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Blood Marrow Transplant. 2020;26:S52-3. https://doi.org/10.
1016/j.bbmt.2019.12.126.

Lofti M, Hamblin MR, Rezaei N. Clinica Chimica Acta
COVID-19: transmission, prevention, and potential therapeutic
opportunities. Clin Chim Acta. 2020;508:254—66. https://doi.
org/10.1016/j.cca.2020.05.044.

Florindo HF, Kleiner R, Vaskovich-koubi D, Acircio RC, Car-
reira B, Yeini E, et al. Immune-mediated approaches against
COVID-19. Nat Nanotechnol. 2020;15:630—45. https://doi.org/
10.1038/s41565-020-0732-3.

Bonam SR, Kaveri SV, Sakuntabhai A, Gilardin L, Bayry J.
Adjunct immunotherapies for the management of severely ill
COVID-19 patients. Cell Reports Med. 2020;508:254—-66.
https://doi.org/10.1016/j.xcrm.2020.100016.

Lescure F, Janocha H, Karofylakis E. Review of trials currently
testing treatment and prevention of COVID-19. Clin Micro-
biol Infect Eur Soc Clin Microbiol Infect Dis. 2020;26:988-98.
https://doi.org/10.1016/j.cmi.2020.05.019.

News Release. Oncolmmune * s SACCOVID ™ ( CD24Fc
) Exhibits superb therapeutic efficacy — a potential break-
through in treating severe and critical COVID-19. Oncolm-
mune. 2020. http://www.oncoimmune.com/index.php?option=
com_k2&view=itemé&id=1101:oncoimmune-s-saccovid-
cd24fc-exhibits-superb-therapeutic-efficacy-a-potential-break
through-in-treating-severe-and-critical-covid-19&Itemid=316.
Accessed 06 Jan 2021.

Mirzaie A, Halaji M, Safarpoor F, Ranjbar R. Complemen-
tary therapies in clinical practice a narrative literature review
on traditional medicine options for treatment of corona virus
disease 2019 ( COVID-19). Complement Ther Clin Pract.
2020;40:101214. https://doi.org/10.1016/j.ctcp.2020.101214.
Gosain R, Abdou Y, Singh A, Rana N, Puzanov I, Ernstoff MS.
COVID-19 and cancer : a comprehensive review. Curr Oncol
Rep. 2020;22:53. https://doi.org/10.1007/s11912-020-00934-7.
Leiva-Juarez MM, Kirkpatrick CT, Gilbert BE, Scott B, Tuvim
MlJ, Dickey BF, et al. Combined aerosolized Toll-like recep-
tor ligands are an effective therapeutic agent against influenza
pneumonia when co-administered with oseltamivir. Eur J Phar-
macol. 2018;818:191-7. https://doi.org/10.1016/j.ejphar.2017.
10.035.

Evans SE, Tseng CTK, Scott BL, Magnus Hook A, Dickey BF.
Inducible epithelial resistance against coronavirus pneumonia
in mice. Am J Respir Cell Mol Biol. 2020;63:540-1. https://doi.
org/10.1165/rcmb.2020-0247LE.

Bordin AI, Cohen ND, Giguere S, Bray JM, Berghaus LJ, Scott
B, et al. Host-directed therapy in foals can enhance functional
innate immunity and reduce severity of Rhodococcus equi
pneumonia. Sci Rep. 2021;11:2483. https://doi.org/10.1038/
$41598-021-82049-y.

Biospace. Pulmotect reports positive topline results from ran-
domized, placebo controlled phase-2 trial of PUL-042 against
COVID-19. 2021. https://www.biospace.com/article/pulmotect-
reports-positive-topline-results-from-randomized-placebo-contr
olled-phase-2-trial-of-pul-042-against-covid-19/. Accessed 25
September 2021.

Li LC, Han YY, Zhang ZH, Zhou WC, Fang HM, Qu J, et al.
Chronic obstructive pulmonary disease treatment and phar-
macist-led medication management. Drug Des Devel Ther.
2021;15:111-24. https://doi.org/10.2147/DDDT.S286315.
Ennes-Vidal V, Branquinha MH, dos Santos ALS, d’Avila-Levy
CM. The diverse calpain family in trypanosomatidae: functional
proteins devoid of proteolytic activity? Cells. 2021;10:299.
https://doi.org/10.3390/cells10020299.

