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Abstract

Purpose of Review The emergence of the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has affected lives of
billions of individuals, globally. There is an urgent need to develop interventions including vaccines to control the ongoing
pandemic.

Recent Findings Development of tools for fast-tracked testing including small and large animal models for vaccine efficacy
analysis, assays for immunogenicity assessment, critical reagents, international biological standards, and data sharing allowed
accelerated development of vaccines. More than 300 vaccines are under development and 9 of them are approved for emergency
use in various countries, with impressive efficacy ranging from 50 to 95%. Recently, several new SARS-CoV-2 variants have
emerged and are circulating globally, and preliminary findings imply that some of them may escape immune responses against
previous variants and diminish efficacy of current vaccines. Most of these variants acquired new mutations in their surface protein
(Spike) which is the antigen in most of the approved/under development vaccines.

Summary In this review, we summarize novel and traditional approaches for COVID-19 vaccine development including
inactivated, attenuated, nucleic acid, vector and protein based. Critical assessment of humoral and cell-mediated immune
responses induced by vaccines has shown comparative immunogenicity profiles of various vaccines in clinical phases. Recent
reports confirmed that some currently available vaccines provide partial to complete protection against emerging SARS-CoV-2
variants. If more mutated variants emerge, current vaccines might need to be updated accordingly either by developing vaccines
matching the circulating strain or designing multivalent vaccines to extend the breadth.

Keywords SARS-CoV-2 - COVID-19 vaccines - Animal models - Preclinical and clinical development - Assays and standards -
SARS-CoV-2 variants

Introduction

In December 2019, the Chinese health authorities reported
cases of severe pneumonia in the city of Wuhan, China [1].
The severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) was identified as the causative agent accountable for
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accelerating the development and mass production of effica-
cious vaccines against SARS-CoV-2. There has been an un-
precedented effort with more than 300 vaccine candidates in
various stages of development [3]; among these, more than 60
candidates have already started testing in human clinical trials
[4]. These vaccines are based on both traditional and next
generation platform technologies [4].

In the present review, we provide the current status of ma-
jor SARS-CoV-2 vaccine development programs.

Preclinical and Clinical Development Updates
Animal Models for Pre-clinical Efficacy

SARS-CoV-2 infects several laboratory species including fer-
rets, hamsters, and non-human primates [See]. Viral infection
produces mild to moderate disease and few clinical signs, with
the exception of hamsters, which develop more severe dis-
ease. The major endpoints assessed include levels of viral
genomic (g)RNA or subgenomic (sg)RNA from nasal swabs,
throat swabs, and bronchioalveolar lavage (BAL); presence of
virus or viral RNA in tissues; lung pathology; weight loss; and
imaging of lungs by X-ray, CT, or PET/CT [5e¢]. Common
laboratory mice strains are resistant to infection, but this can
be overcome through the use of adapted viruses or by use of
mice that express the human angiotensin-converting enzyme 2
(ACE2) receptor through various methods. A recent article by
Munoz-Fontela et al. extensively reviewed COVID-19 animal
models [5¢]. For vaccine and therapeutic efficacy assess-
ments, NHP models have been widely utilized, but due to their
lower cost, availability, and more severe disease phenotype,
the hamster and ACE2 mouse models are now being used in
many studies as well.

Messenger RNA-based Vaccines

Messenger RNA (mRNA)-based vaccines are a relatively
novel technology which, prior to the current pandemic,
remained to be proven [6]. Vaccine development programs
for COVID-19 are based on self-amplifying and non-
amplifying mRNA formats. Alphavirus genomes have been
exploited for the self-amplifying mRNA vaccines where ge-
netic coding regions for structural proteins were replaced with
gene(s) of interest [6]. Non-amplifying mRNA vaccines are of
small size (2-3 kb) and encode only gene(s) of interest, regu-
latory elements, poly(A) tail, and a cap [7¢]. The delivery of
mRNA into the cytoplasm is critical; therefore, several ap-
proaches have been used including lipid nanoparticles
(LNPs), cationic nano-emulsions (CNEs), and polyplexes
[8]. There are 23 vaccine candidates in preclinical develop-
ment, while 7 are in clinical development and 2 of them are
approved for emergency use [3, 4, 9].

@ Springer

Pre-clinical Development

The mRNA-1273 (Moderna, Inc.), BNT162 (Pfizer/
BioNTech), and CVnCoV (CureVac AG) vaccines protected
infected macaques or hamsters from lung pathology or viral
replication in lungs, but viral RNA was detected at varying
levels in nasal swabs [10—13]. Three other RNA vaccines
protected mice from SARS-CoV-2 challenge [10, 14, 15].

Clinical Development

Interim analysis from ongoing phase 2/3 trials of BNT162b2
and phase 3 trials of mRNA-1273 showed efficacy of 95%
and 94.1% in two-dose schedules of 3 or 4 weeks apart, re-
spectively [16, 17], in preventing symptomatic COVID-19.
Earlier the phase 1 trials of mRNA-1273 and BNT162b1
[18, 19] showed these candidates to be safe.

Results from a phase 1/2 trial of CVnCoV vaccine [20] also
showed an acceptable safety profile with dose-dependent rises
in reactogenicity (local as well as systemic) and the vaccine is
currently being evaluated in a phase 2b/3 clinical trial [4]. As
of February 4, 2021, the remaining 4 candidates are in phase 1
and/or 2 trials (Table 1). All the vaccine candidates are being
tested among adults 18 years and above except BNT162b2,
which is being tested among > 16-year-olds.

Regulatory Update

Two vaccine candidates based on mRNA platform technolo-
gy, BNT162b2 and mRNA-1273, received emergency use/
conditional marketing authorizations in the USA, Europe,
and many other countries [9, 21].

DNA-based Vaccines

DNA vaccines are based on a genetic engineering approach in
which genes encoding target antigens are transferred into host
cells with the expectation that in vivo transcription and expres-
sion of the antigen will induce immune responses and thereby
protect the host. Several methods have been developed to
increase DNA plasmid uptake such as gene guns (gold or
wolfram DNA-coated beads) to be “shot” into the skin, jet
injection with high pressure air to the skin, and electropora-
tion, using shifting electrical pulses to drive the DNA plasmid
into muscle cells or cells in the epithelial layer [22]. There are
6 vaccine developers that have started testing in humans
(Table 1) and more than 16 candidates in preclinical develop-
ment [4].

Pre-clinical

Macaques vaccinated with INO-4800 (Inovio Pharmaceuticals)
had lower viral loads in lungs, but peak sgRNA in nasal swabs
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Table 1 COVID-19 vaccine clinical development pipeline by vaccine platform, as of 4th of February 2021
Platform Phase I Phase I/I1 Phase 11 Phase /11T Phase 111
RNA Providence Therapeutics Arcturus Imperial College Pfizer; CureVac Modema
Walvax Biotechnology BioNTech Therapeutics**
DNA Symvivo OncoSec AnGes/U. Osaka Genexine Inovio Zydus Cadila
Pharmaceuti-
cals
Viral vector Beijing Wantai/U.HK Cellid AstraZeneca**
IDT IIBR CanSino** Gamaleya
Immunity Shenzhen GMI Res. Institute™* J&J—
Merck/Themis* Janssen
Merck/IAVI* ReiThera
Srl Shenzhen GMI Vaxart
Protein-based ~ Adimmune Covaxx Clover  Biological E CIBG—Mambisa Medigen Anhui Zhifei Longcom
Biopharmaceuticals City CIBG—Abdala Nanogen Sanofi Sichuan FBRI SRC VB
of Hope Medicago Pasteur/GSK SpyBiotech The Finlay Univers- VECTOR Novavax
The Finlay Vaccine Institute Vaccine Institute UMN/Shionogy ity
U. Queensland* Vaxine
Live-attenuated Codagenix
Inactivated U. Erciyes Shifapharmed IMS, CAMS Valneva Shenzhen Bharat**
Kangtai CNBG-WIBP**
CNBG-BIBP**
Sinovac Biotech**
RIBSP**

Only include vaccine candidates started with dosing first subject
*Project is on-hold/discontinued

**Emergency use/conditional marketing approval

was high, indicating significant viral replication in the upper
respiratory tract [23]. Rhesus macaques vaccinated with the
GX-19 vaccine (Genexine, Inc.) showed similar results [24] as
did hamsters vaccinated with another DNA vaccine delivered by
jet injection [25]. Multiple Spike DNA vaccine constructs from
Janssen and Harvard University demonstrated a range of protec-
tion in macaques and showed that neutralizing antibody titer
significantly correlated with protection [26].

Clinical Development

Of the 6 DNA-based vaccine candidates in clinical testing
(Table 1), INO-4800 was shown to be safe and immunogenic
in a phase 1 trial (» = 39) when administered in two doses via
intradermal (i.d.) injection followed by electroporation [27]. A
phase 3 trial is on partial clinical hold pending data related to
the use of the vaccine delivery device [28]. Another i.d. can-
didate ZyCov-D (Zydus Cadila) has entered into a phase 3
efficacy trial with a 3-dose schedule [4].

Regulatory Update

None of the DNA candidates have been submitted for regula-
tory approval based on information in the public domain.

Viral-vectored Vaccines

Viral vectors have been exploited to deliver genes encoding
antigenic proteins into host cells [29¢]. Viruses with little pre-
existing immunity in the target population are often selected to
use as vectors, but even viruses that form the basis for widely
used licensed vaccines, such as the measles virus, can be used
as vectors to insert the antigen against which one wants to
elicit an immune response. There are at least 15 and 40 vac-
cines in clinical and pre-clinical development, respectively
(Table 1).

Pre-clinical Development

The AZD1222 (Oxford/AstraZeneca) vaccine was immuno-
genic in multiple species [30, 31] and protected rhesus ma-
caques from disease, but there was a large amount of sSgRNA
in the upper respiratory tract [30]. The Ad26.COV2.S
(Johnson & Johnson) vaccine was tested in rhesus macaques
and demonstrated protection with a single dose, including no
virus in the respiratory tract, no sgRNA in the BAL, 5/6 ani-
mals with no sgRNA in nasal swabs, and neutralizing anti-
body correlating with protection [32]. A chimpanzee Ad36
vector-based vaccine, ChAd-SARS-CoV-2-S administered
intranasally led to protection in hamsters and sterilizing im-
munity in mice [33, 34].
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The Ad5-nCoV (CanSino Biologics) vaccine protected
mice and ferrets from viral challenge after intramuscular
(i.m.) or intranasal (i.n.) immunization [35]. Both routes were
protective, but when administered i.n, there was no virus or
viral RNA detected in the upper respiratory tract in either
species [35]. A different AdS vaccine from the Guangzhou
Institutes of Biomedicine and Health protected rhesus ma-
caques [36]. Three other Ad5 vaccines in development were
immunogenic in mice [37-39], with one of them also
protecting rhesus macaques from challenge [40]. Other viral-
vectored vaccines including replicating vesicular stomatitis
virus (VSV), lentivirus, and Newcastle disease virus (NDV)-
based vaccines were immunogenic and showed protection in
mice and hamsters [41-45]. Additionally, reports on modified
vaccinia Ankara (MV A)-vectored vaccines also demonstrated
efficacy in small animals [46—49].

Clinical Development

The Sputnik V (Gamaleya Research Institute) vaccine has two
different adenoviral-vectored formulations (Ad26/Ad5) given
as two doses 21 days apart [50]. Peer-reviewed results from
phase 1/2 and phase 3 studies of this vaccine in Russia showed
the vaccine to be safe, to induce cellular and humoral immune
responses, and to be 91.6% efficacious [50, 51]. The Johnson
& Johnson Ad26.COV2.S has shown 72% efficacy in a phase
3 study in the USA [52]. A single-dose, non-replicating Ad5-
nCoV vaccine in phase 1 (n = 108) and phase 2 (n = 603) trials
showed acceptable reactogenicity and tolerability as well as
cellular and humoral immune response following single i.m.
injection [53, 54]. Two phase 3 trials of this candidate vaccine
are currently ongoing in Russia (n = 500) and Canada (n =
40,000) (Table 1). An interim analysis of the AZD1222 vac-
cine data from the two UK trials (COVO001: phase 1/2 and
COV002: phase 2/3), Brazil (COV003: phase 3), and South
Africa (COV005: phase 1/2) showed a vaccine efficacy of
62.1% when given as a two-dose regimen using the same
standard dose [55]. However, the efficacy increased to 90%
when a low dose was followed by a standard dose in a subset
of the population [55]. This was due to an inadvertent error in
the dose calculation.

Regulatory Update

The Sputnik V was licensed for limited use by the Russian gov-
ernment following completion of only phase 1 trials. The vaccine
has been approved for emergency use in several countries, in-
cluding Argentina, the Palestinian territories, Hungary, Iran,
UAE (United Arab Emirates), Mexico, and Venezuela [9].

The Ad5-nCoV was approved for limited use only in China
and recently approved in Mexico and Pakistan for emergency
use [9]. The data of Ad26.COV2.S has been submitted to the
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United States Food and Drug Administration (US FDA) for
emergency use authorization (EUA) [56].

The AZD1222 vaccine has been approved under emergen-
cy use authorization by the European Medicines Agency
(EMA) and other countries including the United Kingdom
(UK) and India (with name Covishield), based on these data
sets [9, 55], as of February 4, 2021.

Protein-based Vaccines

Sub-unit vaccines are basically protein vaccines, where one
has selected one or more immunogenic proteins or segments
thereof from the pathogen to induce an immune response. The
proteins can be expressed in various protein expression Sys-
tems such as E. coli, yeast, mammalian, or insect cells and
harvested and refolded in the correct three-dimensional struc-
ture to trigger the immune system. By using advanced protein
engineering technology, the expressed recombinant antigenic
proteins can be combined together to form nanoparticles, and
thus to increase the immunogenicity. There are at least 20
vaccines in clinical and more than 100 in preclinical develop-
ment [3, 4].

Pre-clinical Development

NVX-CoV2373 (Novavax Inc.), a nanoparticle vaccine with
Matrix M adjuvant, was immunogenic in mice, baboons, and
macaques [57]. The vaccinated macaques had no sgRNA in
the BAL or nasal swabs and little or no inflammation in the
lungs [58]. The SCB-2019 (Clover Biopharmaceuticals) vac-
cine was formulated with either ASO3 or CpG + alum adju-
vants, both of which were immunogenic in mice, rats, and
macaques and protected macaques from challenge [59]. An
S1-Fc vaccine from Sorrento Therapeutics was partially pro-
tective in mice [60]. A receptor binding domain (RBD)
protein-based vaccine was immunogenic in mice and
protected rhesus macaques from challenge [61]. Another vac-
cine based on the full length S protein containing 2 proline
mutations and mutated furin cleavage site elicited protection
in mice [62]. Other candidates were immunogenic in mice,
rabbits, and cynomolgus macaques [63, 64].

Clinical Development

Interim results from the phase 1 part of the NVX-CoV2372
phase 1/2 first-in-human clinical trial among Australian adults
(n = 131) showed the vaccine candidate was safe and more
immunogenic than non-adjuvanted formulation [65]. The phase
2b trial in South Africa and a phase 3 trial in UK (n = 15,000) are
currently ongoing [66]. An interim analysis of data from UK trial
showed the vaccine had ~ 90% efficacy [67].

The interim analysis results from an ongoing phase 1 trial
of the SCB-2019 vaccine showed that the adjuvanted
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formulations were safe and immunogenic with Thl biased
cell-mediated immune response [68].

Regulatory Update

The EMA has started rolling review of NVX-CoV2373
vaccine.

Live-attenuated Vaccine

An attenuated vaccine is a viral or bacterial vaccine that has its
virulence/pathogenicity reduced but is still capable of replicat-
ing and triggering the immune system to respond to the whole
organism. Viruses and bacteria can be attenuated through pas-
sages in culture, by removal of genes important for virulence
or by a more recently developed approach of synthetically
modifying the codon usage, so replication is slower due to
less abundant t-RNA [69]. There is only | vaccine in clinical
phase (Table 1) while more than 10 vaccines are in preclinical
development [3].

Pre-clinical Development

Although several entities are reportedly pursuing live-
attenuated vaccine candidates, the only publicly available
pre-clinical data are for a cold-adapted virus [70]. This virus
was non-lethal at high doses in K18-hACE2 mice and mice
vaccinated i.n. were protected from subsequent challenge with
the wild-type virus [70].

Clinical Development

Codagenix Inc. and the Serum Institute of India are supporting
a codon-deoptimized live-attenuated vaccine that is currently
in a phase [ trial [4].

Regulatory Update

No vaccine yet in regulatory process for approval.

Inactivated Vaccines

Inactivated viral vaccines are whole virus preparations that are
no longer replication competent. Standard methods of inacti-
vation include treating the virus with (3-propiolactone (BPL)
and/or formaldehyde (FA). The inactivated virus vaccines pre-
sumably contain all structural viral proteins and can potential-
ly induce a broad immune response. There are 10 vaccines in
clinical and pre-clinical development (Table 1) [3].

Pre-clinical Development

The BPL inactivated viral vaccine preparations CoronaVac
(Sinovac), BBIBP-CorV (Beijing Institute of Biological
Products) and Covaxin (Bharat Biotech International Ltd
[BBIL]) were immunogenic in multiple species and protected
rhesus macaques from challenge [71-73]. A BPL inactivated
and split vaccine preparation showed immunogenicity in mice
[74]. Vaccines inactivated by gamma irradiation or by photo-
chemical plus ultraviolet light were protective in hamsters and
mice, respectively [75-77]. Enhancement of disease, a con-
cern for inactivated vaccines, has not been observed by clin-
ical signs or by other endpoints.

Clinical Development

The CoronaVac vaccine has shown efficacy between 50 and
91% in Brazil [78]. Two phase 1/2 trials among 18-59-year
and > 60-year-old individuals earlier had shown it be safe
[79]. Sinopharm has developed two vaccine candidates and
interim analysis of the phase 1/2 first-in-human trial of these
candidates showed acceptable safety and reactogenicity pro-
files with the majority of the vaccine recipients also develop-
ing neutralizing antibodies against SAR-CoV-2 [80, 81].
These candidates are presently being tested in phase 3 trials
and interim analysis have shown 86% vaccine efficacy (VE)
in UAE and 79% in China [9]. The inactivated vaccine can-
didate of BBIL (Covaxin) is presently undergoing phase 3
clinical trial (n ~ 25,000). In the phase I trial, Covaxin was
found to be well tolerated with high seroconversion rates [82].