Drozdzal S, Rosik J, Lechowicz K, Machaj F, Kotfis K,
Ghavami S, et al. FDA approved drugs with pharmacothera-
peutic potential for SARS-CoV-2 (COVID-19) therapy. Drug

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Resist Updat. 2020;53:100719. https://doi.org/10.1016/j.drup.
2020.100719.

Sojoodi M, Krishnan S, Razavi AA, Day MR, Arora G, Goshal
S, et al. THU-093-The calpain inhibitor, BLD-2660, has robust
anti-fibrotic activity in a rat model of non-alcoholic steato-
hepatitis. J Hepatol. 2019;70:e201-2. https://doi.org/10.1016/
S0618-8278(19)30374-3.

Kolb P, Upagupta C, Vierhout M, Ayaub E, Bellaye PS,
Gauldie J, et al. The importance of interventional timing
in the bleomycin model of pulmonary fibrosis. Eur Respir
J. 2020;57:1901105. https://doi.org/10.1183/13993003.
01105-2019.

Colalto C. Volatile molecules for COVID-19: a possible phar-
macological strategy? Drug Dev Res. 2020;81:950-68. https://
doi.org/10.1002/ddr.21716.

Le TT, Andreadakis Z, Kumar A, Roman RG, Tollefsen S,
Saville M, et al. The COVID-19 vaccine development land-
scape. Nat Rev Drug Discov. 2020;19:305-6. https://doi.org/
10.1038/d41573-020-00073-5.

Zhang N, Li C, Hu Y, Li K, Liang J, Wang L, et al. Current
development of COVID-19 diagnostics, vaccines and therapeu-
tics. Microbes Infect. 2020;22:231-5. https://doi.org/10.1016/j.
micinf.2020.05.001.

Bhagavathula AS, Aldhaleei W, Rovetta A, Rahmani J. Vac-
cines and drug therapeutics to lock down novel coronavirus
disease 2019 (COVID-19): a systematic review of clinical trials.
Cureus. 2020;12:e8342. https://doi.org/10.7759/cureus.8342.
Simoneaux R, Shafer SL. Update on COVID-19 vaccine develop-
ment. ASA Monit. 2020;84:17-8.

Alturki SO, Alturki SO, Connors J, Cusimano G, Kutzler MA,
Izmirly AM, et al. The 2020 pandemic: current SARS-CoV-2
vaccine development. Front Immunol. 2020;11:1880. https://doi.
org/10.3389/fimmu.2020.01880.

Turtle CJ, Riddell SR. Artificial antigen-presenting cells for use
in adoptive immunotherapy. Cancer J. 2010;16:374-81. https:/
doi.org/10.1097/PPO.0b013e3181eb33a6.

Rego GNA, Nucci MP, Alves AH, Oliveira FA, Marti LC, Nucci
LP, et al. Current clinical trials protocols and the global effort
for immunization against SARS-CoV-2. Vaccines. 2020;8:474.
https://doi.org/10.3390/vaccines8030474.

Mabhalingam S, Ng WH, Liu X. Development of vaccines for
SARS-CoV-2. F1000Research. 2020;9:991. https://doi.org/10.
12688/f1000research.25998.1.

Bhatta M, Nandi S, Dutta S, Saha MK. Coronavirus (SARS-
CoV-2): a systematic review for potential vaccines. Hum Vac-
cin Immunother. 2021. https://doi.org/10.1080/21645515.2020.
1865774.

Silveira MM, Moreira GMSG, Mendonga M. DNA vaccines
against COVID-19: perspectives and challenges. Life Sci.
2020;267:118919. https://doi.org/10.1016/j.1f5.2020.118919.
Mullard A. First antibody against COVID-19 spike protein enters
phase I. Nat Rev Drug Discov. 2020;19:435.

Tuccori M, Ferraro S, Convertino I, Cappello E, Valdiserra G,
Blandizzi C, et al. Anti-SARS-CoV-2 neutralizing monoclonal
antibodies: clinical pipeline. MAbs. 2020;12:1854149. https://
doi.org/10.1080/19420862.2020.1854149.

Jiang S, Zhang X, Yang Y, Hotez PJ, Du L. Neutralizing anti-
bodies for the treatment of COVID-19. Nat Biomed Eng.
2020;4:1134-9. https://doi.org/10.1038/s41551-020-00660-2.
Chen P, Nirula A, Heller B, Gottlieb RL, Boscia J, Morris J, et al.
SARS-CoV-2 neutralizing antibody LY-CoV555 in outpatients
with Covid-19. N Engl J Med. 2021;384:229-37. https://doi.org/
10.1056/NEJMo0a2029849.