Regulatory Update

CoronaVac has been given conditional approval in China and
for emergency use in Brazil, Chile, Turkey, Colombia,
Indonesia, and Uruguay [9].

BBIBP-CorV has already been licensed for use in China,
UAE, and Bahrain and approved for emergency use in many
other countries [9]. Sinopharm’s vaccine CNBG-WIIBP has
been given the green light only for limited use in China and
UAE [9]. India also granted approval of Covaxin for emer-
gency use only [9].

Comparative Analysis of Inmune Assays
and Reagents

For the analysis of humoral immune responses, most devel-
opers are using “in-house” panels of convalescent sera but no
common reference standards to enable a fair comparison of
humoral immunogenicity data across vaccine trials (Table 2a).
In clinical trials where in-house convalescent sera were used
to compare vaccine-elicited responses, most candidates
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Table 2
candidates
2a.
Approa RNA/Lipid nanoparticles
ch
Moderna Pfizer/ Pfizer/ Pfizer/
[18,87] BioNTec BioNTe BioNTe
h (b1) ch ch2
[19,85] (b1)[19 (b2)[83]
, 85]
Antigen Spike RBD Spike Spike
SARS- Wuhan- ~ Wuhan-  Wuhan Wuhan-
CoV-2 Hu-1 Hu-1 -Hu-1 Hu-1
Strain /
isolate
Binding ELISA Luminex Lumine Lumine
antibody  (Spike & (RBD) X x (S1)
assay RBD) (RBD)
and
coating
antigen
Neutraliz  Live virus Neo- Neo- Neo-
ing and Green Green Green
antibody pseudoty reporter reporte reporter
assay ped virus r
Cell 293T Vero Vero Vero
substrat
e
Referen IH-CS IH-CS IH-CS IH-CS
ce (only for  (only for
reagents pseudovir pseudovi
** us rus
assays) assays)
**H-CS = in house panel of convalescent sera
2b.
Approac RNA/Lipid nanoparticles
h
Modern  Pfizer/ Pfizer/  CureVa
a[18, BioNTec BioNTec c[20]
87] h h
(b1)[19,  (b2)[83]
85]
Antigen Spike Spike Spike Spike
SARS-  Wuhan- Wuhan- Wuhan- Wuhan
CoV-2 Hu-1 Hu-1 Hu-1 -Hu-1
Strain /
isolate
ELISPO - IFN-y IFN-y -
T
ICS IFN-y, IFN-y, - -
IL-2, IL-2,
TNFo, TNFa,
IL-4, IL-  IL-4, IL-
13 1b, IL-
12
Stimulus ~ 15-mer RBD - -
peptide  peptides
s
spannin
gS1&
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PBMC Cryo Cryo - -
Referenc Not CEF & - -
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d peptides

**|H-CS, in house panel of convalescent sera
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e
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Summary of reagents, assays, and makers used in antibody (2a) and T-cell (2b) assessment among most advanced SARS-CoV-2 vaccines
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purportedly elicit neutralizing antibody responses comparable
to the median responses observed among convalescent sera;
however, only two developers [65, 83] report neutralizing
antibody titers in the range of the upper quartile of convales-
cent responses.

Table 2a offers a snapshot of the humoral immunogenicity
assays, reagents, and principles across the early-stage clinical
trials reported thus far. Most SARS-CoV-2 neutralizing anti-
body assays currently employ Vero or HEK293T cells derived
either from non-human species or from kidney tissues that
may not be relevant to the human respiratory epithelial cells
affected in human infection. The use of cell substrates derived
from human lung epithelial tissue could be explored.

There is ample evidence of induction of cell-mediated im-
munity (CMI) by the leading vaccine candidates licensed/
approved for emergency use. Table 2b shows an overview
of the various CMI assay principles, and the diversity of stim-
uli and experimental conditions reported to date. Most of the
vaccines in advanced clinical stages have reported elicitation
of IFN (interferon)-y, assessed by either ELISPOT, and/or
intracellular cytokine staining (ICS), or other assays. Other
cytokines are being measured in some studies and no evidence
of a predominant, vaccine-induced Th2 response has been
produced thus far. Based on publicly available information,
only one of the inactivated SARS-CoV-2 vaccines developed
by the Chinese Academy of Medical Sciences has reported
elicitation of broad CMI [84]. This is somewhat peculiar, as
whole virus inactivated vaccines would be expected to elicit
primarily humoral immune responses. None of the other
whole virus inactivated vaccine trials has published data on
induction of CMI.

The magnitude of CMI responses reported is difficult to
interpret without the inclusion of reference viral peptides, such
as CEF peptides (cytomegalovirus, Epstein-Barr virus, and
influenza A) in CMI assays. Only one clinical trial has report-
ed the use of such reference peptides [85]. Inclusion of such
controls should be encouraged, as this has been helpful to
benchmark, harmonize, interpret, and assure the quality of
CMI data in clinical trials of vaccines against other pathogens.

To improve immunological assay standardization across
different vaccine candidates and meaningful comparison of
results, the Coalition for Epidemic Preparedness Innovation
(CEP]) has supported and facilitated the development of a
COVID-19 serum reference (Cat. No. 20/130) and WHO-
endorsed international reference (Cat No. 20/136) available
through the National Institute of Biological Standards and
Controls (NIBSC). Moreover, CEPI has recently created a
Centralized Laboratory Network for COVID-19 vaccine im-
munogenicity testing, where they have selected laboratories
with high quality standards, picking the most advanced assays
to be used across the network and providing all the laborato-
ries with harmonized protocols and key reagents [86°¢]. The
reference reagents allow comparison of data by calibration to a

common reference. The Centralized Laboratory Network will
allow harmonization of data through common protocols and
key common reagents.

Immune Responses Among Elderly
Populations

Four leading vaccine candidates have been assessed for induc-
tion of humoral responses in the elderly [53, 83, 87, 88]. For
the mRNA-1273 vaccine candidate, induction of neutralizing
antibodies in the elderly was not significantly reduced in com-
parison to younger adults [87]. For the BNT162bl vaccine
candidate, although lower titers of neutralizing antibodies
were induced in the elderly, those titers were still within the
upper quartile of the titers observed in convalescent sera used
as comparators [83]. Responses in the elderly induced by ad-
enovirus vaccine candidates were more difficult to interpret,
as no age stratification was reported by CanSino and only a
subset of individuals over the age of 65 were included in the
interim report produced by Janssen.

There are preliminary reports that in adults over 70 years of
age, the mRNA-1273 vaccine was shown to elicit
polyfunctional Th1 CD4 T cell responses that were compara-
ble to those observed among vaccinees in the 18-55 age group
[87]. Similarly, in a subset of adults over 65 years of age, a
single dose of the Janssen Ad-26 vaccine [88] was shown to
elicit bi-functional Th1 CD4 T cell responses that were either
higher or comparable to those among vaccinees in the 18-55
age group. If CMI turns out to be a correlate of protection
against COVID-19 severity, these preliminary observations
provide hope that COVID-19 vaccines could harness CMI
for the benefit of the vulnerable elderly population.

Commonalities Across Most Advanced
COVID-19 Vaccines in Clinical Phase

Commonalities begin to emerge across the most advanced
vaccine candidates with late and early-stage clinical develop-
ment data in the public domain. Firstly, most advanced can-
didates are Spike-antigen based, with the notable exception of
the SARS-CoV-2 inactivated vaccines. Secondly, all Spike
vaccine inserts in the leading candidates are based on
SARS-CoV-2 sequences of Chinese origin, with the exception
of the Sputnik V, whose Spike sequence origin was not re-
ported in the public domain. Thirdly, all leading vaccine can-
didates are administered via the i.m. route, in direct contrast to
the preferred non-parenteral route outlined in the WHO target
product profile (TPP) [89]. Interestingly, out of 63 vaccine
candidates in clinical phases only 2 of them are administered
orally and 4 intranasally [4]. Lastly, aside from the CanSino
and Johnson & Johnson vaccines [52, 54], which have both
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moved into phase III trials with a single-dose vaccine proto-
col, all other leading candidates have two-dose regimens.
Among the other leading candidates, one protein [65] and
three mRNA formulated in LNPs [18, 20, 83] vaccines have
moved forward to either phase III trials or EUA with two-dose
regimens, all aiming for the second immunization to be ad-
ministered within a month after the first immunization. Four
inactivated viral vaccines produced in China have also moved
into phase III under a two-dose vaccine regimen [79-81, 84].
In summary, for most leading candidates, a two-dose regimen
will be necessary, and this may again contrast with the WHO
TPP expectations of a single-dose primary series and the year-
ly boosting doses originally anticipated for long-term use.

SARS-CoV-2 Variants and Impact on Vaccine
Development

Evidence suggests that mutations occur at a high frequency in
the Spike and receptor binding motif (RBM), as a result of
recombination events and other positive pressures [90] and
that the RBM is the most divergent region of S [91] which
may lead to the emergence of escape mutants. Variants with
several S mutations have been detected in Brazil, Denmark,
South Africa, the UK, and USA [92]. Variants B.1.1.7 and
B.1.351 which were first reported in the UK and South Africa,
respectively, have caused a great deal of concern regarding
their potential impacts on vaccine efficacy. Recent data from
in vitro studies demonstrate that vaccinee sera from several
different vaccines have significantly decreased neutralization
activity against variant B.1.351 compared to older viral iso-
lates while the sera show little or no decreased neutralization
against variant B.1.1.7 [52, 67, 93-95]. Phase III trial results
from Novavax and AstraZeneca revealed that the vaccines had
high efficacy against the B.1.1.7 variant (85.6% and 74.6%,
respectively) [67, 96]. However, efficacy for the Novavax,
Johnson & Johnson, and AstraZeneca vaccines were much
lower against the B.1.351 variant (49.4%, 57% and <25%,
respectively), although the percent efficacy of the
AstraZeneca vaccine was only reported for mild and moderate
disease [52, 67, 97]. Based on these data, there is an urgent
need to start development of updated versions of leading vac-
cines in order to protect against the B.1.351 variant, and also
to develop a framework for expanded genomic surveillance
and rapid analysis of new variants to generate actionable data.

To strengthen surveillance for mutations and variants of
concern, CEPI formed a partnership with the GISAID
Initiative (www.gisaid.org), which hosts the largest open
access pooled dataset of SARS-CoV-2 genomes (n =
544,478 full genomes as of 23 February 2021). The GISAID
Initiative’s EpiCoVTM application (www.epicov.org)
enables comparative analyses and modeling of sequences
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and builds a mutation risk map building on knowledge of
epitopes and deep mutation scanning experiments [98].

To rapidly respond to emerging variants, CEPI set up a
collaborative project named “Agility” in partnership with
Public Health England (PHE), NIBSC, and the GISAID
Initiative, to enable the rapid biological assessment of emerg-
ing variants both in vitro and in vivo. The Agility project aims
to provide open-access high quality reports on the biological
implications of emerging variants and inform the need for
strain changes or adaptions for vaccines to ensure effective-
ness is maintained.

Conclusions

Vaccine development is a lengthy process normally involving
a 10—15-year timeline. Collaborative efforts and access of next
generation technologies, animal models, calibrated and har-
monized assays and standards, and active engagement of reg-
ulatory agencies with developers allowed approval of vac-
cines against COVID-19 within an unprecedented 9 months
after identification of the SARS-CoV-2 virus.

Abbreviations ACE2, Angiotensin-converting enzyme 2; BAL,
Bronchioalveolar lavage; BPL, 3-Propiolactone; CMI, Cell-mediated im-
munity; CEPI, Coalition for Epidemic Preparedness Innovation; CNEs,
Cationic nano-emulsions; COVID-19, Coronavirus disease 2019; EMA,
European Medicines Agency; EUA, Emergency use authorization; FA,
Formaldehyde; FDA, Food and Drug Administration; gRNA, Genomic
RNA; LNPs, Lipid nanoparticles; mRNA, Messenger RNA; MVA,
Modified vaccinia Ankara; NIBSC, National Institute of Biological
Standards and Controls; PHE, Public Health England; RBD, Receptor
binding domain; RBM, Receptor binding motif, SARS-CoV-2, Severe
acute respiratory syndrome coronavirus-2; sgRNA, Subgenomic RNA;
TPP, Target product profile; VE, Vaccine efficacy; VSV, Vesicular sto-
matitis virus; WHO, World Health Organization

Acknowledgements The authors thank CEPI colleagues Maina L’Azou
Jackson, Gerald Voss, and Melanie Saville for critical reading and pro-
viding detailed inputs.

Author’s Contribution Arun Kumar conceptualized the study design and
took the lead. Arun Kumar, William E Dowling, Ratl Gémez Roman,
Amol Chaudhari, Celine Gurry, Tung Thanh Le, Stig Tollefson, and
Valentina Bernasconi wrote the manuscript and analyzed data. Carolyn
E. Clark and Paul A. Kristiansen participated in editing and provided
critical inputs.

Declaration

Human and Animal Rights and Informed Consent This article does not
contain any studies with human or animal subjects performed by any of
the authors.

Conflict of Interest CEPI is a funder of some of the vaccine projects
highlighted in this article.


http://www.gisaid.org
http://www.epicov.org

Curr Infect Dis Rep (2021) 23: 9

Page90of12 9

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Papers of particular interest, published recently, have been
highlighted as:

» Of importance

*« Of major importance

1. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, et al. A novel
coronavirus from patients with pneumonia in China, 2019. N Engl J
Med. 2020;382(8):727-33. https://doi.org/10.1056/
NEJMo0a2001017.

2. WHO coronavirus disease (COVID-19) dashboard. 2021 https://
covid19.who.int/. Accessed.

3. Le TT, Cramer JP, Chen R, Mayhew S. Evolution of the COVID-
19 vaccine development landscape. Nat Rev Drug Discov.
2020;19(10):667-8. https://doi.org/10.1038/d41573-020-00151-8.

4. The COVID-19 candidate vaccine landscape. 2021. https://www.
who.int/publications/m/item/draft-landscape-of-covid-19-
candidate-vaccines. Accessed.

5.+« Munoz-Fontela C, Dowling WE, Funnell SGP, Gsell PS, Riveros-
Balta AX, Albrecht RA, et al. Animal models for COVID-19.
Nature. 2020;586(7830):509-15. https://doi.org/10.1038/s41586-
020-2787-6 A very important review focusing on preclinical
testing of vaccines for SARS-CoV-2 in animal models.

6. Maruggi G, Zhang C, Li J, Ulmer JB, Yu D. mRNA as a
Transformative technology for vaccine development to control in-
fectious diseases. Mol Ther. 2019;27(4):757-72. https://doi.org/10.
1016/j.ymthe.2019.01.020.

7.« Kumar A, Meldgaard TS, Bertholet S. Novel platforms for the
development of a universal influenza vaccine. Front Immunol.
2018;(9):600. https://doi.org/10.3389/fimmu.2018.00600 This
article includes a comprehensive review of platform technlogies
for vaccine development.

8. Kowalski PS, Rudra A, Miao L, Anderson DG. Delivering the
messenger: advances in technologies for therapeutic mRNA deliv-
ery. Mol Ther. 2019;27(4):710-28. https://doi.org/10.1016/j.
ymthe.2019.02.012.

9. Coronavirus Vaccine Tracker. 2021. https://www.nytimes.com/
interactive/2020/science/coronavirus-vaccine-tracker.html#
sinovac. Accessed.

10. Corbett KS, Flynn B, Foulds KE, Francica JR, Boyoglu-Barnum S,
Werner AP, et al. Evaluation of the mRNA-1273 vaccine against
SARS-CoV-2 in nonhuman primates. N Engl J Med. 2020;383(16):
1544-55. https://doi.org/10.1056/NEJMo0a2024671.

11. Rauch S, Gooch K, Hall Y, Salguero FJ, Dennis MJ, Gleeson FV,
et al. mRNA vaccine CVnCoV protects non-human primates from
SARS-CoV-2 challenge infection. bioRxiv. 2020. https://doi.org/
10.1101/2020.12.23.424138.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Vogel AB, Kanevsky I, Che Y, Swanson KA, Muik A, Vormehr M,
et al. BNT162b vaccines are immunogenic and protect non-human
primates against SARS-CoV-2. bioRxiv. 2020. https://doi.org/10.
1101/2020.12.11.421008.

Rauch S, Roth N, Schwendt K, Fotin-Mleczek M, Mueller SO,
Petsch B. mRNA based SARS-CoV-2 vaccine candidate
CVnCoV induces high levels of virus neutralizing antibodies and
mediates protection in rodents. bioRxiv. 2020. https://doi.org/10.
1101/2020.10.23.351775.

de Alwis R, Gan ES, Chen S, Leong YS, Tan HC, Zhang SL, et al.
A single dose of self-transcribing and replicating RNA based
SARS-CoV-2 vaccine produces protective adaptive immunity in
mice. bioRxiv. 2020. https://doi.org/10.1101/2020.09.03.280446.
Zhang NN, Li XF, Deng YQ, Zhao H, Huang YJ, Yang G, et al. A
thermostable mRNA vaccine against COVID-19. Cell. 2020;182(5):
1271-83 el6. https://doi.org/10.1016/j.cell.2020.07.024.

Baden LR, El Sahly HM, Essink B, Kotloff K, Frey S, Novak R, et al.
Efficacy and safety of the mRNA-1273 SARS-CoV-2 vaccine. N Engl
J Med. 2020. https:/doi.org/10.1056/NEJMo0a2035389.

Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart
S, et al. Safety and efficacy of the BNT162b2 mRNA Covid-19
vaccine. N Engl J Med. 2020;383(27):2603—15. https://doi.org/10.
1056/NEJMo0a2034577.