Mahrosh HS, Mustafa G. The COVID-19 puzzle: a global night-
mare. Environ Dev Sustain. 2021;23:12710-37. https://doi.org/
10.1007/s10668-021-01224-3.

@ Springer



95 Page 26 of 27

AAPS PharmSciTech (2022) 23: 95

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Smith TRF, Patel A, Ramos S, Elwood D, Zhu X, Yan J, et
al. Immunogenicity of a DNA vaccine candidate for COVID-
19. Nat Commun. 2020;11:2601-14. https://doi.org/10.1038/
s41467-020-16505-0.

Mcauley AJ, Kuiper MJ, Durr PA, Bruce MP, Barr J, Todd S,
et al. Experimental and in silico evidence suggests vaccines are
unlikely to be affected by D614G mutation in SARS-CoV-2
spike protein. NPJ Vaccines. 2020;5:96. https://doi.org/10.1038/
s41541-020-00246-8.

Tebas P, Yang S, Boyer JD, Reuschel EL, Patel A, Christensen-
quick A, et al. Safety and immunogenicity of INO-4800 DNA
vaccine against SARS-CoV- 2: a preliminary report of an open-
label, phase 1 clinical trial. EClinicalMedicine. 2021;31:100689.
https://doi.org/10.1016/j.eclinm.2020.100689.

Kyriakidis NC, Lopez-cortés A, Gonzalez EV, Grimaldos AB,
Prado EO. SARS-CoV-2 vaccines strategies : a comprehensive
review of phase 3 candidates. NPJ Vaccines. 2021;6:28. https://
doi.org/10.1038/541541-021-00292-w.

Andrade VM, Christensen-Quick A, Agnes J, Tur J, Reed C,
Kalia R, et al. INO-4800 DNA vaccine induces neutralizing
antibodies and T cell activity against global SARS-CoV-2
variants. NPJ Vaccines. 2021;6:121. https://doi.org/10.1038/
s41541-021-00384-7.

Richmond P, Hatchuel L, Dong M, Ma B, Hu B, Smolenov I,
et al. Safety and immunogenicity of S-Trimer (SCB-2019), a pro-
tein subunit vaccine candidate for COVID-19 in healthy adults: a
phase 1, randomised, double-blind, placebo-controlled trial. Lan-
cet. 2021;397:682-94. https://doi.org/10.1016/S0140-6736(21)
00241-5.

Shin H, Iwasaki A. A vaccine strategy that protects against
genital herpes by establishing local memory T cells. Nature.
2012;491:463-7. https://doi.org/10.1038/nature11522.
Schnyder JL, De Pijper CA, Garcia Garrido HM, Daams JG,
Goorhuis A, Stijnis C, et al. Fractional dose of intradermal
compared to intramuscular and subcutaneous vaccination - a
systematic review and meta-analysis. Travel Med Infect Dis.
2020;37:101868. https://doi.org/10.1016/j.tmaid.2020.101868.
Park JH, Lee HK. Delivery routes for COVID-19 vaccines. Vac-
cines. 2021;9:524-39. https://doi.org/10.3390/vaccines9050524.
Feng L, Wang Q, Shan C, Yang C, Feng Y, Wu J, et al. An
adenovirus-vectored COVID-19 vaccine confers protection from
SARS-COV-2 challenge in rhesus macaques. Nat Commun.
2020;11:4207. https://doi.org/10.1038/s41467-020-18077-5.
Zhao J, Zhao J, Mangalam AK, Channappanavar R, Fett C,
Meyerholz DK, et al. Airway memory CD4+ T cells mediate
protective immunity against emerging respiratory coronaviruses.
Immunity. 2016;44:1379-91. https://doi.org/10.1016/j.immuni.
2016.05.006.

Hassan AO, Kafai NM, Dmitriev IP, Fox JM, Smith BK, Har-
vey IB, et al. A Single-Dose Intranasal ChAd Vaccine Protects
Upper and Lower Respiratory Tracts against SARS-CoV-2. Cell.
2020;183:169-184.e13. https://doi.org/10.1016/j.cell.2020.08.
026.

Mercado NB, Zahn R, Wegmann F, Loos C, Chandrashekar A,
Yu J, et al. Single-shot Ad26 vaccine protects against SARS-
CoV-2 in rhesus macaques. Nature. 2020;586:583-8. https://doi.
org/10.1038/s41586-020-2607-z.