Jackson LA, Anderson EJ, Rouphael NG, Roberts PC, Makhene M,
Coler RN, et al. An mRNA vaccine against SARS-CoV-2 — pre-
liminary report. N Engl J Med. 2020;383(20):1920-31. https://doi.
org/10.1056/NEJM0a2022483.

Mulligan MJ, Lyke KE, Kitchin N, Absalon J, Gurtman A,
Lockhart S, et al. Phase I/Il study of COVID-19 RNA vaccine
BNTI162b1 in adults. Nature. 2020;586(7830):589-93. https://doi.
org/10.1038/s41586-020-2639-4.

Kremsner P, Mann P, Bosch J, Fendel R, Gabor JJ, Kreidenweiss
A, etal. Phase 1 assessment of the safety and immunogenicity of an
mRNA-lipid nanoparticle vaccine candidate against SARS-CoV-2
in human volunteers. medRxiv. 2020. https://doi.org/10.1101/
2020.11.09.20228551.

Statistics and research: coronavirus (COVID-19) vaccinations. 2021.
Lee LYY, Izzard L, Hurt AC. A Review of DNA vaccines against
influenza. Front Immunol. 2018;9:1568. https://doi.org/10.3389/
fimmu.2018.01568.

Patel A, Walters J, Reuschel EL, Schultheis K, Parzych E, Gary
EN, et al. Intradermal-delivered DNA vaccine provides anamnestic
protection in a rhesus macaque SARS-CoV-2 challenge model.
bioRxiv. 2020. https://doi.org/10.1101/2020.07.28.225649.

Seo YB, Suh YS, Ryu JI, Jang H, Oh H, Koo B-S, et al. Soluble
spike DNA vaccine provides long-term protective immunity against
SAR-CoV-2 in mice and nonhuman primates. bioRxiv. 2020.
https://doi.org/10.1101/2020.10.09.334136.

Brocato RL, Kwilas SA, Kim RK, Zeng X, Principe LM, Smith JM,
et al. Protective efficacy of a SARS-CoV-2 DNA vaccine in wild-
type and immunosuppressed Syrian hamsters. bioRxiv. 2020.
https://doi.org/10.1101/2020.11.10.376905.

Yu J, Tostanoski LH, Peter L, Mercado NB, McMahan K,
Mabhrokhian SH, et al. DNA vaccine protection against SARS-
CoV-2 in rhesus macaques. Science. 2020;369(6505):806. https://
doi.org/10.1126/science.abc6284.

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-la-
bel, phase 1 clinical trial. EClinicalMedicine. 2020;100689. https://
doi.org/10.1016/j.eclinm.2020.100689.

INOVIO 2020. announces initiation of phase 2 segment of its phase
2/3 clinical trial for its COVID-19 DNA vaccine candidate, INO-
4800; trial will be funded by the U.S. Department of Defense
November 16, 2020. http://ir.inovio.com/news-releases/news-
releases-details/2020/INOVIO-Announces-Initiation-of-Phase-2-

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1056/NEJMoa2001017
https://covid19.who.int/
https://covid19.who.int/
https://doi.org/10.1038/d41573-020-00151-8
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
https://doi.org/10.1038/s41586-020-2787-6
https://doi.org/10.1038/s41586-020-2787-6
https://doi.org/10.1016/j.ymthe.2019.01.020
https://doi.org/10.1016/j.ymthe.2019.01.020
https://doi.org/10.3389/fimmu.2018.00600
https://doi.org/10.1016/j.ymthe.2019.02.012
https://doi.org/10.1016/j.ymthe.2019.02.012
https://www.nytimes.com/interactive/2020/science/coronavirus-vaccine-tracker.html#sinovac
https://www.nytimes.com/interactive/2020/science/coronavirus-vaccine-tracker.html#sinovac
https://www.nytimes.com/interactive/2020/science/coronavirus-vaccine-tracker.html#sinovac
https://doi.org/10.1056/NEJMoa2024671
https://doi.org/10.1101/2020.12.23.424138
https://doi.org/10.1101/2020.12.23.424138
https://doi.org/10.1101/2020.12.11.421008
https://doi.org/10.1101/2020.12.11.421008
https://doi.org/10.1101/2020.10.23.351775
https://doi.org/10.1101/2020.10.23.351775
https://doi.org/10.1101/2020.09.03.280446
https://doi.org/10.1016/j.cell.2020.07.024
https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1056/NEJMoa2022483
https://doi.org/10.1056/NEJMoa2022483
https://doi.org/10.1038/s41586-020-2639-4
https://doi.org/10.1038/s41586-020-2639-4
https://doi.org/10.1101/2020.11.09.20228551
https://doi.org/10.1101/2020.11.09.20228551
https://doi.org/10.3389/fimmu.2018.01568
https://doi.org/10.3389/fimmu.2018.01568
https://doi.org/10.1101/2020.07.28.225649
https://doi.org/10.1101/2020.10.09.334136
https://doi.org/10.1101/2020.11.10.376905
https://doi.org/10.1126/science.abc6284
https://doi.org/10.1126/science.abc6284
https://doi.org/10.1016/j.eclinm.2020.100689
https://doi.org/10.1016/j.eclinm.2020.100689
http://ir.inovio.com/news-releases/news-releases-details/2020/INOVIO-Announces-Initiation-of-Phase-2-Segment-of-its-Phase-23-Clinical-Trial-for-its-COVID-19-DNA-Vaccine-Candidate-INO-4800-Trial-Will-Be-Funded-by-the-U.S.-Department-of-Defense/default.aspx
http://ir.inovio.com/news-releases/news-releases-details/2020/INOVIO-Announces-Initiation-of-Phase-2-Segment-of-its-Phase-23-Clinical-Trial-for-its-COVID-19-DNA-Vaccine-Candidate-INO-4800-Trial-Will-Be-Funded-by-the-U.S.-Department-of-Defense/default.aspx

9 Page100f 12

Curr Infect Dis Rep (2021) 23:9

29..

30.

3L

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

Segment-of-its-Phase-23-Clinical-Trial-for-its-COVID-19-DNA-
Vaccine-Candidate-INO-4800-Trial-Will-Be-Funded-by-the-U.S.-
Department-of-Defense/default.aspx. Accessed.

Lundstrom K. Application of viral vectors for vaccine development
with a special emphasis on COVID-19. Viruses. 2020;12(11):1324.
https://doi.org/10.3390/v12111324 An important review about
viral vectors exploited for vaccines development.

van Doremalen N, Lambe T, Spencer A, Belij-Rammerstorfer S,
Purushotham JN, Port JR, et al. ChAdOx1 nCoV-19 vaccination
prevents SARS-CoV-2 pneumonia in rhesus macaques. bioRxiv :
the preprint server for biology. 2020. https://doi.org/10.1101/2020.
05.13.093195.

Graham SP, McLean RK, Spencer AJ, Belij-Rammerstorfer S, Wright
D, Ulaszewska M, et al. Evaluation of the immunogenicity of prime-
boost vaccination with the replication-deficient viral vectored COVID-
19 vaccine candidate ChAdOx1 nCoV-19. npj Vaccines. 2020;5(1):69.
https://doi.org/10.1038/s41541-020-00221-3.

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(7830):583-8. https://doi.org/
10.1038/s41586-020-2607-z.

Bricker TL, Darling TL, Hassan AO, Harastani HH, Soung A, Jiang
X, et al. A single intranasal or intramuscular immunization with
chimpanzee adenovirus vectored SARS-CoV-2 vaccine protects
against pneumonia in hamsters. bioRxiv. 2020. https://doi.org/10.
1101/2020.12.02.408823.

Hassan AO, Kafai NM, Dmitriev IP, Fox JM, Smith B, Harvey IB,
et al. A single intranasal dose of chimpanzee adenovirus-vectored
vaccine confers sterilizing immunity against SARS-CoV-2 infec-
tion. bioRxiv. 2020. https://doi.org/10.1101/2020.07.16.205088.
Wu S, Zhong G, Zhang J, Shuai L, Zhang Z, Wen Z, et al. A single
dose of an adenovirus-vectored vaccine provides protection against
SARS-CoV-2 challenge. Nat Commun. 2020;11(1):4081. https://
doi.org/10.1038/s41467-020-17972-1.

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(1):4207. https://doi.org/10.1038/s41467-020-18077-5.
Moore AC, Dora EG, Peinovich N, Tucker KP, Lin K, Cortese M,
et al. Pre-clinical studies of a recombinant adenoviral mucosal vac-
cine to prevent SARS-CoV-2 infection. bioRxiv. 2020. https://doi.
org/10.1101/2020.09.04.283853.

Rice A, Verma M, Shin A, Zakin L, Sieling P, Tanaka S, et al. A
next generation bivalent human Ad5 COVID-19 vaccine delivering
both spike and nucleocapsid antigens elicits Th1 dominant CD4+,
CD8+ T-cell and neutralizing antibody responses. bioRxiv. 2020.
https://doi.org/10.1101/2020.07.29.227595.