Paces J, Strizova Z, Smrz D, Cerny J. COVID-19 and the immune
system. Physiol Res. 2020;69:379-88. https://doi.org/10.33549/
physiolres.934492.

Hassan AO, Kafai NM, Dmitriev IP, Fox JM, Smith BK, Har-
vey IB, et al. A single-dose intranasal ChAd vaccine protects
upper and lower respiratory tracts against SARS-CoV-2. Cell.
2020;183:169-184.e13. https://doi.org/10.1016/j.cell.2020.08.
026.

@ Springer

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Gallo O, Locatello LG, Mazzoni A, Novelli L, Annunziato F. The
central role of the nasal microenvironment in the transmission,
modulation, and clinical progression of SARS-CoV-2 infection.
Mucosal Immunol. 2021;14:305-16. https://doi.org/10.1038/
$41385-020-00359-2.

Danis K, Epaulard O, Bénet T, Gaymard A, Campoy S,
Botelho-Nevers E, et al. Cluster of Coronavirus Disease 2019
(COVID-19) in the French Alps, February 2020. Clin Infect Dis.
2020;71:825-32. https://doi.org/10.1093/cid/ciaad24.

Schleiss MR, John CC, Permar SR. Children are the key to the
endgame: a case for routine pediatric COVID vaccination. Vac-
cine. 2021;39:5333-6. https://doi.org/10.1016/j.vaccine.2021.08.
005.

Zou X, Cao B. COVID-19 vaccines for children younger than 12
years: are we ready? Lancet Infect Dis. 2021;3099:1-2. https://
doi.org/10.1016/S1473-3099(21)00384-4.

Pratico AD, Ruggieri M. COVID-19 vaccination for chil-
dren: may be necessary for the full eradication of the dis-
ease. Pediatr Res. 2021;33:2020-1. https://doi.org/10.1038/
$41390-021-01643-y.

Saxena S, Skirrow H, Wighton K. Should the UK vaccinate chil-
dren and adolescents against covid-19? BMJ. 2021;374:n1866.
https://doi.org/10.1136/bmj.n1866.

Mahase E. Covid vaccine could be rolled out to children by
autumn. BMJ. 2021;372:n723. https://doi.org/10.1136/bm;j.n723.
Rubin R. COVID-19 Vaccines vs variants - determining how
much immunity is enough. JAMA. 2021;325:1241-3. https://doi.
org/10.1001/jama.2021.3370.

Hacisuleyman E, Hale C, Saito Y, Blachere NE, Bergh M, Con-
lon EG, et al. Vaccine breakthrough infections with SARS-CoV-2
variants. N Engl J Med. 2021;384:2212-8. https://doi.org/10.
1056/NEJMo0a2105000.

Roberts M. What are the delta, gamma, beta and alpha covid
variants?. BBC News. 2021. https://www.bbc.com/news/health-
55659820. Accessed 08 Aug 2021.

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 (delta) variant. N Engl ] Med. 2021;385:585-94.
https://doi.org/10.1056/NEJM0a2108891.

Peacock TP, Sheppard CM, Brown JC, Goonawardane N, Zhou
J, Whiteley M, et al. The SARS-CoV-2 variants associated with
infections in India, B.1.617, show enhanced spike cleavage by
furin. bioRxiv. 2021. https://doi.org/10.1101/2021.05.28.446163.
Abu-Raddad LJ, Chemaitelly H, Butt AA. Effectiveness of the
BNT162b2 Covid-19 vaccine against the B.1.1.7 and B.1.351
variants. N Engl J Med. 2021;385:187-9. https://doi.org/10.1056/
NEJMc2104974.

Emary KRW, Golubchik T, Aley PK, Ariani CV, Angus B, Bibi
S, et al. Efficacy of ChAdOx1 nCoV-19 (AZD1222) vaccine
against SARS-CoV-2 variant of concern 202012/01 (B.1.1.7):
an exploratory analysis of a randomised controlled trial. Lancet.
2021;397:1351-62. https://doi.org/10.1016/S0140-6736(21)
00628-0.

Jangra S, Ye C, Rathnasinghe R, Stadlbauer D, Alshammary H,
Amoako AA, et al. SARS-CoV-2 spike E484K mutation reduces
antibody neutralisation. Lancet Microbe. 2021;2:e283—4. https://
doi.org/10.1016/S2666-5247(21)00068-9.