King RG, Silva-Sanchez A, Peel JN, Botta D, Meza-Perez S, Allie
SR, et al. Single-dose intranasal administration of AdCOVID elicits
systemic and mucosal immunity against SARS-CoV-2 in mice.
bioRxiv. 2020. https://doi.org/10.1101/2020.10.10.331348.
Gabitzsch E, Safrit JT, Verma M, Rice A, Sieling P, Zakin L, et al.
Complete protection of nasal and lung airways against SARS-CoV-
2 challenge by antibody plus Th1 dominant N- and S-specific T-cell
responses to subcutaneous prime and thermally-stable oral boost
bivalent hAd5 vaccination in an NHP study. bioRxiv. 2020.
https://doi.org/10.1101/2020.12.08.416297.

Case JB, Rothlauf PW, Chen RE, Kafai NM, Fox JM, Shrihari S,
et al. Replication-competent vesicular stomatitis virus vaccine vec-
tor protects against SARS-CoV-2-mediated pathogenesis. bioRxiv :
the preprint server for biology. 2020. https://doi.org/10.1101/2020.
07.09.196386.

Yahalom-Ronen Y, Tamir H, Melamed S, Politi B, Shifman O,
Achdout H, et al. A single dose of recombinant VSV-AG-spike vaccine
provides protection against SARS-CoV-2 challenge. Nat Commun.
2020;11(1):6402. https://doi.org/10.1038/s41467-020-20228-7.

Springer

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Hennrich AA, Banda DH, Oberhuber M, Schopf A, Pfaffinger V,
Wittwer K, et al. Safe and effective two-in-one replicon-and-VLP
minispike vaccine for COVID-19. bioRxiv. 2020. https://doi.org/
10.1101/2020.10.02.324046.

Ku M-W, Bourgine M, Authié P, Lopez J, Nemirov K, Moncoq F,
et al. Intranasal vaccination with a lentiviral vector strongly protects
against SARS-CoV-2 in mouse and golden hamster preclinical models.
bioRxiv. 2020. https://doi.org/10.1101/2020.07.21.214049.

Sun W, Leist SR, McCroskery S, Liu Y, Slamanig S, Oliva J, et al.
Newecastle disease virus (NDV) expressing the spike protein of
SARS-CoV-2 as a live virus vaccine candidate. EBioMedicine.
2020;62. https://doi.org/10.1016/j.ebiom.2020.103132.

Chiuppesi F, MdA S, Contreras H, Nguyen VH, Martinez J, Park S,
et al. Development of a synthetic poxvirus-based SARS-CoV-2 vac-
cine. bioRxiv. 2020. https://doi.org/10.1101/2020.07.01.183236.

Liu R, Americo JL, Cotter CA, Earl PL, Erez N, Peng C, et al. MVA
vector vaccines inhibit SARS CoV-2 replication in upper and lower
respiratory tracts of transgenic mice and prevent lethal disease. bioRxiv.
2021. https://doi.org/10.1101/2020.12.30.424878.

Garcia-Arriaza J, Garaigorta U, Pérez P, Lazaro-Frias A, Zamora C,
Gastaminza P, et al. COVID-19 vaccine candidates based on mod-
ified vaccinia virus Ankara expressing the SARS-CoV-2 spike in-
duce robust T- and B-cell immune responses and full efficacy in
mice. J Virol. 2021. https://doi.org/10.1128/JV1.02260-20.
Tscherne A, Schwarz JH, Rohde C, Kupke A, Kalodimou G,
Limpinsel L, et al. Immunogenicity and efficacy of the COVID-
19 candidate vector vaccine MVA SARS 2 S in preclinical vacci-
nation. bioRxiv. 2021. https://doi.org/10.1101/2021.01.09.426032.
Logunov DY, Dolzhikova IV, Shcheblyakov DV, Tukhvatulin Al,
Zubkova OV, Dzharullaecva AS, et al. Safety and efficacy of an
rAd26 and rAdS vector-based heterologous prime-boost COVID-19
vaccine: an interim analysis of a randomised controlled phase 3 trial
in Russia. Lancet. https://doi.org/10.1016/S0140-6736(21)00234-8.
Logunov DY, Dolzhikova IV, Zubkova OV, Tukhvatulin Al,
Shcheblyakov DV, Dzharullaeva AS, et al. Safety and immunogenicity
of an rAd26 and rAdS vector-based heterologous prime-boost
COVID-19 vaccine in two formulations: two open, non-randomised
phase 1/2 studies from Russia. Lancet. 2020;396(10255):887-97.
https://doi.org/10.1016/S0140-6736(20)31866-3.

Johnson & Johnson announces single-shot Janssen COVID-19 vac-
cine candidate met primary endpoints in interim analysis of its
phase 3 ENSEMBLE trial. 2021. https://www .jnj.com/johnson-
johnson-announces-single-shot-janssen-covid-19-vaccine-
candidate-met-primary-endpoints-in-interim-analysis-of-its-phase-
3-ensemble-trial. Accessed.

Zhu F-C, Li Y-H, Guan X-H, Hou L-H, Wang W-J, Li J-X, et al.
Safety, tolerability, and immunogenicity of a recombinant adenovi-
rus type-5 vectored COVID-19 vaccine: a dose-escalation, open-
label, non-randomised, first-in-human trial. Lancet.
2020;395(10240):1845-54. https://doi.org/10.1016/S0140-
6736(20)31208-3.

Zhu F-C, Guan X-H, Li Y-H, Huang J-Y, Jiang T, Hou L-H, et al.
Immunogenicity and safety of a recombinant adenovirus type-5-
vectored COVID-19 vaccine in healthy adults aged 18 years or
older: a randomised, double-blind, placebo-controlled, phase 2 trial.
Lancet. 2020;396(10249):479-88. https://doi.org/10.1016/S0140-
6736(20)31605-6.

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(10269):99-111. https://doi.org/10.1016/
S0140-6736(20)32661-1.

Johnson & Johnson announces submission of application to the
U.S. FDA for emergency use authorization of its investigational
single-shot Janssen COVID-19 vaccine candidate. 2021.


http://ir.inovio.com/news-releases/news-releases-details/2020/INOVIO-Announces-Initiation-of-Phase-2-Segment-of-its-Phase-23-Clinical-Trial-for-its-COVID-19-DNA-Vaccine-Candidate-INO-4800-Trial-Will-Be-Funded-by-the-U.S.-Department-of-Defense/default.aspx
http://ir.inovio.com/news-releases/news-releases-details/2020/INOVIO-Announces-Initiation-of-Phase-2-Segment-of-its-Phase-23-Clinical-Trial-for-its-COVID-19-DNA-Vaccine-Candidate-INO-4800-Trial-Will-Be-Funded-by-the-U.S.-Department-of-Defense/default.aspx
http://ir.inovio.com/news-releases/news-releases-details/2020/INOVIO-Announces-Initiation-of-Phase-2-Segment-of-its-Phase-23-Clinical-Trial-for-its-COVID-19-DNA-Vaccine-Candidate-INO-4800-Trial-Will-Be-Funded-by-the-U.S.-Department-of-Defense/default.aspx
https://doi.org/10.3390/v12111324
https://doi.org/10.1101/2020.05.13.093195
https://doi.org/10.1101/2020.05.13.093195
https://doi.org/10.1038/s41541-020-00221-3
https://doi.org/10.1038/s41586-020-2607-z
https://doi.org/10.1038/s41586-020-2607-z
https://doi.org/10.1101/2020.12.02.408823
https://doi.org/10.1101/2020.12.02.408823
https://doi.org/10.1101/2020.07.16.205088
https://doi.org/10.1038/s41467-020-17972-1
https://doi.org/10.1038/s41467-020-17972-1
https://doi.org/10.1038/s41467-020-18077-5
https://doi.org/10.1101/2020.09.04.283853
https://doi.org/10.1101/2020.09.04.283853
https://doi.org/10.1101/2020.07.29.227595
https://doi.org/10.1101/2020.10.10.331348
https://doi.org/10.1101/2020.12.08.416297
https://doi.org/10.1101/2020.07.09.196386
https://doi.org/10.1101/2020.07.09.196386
https://doi.org/10.1038/s41467-020-20228-7
https://doi.org/10.1101/2020.10.02.324046
https://doi.org/10.1101/2020.10.02.324046
https://doi.org/10.1101/2020.07.21.214049
https://doi.org/10.1016/j.ebiom.2020.103132
https://doi.org/10.1101/2020.07.01.183236
https://doi.org/10.1101/2020.12.30.424878
https://doi.org/10.1128/JVI.02260-20
https://doi.org/10.1101/2021.01.09.426032
https://doi.org/10.1016/S0140-6736(21)00234-8
https://doi.org/10.1016/S0140-6736(20)31866-3
https://www.jnj.com/johnson-johnson-announces-single-shot-janssen-covid-19-vaccine-candidate-met-primary-endpoints-in-interim-analysis-of-its-phase-3-ensemble-trial
https://www.jnj.com/johnson-johnson-announces-single-shot-janssen-covid-19-vaccine-candidate-met-primary-endpoints-in-interim-analysis-of-its-phase-3-ensemble-trial
https://www.jnj.com/johnson-johnson-announces-single-shot-janssen-covid-19-vaccine-candidate-met-primary-endpoints-in-interim-analysis-of-its-phase-3-ensemble-trial
https://www.jnj.com/johnson-johnson-announces-single-shot-janssen-covid-19-vaccine-candidate-met-primary-endpoints-in-interim-analysis-of-its-phase-3-ensemble-trial
https://doi.org/10.1016/S0140-6736(20)31208-3
https://doi.org/10.1016/S0140-6736(20)31208-3
https://doi.org/10.1016/S0140-6736(20)31605-6
https://doi.org/10.1016/S0140-6736(20)31605-6
https://doi.org/10.1016/S0140-6736(20)32661-1
https://doi.org/10.1016/S0140-6736(20)32661-1

Curr Infect Dis Rep (2021) 23: 9

Page110f12 9

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

Tian J-H, Patel N, Haupt R, Zhou H, Weston S, Hammond H, et al.
SARS-CoV-2 spike glycoprotein vaccine candidate NVX-
CoV2373 elicits immunogenicity in baboons and protection in
mice. bioRxiv. 2020. https://doi.org/10.1101/2020.06.29.178509.
Guebre-Xabier M, Patel N, Tian J-H, Zhou B, Maciejewski S, Lam
K, et al. NVX-CoV2373 vaccine protects cynomolgus macaque
upper and lower airways against SARS-CoV-2 challenge.
bioRxiv. 2020. https://doi.org/10.1101/2020.08.18.256578.