World Health Organization. Classification of Omicron
(B.1.1.529): SARS-CoV-2 variant of concern. 2021. https://
www.who.int/news/item/26-11-2021-classification-of-omicron-
(b.1.1.529)-sars-cov-2-variant-of-concern. Accessed 10 Septem-
ber 2021.

Buntz B. AstraZeneca, Pfizer Moderna vaccines fare well
against beta, gamma and delta variants in study. Drug Discov-
ery & Development. 2021. https://www.drugdiscoverytrends.
com/astrazeneca-pfizer-moderna-vaccines-fare-well-again



AAPS PharmSciTech (2022) 23: 95

Page 27 of 27 95

145.

146.

147.

148.

149.

st-beta-gamma-and-delta-variants-in-study/. Accessed 12 Aug
2021.

Nasreen S, He S, Chung H, Brown KA, Gubbay JB, Buchan SA,
et al. Effectiveness of COVID-19 vaccines against variants of
concern. Canada medRxiv. 2021. https://doi.org/10.1101/2021.
06.28.21259420.

Tada T, Zhou H, Samanovic MI, Dcosta BM, Cornelius A, Mulli-
gan MJ, et al. Comparison of neutralizing antibody titers elicited
by mRNA and adenoviral vector vaccine against SARS-CoV-2
variants. bioRxiv. 2021. https://doi.org/10.1101/2021.07.19.
452771.

Yadav PD, Sahay RR, Sapkal G, Nyayanit D, Shete AM, Desh-
pande G, et al. Comparable neutralization of SARS-CoV-2 delta
AY.1 and delta in individuals sera vaccinated with BBV152.
bioRxiv. 2021;28:taab154. https://doi.org/10.1093/jtm/taab154.
Lurie N, Saville M, Hatchett R, Halton J. Developing Covid-19
vaccines at pandemic speed. N Engl J Med. 2020;382:1969-73.
https://doi.org/10.1056/NEJMp2005630.

Wang J, Peng Y, Xu H, Cui Z, Williams RO. The COVID-19 vac-
cine race: challenges and opportunities in vaccine formulation.
AAPS PharmSciTech. 2020;21:225. https://doi.org/10.1208/
$12249-020-01744-7.

150.

151.

152.

153.

Tian S, Hu W, Niu L, Liu H. Pulmonary pathology of early-phase
2019 novel coronavirus (COVID-19) pneumonia in two patients
with lung cancer. J Thorac Oncol. 2020;15:700-4. https://doi.
org/10.1016/j.jtho.2020.02.010.

Broadbent AJ, Subbarao K. Influenza virus vaccines: lessons
from the 2009 HIN1 pandemic. Curr Opin Virol. 2012;1:254-62.
https://doi.org/10.1016/j.coviro.2011.08.002.

Shi H, Han X, Jiang N, Cao Y, Alwalid O, Gu J, et al. Radio-
logical findings from 81 patients with COVID-19 pneumo-
nia in Wuhan, China: a descriptive study. Lancet Infect Dis.
2020;20:425-34. https://doi.org/10.1016/S1473-3099(20)
30086-4.

Long QX, Tang XJ, Shi QL, Li Q, Deng HJ, Yuan J, et al. Clini-
cal and immunological assessment of asymptomatic SARS-
CoV-2 infections. Nat Med. 2020;26:1200—4. https://doi.org/10.
1038/541591-020-0965-6.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	A Comprehensive Investigation Regarding the Differentiation of the Procurable COVID-19 Vaccines
	Abstract
	INTRODUCTION
	APPROVED VACCINES
	mRNA-1273
	BNT162

	Covaxin
	Gam-COVID-VacGam-COVID-Vac Lyo
	Ad5-nCoVs
	ChAdOx1
	AD26.COV2.S

	EpiVacCorona

	UNAPPROVED VACCINES
	DAS-181(Fludas)
	CD24Fc
	PUL-042
	BLD-2660
	LV-SMENP

	aAPC Vaccine
	bacTRL-Spike
	LY-CoV555 (LY3819253)
	INO-4800

	Vidprevtyn
	SCB-2019


	SUITABLE ROUTES OF ADMINISTRATION FOR COVID-19 VACCINES
	Comparison Between Intranasal, Intramuscular, and Intradermal Route

	VACCINATION FOR CHILDREN
	CHALLENGES FOR VACCINE TO OVERCOME SARS-COV-2 MUTATIONS
	CHALLENGES IN PRODUCTION OF VACCINES
	CONCLUSIONS
	Acknowledgements 
	References