Liang JG, Su D, Song T-Z, Zeng Y, Huang W, Wu J, et al. S-
Trimer, a COVID-19 subunit vaccine candidate, induces protective
immunity in nonhuman primates. bioRxiv. 2020. https://doi.org/10.
1101/2020.09.24.311027.

Herrmann A, Maruyama J, Yue C, Lahtz C, Zhou H, Kerwin L,
et al. A targeted vaccine against COVID-19: S1-Fc vaccine
targeting the antigen-presenting cell compartment elicits protection
against SARS-CoV-2 infection. bioRxiv. 2020. https://doi.org/10.
1101/2020.06.29.178616.

Yang J, Wang W, Chen Z, Lu S, Yang F, Bi Z, et al. A vaccine
targeting the RBD of the S protein of SARS-CoV-2 induces pro-
tective immunity. Nature. 2020;586(7830):572—7. https://doi.org/
10.1038/s41586-020-2599-8.

Amanat F, Strohmeier S, Rathnasinghe R, Schotsaert M, Coughlan
L, Garcia-Sastre A, et al. Introduction of two prolines and removal
of the polybasic cleavage site leads to optimal efficacy of a recom-
binant spike based SARS-CoV-2 vaccine in the mouse model.
bioRxiv. 2020. https://doi.org/10.1101/2020.09.16.300970.

Tan H-X, Juno JA, Lee WS, Barber-Axthelm I, Kelly HG, Wragg
KM, et al. Prime-boost protein subunit vaccines against SARS-
CoV-2 are highly immunogenic in mice and macaques. bioRxiv.
2020. https://doi.org/10.1101/2020.09.01.278630.

Ren W, Sun H, Gao GF, Chen J, Sun S, Zhao R, et al. Recombinant
SARS-CoV-2 spike S1-Fc fusion protein induced high levels of
neutralizing responses in nonhuman primates. bioRxiv. 2020.
https://doi.org/10.1101/2020.04.21.052209.

Keech C, Albert G, Cho I, Robertson A, Reed P, Neal S, et al. Phase
1-2 trial of a SARS-CoV-2 recombinant spike protein nanoparticle
vaccine. N Engl J Med. 2020;383(24):2320-32. https://doi.org/10.
1056/NEJM0a2026920.

The European Union Clinical Trials Register. 2021.

Novavax COVID-19 Vaccine Demonstrates 89.3% Efficacy in UK
Phase 3 Trial. 2021 https://ir.novavax.com/news-releases/news-
release-details/novavax-covid-19-vaccine-demonstrates-893-
efficacy-uk-phase-3. Accessed.

Richmond P, Hatchuel L, Dong M, Ma B, Hu B, Smolenov [, et al.
A first-in-human evaluation of the safety and immunogenicity of
SCB-2019, an adjuvanted, recombinant SARS-CoV-2 trimeric S-
protein subunit vaccine for COVID-19 in healthy adults; a phase 1,
randomised, double-blind, placebo-controlled trial. medRxiv. 2020.
https://doi.org/10.1101/2020.12.03.20243709.

Stauft CB, Yang C, Coleman JR, Boltz D, Chin C, Kushnir A, et al.
Live-attenuated HINI influenza vaccine candidate displays potent
efficacy in mice and ferrets. PLoS One. 2019;14(10):e0223784.
https://doi.org/10.1371/journal.pone.0223784.

Seo SH, Jang Y. Cold-adapted live attenuated SARS-Cov-2 vac-
cine completely protects human ACE2 transgenic mice from
SARS-Cov-2 infection. Vaccines. 2020,8(4):584.

Gao Q, Bao L, Mao H, Wang L, Xu K, Yang M, et al. Development
of an inactivated vaccine candidate for SARS-CoV-2. Science.
2020;369(6499):77-81. https://doi.org/10.1126/science.abc1932.
Wang H, Zhang Y, Huang B, Deng W, Quan Y, Wang W, et al.
Development of an inactivated vaccine candidate, BBIBP-CorV,
with potent protection against SARS-CoV-2. Cell. 2020;182(3):
713-21.e9. https://doi.org/10.1016/j.cell.2020.06.008.

Pragya Y, Raches E, Sanjay K, Dilip P, Sreelekshmy M, Anita S,
et al. Remarkable immunogenicity and protective efficacy of

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.0¢

87.

88.

BBV152, an inactivated SARS-CoV-2 vaccine in rhesus macaques.
Research Square. 2021. https://doi.org/10.21203/rs.3.rs-65715/v1.
Petras M, Lesny P, Musil J, Limberkova R, Patikova A, Jirsa M,
et al. Early immune response in mice immunized with a semi-split
inactivated vaccine against SARS-CoV-2 containing S protein-free
particles and subunit S protein. bioRxiv. 2020. https://doi.org/10.
1101/2020.11.03.366641.

Sir Karakus G, Tastan C, Kancagi DD, Yurtsever B, Tumentemur
G, Demir S, et al. Preliminary report of preclinical efficacy and
safety analysis of gamma-irradiated inactivated SARS-CoV-2 vac-
cine candidates, SK-01 version 1 and OZG-3861 version 1.
bioRxiv. 2020. https://doi.org/10.1101/2020.09.04.277426.

Turan RD, Tastan C, Kancagi DD, Yurtsever B, Karakus GS, Ozer
S, et al. Gamma-irradiated SARS-CoV-2 vaccine candidate, OZG-
38.61.3, confers protection from SARS-CoV-2 challenge in human
ACEII-transgenic mice. bioRxiv. 2021. https://doi.org/10.1101/
2020.10.28.356667.

Ragan IK, Hartson LM, Dutt TS, Obregon-Henao A, Maison RM,
Gordy P, et al. A whole virion vaccine for COVID-19 produced via
anovel inactivation method: results from animal challenge model stud-
ies. bioRxiv. 2020. https://doi.org/10.1101/2020.11.13.381335.

China approves Sinovac vaccine for broad use against Covid-19.
2021.

Zhang'Y, Zeng G, Pan H, Li C, Hu Y, Chu K, et al. Safety, tolerability,
and immunogenicity of an inactivated SARS-CoV-2 vaccine in healthy
adults aged 18-59 years: a randomised, double-blind, placebo-con-
trolled, phase 1/2 clinical trial. Lancet Infect Dis. 2021;21(2):181-92.
https://doi.org/10.1016/S1473-3099(20)30843-4.

Xia S, Duan K, Zhang Y, Zhao D, Zhang H, Xie Z, et al. Effect of an
inactivated vaccine against SARS-CoV-2 on safety and immunogenic-
ity outcomes: interim analysis of 2 randomized clinical trials. JAMA.
2020;324(10):951-60. https://doi.org/10.1001/jama.2020.15543.

Xia S, Zhang Y, Wang Y, Wang H, Yang Y, Gao GF, et al. Safety
and immunogenicity of an inactivated SARS-CoV-2 vaccine,
BBIBP-CorV: a randomised, double-blind, placebo-controlled,
phase 1/2 trial. Lancet Infect Dis. 2021;21(1):39-51. https://doi.
0rg/10.1016/S1473-3099(20)30831-8.

Ella R, Vadrevu KM, Jogdand H, Prasad S, Reddy S, Sarangi V,
et al. Safety and immunogenicity of an inactivated SARS-CoV-2
vaccine, BBV152: a double-blind, randomised, phase 1 trial. Lancet
Infect Dis. https://doi.org/10.1016/S1473-3099(20)30942-7.
Walsh EE, Frenck RW, Falsey AR, Kitchin N, Absalon J, Gurtman
A, et al. Safety and immunogenicity of two RNA-based Covid-19
vaccine candidates. N Engl J Med. 2020;383(25):2439-50. https:/
doi.org/10.1056/NEJM0a2027906.

Pul, YuQ, Yin Z, Zhang Y, Li X, Li D, et al. An in-depth inves-
tigation of the safety and immunogenicity of an inactivated SARS-
CoV-2 vaccine. medRxiv. 2020. https://doi.org/10.1101/2020.09.
27.20189548.

Sahin U, Muik A, Derhovanessian E, Vogler I, Kranz LM,
Vormehr M, et al. Concurrent human antibody and TH1 type T-
cell responses elicited by a COVID-19 RNA vaccine. medRxiv.
2020. https://doi.org/10.1101/2020.07.17.20140533.

CEPI establishes global network of laboratories to centralise assess-
ment of COVID-19 vaccine candidates. 2020. https://cepi.net/
news_cepi/cepi-establishes-global-network-of-laboratories-to-
centralise-assessment-of-covid-19-vaccine-candidates/ Accessed.
Global initiative to support preclinical and clinical testing of
SARS-CoV-2 vaccine candidates.

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(25):2427-38. https://doi.org/10.1056/NEIMo0a2028436.
Ja S. Safety and immunogenicity of the Ad26.COV2.S COVID-19
vaccine candidate: interim results of a phase 1/2a, double-blind,

@ Springer


https://doi.org/10.1101/2020.06.29.178509
https://doi.org/10.1101/2020.08.18.256578
https://doi.org/10.1101/2020.09.24.311027
https://doi.org/10.1101/2020.09.24.311027
https://doi.org/10.1101/2020.06.29.178616
https://doi.org/10.1101/2020.06.29.178616
https://doi.org/10.1038/s41586-020-2599-8
https://doi.org/10.1038/s41586-020-2599-8
https://doi.org/10.1101/2020.09.16.300970
https://doi.org/10.1101/2020.09.01.278630
https://doi.org/10.1101/2020.04.21.052209
https://doi.org/10.1056/NEJMoa2026920
https://doi.org/10.1056/NEJMoa2026920
https://ir.novavax.com/news-releases/news-release-details/novavax-covid-19-vaccine-demonstrates-893-efficacy-uk-phase-3
https://ir.novavax.com/news-releases/news-release-details/novavax-covid-19-vaccine-demonstrates-893-efficacy-uk-phase-3
https://ir.novavax.com/news-releases/news-release-details/novavax-covid-19-vaccine-demonstrates-893-efficacy-uk-phase-3
https://doi.org/10.1101/2020.12.03.20243709
https://doi.org/10.1371/journal.pone.0223784
https://doi.org/10.1126/science.abc1932
https://doi.org/10.1016/j.cell.2020.06.008
https://doi.org/10.21203/rs.3.rs-65715/v1
https://doi.org/10.1101/2020.11.03.366641
https://doi.org/10.1101/2020.11.03.366641
https://doi.org/10.1101/2020.09.04.277426
https://doi.org/10.1101/2020.10.28.356667
https://doi.org/10.1101/2020.10.28.356667
https://doi.org/10.1101/2020.11.13.381335
https://doi.org/10.1016/S1473-3099(20)30843-4
https://doi.org/10.1001/jama.2020.15543
https://doi.org/10.1016/S1473-3099(20)30831-8
https://doi.org/10.1016/S1473-3099(20)30831-8
https://doi.org/10.1016/S1473-3099(20)30942-7
https://doi.org/10.1056/NEJMoa2027906
https://doi.org/10.1056/NEJMoa2027906
https://doi.org/10.1101/2020.09.27.20189548
https://doi.org/10.1101/2020.09.27.20189548
https://doi.org/10.1101/2020.07.17.20140533
https://cepi.net/news_cepi/cepi-establishes-global-network-of-laboratories-to-centralise-assessment-of-covid-19-vaccine-candidates/
https://cepi.net/news_cepi/cepi-establishes-global-network-of-laboratories-to-centralise-assessment-of-covid-19-vaccine-candidates/
https://cepi.net/news_cepi/cepi-establishes-global-network-of-laboratories-to-centralise-assessment-of-covid-19-vaccine-candidates/
https://doi.org/10.1056/NEJMoa2028436

9 Page120f12

Curr Infect Dis Rep (2021) 23:9

89.
90.

91.

92.

93.

94.

randomized, placebo-controlled trial. medRxiv. 2020. https://doi.
0rg/10.1101/2020.09.23.20199604.

WHO target product profiles for COVID-19 vaccines. 2020.
Bobay L-M, O’Donnell AC, Ochman H. Recombination events are
concentrated in the spike protein region of betacoronaviruses. PLoS
Genet. 2020;16(12):¢1009272. https://doi.org/10.1371/journal.
pgen.1009272.

Thomson EC, Rosen LE, Shepherd JG, Spreafico R, da Silva FA,
Wojcechowskyj JA, et al. The circulating SARS-CoV-2 spike var-
iant N439K maintains fitness while evading antibody-mediated im-
munity. bioRxiv. 2020. https://doi.org/10.1101/2020.11.04.
355842.

Risk related to the spread of new SARS-CoV-2 variants of concern
in the EU/EEA — first update. 2021 https://www.ecdc.europa.eu/
sites/default/files/documents/COVID-19-risk-related-to-spread-of-
new-SARS-CoV-2-variants-EU-EEA-first-update.pdf. Accessed.
Muik A, Wallisch A-K, Sanger B, Swanson KA, Miihl J, Chen W,
et al. Neutralization of SARS-CoV-2 lineage B.1.1.7 pseudovirus
by BNT162b2 vaccine-elicited human sera. bioRxiv. 2021. https:/
doi.org/10.1101/2021.01.18.426984.

Shen X, Tang H, McDanal C, Wagh K, Fischer W, Theiler J, et al.
SARS-CoV-2 variant B.1.1.7 is susceptible to neutralizing

@ Springer

95.

96.

97.

98.

antibodies elicited by ancestral spike vaccines. bioRxiv. 2021.
https://doi.org/10.1101/2021.01.27.428516.

Wu K, Werner AP, Moliva JI, Koch M, Choi A, Stewart-Jones
GBE, et al. mRNA-1273 vaccine induces neutralizing antibodies
against spike mutants from global SARS-CoV-2 variants. bioRxiv.
2021. https://doi.org/10.1101/2021.01.25.427948.

Emary KRW, Golubchik T, Aley PK, Ariani C, Angus BJ, Bibi S,
Blane B, Bonsall D, Cicconi P, Charlton S, Clutterbuck E. Efficacy
of ChAdOx1 nCoV-19 (AZD1222) vaccine against SARS-CoV-2
VOC 202012/01 (B.1.1.7). SSRN Preprint. 2021. doi: https://doi.
org/10.2139/ssm.3779160.

South Africa suspends use of AstraZeneca’s COVID-19 vaccine
after it fails to clearly stop virus variant. 2021.

Starr TN, Greaney AJ, Hilton SK, Ellis D, Crawford KHD, Dingens
AS, et al. Deep mutational scanning of SARS-CoV-2 receptor bind-
ing domain reveals constraints on folding and ACE2 binding. Cell.
2020;182(5):1295-310.€20. https://doi.org/10.1016/j.cell.2020.08.
012.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.


https://doi.org/10.1101/2020.09.23.20199604
https://doi.org/10.1101/2020.09.23.20199604
https://doi.org/10.1371/journal.pgen.1009272
https://doi.org/10.1371/journal.pgen.1009272
https://doi.org/10.1101/2020.11.04.355842
https://doi.org/10.1101/2020.11.04.355842
https://www.ecdc.europa.eu/sites/default/files/documents/COVID-19-risk-related-to-spread-of-new-SARS-CoV-2-variants-EU-EEA-first-update.pdf
https://www.ecdc.europa.eu/sites/default/files/documents/COVID-19-risk-related-to-spread-of-new-SARS-CoV-2-variants-EU-EEA-first-update.pdf
https://www.ecdc.europa.eu/sites/default/files/documents/COVID-19-risk-related-to-spread-of-new-SARS-CoV-2-variants-EU-EEA-first-update.pdf
https://doi.org/10.1101/2021.01.18.426984
https://doi.org/10.1101/2021.01.18.426984
https://doi.org/10.1101/2021.01.27.428516
https://doi.org/10.1101/2021.01.25.427948
https://doi.org/10.2139/ssrn.3779160
https://doi.org/10.2139/ssrn.3779160
https://doi.org/10.1016/j.cell.2020.08.012
https://doi.org/10.1016/j.cell.2020.08.012

	Status Report on COVID-19 Vaccines Development
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Preclinical and Clinical Development Updates
	Animal Models for Pre-clinical Efficacy
	Messenger RNA-based Vaccines
	Pre-clinical Development
	Clinical Development
	Regulatory Update

	DNA-based Vaccines
	Pre-clinical
	Clinical Development
	Regulatory Update

	Viral-vectored Vaccines
	Pre-clinical Development
	Clinical Development
	Regulatory Update

	Protein-based Vaccines
	Pre-clinical Development
	Clinical Development
	Regulatory Update

	Live-attenuated Vaccine
	Pre-clinical Development
	Clinical Development
	Regulatory Update

	Inactivated Vaccines
	Pre-clinical Development
	Clinical Development
	Regulatory Update


	Comparative Analysis of Immune Assays and Reagents
	Immune Responses Among Elderly Populations
	Commonalities Across Most Advanced COVID-19 Vaccines in Clinical Phase
	SARS-CoV-2 Variants and Impact on Vaccine Development
	Conclusions
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance •• Of major importance



